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  Pref ace   

 The immune system is a complex network whose primary functions are to protect 
the host from external threats such as bacteria and viruses as well as internal threats, 
namely, allergic responses and malignant transformation. Immune cells produce 
various biological products that allow them to communicate with one another and 
orchestrate immune responses. Cytokines, which are secreted by immune cells in 
response to microbes and other antigens, are soluble protein mediators that are 
important in such intercellular communication. Different cytokines stimulate 
diverse responses in various phases of infl ammation and immunity, including the 
innate immune response, the generation of cytotoxic T cells, and the development 
of antibodies by the humoral immune system. Cytokines have pleiotropic effects 
and functional redundancy, and the combination of cytokines produced in response 
to various stimuli determines the kind of immune response that is activated. In addi-
tion, cytokines operate in a complex network, in which one cytokine can affect the 
production of many other cytokines as well as modulate the responses to them. 

 Historically, cytokine identifi cation has undergone several stages of develop-
ment. Initially, cytokines were purifi ed by several biochemical processes and identi-
fi ed simply according to their biological activities. Subsequently, cytokines were 
identifi ed through expression cloning following their biological activities or by 
using specifi c antibodies. Cytokine identifi cation then entered the most recent stage, 
which was primarily driven by the Human Genome Project in the late 1990s to the 
early 2000s. Identifi cation of the complete sequence of human genes made it pos-
sible to assign a function to each member of the huge database of previously unrec-
ognized proteins through sequence comparison with previously named genes. Thus, 
numerous candidate cytokines were identifi ed based on their homology to known 
cytokines. The most important means of assessing the biological function of these 
newly identifi ed cytokines has been to evaluate the phenotype of mice genetically 
engineered to either knock out a particular gene or overexpress it. Thus far, more 
than 100 cytokines and their cell-surface receptors have been analyzed, including 
the most recently assigned interleukin (IL), IL-38. 
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 It is now also clear that the pathophysiology of many infectious, autoimmune, 
allergic, and malignant diseases can be largely explained by which cytokines are 
induced and subsequently regulate the cellular responses. In clinical medicine, cyto-
kines are involved in a wide spectrum of diseases; cytokines are therefore consid-
ered important as therapeutic targets for specifi c agonists or antagonists in numerous 
immune and infl ammatory diseases. For instance, ample basic and clinical evidence 
indicates that excess tumor necrosis factor (TNF)-α underlies the pathogenesis of 
chronic infl ammatory diseases, such as rheumatoid arthritis. The therapeutic effec-
tiveness of TNF-α inhibitors has subsequently been demonstrated in the treatment 
of this disease. The success of anti-TNF-α therapy has led to recognition of the 
importance of cytokines as therapeutic targets in disease. 

 Although this fi eld has undergone enormous expansion, insuffi cient understanding 
of cytokine biology and its complicated network continues to be the rate- limiting step 
in developing cytokine therapeutics. The present book thus aims to provide the reader 
not only with information about the original properties of cytokines, but also with up-
to-date fi ndings on their roles under physiological and pathological conditions—with 
the ultimate goal of helping to create strategies for therapeutic treatment. 

 This book is not a survey of individual cytokines; rather, it guides the reader 
through the latest research on the cytokine network, covering signaling pathways, 
control of the immune response, and potential therapeutics. Among various important 
cytokines, we selected 15 key examples whose profi les we believed would stimulate 
the reader’s interest. In this book, these cytokines are divided into three groups based 
on their physiological roles in the immune system. The fi rst group includes cytokines 
associated with infl ammatory disorders, proinfl ammatory cytokines, and the recently 
identifi ed new helper T (Th) subset, Th17 cells. The second group is associated with 
allergic disorders, including Th2 responses and recently identifi ed types of innate 
cells. The third group of cytokines is associated with immunological tolerance and 
anti-infl ammation, including regulatory T (Treg) cells, IL-10-producing Treg (Tr1) 
cells, and inducible IL-35-producing Treg (iTr35) cells. 

 We wish to sincerely thank all the authors for their invaluable contributions to 
this book.  

    Tokyo ,  Japan       Takayuki     Yoshimoto   
   Hyogo ,  Japan       Tomohiro     Yoshimoto      

Preface
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   Foreword   

 Immunology is the quintessential medical science. It stands at the interface between 
the most modern of the advances in basic biological science and an enormous range 
of disease states. It has achieved what no other scientifi c discipline has done, the 
eradication of disease. Both smallpox and the cattle disease rinderpest have been 
eradicated, and if societal issues could be dealt with, polio would be a disease of the 
past! Furthermore, the control of hepatitis B infection by the highly effective vac-
cine has probably prevented more cancers than any medical intervention other than 
cessation of smoking. 

 Although the preoccupation of the immune system with the microbial world rep-
resents the great driving force in its evolution, immunology has critical roles to play 
in both the control and progression of tumors, in the infl ammatory aspects of athero-
sclerotic heart disease and type 2 diabetes, and, of course, in autoimmune and aller-
gic disorders. Perhaps most remarkably, my personal favorite of the cytokines, IL-4, 
has been shown to be important in learning and memory. A recent study indicated 
that IL-4-defi cient mice are “stupid.” 

 Determining how the immune system mediates this vast array of functions has 
driven much of modern immunological research. What is increasingly clear is that 
cells of the immune system coordinate a multitude of biological functions through 
their production of a set of proteins designated the cytokines. The cytokines are 
members of several distinct families including the type 1 cytokines, the interferons, 
the immunoglobulin supergene family members, the members of the TNF family, 
the chemokines, and the IL-17 set of cytokines. They coordinate multiple biological 
functions, control cellular homeostasis, regulate infl ammation, and participate in 
the response of the immune system to both pathogens and self-antigens. 

 In this volume,  Cytokine Frontiers :  Regulation of Immune Responses in Health 
and Disease , Takayuki Yoshimoto and Tomohiro Yoshimoto have emphasized a 
particularly important set of the cytokines, those that control infl ammation, both the 
pro- and anti-infl ammatory cytokines, and the closely related molecules which reg-
ulate allergic responses. This presentation is particularly timely as we have rela-
tively recently appreciated the centrality of the orchestration of both “conventional” 
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and allergic infl ammation in the overall homeostasis of the body and the critical role 
played in disease progression and in the development of tumors. 

 Making a response appropriate to the type and magnitude of a threat, be it a par-
ticular type of pathogen, an allergen, or a tumor cell, is essential to effective control 
of the threatening agent. One can easily imagine the disastrous effects of dysregula-
tion or “inappropriateness” in immunity. For example, mounting a robust Th17 
response, although of great protective value in infections with extracellular bacteria, 
could easily be disastrous if it were to occur in response to a viral lung infection, as 
it would fi ll the lung with granulocytes when what was needed was a robust 
interferon- gamma response. Indeed, the problem of dual infections and the tragic 
example of the 1918 infl uenza pandemic where, almost certainly, responses inap-
propriate to the threat were responsible for a terrible toll of deaths, illustrate the 
importance of precise regulation of the nature of the immune/infl ammatory response. 

 As the distinguished panel of authors assembled in this volume show, immunolo-
gists are obtaining a deep knowledge of the functions of the different cytokines and 
of how their responses are regulated. Furthermore, targeting cytokines has already 
proven to be highly effective in the treatment of rheumatoid arthritis, infl ammatory 
bowel disease, psoriasis, and other disorders. The manipulation of the pattern of 
cytokine production and of the functional targets of the cytokines will surely be a 
fertile area for the development of new generations of drugs that can control and 
appropriately regulate infl ammatory responses. 

 I am confi dent that the growing sophistication in our understanding of the cytokine 
universe, so clearly portrayed in this book, will have implications for improvements 
in medicine as great as the earlier and increasingly successful efforts to use antibodies 
as therapeutic agents. This volume will provide the underpinning for those who wish 
to have a deeper understanding of this important fi eld.  

       Bethesda ,  MD ,  USA       William     E.     Paul      

Foreword
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  Introd uction   

 In the context of host defense and pathology, cytokines produced very early in 
response to multiple stresses are important in both innate and acquired immunity. 
These cytokines—including interleukin (IL)-1, IL-6, and tumor necrosis factor 
(TNF)-α—are termed pro-infl ammatory cytokines and are characterized as being 
promptly inducible. In the presence of various pro-infl ammatory cytokines and 
antigen- presenting cell-derived cytokines, antigen-stimulated naive CD4 +  T cells 
differentiate into distinct helper T (Th) cell subsets, which have specifi c cytokine 
profi les and distinct effector functions. 

 Until recently, effector T cells were classifi ed into Th1 or Th2 subtypes depending 
on the cytokines they produced. However, this paradigm had to be revised with the 
discovery of a new subset of effector T cells, designated Th17 cells. IL-17- producing 
Th17 cells play an important role in clearing extracellular pathogens and in tissue 
infl ammation. Transforming growth factor (TGF)-β and IL-6 are the factors that 
induce differentiation of naive T cells into Th17 cells. The differentiation and expan-
sion of Th17 cells from naive T cells also require IL-6, IL-1, IL-21, and IL-23. Among 
them, IL-23 is critically essential for the maturation and stabilization of differentiated 
pathogenic Th17 cells. Th17 cells produce IL-17, IL-17F, IL-21, and IL-22 and 
thereby mediate distinct effector functions compared with Th1 and Th2 cells. 
Although IL-17, IL-17F, and IL-22 induce a tissue reaction, IL-21 produced by Th17 
cells is essential for amplifi cation of Th17 cells and B-cell function. 

 In the past decade, genes encoding a novel cytokine cluster with structural and 
functional similarities to IL-1 have been discovered; they were initially termed IL-1 
family members 5–10 (IL1F5–IL1F10). IL-18, initially described as interferon 
(IFN)-γ-inducing factor, is a pro-infl ammatory cytokine and also belongs to the 
IL-1 family. These cytokines are synthesized as precursor molecules and cleaved by 
the enzyme caspase-1. The NACHT, LRR, and PYD domain-containing protein 3, 
NALP3, infl ammasome is of crucial importance in generating active caspase-1. 
These cytokines have recently been reclassifi ed according to an updated cytokine 
nomenclature scheme. This novel IL-1-like cytokine cluster contains IL-36α (IL- 
1F6), IL-36β (IL-1F8), IL-36γ (IL-1F9), IL-37 (IL-1F7), and IL-38 (IL-1F10). 
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Similar to the classical IL-1 cytokines, IL-36 cytokines are also involved in the 
initiation or regulation of immune responses. 

 Th2-type cytokine responses play a major role in the development of allergic 
diseases, such as asthma, and in immunity to parasitic helminthic infections. The 
hallmark of Th2-mediated immune responses is the activation of mast cells, eosino-
phils, basophils, and goblet cells, which is mediated by the cytokines IL-4, IL-5, 
IL-9, and IL-13; these are necessary for immunoglobulin E production, goblet cell 
hyperplasia, and airway eosinophilia. Until recently, Th2 cells were thought to be 
the most abundant and important source of these Th2-type cytokines. However, it 
has become clear that there is a group of innate cells that lacks the conventional 
markers typical of the main lymphoid cell types and is able to produce large amounts 
of Th2-type cytokines. Such responses were shown to be dependent on the epithe-
lial cell-derived cytokine IL-25, IL-33, and thymic stromal lymphopoietin (TSLP). 
These innate cell populations were called innate lymphoid cells (ILCs) and they 
were further divided into the following three subsets: group 1 ILCs (comprising 
ILC1s and NK cells); group 2 ILCs (comprising ILC2s); and group 3 ILCs (com-
prising ILC3s and LTi cells). These cells are characterized by a lymphoid morphol-
ogy and an absence of T-cell receptors, but they can secrete a variety of effector 
cytokines that are also produced by Th cell subsets. These ILCs play important roles 
in tissue remodeling and innate immunity at barrier surfaces, and they provide a fi rst 
line of defense against foreign pathogens by triggering a prompt innate immune 
response and bridging innate and adaptive immunity. Among them, ILC2s play a 
key role in type 2 immune responses by prompt, abundant production of type 2 
cytokines—especially IL-5 and IL-13—in response to IL-25, IL-33, and TSLP. 

 Regulatory T (Treg) cells play an important role in the maintenance of self- 
tolerance. Thus, negative feedback pathways provided by Treg cells and suppres-
sive cytokines are an intrinsic part of the immune system along with effector 
functions. Regulatory cytokines induce tolerance to self-components as well as 
eradication of pathogens with minimal collateral damage to the host. There are sev-
eral types of Treg cells. The main types of Treg cells express the transcription factor 
Foxp3, which can be induced naturally in the thymus (natural Treg, nTreg) and in 
the periphery (inducible Treg, iTreg). IL-10-producing Treg cells called Tr1 cells 
also have regulatory activity without expressing Foxp3, and they secrete IL-10 and 
TGF-β in response to antigenic stimulation. Several mechanisms have been identi-
fi ed that contribute to suppressive functions of Treg cells, including both cell con-
tact-dependent and cell factor-dependent mechanisms, such as the production of 
IL-10, TGF-β, and IL-35. Although IL-10 was initially reported to be produced by 
Th2 cells to inhibit the function of Th1 cells, almost all types of immune cells are 
now recognized as producing IL-10. For example, IL-10 defi ciency leads to colitis 
after colonization by particular microorganisms, which suggests an important role 
for IL-10 in intestinal homeostasis. Although IL-10 and TGF-β are well character-
ized, IL-27 and IL-35 are newcomers among the anti-infl ammatory cytokines. IL-27 
promotes IL-10 production and differentiation of naive CD4 +  T cells into Tr1 cells. 
IL-35 is produced in Treg cells and exerts suppressive functions, and it also differ-
entiates naive CD4 +  T cells into IL-35-producing induced Treg cells called iTr35.  

Introduction
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    Abstract     The biological properties of the interleukin-1 (IL-1) family ligands and 
receptors are characteristically pro-infl ammatory and act as adjuvants for specifi c 
immune responses to antigen. Thus, the IL-1 family of ligands and receptors is 
 fundamental to innate immunity. Of the 11 members of the IL-1 family, IL-1β has 
emerged as a therapeutic target for an expanding number of systemic and local 
infl ammatory conditions termed “auto-infl ammatory” diseases. These diseases are 
distinct from autoimmune diseases and include several hereditary conditions. 
Howver, auto-infl ammatory diseases are also common diseases such as heart fail-
ure, gouty arthritis, and type 2 diabetes. For these, neutralization of IL-1β results in 
a rapid and sustained reduction in disease severity. Another member of the IL-1 
family, IL-1α, is also a mediator of infl ammation but is classifi ed as an “alarmin” 
because the cytokine is present in most cells and readily released upon cell death. 
Although treatment for autoimmune diseases often includes immunosuppressive 
drugs, blocking the IL-1 receptor is effective as an anti-infl ammatory therapy for 
either IL-1α or IL-1β.  

  Keywords     Auto-immune   •   Auto-infl ammation   •   Cytokine   •   Infl ammation  

    Chapter 1   
 The Interleukin-1 Family    

 Role in Infl ammation and Disease       

       Charles     A.     Dinarello      and     Mihai     G.     Netea   

        C.  A.   Dinarello      (*) 
  Department of Medicine ,  University of Colorado Denver ,   12700 East 19th Ave., B168 , 
 Aurora ,  CO   80045 ,  USA    

  Department of Medicine ,  University Medical Center Nijmegen ,   Nijmegen ,  The Netherlands   
 e-mail: cdinare333@aol.com   

    M.  G.   Netea    
  Department of Medicine ,  University Medical Center Nijmegen ,   Nijmegen ,  The Netherlands    



4

1.1         Introduction 

 As shown in Table  1.1 , more than any other cytokine family, the interleukin-1 (IL-1) 
family plays a fundamental role in innate infl ammation as well as reducing infl am-
mation (Dinarello et al.  2012 ). It is this innate infl ammation that facilitates specifi c 
immunological responses such as antibodies and cytotoxic T lymphocytes. In many 
ways, another interpretation of the innate response by IL-1 is its action as an adju-
vant. Initially termed the nonspecifi c response to infection, a new name now used is 
“the innate immune response.” The cytosolic segment of each member of the IL-1- 
receptor family contains the Toll-IL-1-receptor (TIR) domain. This domain is also 
present in each Toll-like receptor (TLR), receptors that respond to microbial prod-
ucts, viruses, and nucleic acids. TIR is the functional domain for both the TLR and 
IL-1 receptor families, as mutations in this domain result in loss of response to IL-1 
and TLR agonists.

   With one exception, all members of the IL-1 family are initially translated as 
precursors lacking a signal peptide for secretion via the Golgi apparatus. The pre-
cursors are found in the cytosol and exit the cell following its death by necrosis, not 
apoptosis. For example, once released, IL-1α, IL-33, and IL-36 can be processed 
extracellularly by neutrophil proteases into active cytokines. Although IL-1β is pri-
marily processed intracellularly by the cysteine protease caspase-1, the IL-1β pre-
cursor can also be cleaved extracellularly into an active cytokine by similar serine 
proteases of neutrophils (Joosten et al.  2009 ). The one member of the IL-1 family 
that is readily secreted is the IL-1-receptor antagonist (IL-1Ra). IL-1Ra is translated 
with a signal peptide (Fig.  1.1 ), although an intracellular form also exists (Arend 
 2002 ). IL-1Ra is produced in health and is found circulating in mice and humans 
where the antagonist serves as a brake on infl ammation driven by endogenous IL-1α 
or IL-1β. IL-1Ra binds to IL-1RI and blocks the receptor from binding to either 

    Table 1.1    Interleukin (IL)-1 family   

 Family name  Written name  Abbreviation  Property 

 IL-1 F1  Interleukin-1α  IL-1α  Pro-infl ammatory    
 IL-1 F2  Interleukin-1β  IL-1β  Pro-infl ammatory 
 IL-1 F3  IL-1-receptor antagonist  IL-1Ra  Anti-infl ammatory 
 IL-1 F4  Interleukin-18  IL-18  Pro-infl ammatory 
 IL-1 F5  IL-36-receptor antagonist  IL-36Ra  Anti-infl ammatory 
 IL-1 F6  Interleukin-36α  IL-36α  Pro-infl ammatory 
 IL-1 F7  Interleukin-37  IL-37  Anti-infl ammatory 
 IL-1 F8  Interleukin-36β  IL-36β  Pro-infl ammatory 
 IL-1 F9  Interleukin-36γ  IL-36γ  Pro-infl ammatory 
 IL-1 F10  Interleukin-38  IL-38  Anti-infl ammatory 
 IL-1 F11  Interleukin-33  IL-33  Pro-infl ammatory 

   a In some studies, IL-18 exhibits protective properties 
  b The biological properties of IL-38 remain unclear; IL-38 binds to the IL-36 receptor and can act 
as an anti-infl ammatory cytokine 
  c IL-33 is studied for its role in the Th2 paradigm because IL-33 binds to ST2, a member of the IL-1 
family of receptors linked to allergic diseases  

C.A. Dinarello and M.G. Netea
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IL-1α or IL-1β (see Fig.  1.2c ). Mice as well as humans born with a defi ciency in 
functional IL-1Ra exhibit increased systemic and local infl ammation; in humans a 
defi ciency in IL-1Ra is lethal. The IL-36 receptor antagonist (IL-36Ra), another 
member of the IL-1 family, inhibits the activity of endogenous IL-36α, -β, and -γ. 
Although IL-36Ra is not readily secreted, individuals with a mutation in IL-36Ra 
develop a severe form of psoriasis. One may conclude that most members of the 
IL-1 family primarily promote infl ammation and enhance specifi c acquired immune 
responses. However, there are also members that provide a brake on infl ammation. 
The primary characteristics of each member of the IL-1 family are depicted in 
Table  1.1 .

1.2         Interleukin-1 Family and Innate Responses 

 Independent of the type of organism or its products, the innate response is one of 
infl ammation in which the host musters its defenses to increase the production and 
infi ltration of phagocytic cells to the area of the invading microbe in an attempt limit 
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  Fig. 1.1    Organization of the interleukin (IL)-1 family into three subfamilies. The number of 
amino acids of the full length of each member is shown at the C-terminal end. The consensus 
sequence ( AXD ) is common to all IL-1 family members and serves to locate the N-terminus nine 
amino acids forward from this site ( dark vertical bars ). The N-terminus results in propieces of 
various lengths. The IL-1Ra has a bona fi de signal peptide and is shown by comparison       
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infection and kill off the invader. Systemically, the liver increases the synthesis of 
acute-phase proteins, include anti-proteases. Even in humans, in most cases this 
process protects the subject without the use of antibiotics. For example, a break in 
the skin allows bacteria to gain access to the dermis and subsequent infl ammation 
provides activation of complement, the release of preformed cytokines from kerati-
nocytes, an increase in vascular wall adhesion molecules, and the extravasation of 
neutrophils. This response has functioned to battle against invaders for millions of 
years and can be traced back to fruit fl ies. 

 The skin, lung, and intestinal tract each provide a fi rst line of defense against 
microbial invasion, and the lining cells, whether keratinocytes of the skin, the alveo-
lar epithelial cells of the pulmonary tree, or the epithelial cells of the entire gastro-
intestinal tract, each contain preformed IL-1α, IL-18, and IL-33 as well as the 
members of the IL-36 subfamily. Because these members of the IL-1 family are 
each preformed in these cells, their release is a consequence of injury and is imme-
diate. Therefore, they are termed “alarmins” as they alert the host to initiate the 
response. There are other alarmins from the lining cells that participate in defense, 
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  Fig. 1.2    Interleukin (IL)-1 subfamily.  (a)  IL-1α or IL-1β binds to the IL-1RI and recruits the co- 
receptor IL-1RAcP. The heterodimeric IL-1 receptor complex results in a close approximation of 
the Toll-like receptor (TIR) domains on each receptor chain ( arrows ), resulting in the binding of 
intracellular MyD88 to the complex followed by phosphorylation of MyD88. Subsequent phos-
phorylations of IRAKs and IKKβ increase NFκB and IL-1R AcP-1 translocation to the nucleus, 
followed by expression of pro-infl ammatory genes.  (b)  In the central nervous system, IL-1α or 
IL-1β binds IL-1RI, recruiting IL-1RAcP, but can also recruit the co-receptor IL-1RAcPb. 
IL-1RAcPb contains an altered TIR domain, which results in a reduced signal.  (c)  IL-1Ra binds to 
IL-1RI: there is no recruitment of the co-receptor IL-1RAcP, no approximation of the TIR domains, 
and there is no signal.  (d)  IL-33 binds to its specifi c receptor, ST2, recruits the co-receptor 
IL-1RAcP, and the TIR domains approximate: signal transduction is initiated, resulting in the 
induction of the pro-infl ammatory gene profi le       
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for example, defensins, which are directly antimicrobial. Each of the constitutively 
present IL-1 family members in lining cells is present as a precursor. In the case of 
IL-1α, the precursor is fully active; in the case of the other members, the precursors 
are weakly active at fi rst but are converted to more active cytokines upon the infi l-
tration of neutrophils and processing by extracellular neutrophil proteases. In the 
end, the infection is contained, the invading microorganism is eliminated, and the 
skin begins its process of repair. 

 Following the cloning of the mouse IL-1 receptor (Sims et al.  1988 ), the cytosolic 
domain of the IL-1 receptor was found to be homologous to Toll of the fruit fl y (Gay 
and Keith  1991 ). Moreover, at the same time, the TIR domain for IL-1 signaling (see 
Fig.  1.2 ) was shown by Heguy to be required for IL-1 signaling (Heguy et al.  1992 ). 
Toll had been initially studied since its discovery in 1985 because of its central role 
in establishing dorsal ventral polarity in  Drosophila . Only since 1996 was Toll linked 
to survival in fruit fl ies infected with fungi (Lemaitre et al.  1996 ). However, it had 
already been reported, back in 1988, that a member of the IL-1/TLR family, human 
IL-1β, protected mice from lethal  Pseudomonas  infection (van der Meer et al.  1988 ). 
As already noted, the TIR domain is essential for both IL-1- receptor family and TLR 
family signaling: a mutation in the TIR domain severely impairs responses to IL-1 
family ligands as well to a large number of microbial products (O’Neill  2008 ). 

 The TIR domain binds MyD88 (Fig.  1.2 ), itself a TIR domain-containing protein, 
through TIR–TIR interactions triggering a cascade of kinases that propagate the 
IL-1 signal and result in transcription of a large number of genes, the majority of 
which code for other cytokines, chemokines, and a host of infl ammatory mediators. 
Of these is IL-1 itself and other members of the IL-1 family such as IL-36 and IL-18. 

 The “innate immune response” regulates to the “acquired immune response.” 
The late Charles Janeway proposed that the innate response assists the host in 
mounting an acquired immune response. This relationship between a nonspecifi c 
cytokine providing help for a specifi c response to a microbial antigen is simply the 
adjuvant property of some cytokines. The adjuvant property of some cytokines 
functions by upregulating lymphocyte growth factors such as IL-2, IL-4, and IL-6 
or lymphocyte receptors, resulting in expansion of lymphocyte clones, which will 
either rid the host of the invading microorganism with neutralizing antibodies or in 
generation of cytotoxic T cells to eliminate viral infections. In 1979, purifi ed human 
IL-1β, a nonspecifi c macrophage product, was shown to augment the T-cell response 
to a specifi c antigen (Rosenwasser et al.  1979 ). It was nearly 20 years later that TLR 
were identifi ed as inducing IL-1β from monocytes.  

1.3     Organization of the IL-1 Family of Ligands 
and the Consensus Sequence 

 As depicted in Fig.  1.1 , the IL-1 family can be divided into subfamilies according to 
the length of the precursor and the length of the propiece for each precursor. The 
IL-1 subfamily is composed of IL-1α, IL-1β, and IL-33. This subfamily has the 
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longest proteins with the longest propieces. In the case of IL-1β, the propiece is 
cleaved intracellularly by caspase-1 and then the mature cytokine is secreted. In the 
case of IL-1α, cleavage appears to occur by the membrane protease calpain, but 
extracellular neutrophil proteases can also cleave the IL-1α precursor. Extracellular 
neutrophil proteases account for the cleavage of the propiece of IL-33. The excep-
tion in the IL-1 subfamily is the IL-1Ra, which contains a signal peptide. 

 The IL-18 subfamily is composed of IL-18 and IL-37. By comparison, this sub-
family has a smaller propiece. IL-18 requires the cleavage of its propiece by cas-
pase- 1 to be active. IL-37 is part of the IL-18 subfamily because the cytokine binds 
to the IL-18Rα chain. It is unclear how the propiece of IL-37 is removed. The IL-36 
subfamily is composed of IL-36α, -β, and -γ as well as IL-36 Ra. In addition, IL-38 
likely belongs to this family because of its binding to the IL-36R. The IL-36 sub-
family has the shortest propiece. 

 A consensus sequence in all members of the IL-1 family is A-X-D, where A is an 
aliphatic amino acid such as isoleucine, methionine, or leucine, X is any amino acid, 
and D is aspartic acid. The aspartic acid of the consensus sequence is not the aspartic 
acid of the caspase-1 cleavage recognition site. The A-X-D motif is conserved in the 
IL-1 family where it plays a role in the three-dimensional structure of the active 
cytokine. The actual N-terminus is often located nine amino acids before the A-X-D 
site. By eliminating the amino acids before the N-terminus, the fi rst beta-sheet struc-
ture common to all members of the IL-1 family can form. For example, with the tenth 
amino acid before the A-X-D consensus site as the N-terminus, the specifi c activity 
of the IL-36 subfamily (IL-36α, IL-36β, IL-36γ, and IL-36Ra) is low. However, with 
the ninth amino acid as the N-terminus there was a marked increased in the activity 
(Towne et al.  2011 ). In the case of IL-1β, the ninth amino acid before the A-X-D site 
coincides exactly with the N-terminal alanine generated by the caspase-1 site.  

1.4     Interleukin-1α 

 From an evolutionary point of view, IL-1α is the oldest member of the IL-1 family, 
and its primary amino acid sequence is closely related to that of the fi broblast growth 
factor (FGF) family. Similar to FGF, IL-1α does not have a signal peptide, binds to 
nuclear DNA, exits the cell upon death, and binds to its receptor as an unprocessed 
precursor. As shown in Fig.  1.2 , IL-1α binds to the IL-1RI and recruits the IL-1R 
accessory protein (IL-1RAcP) to form a heterodimeric complex, which signals to 
induce infl ammation. In health, primary cells contain constitutive levels of the IL-1α 
precursor but not IL-1β (Hacham et al.  2002 ). The IL-1α precursor is present in 
keratinocytes, thymic epithelium, hepatocytes, endothelial cells, the epithelial cells 
of mucous membranes, including the entire gastrointestinal tract, and fi broblasts 
regardless of their location. The propiece of IL-1α precursor can be cleaved extra-
cellularly by neutrophil proteases, a step that increases its biological activity. 
However, IL-1α can also be active as a membrane-associated cytokine. Most cell 
lines including tumor cell lines contain constitutive levels of IL-1α (Hurgin et al. 
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 2007 ; Lonnemann et al.  1995 ; Werman et al.  2004 ). Using an epithelial cell line, 
what were considered to be intrinsic interferon (IFN)-γ activities depended largely 
on constitutively expressed IL-1α. IFN-γ activities were inhibited by antibodies to 
IL-1α but not to IL-1β (Hurgin et al.  2007 ). The concept that IL-1α acts as an auto-
crine growth factor assumes that the intracellular IL-1α precursor regulates normal 
cellular differentiation, particularly in epithelial and ectodermal cells. In support of 
the concept, an antisense oligonucleotide to IL-1α reduces senescence in endothelial 
cells (Maier et al.  1990 ). In fi broblasts, the constitutive IL-1α precursor binds to 
HAX-1, a non-receptor substrate for tyrosine kinases in hematopoietic cells. In 
fi broblasts, the IL-1α HAX-1 complex translocates to the nucleus (Kawaguchi et al. 
 2006 ). Although the concept is that IL-1α acts as an autocrine growth factor in fi bro-
blasts or endothelial cells in vitro, the data should be interpreted carefully because 
mice defi cient in IL-1α show no demonstrable defects in growth and development, 
including skin, fur, epithelium, and gastrointestinal function (Horai et al.  1998 ). 
However, mice defi cient in IL-1α still retain the N-terminal propiece, which func-
tions as a nuclear factor (Werman et al.  2004 ). In fact, in another study, the N-terminal 
propiece of IL-1α was shown to bind HAX-1 (Yin et al.  2001 ). 

 Is there is a role for the intracellular precursor IL-1α in normal cell function? The 
IL-1α precursor is present in cells that also contain large amounts of the intracellu-
lar form of the IL-1Ra (icIL-1Ra), as reviewed by Arend ( 2002 ). This form of 
IL-1Ra also binds to the IL-1 receptor and prevents signal transduction. In fact, 
icIL-1Ra is thought to compete with the intracellular pool of precursor IL-1α for 
nuclear-binding sites. 

1.4.1     Membrane-Associated IL-1α 

 Precursor IL-1α can be found on the surface of several cells, particularly on mono-
cytes and B lymphocytes, where it is referred to as membrane IL-1α (Kurt-Jones 
et al.  1985 ). Membrane IL-1α is biologically active (Kaplanski et al.  1994 ); its bio-
logical activities are neutralized by antibodies to IL-1α but not those to IL-1β. 
Endothelial cells undergoing stress-induced apoptosis release membrane apoptotic 
body-like particles containing nuclear fragments and histones as well as the full- 
length IL-1α precursor and the processed mature form (Berda-Haddad et al.  2011 ). 
When injected into mice, apoptotic body-like particles containing the IL-1α precur-
sor induce neutrophilic infi ltration that was prevented by neutralization of IL-1α but 
not IL-1β (Berda-Haddad et al.  2011 ).  

1.4.2     Processing and Secretion of IL-1α 

 Although the IL-1α precursor is biologically active, the processed form is more 
active. Furthermore, the binding of IL-1α to IL-1RI has been modeled using 
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recombinant IL-1α with an N-terminus at 113. The processing of the IL-1α  precursor 
is accomplished by calpain II, a membrane-associated, calcium-dependent cysteine 
protease (Miller et al.  1994 ). In macrophages treated with hydroquinone, calpain II 
levels fall and are associated with inhibition of IL-1α precursor processing (Miller 
et al.  1994 ). Not surprisingly, calcium infl ux induced IL-1α secretion of the pro-
cessed form (Gross et al.  2012 ). The secretion of IL-1α requires the presence of 
IL-1β, because IL-1β-defi cient mice do not secrete IL-1α (Fettelschoss et al.  2011 ). 
IL-1α binding to IL-1β has been reported in which IL-1β acts as a chaperone for the 
secretion mechanism via caspase-1 (Fettelschoss et al.  2011 ). In another study, 
IL-1β was shown to bind to, and enhance the activity of, HMGB1 (Sha et al.  2008 ). 
It is thus possible that both IL-1α exits the cell bound to IL-1β and HMGB1.  

1.4.3     Biological Functions of Constitutive IL-1α: IL-1α 
and Sterile Infl ammation 

 Large numbers of reports mention the use of bacterial and fungal products to induce 
cytokines as models of infl ammatory disease; however, most infl ammatory diseases 
are sterile. For example, the infl ammation associated with atherosclerosis, myocar-
dial infarction, stroke, cancer, renal, and liver failure is sterile. The hypoxic insult 
that takes place in ischemia results in local necrosis and release of cellular contents, 
including nucleic acids. Members of the IL-1 family contribute to sterile infl amma-
tion, and IL-1α plays a signifi cant role in this regard. Upon cell death by necrosis, 
the IL-1α precursor is released (Carmi et al.  2009 ; Cohen et al.  2010 ) and binds to 
the IL-1 receptor on nearby tissue macrophages and epithelial cells, triggering a 
response (Luheshi et al.  2011 ; Rider et al.  2011 ). For example, infi ltration of neutro-
phils occurs fi rst and is followed by infl ux of monocytes (Rider et al.  2011 ). Extracts 
of tumor cells induce neutrophilic infl ammation, which does not occur in mice defi -
cient in IL-1RI and is prevented by neutralization of IL-1α, but not neutralization of 
IL-1β (Chen et al.  2007 ). Sterile infl ammation is independent on TLR2 and TLR4 
(Chen et al.  2007 ). 

 Thus, IL-1α, either the unprocessed precursor or the calpain cleavage form, is 
classifi ed as an alarmin because the cytokine is preformed and triggers an infl am-
matory response rapidly. Endothelial cells subjected to nutritional stress release 
infl ammatory apoptotic bodies, which contain both the precursor and processed 
forms of IL-1α (Berda-Haddad et al.  2011 ). Infl ammatory apoptotic bodies induce 
chemokine and neutrophilic infi ltration into the peritoneal cavity, both of which 
are IL-1α dependent (Berda-Haddad et al.  2011 ). Platelets also contain IL-1α as 
well as IL-1β (Hawrylowicz et al.  1989 ). Platelet-derived IL-1 induces chemo-
kines such as IL-8 from endothelial cells (Kaplanski et al.  1993 ) and MCP-1 from 
monocytes (Hawrylowicz et al.  1991 ). Platelet-derived IL-1α is important in brain 
injury in stroke models (   Thornton et al.  2010 ) and in atherosclerosis (Gawaz et al. 
 2000 ).  
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1.4.4     Studies in IL-1α-Defi cient Mice 

 Mice defi cient in IL-1α are born healthy and develop normally. In some models of 
local infl ammatory responses, wild-type and IL-1α-defi cient mice develop fever 
and acute-phase proteins, whereas IL-1β-defi cient mice do not (Horai et al.  1998 ). 
In addition, although the infl ammation-associated induction of glucocorticoids was 
suppressed in IL-1β-defi cient mice, this suppression was not observed in IL-1α- 
defi cient mice. However, expression of IL-1β mRNA in the brain decreased 1.5 fold 
in IL-1α-defi cient mice whereas expression of IL-1α mRNA decreased more than 
30 fold in IL-1β-defi cient mice. These data suggest that IL-1β exerts greater control 
over production of IL-1α than does IL-1α over the production of IL-1β. In caspase-
1- defi cient mice, IL-1α production is also reduced (Kuida et al.  1995 ), further sug-
gesting that production of IL-1α is under the control of IL-1β. It is important that 
caspase-1-defi cient mice are also defi cient in caspase-11 (Kenneth et al.  2012 ). 

 In mice fed a high-fat diet, serum amyloid A protein, a marker of infl ammation 
in atherogenesis, was markedly lower in IL-1α-defi cient mice compared to wild- 
type or IL-1β-defi cient mice (Kamari et al.  2007 ). IL-1α-defi cient mice had signifi -
cantly higher levels of non-high density lipoprotein cholesterol. The benefi cial 
effect of IL-1α defi ciency was the result of hematopoietic cells transferred from the 
bone marrow of IL-1α-defi cient mice, resulting in a reduction in aortic lesion size 
twice that observed in mice transplanted with IL-1β-defi cient bone marrow cells. 
Therefore, IL-1α appears to play a greater role in the pathogenesis of lipid-mediated 
atherogenesis than IL-1β, and this may be the result of an effect of membrane IL-1α.   

1.5     Interleukin-1β 

1.5.1     IL-1β, the Master Cytokine in the IL-1 Family 

 More than any other member of the IL-1 family, IL-1β has been the focus of most 
studies. IL-1β is a highly infl ammatory cytokine, particularly in humans, as reviewed 
by (Dinarello  2011a ). As shown in Fig.  1.2a , IL-1β and IL-1α bind to the same 
IL-1RI and trigger a proinfl ammatory signal. The interest in IL-1β also results, in 
part, because it is a secreted cytokine from macrophages and from the importance 
of the macrophage in antigen presentation before the era of dendritic cells. The 
inactive IL-1β precursor is converted into an active cytokine by the intracellular 
cysteine protease caspase-1. In particular, persons with activating mutations in one 
of the key genes that control the activation of caspase-1 can develop life-threatening 
systemic infl ammation, which is reversed by either blocking the IL-1 receptor or 
through the use of a neutralizing antibody to IL-1β. Other chronic infl ammatory 
diseases are mediated by IL-1β, as neutralizing antibodies have been used to treat a 
broad spectrum of diseases. 
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 The IL-1β-mediated illnesses fall into the category of “auto-infl ammatory” 
 diseases, which are to be distinguished from the classic “autoimmune” diseases. 
Although infl ammation is common to both auto-infl ammatory and autoimmune dis-
eases, in the case of IL-1-mediated disease, there is no evidence for role of adaptive 
immunity in its induction.  

1.5.2     IL-1β is an Inducible Cytokine 

 In contrast to IL-1α, the IL-1β precursor is not present in health. Also differing 
from IL-1α, IL-1β is primarily a product of monocytes, macrophages, and dendritic 
cells (DC) as well as B lymphocytes and natural killer (NK) cells. In health, circu-
lating human blood monocytes or bone marrow cells do not constitutively express 
mRNA for IL-1β. Endothelial cells, skin keratinocytes, fi broblasts, and epithelial 
cells contain constitutive IL-1α and constitutive IL-33 as precursors as well as 
mRNA, but these cells do not express IL-1β mRNA, even upon stimulation with 
TLR ligands. Melanoma cells do express IL-1β as a precursor, and the more aggres-
sive and metastatic the melanoma, the greater the likelihood of active caspase-1 
and IL-1β secretion (Okamoto et al.  2009 ). In the bone marrow neutrophil precur-
sors, IL-1β gene expression is inducible but mature neutrophils in the circulation no 
longer produce IL-1β. Neutrophil IL-1β plays a pathological role in the severe 
infl ammation of mice with a mutant form of the phosphatase SHP1 (   Croker et al. 
 2011 ). Several malignant tumors do express IL-1β as part of their neoplastic nature, 
particularly acute myelogenous leukemia, melanoma, multiple myeloma, and juve-
nile myelogenous leukemia, each of which exhibit constitutive expression of IL-1β. 
In contrast to most cytokine promoters, IL-1β regulatory regions are distributed 
more than several thousand base pairs upstream from the transcriptional start site. 
In addition to a cAMP response element, there are NF-κB-like and activating pro-
tein-1 (AP-1) sites. IL-1β gene regulation has been reviewed in detail (Unlu et al. 
 2007 ). Although steady-state mRNA levels for IL-1β may be present, there is dis-
tinct dissociation between transcription and translation of the IL-1β precursor. 
Non-TLR ligands such as the complement component C5a, hypoxia, adherence to 
surfaces, or clotting of blood induce the synthesis of large amounts of IL-1β mRNA 
in monocytic cells without signifi cant translation into the IL-1β protein. In these 
cells, the IL-1β mRNA assembles into large polyribosomes, but there is no signifi -
cant elongation of the peptide (Kaspar and Gehrke  1994 ). This failure to complete 
the translation into IL-1β protein may be caused by the instability element present 
in the coding region. This instability region is also found in IL-18 and IL-37 and 
appears to limit the mRNA of these cytokines (Bufl er et al.  2004 ). However, com-
pletion of translation of the mRNA into the respective cytokines can be accom-
plished by adding low concentrations of TLR ligands or IL-1 itself to the “primed” 
monocytes (Schindler et al.  1990 ).  
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1.5.3     Processing and Secretion of IL-1β via Caspase-1 

 Nearly all microbial products induce IL-1β via TLR activation; in addition, IL-1 
(either IL-1α or IL-1β) induces itself both in vivo and in monocytes in vitro 
(Dinarello et al.  1987 ). Other studies supporting this concept of IL-1-induced IL-1 
have been reported (Boni-Schnetzler et al.  2008 ; Gattorno et al.  2007 ; Goldbach- 
Mansky et al.  2006 ; Greten et al.  2007 ). Regardless of the stimulus, processing and 
secretion of IL-1β require conversion of procaspase-1 to active caspase-1, although 
in some studies processing of the IL-1β precursor is caspase-1 independent (Wewers 
et al.  1997 ). The activation to active caspase-1 is dependent on a complex of intra-
cellular proteins termed the “infl ammasome” by the late Juerg Tschopp (Agostini 
et al.  2004 ; Martinon et al.  2009 ). The critical component of the infl ammasome is 
NLRP3 (see Fig.  1.3 ). NLRP3 is also termed cryopyrin because the gene was ini-
tially discovered in patients with familial cold auto-infl ammatory syndrome, a 
genetic disease characterized by constitutional symptoms, fevers, and elevated 
acute-phase proteins following exposure to cold (Hoffman et al.  2001 ).
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  Fig. 1.3    Activation of caspase-1 by the NLRP3 infl ammasome.  1  Activation of the cells following 
receptor binding for TLR or IL-1 receptors.  2  Transcription of the IL-1β gene.  3  Synthesis of the 
inactive IL-1β precursor.  4  Extracellular ATP binds P2X7 receptor.  5  Effl ux of potassium.  6  
Oligomerization of infl ammasone components.  7  Activation of caspase-1.  8  Cleavage of the IL-1β 
precursor by caspase-1.  9  Maure IL-1β is released from the cell       
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   As monocytes exit the bone marrow, they circulate in the bloodstream for 
approximately 3 days. In the absence of disease, it is likely that these cells do not 
enter tissues but are destroyed in the spleen or undergo apoptosis. There is no dearth 
of reports that circulating human blood monocytes release processed IL-1β upon 
stimulation starting 4 h after stimulation with TLR agonists and continue to release 
the cytokine during the following 20–40 h. Following lipopolysaccharide (LPS) 
stimulus, IL-1β mRNA levels rise rapidly within 15 min but begin to decline after 
4 h because of the short half-life of their mRNA or the action of micro RNA. In 
contrast, using IL-1 itself as a stimulant, IL-1β mRNA levels are sustained for more 
than 24 h (Schindler et al.  1990 ). Raising intracellular cAMP levels with histamine 
enhances IL-1-induced IL-1 gene expression and protein synthesis. Monocytes of 
patients with auto-infl ammatory diseases such as CAPS and HIDS release IL-1β 
even without TLR stimulation during a 24-h incubation (Drenth et al.  1996 ; Hoffman 
and Wanderer  2011 ). 

 When obtained from the venous blood of healthy subjects, human blood mono-
cytes contain active caspase-1. Active caspase-1, as determined by its cleavage into 
the active dimer, is present even in the absence of stimulation (Netea et al.  2009 ). 
Active caspase-1 present in freshly obtained monocytes is nevertheless dependent 
on the presence of the key components of the infl ammasome, namely, ASC and 
NLRP3 (Netea et al.  2009 ). However, during subsequent incubation, extracellular 
levels of ATP increase in the supernatant as IL-1β also increases and inhibition of 
ATP by oxidized ATP reduces the secretion of IL-1β (Netea et al.  2009 ). The inhibi-
tion of IL-1β secretion by oxidized ATP is consistent with the role of the P2X7 
receptor, which binds ATP and opens the potassium channel for release of intracel-
lular potassium. The presence of active caspase-1 in circulating blood monocytes 
suggests that the rate-limiting step in the processing and release of IL-1β is at the 
level of gene expression. 

 However, upon differentiation of the same blood monocytes into macrophages in 
vitro, TLR-induced IL-1β release requires activation of caspase-1 by exogenous 
ATP (Netea et al.  2009 ). The assembly of the infl ammasome components with inac-
tive pro-caspase-1 takes place following a fall in intracellular potassium triggered 
by ATP binding to the P2X7 receptor. ATP activation of the P2X7 receptor opens 
the potassium channel, and simultaneously, as potassium levels fall, caspase-1 is 
activated by the infl ammasome (Andrei et al.  1999 ; Andrei et al.  2004 ; Elssner et al. 
 2004 ; Gardella et al.  2000 ; Perregaux et al.  2000 ). Without exogenous ATP, there is 
little or no processing of the IL-1β precursor in differentiated monocyte-derived 
macrophages. Alveolar macrophages obtained from the lungs of healthy human 
also do not release IL-1β with LPS stimulation unless exogenous ATP is added 
(Netea et al.  2009 ). In addition to ATP activation of P2X7, activation of IL-1β pro-
cessing can also take place with a cathelicidin-derived peptide termed LL37, which 
is released from neutrophils (Elssner et al.  2004 ). 

 The cleavage of the IL-1β precursor by active caspase-1 can take place in the 
specialized secretory lysosomes or in the cytoplasm. However, more than one path-
way seems available for processed IL-1β to exit the cell: these include by exocytosis 
of the secretory lysosomes (Andrei et al.  1999 ,  2004 ), shedding of plasma 
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membrane microvesicles, direct release via transporters, or multivesicular bodies 
containing exosomes (Qu et al.  2007 ). In general, the release of processed IL-1β 
takes place before there is signifi cant release of lactate dehydrogenase (Brough and 
Rothwell  2007 ), although in vitro cell death eventually takes place. Pyroptosis is a 
caspase-1-dependent form of cell death and is induced by certain bacteria using 
Ipaf, a member of the NLR family of intracellular receptors (Suzuki et al.  2007 ). An 
increase in intracellular calcium is also required for the mature IL-1β to exit the cell, 
and this is phopholipase C dependent (Andrei et al.  2004 ).  

1.5.4     Gain-of-Function Mutation in Cryopyrin 

 Diseases associated with single amino acid-activating mutations in cryopyrin are 
termed cryopyrin-associated periodic syndromes (CAPS). In monocytes from 
patients with CAPS, activation of caspase-1 occurs without a requirement for a 
rapid fall in the level of intracellular potassium (Gattorno et al.  2007 ). Therefore, 
mutated cryopyrin allows for the assembly of the complex of interacting proteins in 
the presence of normal intracellular levels of potassium. Although LPS-induced 
synthesis of the IL-1β precursor is often studied (Kahlenberg et al.  2005 ), it is 
unlikely that LPS plays a role in auto-infl ammatory diseases. On the other hand, 
spontaneous secretion of IL-1β from monocytes of patients is the result of endoge-
nous IL-1β stimulation. In patients with CAPS, there is a decrease in steady-state 
levels of pro-caspase-1 mRNA with IL-1Ra treatment (Goldbach-Mansky et al. 
 2006 ), suggesting that IL-1β stimulates its own production and processing. Thus, in 
any disease process that includes an increase in the steady-state levels of pro-cas-
pase- 1 mRNA, components of the infl ammasome or the IL-1β precursor explain the 
“auto-infl ammatory” nature of the disease. Type 2 diabetes appears to be an exam-
ple of an auto-infl ammatory disease in which glucose induces IL-1β production 
from the insulin-producing beta cell and IL-1β induces the beta cell to produce its 
own IL-1β (Maedler et al.  2002 ).  

1.5.5     Polymorphisms in P2X7 and the Activation 
of the Infl ammasome 

 Patients with classic auto-infl ammatory diseases such as FMF or CAPS have nearly 
identical clinical parameters, secrete more IL-1β, and respond dramatically to IL-1 
receptor blockade, yet have no mutation in NALP3. It is therefore possible that 
mutations in P2X7 itself or regulation of the other genes controlling potassium 
channels (Pascual et al.  2005 ) may account for dysfunctional secretion of IL-1β. For 
example, monocytes from patients with rheumatoid arthritis are more sensitive to 
release of IL-1β following ATP activation of the P2X7 receptor compared to mono-
cytes from healthy controls (Al-Shukaili et al.  2008 ). However, monocytes from 
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subjects with a P2X7 Glu496Ala loss-of-function polymorphism secrete  signifi cantly 
less IL-1β (Sluyter et al.  2004b ). Monocytes from subjects homozygous for this 
polymorphism also released signifi cantly less IL-18 (Sluyter et al.  2004a ). Another 
P2X7 receptor polymorphism is associated with increased mortality in patients 
undergoing allogeneic stem cell transplantation (Lee et al.  2007 ). Bacteremia was 
documented in 68 % of patients with this polymorphism compared to 18 % in wild-
type control patients (Lee et al.  2007 ). 

 In mice defi cient in P2X7 receptors, infl ammation, pain, and IL-1β-mediated 
IL-6 production are markedly reduced (Chessell et al.  2005 ). In addition to a fall in 
intracellular potassium, ATP triggers formation of peroxynitrite, which is required 
for caspase-1 activation because peroxynitrite scavengers prevent IL-1β secretion 
(Hewinson et al.  2008 ). Pannexin-1, a mammalian protein that functions as a hemi-
channel for the uptake of dyes, is required for caspase-1 processing and release of 
IL-1β via the P2X7 receptor (Pelegrin and Surprenant  2006 ). Pannexin-1 can also 
function for LPS-induced IL-1β synthesis in the absence of TLR4 (Kanneganti et al. 
 2007 ). P2X7 receptor activity is also regulated by a “regeneration and tolerance 
 factor” (Derks and Beaman  2004 ).  

1.5.6     Polymorphism in NLRP1 and the Release of IL-1β 

 NLRP1 is genetically associated with risk of several autoimmune diseases includ-
ing generalized vitiligo, Addison disease, type 1 diabetes, and rheumatoid arthritis. 
Predicted functional variations in NLRP1 reside in several common high-risk hap-
lotypes, and the haplotypes that are high risk for disease share two substitutions, 
L155H and M1184V. Peripheral blood monocytes from healthy subjects homozy-
gous for the predominant high-risk haplotype 2A released signifi cantly greater 
amounts ( P  < 0.001) of the IL-1β precursor to mature bioactive IL-1β under basal 
(resting) conditions as well as in response to TLR2 and TLR4 agonists compared 
with monocytes from subjects homozygous for the reference haplotype 1 
(Levandowski et al.  2013 ). The increase in basal release was 1.8 fold greater in 
haplotype 2A monocytes, and these differences between the two haplotypes were 
consistently observed three times during a 3-month period; no differences were 
observed for IL-1α or tumor necrosis factor (TNF)-α. NLRP1 RNA and protein 
levels were not altered by the predominant high-risk haplotype, indicating that 
altered function of the corresponding multivariant NLRP1 polypeptide predisposes 
to autoimmune diseases by activation of the NLRP1 infl ammasome.  

1.5.7     Non-caspase-1 Processing of IL-1β 

 Non-caspase-1 mechanisms also exist to generate active forms of IL-1β. For exam-
ple, sterile infl ammation induces fever, elevated IL-6, and increased production of 
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hepatic acute-phase proteins. These responses are absent in mice defi cient in IL-1β 
but present in mice defi cient in caspase-1 (Fantuzzi et al.  1997a ; Joosten et al. 
 2009 ). Sterile infl ammation is often associated with neutrophilic infi ltration, and the 
neutrophils produce IL-1β. Because neutrophils are short-lived cells, dying within 
hours upon emigration, release of the IL-1β precursor from intracellular stores is not 
unexpected. Processing of the IL-1β precursor extracellularly into an active cyto-
kine has been reported for the common neutrophil protease, proteinase-3 (Coeshott 
et al.  1999 ; Joosten et al.  2009 ). Proteinase-3 also contributes to the processing of 
IL-18 (Sugawara et al.  2001 ). Other proteases such as elastase, matrix metallopro-
tease 9, and granzyme A process the IL-1β precursor extracellularly. In addition, a 
mast cell chymase generates active IL-1β. 

 Mice with a targeted IKK-β deletion in myeloid cells are more susceptible to LPS-
induced shock than control mice (Greten et al.  2007 ) and markedly elevated levels of 
IL-1β are found in the circulation associated with a prominent neutrophilia (Greten 
et al.  2007 ). The elevated levels of IL-1β are lethal because blockade with IL-1Ra 
protects these mice from death. The source of the IL-1β in these mice is the neutro-
phil. When incubated with proteinase-3, cleavage of the IL-1β precursor is observed, 
yielding molecular weights of 25,000 and 15,000 Da (Greten et al.  2007 ). Because the 
cleavage of the IL-1β precursor by proteinase-3, elastase, and cathepsin G are within 
three amino acids of the caspase-1 cleavage site, the products of the non-caspase-1 
cleavage are biologically active (Coeshott et al.  1999 ; Joosten et al.  2009 ). Therefore, 
in infl ammatory conditions such as urate crystal arthritis, which is characterized by a 
prominent neutrophilic infi ltration, proteinase-3 cleavage of extracellular IL-1β pre-
cursor likely takes place (Joosten et al.  2010 ). Mice defi cient in caspase-1 are not 
protected against urate-induced infl ammation. Although IL-1Ra is effective in treat-
ing gout, IL-1Ra would be equally effective in any disease with extracellular process-
ing of the precursor (Schlesinger et al.  2011 ; So et al.  2007 ,  2010 ). The importance of 
extracellular processing of the IL-1β precursor by serine proteases may explain, in 
part, the anti-infl ammatory properties of alpha-1- antitrypsin (Numanami et al.  2003 ).  

1.5.8     Effects in Mice Defi cient in IL-1β 

 After 10 years of continuous breeding, mice defi cient in IL-1β exhibit no spontane-
ous disease. However, upon challenge, IL-1β-defi cient mice exhibit specifi c differ-
ences from their wild-type controls. The most dramatic is the response to local 
infl ammation induced by subcutaneous injection of an irritant. Within the fi rst 24 h, 
IL-1β-defi cient mice do not manifest an acute-phase response, do not develop 
anorexia, have no circulating IL-6, and no fever (Fantuzzi et al.  1997a ; Zheng et al. 
 1995 ). These fi ndings are consistent with those reported in the same model using 
anti-IL-1R type I antibodies in wild-type mice (Fantuzzi et al.  1997a ; Zheng et al. 
 1995 ). IL-1β-defi cient mice also have reduced infl ammation because of zymosan- 
induced peritonitis (Fantuzzi et al.  1997a ,  b ). In contrast, IL-1β-defi cient mice have 
elevated febrile responses to LPS, IL-1β, or IL-1α compared to wild-type mice 
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(Fantuzzi et al.  1996 ). Nevertheless, IL-1β-defi cient mice injected with LPS have 
little or no expression of leptin mRNA or protein (Faggioni et al.  1998 ). 

 Mice defi cient in IL-1β were compared to mice defi cient in IL-1α after exposure 
to chemical carcinogens (Krelin et al.  2007 ). In IL-1β-defi cient mice, tumors devel-
oped more slowly or did not develop in some mice. A defi ciency in IL-1α, on the 
other hand, did not impair tumor development compared to wild-type mice injected 
with the same carcinogen. In IL-1Ra-defi cient mice, tumor development was the 
most rapid. A leukocyte infi ltrate was found at the site of carcinogen injection. The 
neutrophilic infi ltrate was almost absent in IL-1β-defi cient mice, whereas in IL-1Ra- 
defi cient mice, a dense neutrophilic infi ltrate was observed. In wild-type mice, the 
leukocytic infi ltrate was sparse and the infi ltrate that was observed in IL-1α-defi cient 
mice was similar to that of control mice. These fi ndings may refl ect the fact that 
IL-1β is secreted into the microenvironment, resulting in the emigration of mono-
cytes and neutrophils, whereas IL-1α, remaining cell associated, is less likely to 
affect the microenvironment.  

1.5.9     IL-1β and Autophagy 

 Autophagy is an ancient process of recycling cellular components, such as cytosolic 
organelles and protein aggregates, through degradation mediated by lysosomes. 
Autophagy is activated in conditions of cell stress, hypoxia, starvation, or growth 
factor deprivation; it promotes cell survival by generating free metabolites and 
energy through degradation of the endogenous cellular components (Klionsky  2007 ). 
However, in addition to its role in the pathophysiology of cancer, neurodegenerative 
diseases, or aging, autophagy is also a modulator of infl ammation (Schmid and 
Munz  2007 ). A role for autophagy in production of proinfl ammatory cytokines, par-
ticularly of IL-1β, has emerged with deletion of ATG16-L1. For example, macro-
phages from  ATG16L1 -defi cient mice produce higher levels of IL-1β and IL-18 after 
stimulation with TLR4 ligands (Saitoh et al.  2008 ). The data suggest that higher 
activation of caspase-1 in the  ATG16L1 -defi cient mice accounts for the higher pro-
duction level (Saitoh et al.  2008 ). This observation was related to the specifi c degra-
dation of the IL-1β precursor in autophagosomes in mouse macrophages (Harris 
et al.  2011 ). Additional studies in the  ATG16L1 -defi cient mice point toward a regula-
tory effect of autophagy on caspase-1 activation through modulation of the NLRP3 
infl ammasome (Nakahira et al.  2011 ; Tschopp and Schroder  2010 ; Zhou et al.  2010 ). 

 This role of autophagy in the secretion of IL-1β was also observed in human 
primary monocytes, in which specifi c inhibition of autophagy leads to increased 
production of IL-1β (Crisan et al.  2011 ). However, in the same cells TNF-α produc-
tion was decreased by autophagy inhibition. These data suggest divergent effects of 
autophagy on the production of these two important proinfl ammatory cytokines. In 
mice, the increase in IL-1β production is ascribed to increased activation of the 
infl ammasome, but in human cells, it is IL-1β mRNA transcription that is elevated 
when autophagy was inhibited, whereas no effects were observed on caspase-1 
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 activation (Crisan et al.  2011 ; Harris et al.  2011 ; Saitoh et al.  2008 ). Despite these 
differences between mouse and human cells, the inhibition of autophagy increases 
the production of IL-1β but not TNF-α. 

 The modulation of infl ammation by autophagy in humans has been studied in 
Crohn’s disease. Genome-wide association studies in large cohorts of Crohn’s dis-
ease patients have revealed that genetic variants in two autophagy genes,  ATG16L1  
and  IRGM , result in increased susceptibility to the disease. A nonsynonymous poly-
morphism in  ATG16L1  on chromosome 2q37.1 and two polymorphisms in  IRGM  
on chromosome 5q33.1 were signifi cantly associated with Crohn’s disease risk 
(Hampe et al.  2007 ; Rioux et al.  2007 ). Another study revealed a signifi cant associa-
tion of Crohn’s disease susceptibility with an intronic polymorphism in the autoph-
agy gene  ULK1  (Henckaerts et al.  2011 ). Moreover, autophagy defects have been 
reported in individuals bearing  NOD2  mutations and are consistent with the concept 
that impaired bacterial clearance and increased bacterial persistence are part of the 
pathogenesis of Crohn’s disease (Lapaquette et al.  2010 ). 

 The mechanism through which polymorphisms in autophagy genes infl uence 
susceptibility to Crohn’s disease appear to involve IL-1β production. The  ATG16L1  
300Ala risk allele was associated with elevated production of IL-1β and IL-6; 
however, this fi nding was only observed in cells stimulated with the NOD2 ligand 
muramyl dipeptide (MDP). In contrast, the expected levels of IL-1β and IL-6 were 
produced upon stimulation with TLR2 and TLR4 ligands (Plantinga et al.  2011 ). 
The increased production of IL-1β was associated with an increase in the steady- 
state levels of IL-1β mRNA rather than increased activation of the infl ammasome 
(Plantinga et al.  2011 ). Studying the same polymorphism ( ATG16L1  Thr300Ala) 
in human dendritic cells, Cooney et al. reported defective NOD2-induced, but not 
TLR-induced, autophagy and antigen presentation (Cooney et al.  2010 ). 
Furthermore, effects of this polymorphism on antibacterial autophagy in epithelial 
cells have been observed (Homer et al.  2010 ). The specifi c effect of the  ATG16L1  
polymorphism on the NOD2 pathway, and not on TLR-induced stimulation, is 
likely related to the fact that NOD2 and ATG16L1 form a protein complex that is 
essential for NOD2-induced autophagosome formation (Travassos et al.  2010 ). 
Because the  ATG16L1  Thr300Ala polymorphism affects protein stability (Kuballa 
et al.  2008 ), defective induction of autophagy and therefore enhanced IL-1β 
mRNA transcription upon triggering of NOD2 may be caused by the presence of 
defective complex.   

1.6     Interleukin-33 

1.6.1     IL-33 as a Member of the IL-1 Subfamily 

 Formerly termed IL-1F11, IL-33 belongs to the IL-1 subfamily and has been stud-
ied for its role in the Th2 paradigm of immune responses. IL-1β is also linked to the 
Th2 response. The existence of IL-33 was predicted in 1994 following the discovery 
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of a novel member of the IL-1 receptor family termed ST2 (Bergers et al.  1994 ). 
ST2 is the ligand-binding chain for IL-33 (see Table  1.2 ) and is structurally similar 
to the ligand-binding chain of IL-1α and IL-1β. In addition, the co-receptor for 
IL-33 is the IL-1RAcP, which is also the co-receptor for IL-1α and IL-1β. It was not 
until 2005 that IL-33 was reported as the ligand for ST2 (Schmitz et al.  2005 ). ST2 
is regulated by the estrogen-inducible transcription factor Fos (Bergers et al.  1994 ), 
and this property of estrogens may be related to the large number of studies on the 
effect of estrogens to regulate IL-1 and infl ammation.

   Similar to most members of the IL-1 receptor family, ST2 is composed of three 
extracellular Ig domains and an intracellular TIR domain. Although the name ST2 
is still used, the correct term is the IL-33 receptor α-chain (IL-33Rα). As shown in 
Fig.  1.2d , the IL-33Rα chain is similar to the IL-1R1 in that it is the ligand-binding 
chain for IL-33 but requires IL-1RAcP to signal (Ali et al.  2007 ; Chackerian 
et al.  2007 ). 

 Before the discovery of IL-33, several studies suggested that the putative ligand 
(IL-33) for the ST2 orphan receptor was playing a role in allergic-type diseases. 
It became clear that activation of ST2 was uniquely driving Th2 responses. 
Structurally, IL-33 is closer to IL-18 than IL-1β. Biologically, IL-33 is closest to 
IL-1α, as the precursors for IL-1α and IL-33 are constitutively present in all endo-
thelial cells. As discussed below, similar to IL-1α, IL-33 functions as a DNA-
binding molecule. The dominant property of IL-33 is the induction of IL-4, IL-5, 
and IL-13 as well as other properties anticipated for a Th2-type cytokine. Diseases 
thought to be caused by increased immunoglobulin production may also be related 
to IL-33. IL-33 induces the production of IL-6, IL-1β, and PGE2 from mast cells.  

1.6.2     IL-33 and Th2 Responses 

 The properties of recombinant IL-33 recapitulate much of the existing data that ST2 
promotes Th2-type responses. For example, before its discovery, a role for IL-33 in 
the Th2 response was observed using soluble extracellular forms of ST2 [reviewed 

   Table 1.2    IL-1-receptor family      

 Name  Designation  Ligands  Co-receptor 

 IL-1RI  IL-1R1  IL-1α, IL-1β, IL-1Ra  IL-1RAcP (IL-1R3) 
 IL-1RII  IL-1R2  IL-1β, IL-1β precursor  IL-1RAcP (IL-1R3) 
 IL-1RAcP  IL-1R3  IL-1α, IL-1β, IL-33, IL-36  Not applicable 
 ST2/IL-33Rα  IL-1 R4  IL-33  IL-1RAcP (IL-1R3) 
 IL-18Rα  IL-1R5  IL-18, IL-37  IL-18Rβ (IL-1R7) 
 IL-1Rrp-2  IL-1R6  IL-36α, -β, -γ  IL-1RAcP (IL-1R3) 
 IL-18Rβ  IL-1R7  IL-18  Not applicable 
 TIGIRR-2/IL-1RAPL  IL-1R8  Unknown  Unknown 
 TIGIRR-1  IL-1R9  Unknown  Unknown 
 SIGIRR  TIR8  Unknown  Unknown 
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in (Schmitz et al.  2005 )]. However, IL-33 has properties that go beyond its role in 
the Th2 paradigm, because similar to IL-1α, IL-1β, and IL-36, IL-33 forms a het-
erodimeric complex with IL-1RAcP for signal transduction (Ali et al.  2007 ; 
Chackerian et al.  2007 ). Although the IL-1RAcP is expressed on most nucleated 
cells, ST2 is somewhat restricted to low expression on most cells with the notable 
exception of mast cells. 

 There are several mechanisms by which IL-33 favors the Th2 response. Similar 
to IL-1β, IL-33 induces IL-6, an adjuvant for antibody production. IL-33 induction 
of IL-6 is prevented by a blocking antibody to IL-1RAcP (Ali et al.  2007 ). IL-33 
initiates signal transduction via activation of NF-κB, which is typical of IL-1α, 
IL-1β, and IL-18 (Schmitz et al.  2005 ), but other studies have shown that antibody 
cross-linking of ST2 does not result in activation of NF-κB but rather AP-1. IL-33 
treatment also increased serum IgA and IgE, an expected response for a switch from 
Th1 to Th2.  

1.6.3     Processing of the IL-33 Precursor 

 Initially, IL-33 was considered closely related to IL-1β and IL-18 because the 
IL-33 precursor contains a caspase-1 site, which upon activation would cleave the 
IL-33 precursor and release the active cytokine (Schmitz et al.  2005 ), similar to 
that for IL-1β and IL-18. Indeed, the fi rst recombinant forms of IL-33 were pro-
duced with an N-terminus at the caspase-1 site (Schmitz et al.  2005 ). Although 
recombinant IL-33 was active, the concentrations required for activity were con-
siderably higher than those of other members of the IL-1 family. Indeed, subse-
quent studies revealed that caspase-1 actually results in loss of IL-33 activity and 
that the full length IL-33 precursor binds to ST2 and is active (Cayrol and Girard 
 2009 ), similar to the ability of the IL-1α precursor to bind to IL-1RI. In addition, it 
was reported that the caspase- 1 cleavage site at 178 is similar to the consensus 
sequence for caspase-3 and that intracellular IL-33 precursor is a substrate for cas-
pase-3 (Cayrol and Girard  2009 ). 

 Using immobilized IL-33 precursor, neutrophil proteinase 3 (PR3) was isolated 
from human urinary proteins (Bae et al.  2012 ). Neutrophil PR3 is known to process 
the IL-1β precursor into an active cytokine (Joosten et al.  2009 ). PR3 converted 
human and mouse precursor IL-33 proteins to biological active forms; however, 
increasing the incubation time of PR3 abrogated IL-33 activities (Bae et al.  2012 ). 
Using the consensus amino acid sequence sites for PR3, six human and mouse 
recombinant IL-33 proteins were produced and assessed for biological activities; 
varying levels of activity were reported (Bae et al.  2012 ). Another study also dem-
onstrated cleavage of the IL-33 precursor by neutrophil proteases such as PR3, neu-
trophil elastase, and cathepsin G (Lefrancais et al.  2012 ), resulting in the generation 
of IL-33 with different N-termini and varying levels of activity. These studies sup-
port the concept that extracellular IL-33 is released as a precursor, is rapidly pro-
cessed by neutrophil enzymes, and generates active forms with varying levels of 
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activity. The implications for generation of active IL-33 by neutrophil enzymes for 
Th2 polarization remain unclear. It may be more relevant to study the effect of pro-
teases from eosinophils in the processing of the IL-33 precursor. Nevertheless, the 
IL-33 precursor binds to ST2 and recruits the accessory chain for signal transduc-
tion, but compared to IL-33 generated by neutrophil proteases, the activity of IL-33 
precursor is weak (Bae et al.  2012 ; Lefrancais et al.  2012 ). 

 There is no dearth of studies on ST2 tissue-specifi c localization, regulation of its 
expression, and effects in transgenic mice overexpressing ST2 as well as deletion, 
neutralization, and antibody cross-linking of ST2. Elevated levels of the soluble 
form of ST2 were present in the circulation of patients with various infl ammatory 
diseases, and exogenous administration of pharmacological doses of soluble ST2 
neutralized endogenous levels of the then putative ligand IL-33 and reduced infl am-
mation (Leung et al.  2004 ). IL-33 activates Th2 lymphocytes, mast cells, basophils, 
and eosinophils as well as NK T cells and blood monocytes. One of the best studied 
properties of IL-33 is the induction of IL-5 and IL-13 and their respective roles in 
lung infl ammation, such as allergic-type asthma. For example, instillation of IL-33 
into the airways triggers an immediate allergic response in the lung of naïve mice 
and worsens the response in mice sensitized to antigen peripherally but challenged 
by exposure of antigen in the lung (Louten et al.  2011 ). 

 Mice defi cient in ST2 do not develop a Th2 response to  Schistosoma  egg antigen. 
Indeed, several studies have focused on the role of IL-33 in the pathogenesis of 
helminth worm infections. The Th2 response by the host contributes to the elimina-
tion of these worm infestations, which are worldwide and affl ict hundreds of mil-
lions. The role of IL-33 in the induction of IL-4, IL-5, and IL-13 is of paramount 
importance in terms of pulmonary and intestinal complications that reduce lifespan. 
Using mice defi cient in IL-33, a crucial role was demonstrated in mice to rid them 
of infection with  Strongyloides venezuelensis  (Yasuda et al.  2012 ). The infection 
induces a unique class of cells called natural helper cells or nuocytes, which upon 
activation by IL-33 produce IL-5 and IL-13, resulting in eosinophilic infi ltration 
into the lungs. In this model, pulmonary infl ammation causes damage via eosino-
philic infi ltration, which is IL-33 and IL-5 dependent (Yasuda et al.  2012 ). 

 Mice injected with human IL-33 exhibit impressive pathological changes in the 
arterial walls, lungs, and intestinal tissues (Schmitz et al.  2005 ). Of particular rele-
vance to the concept that IL-33 drives a Th2 response, esosinophilic infi ltration was 
a prominent fi nding in the lung and in allergic rhinitis as well as allergic conjuncti-
vitis (Matsuba-Kitamura et al.  2010 ). These initial observations have been con-
fi rmed by other reports (Kim et al.  2012 ). Although the interpretation of in vivo 
effects following the administration of an exogenous cytokine should be conserva-
tive, the fi ndings are clearly consistent with IL-33 being a pro-infl ammatory ligand 
of the IL-1 receptor family. Even before the ability to test IL-33-mediated activa-
tion, others had reported that neutralization of the putative ST2 ligand using soluble 
ST2 markedly reduced joint infl ammation, synovial hyperplasia, and joint erosion 
when given in the therapeutic phase of collagen-induced arthritis in mice (Leung 
et al.  2004 ).  
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1.6.4     IL-33 as an Anti-infl ammatory Cytokine 

 Members of the IL-1 family of ligands bind to their specifi c cell-surface receptors 
and recruit an accessory chain. The IL-1RIAcP is used by IL-1α and IL-1β but 
also IL-36 and IL-33. The accessory chain for IL-18 is related to the IL-1RIAcP but 
is encoded by a distinct gene. We now recognize that other members of the IL-1 
receptor family will bind more than one cytokine. The best example is IL-1α 
and IL-1β. Both bind with similar affi nities to IL-1RI, but the three-dimensional 
structures of IL-1α and IL-1β are hardly identical (Wang et al.  2010 ). The IL-1β 
precursor binds to IL-1RII as well as a processed form with the fi rst 112 amino 
acids cleaved from the precursor. IL-37 binds to the IL-18-receptor α-chain (Kumar 
et al.  2002 ), and both IL-36 and IL-38 bind to the IL-36 receptor (van de Veerdonk 
et al.  2012 ). 

 IL-33 forms a complex with ST2 IL-1RIAcP but also with SIGIRR (Bulek et al. 
 2009 ). This complex plays a role in the Th2 response by reducing IL-33 signaling 
(Bulek et al.  2009 ) and, consistent with these observations, Th2 responses are 
increased in mice defi cient in SIGIRR. Furthermore, there is high expression of 
SIGIRR in Th2 polarized cells, and in models of Th2 antigen sensitization, 
SIGIRR- defi cient mice exhibit a greater Th2 response (Bulek et al.  2009 ). The 
complex with SIGIRR and IL-33 may explain the anti-infl ammatory properties of 
IL-33. ST2 can sequester TLR adaptor molecules such as MyD88 and Mal (Gadina 
and Jefferies  2007 ). 

 In mice defi cient in ST2, there is myocardial hypertrophy, ventricle dilation, and 
fi brosis upon pressure overload, suggesting that IL-33 plays a protective role in the 
heart (Sanada et al.  2007 ). Furthermore, elevated levels of the extracellular domain 
of ST2 predict outcomes in patients with systolic heart failure or following a myo-
cardial infarction (Sanada et al.  2007 ). In a model of cardiomyocyte hypertrophy 
induced by chronic administration of phenylephrine, administration of recombinant 
IL-33 inhibited the phosphorylation of IκB and reduced the hypertrophy and fi bro-
sis (Sanada et al.  2007 ). One of the more challenging aspects of the properties of 
IL-33 to act as a Th2 cytokine is its role as an antagonist in the ApoE-defi cient 
mouse model of artherosclerosis. In this model, arterial wall plaques of mice on a 
high-fat diet contain IL-33 and ST2. In mice treated with IL-33, the atherosclerotic 
plaques were markedly reduced (Miller et al.  2008 ). In mice treated with soluble 
ST2 to neutralize IL-33, the disease worsened (Miller et al.  2008 ).  

1.6.5     IL-33 as a Transcription Factor 

 Similar to IL-1α, there is another side to IL-33. Although IL-33 binds to its specifi c 
surface receptor, IL-33 is identical to a nuclear factor dominantly expressed in high 
endothelial venules (HEV) (Carriere et al.  2007 ). This nuclear factor is termed 
NF-HEV. In addition to endothelial cells, constitutive nuclear localization of IL-33 
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has been reported in several cell types such as type II lung epithelial cells (Yasuda 
et al.  2012 ), epithelial cells (Moussion et al.  2008 ), and pancreatic stellate cells 
(Masamune et al.  2010 ). In fact, IL-33 binding to DNA and acting as a nuclear 
 factor is similar to IL-1α binding to chromatin and functioning as a nuclear factor 
(Cohen et al.  2010 ; Stevenson et al.  1997 ; Werman et al.  2004 ). A short IL-33 pep-
tide similar to a sequence in Kaposi sarcoma virus binds chromatin (Roussel et al. 
 2008 ). The full-length IL-33 precursor, but not mature IL-33, binds to the N-terminal 
Rel homology domain of NF-κB p65 (Ali et al.  2011 ). In cells overexpressing the 
IL-33 precursor, there was a reduction in IL-1β-induced TNF-α (Ali et al.  2011 ). 
These data are consistent with other data that IL-33 possesses anti-infl ammatory 
properties (see foregoing), and the mechanism for this property of IL-33 appears to 
be nuclear sequestration similar to that of IL-1α (Cohen et al.  2010 ).   

1.7     IL-18 and IL-37 Subfamily 

1.7.1     IL-18 

1.7.1.1     Background 

 IL-18 was fi rst described in 1989 as “IFN-γ-inducing factor” isolated in the serum 
of mice following an injection of endotoxin. The mice had been pretreated with 
 Proprionibacterium acnes , which stimulates the reticuloendothelial system, par-
ticularly the Kupffer cells of the liver. Many investigators concluded that the serum 
factor was IL-12. With molecular cloning of “IFN-γ-inducing factor” in 1995 
(Okamura et al.  1995 ), the name was changed to IL-18. Surprisingly, the new cyto-
kine was related to IL-1 and particularly to IL-1β. Similar to IL-1β, IL-18 lacks a 
signal peptide, is fi rst synthesized as an inactive precursor, and remains as an intra-
cellular cytokine. The tertiary structure of the mature form of IL-18 closely resem-
bles that of IL-1β (Okamura et al.  1995 ), although the IL-18 precursor is closely 
related to the IL-37 precursor. Since 1995, many studies have used neutralization of 
endogenous IL-18- or IL-18-defi cient mice to demonstrate the role for this cytokine 
in promoting infl ammation and immune responses [reviewed by (Dinarello  2007 )]. 
However, the biology of IL-18 is hardly the recapitulation of IL-1β. There are sev-
eral unique and specifi c differences between IL-18 and IL-1β. For example, in 
healthy human subjects and also in healthy mice, gene expression for IL-1β in 
blood mononuclear cells and hematopoietic cells is absent and there is no evidence 
that the IL-1β precursor is constitutively present in epithelial cells (Puren et al. 
 1999 ). In contrast, in the same blood cells large amounts of the IL-18 precursor are 
present. Peritoneal macrophages and mouse spleen contain the IL-18 precursor in 
the absence of disease (Puren et al.  1999 ). The IL-18 precursor is also present in 
keratinocytes and nearly all epithelial cells. In this regard, IL-18 is similar to IL-1α 
and IL-33.  
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1.7.1.2     Processing of the IL-18 Precursor 

 The IL-18 precursor has a molecular weight of 24,000 and is processed by 
caspase- 1 cleavage into a mature molecule of 18,000. Compared to wild-type mice, 
following an injection of endotoxin into caspase-1-defi cient mice, circulating IFN-γ 
is absent. IL-12-induced IFN-γ is also absent in caspase-1-defi cient mice (Fantuzzi 
et al.  1999 ). Importantly, any phenotypic characteristic of capsase-1-defi cient mice 
must be studied as whether the defi ciency is caused by reduced IL-1β or IL-18 activ-
ity. For example, the caspase-1-defi cient mouse is resistant to colitis (Siegmund 
et al.  2001b ) but the IL-1β-defi cient mouse is susceptible in the same disease. 
Because neutralizing antibodies to IL-18 are protective in the colitis model, cas-
pase- 1 defi ciency appears to prevent processing of IL-18 (Siegmund et al.  2001a ,  b ). 
On the other hand, there are examples where caspase-1 processing of IL-18 is not 
required. For example, Fas ligand stimulation results in release of biologically 
active IL-18 in caspase-1-defi cient murine macrophages (Tsutsui et al.  2000 ). 
Similar to IL-1β processing, proteinase-3 appears to activate processing to mature 
IL-18 (Sugawara et al.  2001 ). 

 Similar to IL-1α and IL-33, the IL-18 precursor is constitutively expressed in 
endothelial cells, keratinocytes, and intestinal epithelial cells throughout the gastro-
intestinal tract. Macrophages and dendritic cells are the primary sources for the 
release of active IL-18, whereas the inactive precursor remains in the intracellular 
compartment of mesenchymal cells. Also, similar to IL-1α and IL-33, the IL-18 
precursor is released from dying cells and processed extracellularly, most likely by 
neutrophil proteases such as proteinase-3.  

1.7.1.3     Signal Transduction by IL-18 

 As shown in Fig.  1.4a , IL-18 forms a signaling complex by binding to the IL-18 
α-chain (IL-18Rα), which is the ligand-binding chain for mature IL-18; however, 
this binding is of low affi nity. In cells that express the co-receptor, termed IL-18- 
receptor β-chain (IL-18Rβ), a high-affi nity complex is formed, which then signals. 
The complex of IL-18 with the IL-18Rα and IL-18Rβ chains is similar to that 
formed by other members of the IL-1 family with the co-receptor, the IL-1R acces-
sory chain IL-1RAcP. Following the formation of the heterodimer, the TIR domains 
approximate, and it appears that the cascade of sequential recruitment of MyD88, 
the four IRAKs, and TRAF-6 followed by the degradation of IκB and release of 
NFκB are nearly identical as that for IL-1 (Weber et al.  2010 ). There are differences 
between IL-1 and IL-18 signaling that remain unexplained. With few exceptions, 
IL-1α or IL-1βis active on cells in the low nanogram/ml range and often in the pico-
gram/ml range. In contrast, IL-18 activation of cells expressing the two IL-18- 
receptor chains requires 10–20 ng/ml and sometime higher levels (Lee et al.  2004 ; 
Morel et al.  2001 ).

   Although nearly all cells express IL-1RI, not all cells express IL-1RAcP. 
Similarly, most cells express IL-18Rα but not all cell express IL-18Rβ. IL-8Rβ is 
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expressed on T cells and dendritic cells but is not commonly expressed in 
 mesenchymal cells. The best example is the A549 cell. This cell line, derived from 
a lung carcinoma epithelial cell, does not express IL-18Rβ (Kim et al.  2005 ), and 
there is no signal unless IL-12 is added to induce IL-18Rβ (Nakanishi et al.  2001b ). 
In the absence of IL-18Rβ, IL-18 binds to IL-18Rα without a pro-infl ammatory 
signal. In A549 cells transfected with IL-18Rβ, IL-18 induces IL-8 and a large 
number of genes. One of these genes is the former IL-2-induced gene termed NK4 
(Dahl et al.  1992 ), now termed IL-32 (Kim et al.  2005 ). IL-32 is not a member of 
the IL-1 family but plays an important role in the regulation of cytokines such as 
IL-1β and TNF-α.  
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  Fig. 1.4    IL-18 subfamily.  (a)  IL-18 binds to the IL-18Rα chain and recruits the co-receptor 
IL-18Rβ. The signaling cascade of the IL-18 receptor complex is nearly the same as that of IL-1α 
and IL-1β, resulting in the expression of pro-infl ammatory genes.  (b)  The naturally occurring 
IL-18BP binds IL-18, thus neutralizing the activity of the cytokine.  (c)  IL-37 also binds to the 
IL-18Rα but with an affi nity lower than that of IL-18 binding to the same receptor. Furthermore, 
the binding of IL-37 to IL-18Rα does not recruit the co-receptor, IL-18Rβ, and therefore there is 
no pro-infl ammatory signal. The anti-infl ammatory properties of IL-37 require  SIGIRR , which 
may act as a “decoy” for MyD88.  (d)  IL-18BP also binds to IL-37, thus preventing binding of 
IL-37 to IL-18Rα. ( e)  IL-37 binds to IL-18BP, forming a complex, which then binds to IL-18Rα, 
enhancing the anti-infl ammatory property of IL-18BP       

 

C.A. Dinarello and M.G. Netea



27

1.7.1.4     IL-18 as an Immunoregulatory Cytokine 

 Together with IL-12, IL-18 participates in the Th1 paradigm. This property of IL-18 
is the result of its ability to induce IFN-γ with either IL-12 or IL-15. Without IL-12 
or IL-15, IL-18 does not induce IFN-γ. IL-12 or IL-15 increases IL-18Rβ, which is 
essential for IL-18 signal transduction. Without IL-12 or IL-15, IL-18 plays a role 
in Th2 diseases (Nakanishi et al.  2001a ). The importance of IL-18 as an immuno-
regulatory cytokine is derived from its prominent biological property of inducing 
IFN-γ from NK cells. Macrophage colony-stimulating factor (M-CSF) induces 
human blood monocytes to develop into a subset of macrophages; these cells 
express a membrane-bound form of IL-18 (Bellora et al.  2012 ). Membrane IL-18 is 
expressed in 30–40 % of M-CSF-primed macrophages. In contrast, monocytes, den-
dritic cells, and monocytes differentiated into M1 macrophages did not express 
membrane IL-18. Although the expression of membrane IL-18 is caspase-1 depen-
dent (Bellora et al.  2012 ), LPS treatment was necessary for the release of membrane 
IL-18 (Bellora et al.  2012 ). A major immunoregulating role for IL-18 is on the NK 
cell. Upon shedding of membrane IL-18 into a soluble form, NK cells expressed 
CCR7 and produced high levels of IFN-γ. As expected, IFN-γ production was pre-
vented by neutralization of IL-18. This mechanism may account for the role of 
IL-18 as a major IFN-γ-inducing factor from NK cells and the role of NK cells in 
the pathogenesis of autoimmune diseases. 

 The induction of IFN-γ by IL-18 has been studied with co-inducer IL-12. For 
example, mice injected with the combination of IL-18 plus IL-12 develop high lev-
els of IFN-γ and die of hypoglycemia, intestinal infl ammation, and inanition 
(Nakamura et al.  2000 ). In leptin-defi cient mice, IL-18 plus IL-12 induce acute 
pancreatitis (Sennello et al.  2008 ). Several human autoimmune diseases are associ-
ated with elevated production of IFN-γ and IL-18. Diseases such as systemic lupus 
erythematosus, rheumatoid arthritis, type 1 diabetes, Crohn’s disease, psoriasis, and 
graft-versus-host disease are thought to be mediated, in part, by IL-18.  

1.7.1.5     Pro-infl ammatory Properties of IL-18 

 IL-18 exhibits characteristics of other pro-infl ammatory cytokines, such as increases 
in cell adhesion molecules, nitric oxide synthesis, and chemokine production. 
Blocking IL-18 activity reduces metastasis in a mouse model of melanoma, caused 
by a reduction in IL-18-induced expression of vascular cell adhesion molecule-1 
(Vidal-Vanaclocha et al.  2000 ). A unique property of IL-18 is the induction of Fas 
ligand (FasL), which may account for the hepatic damage that takes place in macro-
phage activation syndrome (Mazodier et al.  2005 ; Tsutsui et al.  2000 ). The induc-
tion of fever, a well-studied property of IL-1α and IL-1β as well as IL-6, is not a 
property of IL-18. Injection of IL-18 into mice, rabbits, or humans does not produce 
fever (Gatti et al.  2002 ; Li et al.  2003 ). In contrast to IL-1 and TNF-α, IL-18 does 
not induce cyclooxygenase-2 and hence there is no production of prostaglandin E 2  
(Lee et al.  2004 ; Reznikov et al.  2000 ). IL-18 has been administered to humans for 
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the treatment of cancer to increase the activity and expansion of cytotoxic T cells. 
Not unexpectedly, and similar to several cytokines, the therapeutic focus on IL-18 
has shifted from its use as an immune stimulant to inhibition of its activity (Dinarello 
 2007 ; Tak et al.  2006 ). 

 Because IL-18 can increase IFN-γ production, blocking IL-18 activity in autoim-
mune diseases is an attractive therapeutic target as anti-IL-12/23 reduces the sever-
ity of Crohn’s disease as well as that of psoriasis. As discussed next, there appears 
to be a role for blocking IL-18 in Crohn’s disease. However, there are several activi-
ties of IL-18 that are independent of IFN-γ. For example, IL-18 inhibits proteogly-
can synthesis in chondrocytes (Joosten et al.  2000 ), and proteoglycan synthesis is 
essential for maintaining healthy cartilage. IL-18 also increases VCAM-1 expres-
sion in endothelial cells independently of IFN-γ. VCAM-1 plays a major role in 
multiple sclerosis and other autoimmune diseases as well as in the metastatic pro-
cess (Carrascal et al.  2003 ).  

1.7.1.6     IL-18, Hyperphagia, and the Metabolic Syndrome 

 Although there is no constitutive gene expression for IL-1β in freshly obtained 
human peripheral blood mononuclear cells (PBMC), the same cells express constitu-
tive mRNA for IL-18 (Puren et al.  1999 ). In Western blot analysis from the same 
cells, the IL-18 precursor was present but not the IL-1β precursor. Similar observa-
tions were also made in mice (Puren et al.  1999 ). These fi ndings suggest that IL-18 
may act as regulator of homeostasis. Starting at 16 weeks of age, IL-18-defi cient 
mice start to overeat, become obese, and exhibit lipid abnormalities; there is increased 
atherosclerosis, insulin resistance, and diabetes mellitus, reminiscent of the meta-
bolic syndrome (Netea et al.  2006 ). IL-18Rα-defi cient mice also develop a similar 
phenotype. The higher body weight is attributed to enhanced food intake, in which 
the IL-18-defi cient mice begin to diverge from wild-type animals at a relatively early 
age, and to reach values 30–40 % higher than those of wild-type mice. Others have 
observed similar fi ndings (Zorrilla et al.  2007 ). A striking fi nding was an increase of 
more than 100 % in the percent of adipose tissue in the IL-18-defi cient animals, 
which was accompanied by fat deposition in the arterial walls. The insulin resistance 
in these mice is corrected by exogenous recombinant IL-18. Mice defi cient in IL-18 
respond normally to a challenge with exogenous leptin, suggesting that expression 
of the leptin receptor is unaffected. The unexpected and unique mechanism respon-
sible for the higher food intake in the IL-18-defi cient animals appears to be caused 
by a central nervous system loss of appetite control. IL-18 defi cient-mice eat 
throughout the day whereas wild-type mice eat once, nocturnally.  

1.7.1.7     IL-18 as a Protected Cytokine 

 As already stated, mice defi cient in caspase-1 experience increased disease severity 
when subjected to dextran sulfate sodium (DSS)-induced colitis and that 
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administration of exogenous IL-18 restored mucosal healing in these mice 
 (Dupaul-Chicoine et al.  2010 ). In addition, mice defi cient in NLRP3 were more 
susceptible to DSS colitis, which is thought to be caused by decreased IL-18 (Hirota 
et al.  2011 ). Mice defi cient in NLRP6 are also more vulnerable to DSS (Chen et al. 
 2007 ; Elinav et al.  2011 ), and the susceptibility appears to be lack of suffi cient 
IL-18. Thus, a growing number of studies support a protective role for IL-18. The 
fact that mice defi cient in IL-18 develop a metabolic syndrome-like phenotype is 
consistent with a role for IL-18 in homeostasis. A study in age-related macular 
degeneration is also consistent with a protective role for IL-18. In that study, drusen, 
which is a mixture of complement- derived apolipoproteins and lipids, was shown to 
activate NLRP3 and induce the production of mature IL-1β and IL-18 (Doyle et al. 
 2012 ). In a mouse model of “wet” age-related macular degeneration, the disease 
was worse in mice defi cient in NLRP3 but not in IL-1RI-defi cient mice (Doyle et al. 
 2012 ). Therefore, IL-18 rather than IL-1α or IL-1β was protective and, upon admin-
istration of IL-IL- 18, the disease severity improved. Taken together, there is a case 
for IL-18 being a protective rather than infl ammatory cytokine.  

1.7.1.8     IL-18-Binding Protein 

 The discovery of IL-18BP took place during the search for the soluble receptors for 
IL-18 (Novick et al.  1999 ). IL-18BP is a constitutively secreted protein with an 
exceptionally high affi nity for IL-18 (400 pM) (Fig.  1.4b ). Present in the serum of 
healthy humans at a 20-fold molar excess compared to IL-18 (Novick et al.  2001 ), 
IL-18BP may contribute to a default mechanism by which a Th1 response to foreign 
organisms is blunted to reduce triggering an autoimmune response to a routine 
infection. Although IL-18BP is readily secreted, it falls into the functional category 
of being a shed soluble receptor. As shown in Fig.  1.4b , IL-18BP contains only one 
IgG domain whereas the type II IL-1 receptor contains three domains. In this regard, 
the single IgG domain of IL-18BP is similar to SIGIRR, which also has a single IgG 
domain and also functions as a decoy receptor. The salient property of IL-18BP in 
immune responses is in downregulating Th1 responses by binding to IL-18 and thus 
reducing the induction of IFN-γ (Nakanishi et al.  2001a ). Because IL-18 also affects 
Th2 responses, IL-18BP also has properties controlling a Th2 cytokine response 
(Nakanishi et al.  2001a ). IL-18BP has a classic signal peptide and therefore is read-
ily secreted. Serum levels in healthy subjects are in the range of 2,000–3,000 pg/ml 
compared to the levels of IL-18 in the same sera of 80–120 pg/ml   . Moreover, 
IL-18BP binds IL-18 with an affi nity of 3–5 nM (Novick et al.  1999 ), an affi nity 
signifi cantly higher than that of IL-18Rα. Because a single IL-18BP molecule binds 
a single IL-18 molecule, one can calculate bound versus free IL-18 in a mixture of 
both molecules (Novick et al.  2001 ). 

 If one examines immunologically mediated diseases where IFN-γ plays a patho-
logical role such as Wegener’s granulomatosis and systemic lupus erythematosus, 
one must consider the level of free IL-18 compared to IL-18 bound to IL-18BP. In 
fact, in these diseases both IL-18BP and IL-18 are high (Novick et al.  2009 ,  2011 ) 
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but the level of IL-18BP is not suffi ciently high enough to neutralize IL-18 and, 
therefore, the level of free IL-18 is higher than in healthy subjects. In macrophage 
activation syndrome where IFN-γ plays a pathological role, both IL-18BP and IL-18 
are also high, but the clinical and hematological abnormalities correlate with ele-
vated free IL-18 (Mazodier et al.  2005 ). 

 A unique property of IL-18BP is that the molecule also binds IL-37 (Bufl er et al. 
 2002 ) and, in so doing, enhances the ability of IL-18BP to inhibit the induction of 
IFN-γ by IL-18. IL-37 binds to the IL-18Rα with a very low affi nity, but in mice 
expressing human IL-37, a profound anti-infl ammatory effect is observed (Nold 
et al.  2010 ), particularly of LPS-induced cytokines and dendritic cell maturation 
(Nold et al.  2010 ). Human IL-37-expressing mice are also resistant to colitis 
(McNamee et al.  2011 ). Thus, the anti-infl ammatory property of IL-37 can be 
affected by the concentration of IL-18BP. As the concentration of IL-18BP increases 
and binds IL-37, there is the possibility that IL-37 becomes less available as an anti- 
infl ammatory cytokine. Indeed, this has been observed in mice injected with 
IL-18BP. At low dosing of IL-18BP, there is reduced infl ammation in a model of 
rheumatoid arthritis, but as the doing of IL-18BP increases, the anti-infl ammatory 
properties of IL-18BP are lost (Banda et al.  2003 ). 

 IL-18BP is highly regulated at the level of gene expression and, unexpectedly, 
IFN-γ increases gene expression and synthesis of IL-18BP (Hurgin et al.  2002 ; 
Muhl et al.  2000 ). Therefore, IFN-γ driving an increase in the natural and potent 
inhibitor of IL-18 falls into the category of a negative feedback loop. The concept is 
supported by clinical data showing that patients being treated with IFN-α for hepa-
titis have elevated levels of IL-18BP (Kaser et al.  2002 ; Ludwiczek et al.  2002 ). 
IL-27, similar to IFN-γ, functions as both a pro- and an anti-infl ammatory cytokine, 
and both may accomplish their roles as anti-infl ammatory cytokines at the level of 
increased production of IL-18BP. In the skin, IL-27 also acts through a negative 
feedback loop for infl ammation. IL-27 is acting, as is IFN-γ, by induction of 
IL-18BP gene expression and synthesis (Wittmann et al.  2012 ).  

1.7.1.9     Viral IL-18BP 

 Natural neutralization of human IL-18 by IL-18BP takes place during a common 
viral infection. In molluscum contagiosum infection, characterized by raised but 
bland eruptions, there are large numbers of viral particles in the epithelial cells of 
the skin but histologically there are few infl ammatory or immunologically active 
cells in or near the lesions. Clearly, the virus fails to elicit an infl ammatory or immu-
nological response. Amino acid similarity exists between human IL-18BP and a 
gene found in various members of the poxviruses; the greatest degree of homology 
is found to be expressed by the molluscum contagiosum gene (Xiang and Moss 
 2001 ). The ability of viral IL-18BP to reduce the activity of mammalian IL-18 
likely explains the lack of infl ammatory and immune cells in the infected tissues 
and provides further evidence for the natural ability of IL-18BP to interfere with 
IL-18 activity.   
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1.7.2     IL-37 

1.7.2.1     IL-37 

 IL-37 was formerly termed IL-1F7. IL-37 lacks a signal peptide, has a caspase-1 
site, but the secretion of IL-37 has not been documented with any certainty. It is 
likely, however, that similar to IL-1α and IL-33, with loss of membrane integrity 
upon cell death, the IL-37 precursor exits from the cell. The recombinant form of 
the IL-37 precursor suppresses LPS-induced IL-1β, IL-6, and TNF-α. However, this 
is observed primarily in macrophages that have been differentiated into the M1 
phenotype by 5 days in the presence of GM-CSF. There are two consensus sequences 
(A-X-D) in the N-terminal domain of IL-37, IHD, and LED. A recombinant form of 
IL-37 with an N-terminus nine amino acids from the IHD site is active in suppress-
ing LPS-induced TNF-α and IL-6. Whether this short form of recombinant IL-37 
exists in nature is unclear.  

1.7.2.2     IL-37 Reduces IL-1β- and LPS-Induced Infl ammation In Vivo 

 A mouse homologue for human IL-37 has not been identifi ed. Therefore, to defi ne 
the in vivo functional role of IL-37, a strain of transgenic mice was generated (Nold 
et al.  2010 ). The full-length IL-37 cDNA was inserted into a vector using the stan-
dard CMV promoter for constitutive expression of the transgene in all cells. Both 
heterozygous and homozygous IL-37 transgenic mice (IL-37 tg) mice breed nor-
mally and exhibit no obvious phenotype. Despite the presence of the CMV pro-
moter, the IL-37 transcript is not constitutively expressed in the tissues of the IL-37 
transgenic mice. The failure to express IL-37 is likely caused by a functional insta-
bility sequence found in IL-37, which limits the half-life of IL-37 mRNA (Bufl er 
et al.  2004 ). Nevertheless, upon stimulation with LPS or IL-1β, levels of IL-37 
increase after 4–24 h. Once the transcript is present, the IL-37 precursor can be 
found in peripheral blood cells taken from the transgenic mice (Nold et al.  2003 ). 

 IL-37 transgenic mice are protected against LPS challenge compared to similarly 
challenged wild-type mice. IL-37 transgenic mice exhibit signifi cantly less hypo-
thermia, acidosis, hyperkalemia, hepatitis, and dehydration (Nold et al.  2010 ). In 
addition, circulating cytokines are signifi cantly reduced as well as cytokines induced 
in whole blood cultures and in lung and spleen cell homogenates. In addition to 
LPS-induced cytokines, whole blood cultures from IL-37 transgenic mice produce 
signifi cantly less IL-6 and TNF-α when stimulated by IL-1β or the combination of 
IL-12 plus IL-18. The anti-infl ammatory activity of IL-37 was not limited to a 
reduction of the cytokines and chemokines of innate immunity. Dendritic cells iso-
lated from the spleen of IL-37 transgenic mice upon LPS stimulation revealed a 
marked reduction (75 % and 89 %) in expression of CD86 and MHC II, respectively 
(Nold et al.  2010 ). The total numbers of dendritic cells, macrophages, natural killer 
cells, and CD4 +  T cells were similar in all strains and experimental conditions.  
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1.7.2.3     A Role for IL-37 During Experimental Colitis 

 IL-37 transgenic mice have been subjected to dextran sulfate sodium (DSS)-induced 
colitis. Despite the presence of a CMV promoter to drive expression of IL-37, 
mRNA transcripts were not present in colons in the resting state (McNamee et al. 
 2011 ). Expression was observed only upon disruption of the epithelial barrier, with 
a 6- to 7-fold increase on days 3 and 5 after continuous exposure to DSS. During the 
development of colitis, clinical disease scores were reduced by 50 % and histologi-
cal indices of colitis were one-third less in IL-37 transgenic mice compared with 
wild-type counterparts. Reduced infl ammation was associated with decreased leu-
kocyte recruitment into the colonic lamina propria. In addition, release of IL-1β and 
TNF-α from ex vivo colonic explant tissue was decreased 5- and 13 fold, respec-
tively, compared with wild-type mice, whereas IL-10 was increased 6 fold. However, 
IL-10 was not required for the anti-infl ammatory effects of IL-7 because IL-10 
receptor antibody blockade did not reverse IL-37-mediated protection. 
Mechanistically, IL-37 originating from hematopoietic cells was suffi cient to exert 
anti-infl ammatory effects because wild-type mice reconstituted with bone marrow 
from IL-37 transgenic mice were protected from colitis.  

1.7.2.4     A Nuclear Role for IL-37 

 In stable transfectants of human IL-37 in RAW macrophages stimulated with LPS, 
levels of TNF-α, IL-1α, IL-6, and the chemokine MIP-2 were substantially reduced 
(72–98 %) compared with LPS-stimulated cells transfected with the empty plasmid 
(Sharma et al.  2008 ). Similar to IL-1α and IL-33, IL-37 translocates to the nucleus 
following stimulation (Sharma et al.  2008 ). In mouse RAW macrophages stably 
expressing IL-37, the mature carboxyl terminal was detected in the nucleus. 
Furthermore, a specifi c caspase-1 inhibitor markedly reduced nuclear entry of IL-37 
(Sharma et al.  2008 ). The data demonstrate that IL-37 translocates to the nucleus 
after caspase-1 processing and may act as a transcriptional modulator reducing the 
production of LPS-stimulated pro-infl ammatory cytokines, consistent with IL-37 
being an anti-infl ammatory member of the IL-1 family. 

 IL-37 was identifi ed in a proteomics-based search for proteins that interacted with 
Smad3 (Grimsby et al.  2004 ). To test for a functional interaction of Smad3 with 
IL-37, IL-37 was transfected into A549 cells. IL-37 colocalized with phospho- Smad3 
was found in perinuclear and cytosolic regions and a IL-37–Smad3 complex was 
observed (Nold et al.  2010 ). A specifi c inhibitor of Smad3 reversed the inhibition of 
IL-6 and IL-1β expression in RAW cells stably transfected with IL-37. In stable 
human macrophage lines expressing IL-37, depletion of Smad3 by lentiviral intro-
duction of short hairpin (sh)RNA that inhibits Smad3 expression prevented the abil-
ity of IL-37 to reduce IL-1β- or LPS-induced production of IL-8, IL-6, and TNF. 
These in vitro fi ndings were confi rmed in vivo. IL-37 transgenic mice were pre-
treated intranasally with a Smad3-specifi c small interfering (si)RNA and then chal-
lenged with intranasal LPS. The reduction of lung cytokines in IL-37 transgenic mice 
was reversed in transgenic mice with a lung knockdown of Smad3 (Nold et al.  2010 ).  
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1.7.2.5     Role of IL-18Rα for IL-37 

 From the fi rst reports on IL-37, it was observed that the recombinant forms bound 
to the IL-18Rα (Kumar et al.  2002 ; Pan et al.  2001 ). The binding of IL-37 to 
IL-18Rα has also been observed in cells from IL-37 transgenic mice using immuno-
fl uoresence, immunoprecipitation, and FRET analysis (Nold et al.  2011 ). IL-37 spe-
cifi cally binds to the third domain of the IL-18Rα (Bufl er et al.  2002 ). Despite these 
studies showing binding of IL-37 to the IL-18Rα-chain, IL-37 does not act as a 
classical receptor antagonist for IL-18 in that the ability of recombinant IL-18 to 
induce IFN-γ is not inhibited by high concentrations of IL-37. However, in the pres-
ence of low concentrations of IL-18BP, recombinant IL-37 modestly reduces IL-18- 
induced IFN-γ (Bufl er et al.  2002 ). The concept that IL-37 binds to the IL-18Rα and 
reduces cytokine production is supported, in part, with the fi nding that embryonic 
fi broblasts from mice defi cient in IL-18Rα produce tenfold more IL-6 in response 
to IL1β than do wild-type embryonic fi broblasts (Nold-Petry et al.  2009 ). In addi-
tion, silencing of IL-18Rα in primary human blood monocytes results in a fourfold 
increase in the secretion of LPS-induced IL-1β, IL-6, IFN-γ, and CD40 ligand 
(Nold-Petry et al.  2009 ). Thus, the seemingly paradoxical hyperresponsive state in 
cells defi cient in IL-18Rα supports the concept that IL-18Rα participates in both 
pro- and anti-infl ammatory responses and that the endogenous ligand IL-37 engages 
the IL-18Rα to deliver an inhibitory signal.  

1.7.2.6     Role of SIGIRR in the Anti-infl ammatory Property of IL-37 

 The mechanism by which an IL-1β or an LPS signal is suppressed by IL-37 
requires an understanding of SIGIRR. The IL-1RAcP serves as the co-receptor for 
IL-1α, IL-1β, IL-36α, IL-36β, IL-36γ, and IL-33, each a pro-infl ammatory cyto-
kine. However, in the IL-1 family of receptors, three co-receptors contain unusu-
ally long intracellular domains: these are SIGIRR, a variant of the IL-1RAcP 
termed IL-1RAcPb and receptors termed “three Ig IL-1 related receptor” (TIGIRR). 
There are two TIGIRRs, TIGIRR-1 and TIGIRR-2. IL-1RAcPb is expressed only 
in the brain and TIGIRR has limited expression. However, SIGIRR is expressed in 
most cells. The TIR domain of the three co-receptors is also different from that of 
other members of the IL-1 co-receptor family in that the TIR domain contains an 
amino acid sequence different from that of wild-type TIR (Smith et al.  2009 ). 
IL-1RAcPb forms the expected complex with IL-1 and IL-1R1 but does not recruit 
MyD88 or phosphorylate IRAK4 (Smith et al.  2009 ). Therefore, most IL-1 signal-
ing is arrested. However, as some genes are increased in response to the formation 
of the IL-1RI/IL–1RAcPb complex, partial IL-1 signaling must take place. 
Nevertheless, IL-1RAcPb functions as an inhibitory receptor chain but only in the 
brain. Mice defi cient in IL-1RAcPb exhibit a normal infl ammatory response in the 
periphery but greater neurodegeneration in the brain. As such, IL-1RAcPb could 
play a role in chronic infl ammatory responses in the brain by “buffering” IL-1-
mediated neurodegeneration. 
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 Similar to IL-1RAcPb, SIGIRR contains the same amino acid differences in its 
TIR domain, termed TIRb. Compared to wild-type TIR, TIRb likely has reduced 
binding of MyD88 (Smith et al.  2009 ). In addition to an altered TIR domain, 
SIGIRR has a carboxyl extension of 140 amino acids. Carboxyl extensions are also 
present in IL-1RAcPb as well as the two TIGIRRs. TIGIRR-2, which is associated 
with an X-linked cognitive defi ciency, is apparently independent of IL-1 function. 
Little is known whether these C-terminal segments contribute to the inhibitory 
properties of these receptors. Nevertheless, it seems likely that the alternative 
sequence in the TIRb domain of SIGIRR may act as a partial decoy for MyD88. 
MyD88 is phosphorylated upon TLR4 as well as IL-1β and IL-18 signaling and 
results in downstream phosphorylation of IRAK-4. In cells expressing SIGIRR and 
activated by IL-37 binding to the IL-18Rα, the signal from either IL-1 or LPS initi-
ates phosphorylation of MyD88. However, the decoy effect by the mutated TIRb of 
SIGIRR reduces the degree of phosphorylation of MyD88 and thus the phosphory-
lation of IRAK-4. The reduction, however, is partial. Indeed, the suppression by 
IL-37 added to blood macrophages is in the range of 20 % to 50 % and is unlike the 
total loss of activation by a defi ciency in MyD88. 

 Upon binding to the IL-18Rα, the IL-37 precursor may activate SIGIRR and 
provide a negative signal. An inhibitory signal from IL-37 is enhanced by a low 
concentration of IL-18BP (Bufl er et al.  2002 ). As shown in Fig.  1.4c,d , IL-18BP 
binds IL-37 (Bufl er et al.  2002 ) and likely presents the complex of the cytokine with 
the binding protein to the IL-18Rα. Because A549 cells express SIGIRR, it is likely 
that the inhibitory signal from IL-37 activates SIGIRR or alternatively IL-37 recruits 
SIGIRR as the accessory chain. The inhibitory signal of SIGIRR is established in 
several mouse models of infl ammation in which SIGIRR defi cient mice exhibit 
more infl ammation compared to wild-type control mice (Garlanda et al.  2009 ). In 
differentiated human blood M1 macrophages, recombinant IL-37 suppresses LPS- 
induced TNF-α and IL-6 production by 50–70 %. A source of IL-18BP in this cul-
ture may be fetal calf serum. During the differentiation of macrophages into the M1 
subset by GM-CSF, it is possible that SIGIRR expression increases whereas the 
level of IL-18Rβ decreases (see Fig.  1.4a ). In the absence of IL-18Rβ, a proinfl am-
matory complex is not formed with IL-18Rα and thus IL-37 binding to IL-18Rα 
may recruit or activate SIGIRR. Thus, expression of SIGIRR and the absence of 
IL-18Rβ would best explain the inhibitory properties of recombinant IL-37 reduc-
ing the response to LPS induction of IL-6 and TNFα.    

1.8     IL-36 Subfamily 

 The IL-1 family members IL-1F5, IL-1F6, IL-1F8, and IL-1F9 are now termed 
IL-36Ra, IL-36α, IL-36β, and IL-36γ, respectively (Dinarello et al.  2010 ). Each 
member of the IL-36 subfamily binds to the IL-1Rpr2, now termed IL-36R (Towne 
et al.  2004 ). As IL-38 also binds to the IL-36R (van de Veerdonk et al.  2012 ), IL-38 
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is included in the IL-36R subfamily. The IL-36 subfamily is closely related to the 
IL-1 subfamily because, similar to IL-1α and IL-1β and IL-33, IL-36R forms a 
 signaling complex with IL-1RAcP (Ali et al.  2007 ; Towne et al.  2004 ). Thus, of the 
11 members of the entire IL-1 family, 6 members use IL-1RAcP as the co-receptor 
for signal transduction. 

1.8.1     IL-36 

 IL-36R is the ligand-binding chain and therefore is comparable to the ligand- binding 
IL-1R1 and IL-18Rα. However, two members of the IL-36 subfamily bind to IL-36R 
but do not signal: the IL-36 receptor antagonist (IL-36Ra) and IL-38. As such, these 
function as receptor antagonists (Towne et al.  2011 ; van de Veerdonk et al.  2012 ). 
An unusual property of IL-38 is that low concentrations (1–10 ng/ml) are able to 
reduce the activity of endogenous IL-36 (van de Veerdonk et al.  2012 ), whereas in 
the case of IL-1Ra, higher concentrations are required to prevent the activation of 
endogenous IL-1α or IL-1β. 

 None of the members of the IL-36 subfamily has a signal peptide indicating the 
generation of the N-terminus and secretion via the Golgi. In addition, each member 
of the IL-36 subfamily has an unusually short propiece compared to those of IL-1α, 
IL-1β, and IL-33 (see Fig.  1.1 ). Similar to IL-1β and IL-18, there is no true caspase-
 1 cleavage site for generation of an N-terminus in the IL-36 subfamily. It remains 
unknown which specifi c proteases generate the various N-termini of the IL-36 sub-
family; nevertheless, each member has a unique N-terminus with a different levels 
of biological activity (Towne et al.  2011 ). What determines the N-terminus with 
optimal biological activity in the IL-36 subfamily? Each member of the IL-36 sub-
family contains the IL-1 family consensus sequence of A-X-D. The aspartic acid is 
not the recognition amino acid for caspase-1 or caspase-3, but rather participates in 
the stabilization of the fi rst beta-sheet of the three-dimensional structure that char-
acterizes the entire IL-1 family. 

 The “A” of the consensus sequence is for any aliphatic amino acid, for example, 
leucine or isoleucine. Nine amino acids before the “A” of the consensus sequence is 
the N-terminal site, which results in the cytokine with the greatest activity (Towne 
et al.  2011 ). For example, the biological activity of IL-36-γ increases by a factor of 
1,000 when the N-terminus is at the site nine amino acids before the consensus 
sequence and, in the case of the IL-36β, there is a 10,000 fold increase (Towne et al. 
 2011 ). The site nine amino acids forward from the consensus sequence is not only 
the N-terminus for the agonist members of the IL-36 family but also the IL-36 
receptor antagonist (IL-36Ra) (Towne et al.  2011 ), which increases from a low level 
of blocking of IL-36 family ligands to a high degree of blockade. It is unclear what 
specifi c protease cleaves at this site as the amino acid is different for each member 
of the IL-36 subfamily. Moreover, the site for the N-terminus of the IL-36Ra (valine) 
is but one amino acid from the N-terminal precursor methionine, and yet IL-36Ra 
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with an N-terminus at the valine site is 10,000 fold more potent than the IL-36 
 precursor. It is also an unusual situation that proteases that usually are infl ammatory 
in processing members of the IL-1 family in that case of IL-36Ra generate an 
 anti- infl ammatory molecule. 

1.8.1.1     IL-36α, -β, and -γ, Proinfl ammatory Members 
of the IL-36 Subfamily 

 IL-36α was highly expressed in the murine model of glomerulonephritis (Ichii et al. 
 2010 ), where the cytokine was localized to the kidney epithelium, and also in CD3 
T cells surrounding the tubules. IL-36α is also found in the kidneys of the MRL/
lupus, nephritic syndrome, and streptozotocin-induced diabetic models (Ichii et al. 
 2010 ). IL-36γ increases IL-8, CXCL3, and the Th17 chemokine CCL20 in human 
lung fi broblasts (Chustz et al.  2011 ) and thus may account for acute neutrophilic 
lung infl ammation. In addition to CD4 +  T cells, human articular chondrocytes and 
synovial fi broblasts express the IL-36R (Magne et al.  2006 ). In chondrocytes, there 
is also constitutive gene expression of IL-36β. Following stimulation with IL-1β or 
TNF-α, levels of the IL-36β precursor rise intracellularly but the cytokine is not 
secreted. Although IL-36β levels were detected in the joint fl uids of patients with 
rheumatoid arthritis as well as in serum samples, there was no correlation with dis-
ease severity (Magne et al.  2006 ). It is likely that IL-36 ligands are functional only 
when released from dying cells and can be processed extracellularly by enzymes 
present in infl ammatory conditions such as the joint of patients with rheumatoid 
arthritis. It unclear to what extent IL-36β plays a role in joint disease, although con-
stitutive expression in primary chondrocytes may indicate a role for the cytokine in 
osteoarthritis (Magne et al.  2006 ). 

 High levels of this cytokine are found in mouse embryonic tissues rich in epithe-
lial cells (Debets et al.  2001 ). In humans, IL-36α is observed in keratinocytes, not 
fi broblasts, and is thought to contribute to the infl ammation of psoriasis. Upon 
forming the heterodimer with IL-36R and IL-1RAcP, IL-36α activates NF-κB simi-
lar to that of IL-1β (Towne et al.  2004 ). In addition to NF-κB activation, IL-36α also 
activates MAPK, JNK, and ERK1/2 (Towne et al.  2004 ). In the mouse, bone 
marrow- derived dendritic cells and CD4 +  T cells express IL-36 receptors in health. 
In a comparison with IL-1 as a stimulant, the three IL-36 ligands are more active in 
inducing IL-1β, IL-6, IL-12, TNF-α, and IL-23 (Vigne et al.  2011 ). In addition, 
IL-36 ligands induced the production of IFN-γ, IL-4, and IL-17 from CD4 +  T cells. 
Not unexpectedly, cytokines induced by IL-36 ligands were prevented by 100- to 
1,000-fold excess IL-36Ra (Vigne et al.  2011 ).  

1.8.1.2     IL-36 in Psoriasis 

 Several studies implicate IL-36 ligands in the pathogenesis of psoriasis (Blumberg 
et al.  2007 ; Johnston et al.  2011 ; Muhr et al.  2011 ). IL-36γ is highly expressed in 
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keratinocytes from healthy human skin and increases upon stimulation with TLR 
polyI:C (Lian et al.  2012 ). Furthermore, polyI:C induced caspase-3, which resulted in 
cell death and the release of IL-36γ. Unexpectedly, stimulation of IL-36γ gene 
expression was dependent on caspase-1 (Lian et al.  2012 ). The caspase-1 dependency 
may be caused by IL-18 as this cytokine is constitutively present in keratinocytes as 
is IL-1α. With the release of IL-36γ by polyI:C and the subsequent death of the cell, 
IL-36γ falls into the category of being an alarmin in the skin, particularly because of 
infection (Lian et al.  2012 ). There is also a role for IL-36 in the production of IL-17: 
studies suggest that each of the IL-36 ligands is expressed in the skin and dependent 
on IL-22 (Carrier et al.  2011 ). Furthermore, the expression of IL-36 ligands in the 
psoriatic skin correlated with IL-17 (Carrier et al.  2011 ). Similar to other models in 
the IL-1 family, auto- and co-induction accounts for a role in a pathological process. 

 Overexpression of IL-36 in mice results in infl ammatory skin lesions that resem-
ble psoriasis in humans, as reviewed by (Towne and Sims  2012 ).Similarly, mice 
defi cient in endogenous IL-36Ra exhibit a severe lesion similar to that of humans 
with pustular psoriasis. The role of IL-36 in pustular psoriasis may include IL-1α, 
as humans with pustular psoriasis respond to an antibody that neutralizes IL-1α. 
Both IL-36 and IL-1α are found in the keratinocytes in healthy skin.  

1.8.1.3     A Role for IL-36R in Metabolic Regulation 

 Obesity is characterized by chronic low-grade infl ammation originating from 
expanding adipose tissue. Human adipogenic tissue levels of IL-36α are primarily 
present in adipose tissue-resident macrophages and are induced by infl ammation; 
however, IL-36β is absent (van Asseldonk et al.  2010 ). IL-36α, but not IL-36β, 
reduces adipocyte differentiation, as shown by a signifi cant decrease in PPAR-γ 
gene expression. Both IL-36α and IL-36β induce infl ammatory gene expression in 
mature adipocytes (van Asseldonk et al.  2010 ). Therefore, IL-36α and IL-36β are 
present in adipose tissue and are involved in the regulation of adipose tissue gene 
expression. Importantly, IL-36α inhibits PPAR-γ expression, which may lead to 
reduced adipocyte differentiation, suggesting metabolic effects of this cytokine. 

 Although IL-36Ra is known to occupy the IL-36R and act as a receptor antago-
nist, earlier studies revealed that IL-36Ra inhibited the induction of IL-1β by LPS. 
The role of IL-36Ra was also examined in the brain. IL-36Ra injected into the rat 
brain induced IL-4 and also in glial cells in vitro (Costelloe et al.  2008 ). Moreover, 
the reduction in LPS-induced IL-1β was not observed in cells defi cient in IL-4 and 
also not observed in cells defi cient in SIGIRR (Costelloe et al.  2008 ). However, 
these unique properties of IL-36Ra were not observed in peripheral monocytes or 
dendritic cells but only in the brain.  

1.8.1.4     Role of IL-36 in Human Disease 

 The importance of any cytokine in human biology can be found in mutations that 
result in a profound clinical picture. In IL-1, a mutation in the natural IL-1Ra results 
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in severe systemic infl ammation with erosive bone lesions, sterile meningitis, and 
death; the syndrome is called defi ciency of IL-1Ra (Aksentijevich et al.  2009 ; 
Reddy et al.  2009 ). In case of the IL-36 family, persons with a mutation in the natu-
rally occurring IL-36Ra suffer with a severe form of pustular psoriasis (Marrakchi 
et al.  2011 ; Onoufriadis et al.  2011 ). These human studies are consistent with the 
data from transgenic mice overexpressing IL-36α in the skin and the ability of 
IL-36Ra to suppress the severity of the infl ammation (Blumberg et al.  2007 ). In 
mice overexpressing IL-36α in the skin, crossing the mice to generate a strain of 
mice heterozygous for natural IL-36Ra knockout results in worsening of the skin 
lesions(Blumberg et al.  2007 ).    

1.9     IL-38 

 IL-8 is the name for the IL-1 family member 10. During the nomenclature revision 
of the IL-1 family in 2010 (Dinarello et al.  2010 ), the term IL-38 was assigned to 
IL-1F10 without any known biological function. Since then, IL-38 has been shown 
to bind to the IL-36 receptor (formerly IL-1Rrp2) (van de Veerdonk et al.  2012 ). To 
fi nd the receptor for IL-38, each member of the IL-1 receptor family was immobi-
lized, recombinant IL-38 precursor containing 152 amino acids was added, and 
binding was assessed using an antibody to the ligand. IL-38 bound only to the IL-36 
receptor, as did IL-36Ra (van de Veerdonk et al.  2012 ). To assess the biological 
function of IL-38, heat-killed  Candida albicans  was used to stimulate memory 
T-lymphocyte cytokine production in freshly obtained human peripheral blood 
mononuclear cells from healthy subjects. The addition of recombinant IL-38 inhib-
ited the production of T-cell cytokines IL-22 and IL-17. The dose–response sup-
pression of IL-38 as well as that of IL-36Ra of  Candida -induced IL-22 and IL-17 
was not that of the classic IL-1 receptor antagonist, because low concentrations 
were optimal for inhibiting IL-22 production (van de Veerdonk et al.  2012 ). These 
data provide evidence that IL-38 binds to the IL-36R, as does IL-36Ra, and that 
IL-38 and IL-36Ra have similar biological effects on immune cells by engaging the 
IL-36 receptor.  

1.10     The Infl uence of the IL-1 Family on Th17 Responses 

 The IL-1 family plays a signifi cant role in IFN-γ production, which is essential for 
the defense against intracellular pathogens. On the other hand, Th2 cells are charac-
terized by the production of IL-4 and are important in the host defense against para-
sitic infections. For more than one decade, the dichotomy between Th1 and Th2 has 
been the focus of studies on differentiation of CD4+ T lymphocytes. More recently, 
Th17 helper cells have been described and are characterized by their production of 
IL-17. IL-17 plays a major role in neutrophil recruitment and host defense against 
extracellular bacteria and fungi. Th17 cells produce a distinct cytokine profi le, 
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namely, IL-17A, IL-17F, IL-21, and IL-22. The cytokines produced by Th17 cells, 
in addition to activating neutrophils, are also crucial for nonimmune cells, for 
example, induction of defensins by IL-22 in epithelial cells and keratinocytes, 
which are part of mucosal and skin defenses. It has become apparent that Th17 
responses are associated with chronic infl ammation and autoimmune diseases such 
as multiple sclerosis, type 1 diabetes, Crohn’s disease, and psoriasis. Furthermore, 
Th17 responses are fundamental for host defense against many microorganisms, 
although they also contribute to the infl ammation during infection. 

 Although IL-4 and IL-12 were the fi rst cytokines described as infl uencing Th cell 
differentiation, cytokines of the IL-1 family also infl uence cytokine differentiation. 
IL-18 was initially described as an IFN-γ-inducing factor because of its strong stim-
ulatory effect on Th1/IFN-γ responses (Nakanishi et al.  2001b ). It is now known 
that IL-18 is, in fact, a crucial cytokine directing the development of Th1 cells, and 
one role of IL-12 is the induction of the expression of IL-18 receptors. In contrast, 
binding of IL-33, another member of the IL-1 family, to its ST2 receptor plays a role 
in inducing Th2 responses (Schmitz et al.  2005 ), and it thus appeared as if distinct 
members of the IL-1 family of cytokines directed Th1 versus Th2 differentiation. 
Considering these effects of IL-18 and IL-33, it came as no surprise that IL-1, the 
most well known member of the family, participates in the function of Th cells. 

 It has been known for more than 30 years that IL-1 enhances T-cell activation and 
recognition of antigen: one of the early names of IL-1 was lymphocyte activation 
factor (LAF). The specifi city of this response was, however, not known. Although 
initially only IL-23, IL-6, IL-21, and TGF-β were suggested to play a role in the 
development of Th17 responses in mice, there is no dearth of data that a more com-
plex picture exists. Thus, IL-1β, IL-6, and TGF-β have been reported to induce the 
development of Th17 cells, whereas IL-23 has been reported to be important for the 
maintenance of Th17 cells. The combination of IL-23 and IL-1β induces the devel-
opment of human Th17 cells expressing IL-17A, IL-17F, IL-22, IL-26, the chemo-
kine CCL20, and transcription factor RORγt (Wilson et al.  2007 ). Interestingly, 
these cells also released IFN-γ, displaying a phenotype common to both Th17 and 
Th1 cells (Wilson et al.  2007 ). The strong capacity of IL-1 to induce Th17 differen-
tiation has been also linked to its well-known capacity to induce the release of pros-
taglandins, as reviewed by Dinarello ( 2011b ). PGE 2  induced by COX-2 is a 
stimulator of Th17 induction and inhibitors of cyclooxyugenase decrease IL-17 
production (Chizzolini et al.  2008 ). On the other hand, engagement of the aryl- 
hydrocarbon receptor, a pathway demonstrated to be crucial for the generation of 
Th17 cells, has been shown to strongly induce IL-1β (Henley et al.  2004 ). In addi-
tion to inducing IL-17 production from the Th17 subset of lymphocytes, IL-1β is 
required for the production of IL-17 by NKT cells (Moreira et al.  2011 ) and of 
IL-22 from NK cells (Hughes et al.  2010 ). 

 Thus, cytokines of the IL-1 family have an important role in the differentiation 
of the Th subsets, with IL-1β strongly inducing Th17 responses, IL-18 being crucial 
for the generation of Th1 cells, and IL-33 being important in Th2 responses. 
Interestingly, reciprocal regulation has been demonstrated between the various Th 
subsets, with cytokines released by Th2 cells inhibiting Th1 responses, whereas 
IFN-γ release from Th1 cells impairs both Th2 and Th17 responses.     
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    Abstract     Interleukin-6 (IL-6) is a multifunctional cytokine that plays key roles not 
only in the immune system but also in a variety of biological processes. It is a pri-
mary regulator of both acute and chronic infl ammations. Moreover, it has proven an 
excellent target for clinical treatment, as the anti-IL-6 receptor antibody has been 
successfully used against autoimmune disorders such as rheumatoid arthritis, juve-
nile idiopathic arthritis, and Castleman’s disease. In fact, it could be argued that IL-6 
is the best example of basic cytokine research extending into clinical application. 
Here, we summarize IL-6 and its biological functions, with particular emphasis on 
infl ammation and chronic infl ammatory diseases, and a recently discovered infl am-
mation control mechanism, the infl ammation amplifi er ( formerly known as the IL-6 
amplifi er). We also describe a recent fi nding that indicates neural stimulations can 
modulate the activation of the infl ammation amplifi er at local blood vessels, creat-
ing a gate for the infl ux of immune cells into the central nervous system, which 
suggests the entry of immune cells into target organs can be artifi cially manipulated 
by local neural stimulation.  

  Keywords     Chronic infl ammation   •   Interleukin-6   •   Neuroimmune interaction   
•   NF- κB     •   STAT3   •   The infl ammation amplifi er  
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2.1         General Aspects of IL-6 and Its Signal Transduction 

2.1.1     Discovery of IL-6, Its Receptor Subunits, and Related 
Signal Transduction Molecules 

 We now know that IL-6 has a wide variety of biological roles in numerous systems 
including the immune, nervous, and endocrine systems (Kamimura et al.  2003 ; 
Taga and Kishimoto  1997 ). As a result, many research groups from different fi elds 
had independently sought the molecular cloning of IL-6, which led to a number of 
different names for the same molecule. We give special consideration to Kishimoto 
and Hirano, as they were the fi rst to publish on the matter (Hirano et al.  1986 ). 
Hirano who is one of authors originally found IL-6 to be a soluble factor present in 
the culture supernatant of cells in pleural effusion and isolated from patients with 
pulmonary tuberculosis. IL-6 was seen to induce B-cell growth and antibody 
 production, which is why it was originally named B-cell stimulatory factor 2, or 
BSF2. Other groups subsequently molecularly identifi ed factors such as interferon 
(IFN)β2, which was later recognized to be BSF2 based on its 26-kDa mass and 
comparisons of cDNA sequences. Eventually, the research community settled on 
the name IL-6. 

 The IL-6 receptor consists of a ligand-binding IL-6-receptor chain (IL-6R, gp80, 
or CD126) and signal-transducing subunit gp130 (CD130). After the molecular 
cloning of IL-6R by Kishimoto’s group, it was revealed that IL-6R has a cytoplas-
mic tail that was considered too short to transmit intracellular signaling (Yamasaki 
et al.  1988 ). They also later found a protein of 130 kDa co-precipitated with IL-6–
IL-6R complexes, gp130 (Taga et al.  1989 ). Through cDNA cloning, they showed 
gp130 has a long cytoplasmic domain and is an essential signal-transducing compo-
nent of the IL-6 receptor (Hibi et al.  1990 ). The extracellular regions of gp130 and 
IL-6R contain a four-cysteine motif and a WSXWS motif, which constitute 
cytokine- binding domains, whereas the intracellular domain of gp130 has the box 
regions responsible for Jak kinase binding (Murakami et al.  1991 ) and multiple 
tyrosine residues that are phosphorylated upon ligand binding (Fig.  2.1a ). In addi-
tion to the receptor components, it was also successfully identifi ed a key transcrip-
tion factor for IL-6 signaling, STAT3 (Akira et al.  1994 ), a transcription factor that 
leads to IL-6 expression, C/EBPβ (Akira et al.  1990 ), and factors that negatively 
regulate the IL-6 signal including SOCS family molecules (Yoshimura et al.  2007 ). 
They also revealed that gp130 forms homodimers upon IL-6 binding, which acti-
vates tyrosine kinase activity (Murakami et al.  1993 ), and had a central role in the 
development of the anti-IL- 6R antibody, which is currently a popular treatment 
against autoimmune diseases. Hirano’s group also did a comprehensive study of the 
intracellular signaling, fi nding Gab1 and Gab2 are adaptor molecules for gp130-
mediated ERK signaling (Nishida et al.  1999 ; Takahashi-Tezuka et al.  1998 ), and 
established mutant versions of gp130 knock-in mice to dissect gp130 signaling in 
vivo (Ohtani et al.  2000 ). One knock-in strain, F759 mice, spontaneously developed 
rheumatoid arthritis-like joint disease (Atsumi et al.  2002 ) to provide an excellent 
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  Fig. 2.1    Components of the interleukin (IL)-6 receptor.  (a)  The IL-6 receptor α-chain (gp80,  left ) 
and β-chain (gp130,  right ), and their conserved motifs. IL-6 binding to cytokine-binding domain 
( CBD ) transduces intracellular signaling through gp130, which has a relatively long cytoplasmic 
tail with multiple tyrosine residues that can be phosphorylated by JAK family kinases.  (b)  gp130 
is shared by many cytokines besides IL-6, including IL-11, LIF, CNTF, OSM, CT-1, CLC/NNT1/
BSF3, neuropoietin/CT-2, IL-27, and IL-35. These IL-6 family members all use gp130 to transmit 
signal transduction       
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model for infl ammation and would eventually lead to the discovery of the 
 infl ammation amplifi er (described later), a novel infl ammation-inducing mecha-
nism (Murakami et al.  2011 ; Ogura et al.  2008 ; Sawa et al.  2006 ).

2.1.2        Signal Transduction of IL-6 

 Experiments using mutated versions of the IL-6 signal transducer gp130 revealed 
important regions within its cytoplasmic tail, named box 1 and box 2, that are con-
served among other cytokine receptors and subsequently led to the identifi cation of 
the binding regions for JAK kinases (Murakami et al.  1993 ; Murakami et al.  1991 ) 
(Fig.  2.1a ). gp130 contains six tyrosine residues in its cytoplasmic domain. All but 
the fi rst are phosphorylated by JAK kinases and are involved in signal transduction 
emanating from the IL-6 receptor. Structural analyses have revealed that IL-6 fi rst 
binds to IL-6R, and that this complex is then presented in gp130 to form a high- 
affi nity hexamer with two IL-6 and IL-6R molecules each. The ligand binding 
makes the gp130 homodimer formation bend, bringing them into close proximity 
to enable intracellular signaling (Boulanger et al.  2003 ; Murakami et al.  1993 ; 
Skiniotis et al.  2005 ). The main signaling pathway induced by the IL-6 receptor is 
mediated by the activation of STAT3 via YXXQ motifs located in the gp130 cyto-
plasmic region. Upon IL-6 binding to the receptor, the four distal tyrosine residues 
of gp130 are phosphorylated by JAK kinases to form binding sites for STAT3. The 
gp130- bound STAT3 is then tyrosine phosphorylated by JAK kinases and subse-
quently forms a dimer that translocates into the nucleus, where it induces the tran-
scription of its target genes (Fig.  2.2a ). One such gene is a negative regulator of 
cytokine signaling, SOCS3. SOCS3 binds to the JAK-kinase-phosphorylated sec-
ond tyrosine residue of gp130 (Y759 in human gp130) and works as a negative 
feedback molecule for IL-6 signaling. SOCS3 actually binds to JAK kinases and 
the Y759 of gp130 simultaneously to form a high-affi nity complex that mediates 
the inhibition of the signaling in a noncompetitive manner (Babon et al.  2012 ). This 
SOCS3- mediated negative feedback prevents immune dysregulation. As discussed 
next, mice devoid of this second tyrosine (F759 mice) show prolonged and 
enhanced STAT3 activation by IL-6 and exhibit spontaneous development of a 
rheumatoid arthritis-like joint disorder with age (Fig.  2.2b ) (Atsumi et al.  2002 ). 
The second tyrosine of gp130 is also known to induce the SHP2/Gab/Ras/ERK 
pathway in some cell types (Nishida et al.  1999 ; Takahashi-Tezuka et al.  1998 ). 
This pathway is reported to protect mice from gastric adenoma by inducing the 
tissue-protecting trefoil factor, pS2/TFF1 (Tebbutt et al.  2002 ).

In addition to these conventional IL-6 signal transduction pathways, we recently 
identifi ed a novel role of IL-6 signaling in assisting NF-κB signaling to synergisti-
cally induce the transcription of proinfl ammatory genes. We named this signaling 
the “infl ammation amplifi er” (see Sect.  2.5 ). Although gp130 is expressed in most 
cell types, IL-6R expression is relatively limited. However, IL-6R can be solubi-
lized from the cell membrane by both alternative splicing and shedding via the 
action of ADAM family proteases (Chalaris et al.  2011 ). Theoretically, the presence 
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of soluble IL-6R enables IL-6 to signal into cells that express gp130 in vivo, which 
is the basis for multiple functions of IL-6. The soluble form of gp130 is also present 
naturally and acts as an antagonist for signaling mediated by IL-6/soluble IL-6R 
complexes, but not for IL-6/membrane IL-6R complexes (Jostock et al.  2001 ).
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  Fig. 2.2    Intracellular signaling pathways of gp130.  (a)  Signal transduction from wild-type gp130. 
Tyrosine 759 is involved in the gp130-mediated ERK pathway and is essential for the SOCS3- 
mediated negative feedback loop. The distal four tyrosine residues form the YXXQ motif required 
for STAT3 binding.  (b)  Signal transduction from a gp130 F759 mutant. Because of the absence of 
the SOCS3-binding site (i.e., Y759), STAT3 activation is prolonged, and F759 mice suffer from 
autoimmune arthritis that clinically resembles rheumatoid arthritis ( bottom pictures )       
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2.1.3        The IL-6 Family 

 gp130 is shared by many cytokines (Fig.  2.1b ) in addition to IL-6, including IL-11, 
LIF, CNTF, OSM, CT-1, CLC/NNT1/BSF3, neuropoietin/CT-2, IL-27 and IL-35 
(Collison et al.  2012 ; Derouet et al.  2004 ; Murakami et al.  2004 ). These IL-6 family 
members all use gp130 to transmit signal transduction. Some require a second 
signal- transducing subunit, namely, LIFRβ or OSMRβ. IL-27, a heterodimeric pro-
tein that consists of IL-27p28 and EBI3, was recently shown to act as an antagonist 
against gp130 signaling (Stumhofer et al.  2010 ). Despite sharing the signal trans-
ducer gp130, the biological functions of these IL-6 family members only partially 
overlap (Kamimura et al.  2003 ; Murakami et al.  2004 ). As described in detail next, 
IL-6, for example, has a nonredundant role in promoting infl ammation, particularly 
chronic infl ammation.  

2.1.4     Regulation of IL-6 Expression 

 It is well known that a large amount of IL-6 is secreted in response to infl ammatory 
stimuli such as Toll-like receptor ligands and proinfl ammatory cytokines including 
IL-1, IL-17, and tumor necrosis factor (TNF)-α to combat infections and, fi nally, to 
promote infl ammation. The promoter region of IL-6 contains a NF-κB- binding site 
in addition to response elements for various transcription factors such as C/EBPβ. 
NF-κB activation is essential for IL-6 expression, which is greatly compromised in 
cells lacking vital components for NF-κB signaling such as IKKγ/NEKO (Lee et al. 
 2012 ; Ogura et al.  2008 ). In addition, the activation of STAT3 is found to synergisti-
cally enhance IL-6 production when NF-κB activation is induced by other infl am-
matory stimuli such as IL-17 and TNF-α. Although a precise molecular mechanism 
of this synergistic effect remains elusive, the concomitant activation of NF-κB and 
STAT3 for the amplifi cation of IL-6 expression in non-immune cells (infl ammation 
amplifi er, discussed in Sect.  2.5 ) is considered central for the induction and mainte-
nance of infl ammatory disease conditions. 

 IL-6 production can be stimulated by routine activities such as physical exercise, 
which results in a larger amount of IL-6 production in skeletal muscle than other 
cytokines (Pedersen et al.  2001 ). Running upregulates plasma IL-6 levels in mice 
to stimulate the secretion of glucagon-like peptide-1 (GLP-1), an insulin-regulating 
hormone, in intestinal L cells to improve insulin secretion and glycemia, suggest-
ing IL-6 is a key regulator for glucose homeostasis, which when disrupted can 
cause metabolic syndromes (Ellingsgaard et al.  2011 ). IL-6 levels are also modu-
lated by social interactions and stress in humans. Competitive social events, for 
example, increase baseline IL-6 levels (Chiang et al.  2012 ). Experimentally 
imposed stress paradigms in humans have been shown to cause potential increases 
in IL-6 circulation (Steptoe et al.  2007 ). Anxiety also promotes IL-6 production in 
humans (O’Donovan et al.  2010 ). In addition, it is known that serum IL-6 levels are 
controlled by a circadian cycle in humans, with a biphasic pattern that peaks at 
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about 0800 and 2100 and bottoms out at about 1900 and 0500 (Vgontzas et al. 
 2005 ). How these mental and daily events infl uence IL-6 production is not well 
defi ned at the molecular level, however. Because mental conditions can infl uence 
the immune system and potentially trigger relapse of autoimmune disorders 
(Srivastava and Boyer  2010 ), the elucidation of the molecular mechanisms underly-
ing the neuroimmune interactions that induce pro-infl ammatory cytokines includ-
ing IL-6 may open a new avenue for the treatment of many chronic infl ammatory 
diseases. One example can be seen in our discussion of the infl ammation amplifi er 
and its neural-mediated activation in endothelial cells (see Sect.  2.5 ), as infl amma-
tion may be induced via accumulation of immune cells in affected tissues of the 
central nervous system. 

 Posttranscriptional regulation of IL-6 is also important for controlling IL-6 levels 
and thus maintaining immune homeostasis in both the steady state and disease con-
ditions. For example, the RNase zc3h12a, also known as regnase-1, is a Toll-like 
receptor (TLR)-inducible gene that controls IL-6 mRNA decay. Accordingly, 
zc3h12a-defi cient mice show highly increased production of IL-6 and IL-12p40, 
leading to the development of autoimmunity (Matsushita et al.  2009 ). The stability 
of regnase-1 is controlled by IKK complex-mediated phosphorylation, which causes 
ubiquitination and degradation, and regnase-1 mRNA is targeted by regnase-1 itself. 
Thus, IL-6 mRNA levels can be fi nely tuned by RNases. Another example of the 
posttranscriptional control of IL-6 is its dependency on micro RNA (miR). Let-7a 
directly inhibits IL-6 expression whereas IL-6 is shown to activate NF-κB, which in 
turn represses let-7a levels and promotes IL-6 production. This positive feedback 
loop is considered important for maintaining the transformed state in certain cancer 
cells (Iliopoulos et al.  2009 ). IL-6 mRNA is also targeted by miR-26. A zinc-fi nger 
protein with an RNA interacting motif, Zcchc-11, induces the addition of uridines 
to the miR-26 3′-end, which abrogates IL-6 repression by miR-26 (Jones et al. 
 2009 ). In addition, IL-6R mRNA levels are suppressed by miR-124 in hepatocel-
lular cancer cell lines, and it has been shown that systemic delivery of miR-124 
prevents hepatocellular carcinogenesis without any side effects (Hatziapostolou 
et al.  2011 ). The regulation of IL-6 production can be achieved at a translational 
level as well. An RNA-binding protein, KSRP, which is known to have the ability to 
degrade mRNA with AU-rich elements, also participates in translational silencing. 
In KSRP-depleted cells, IL-6 mRNA is redistributed to polysomes, a phenomenon 
associated with increased production of IL-6. This translational silencing effect is 
dependent on the 3′-untranslated region of IL-6 mRNA (Dhamija et al.  2011 ).   

2.2     Biological Functions of IL-6 in Infl ammation and Disease 

 As already mentioned, gp130 plays an important role in the signal transduction by 
IL-6 that regulates a variety of biological functions. Because space is limited here, 
we discuss the function of IL-6 by focusing only on recent fi ndings about its role in 
infl ammation and disease. Its other biological functions are summarized elsewhere 
(Kamimura et al.  2003 ; Taga and Kishimoto  1997 ). 
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2.2.1     IL-6 as a Pro-infl ammatory Mediator 

 It is widely accepted that CD4 +  T cells produce a large amount of cytokines that 
promote both acute and chronic infl ammations. When activated, effector CD4 +  T 
cells can be divided into different subsets based on their cytokine profi les. A rela-
tively new subset, type 17 helper CD4 +  T cells (Th17), mainly produce IL-17 and 
are responsible for the development of various autoimmune disorders, at least in 
mice (Nishihara et al.  2007 ; Veldhoen et al.  2006 ). Upon antigen stimulation of 
undifferentiated naïve CD4 +  T cells, IL-6 and another cytokine, transforming growth 
factor (TGF)-β, direct these cells to express the transcription factor Rorγt, which is 
necessary for Th17 differentiation (Ivanov et al.  2006 ). TGF-β is dispensable for 
Th17 generation in certain culture conditions (Ghoreschi et al.  2010 ). STAT3 activa-
tion emanating from the gp130 YXXQ motifs, but not the gp130 Y759-mediated 
SHP2/ERK pathway, is important for IL-6 activation (Fig.  2.2a ). Accordingly, mice 
lacking gp130-STAT3 signaling in T cells have a substantially decreased number of 
Th17 cells (Nishihara et al.  2007 ). IL-6 was also reported to contribute to human 
Th17 differentiation (Zielinski et al.  2012 ). Interestingly, in the absence of TGF-β, 
IL-6, together with IL-21, promotes naïve helper T cells to differentiate toward fol-
licular helper T cells (Tfh), which requires the transcription factor Bcl-6 (Nurieva 
et al.  2009 ). Tfh plays an important role in T-cell–B-cell cooperation, resulting in 
enhanced formation of germinal centers and high-affi nity antigen-specifi c immuno-
globulin secretion. Because many cell types are known to produce IL-6, the cellular 
source of the IL-6 that promotes Th17 or Tfh differentiation and subsequent patho-
genic infl ammation in vivo remains a matter of debate. In a murine model of mul-
tiple sclerosis, IL-6 from a subset of B cells is shown to contribute to persistent 
infl ammation in the central nervous system (Barr et al.  2012 ). It was also recently 
shown that defi ciency of IL-6 and IL-21 in mice fails to induce Tfh cell-dependent 
immune responses against viral infection, and that IL-6 from follicular B cells is 
important for Tfh development (Karnowski et al.  2012 ). Although many studies 
have noted the signifi cance of IL-6 production and its effect in immune cells, our 
recent fi ndings (see Sect.  2.5 ) suggest nonimmune cells, including endothelial cells 
and fi broblasts, also make an important contribution to IL-6 production, particularly 
during infl ammation. To formally demonstrate the functional cellular source(s) of 
IL-6 during infl ammation, a conditional knockout of the IL-6 gene in mice such as 
the one established recently should be examined (   Quintana et al.  2013 ).  

2.2.2     IL-6 as an Anti-infl ammatory Mediator 

 Under certain conditions, IL-6 exhibits an anti-infl ammatory role in myeloid cells, 
such as dendritic cells and macrophages. Exposure to IL-6 before stimulation with 
microbial products [e.g., lipopolysaccharide (LPS)] inhibits major histocompatibil-
ity complex (MHC) class II expression and pro-infl ammatory mediators in bone 
marrow-derived dendritic cells in vitro (Park et al.  2004 ). In fact, because IL-6 is 
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present at low levels under normal conditions, IL-6-defi cient mice show a higher 
MHC class II expression on dendritic cells than that in wild-type mice, whereas mice 
with enhanced IL-6 signaling caused by the loss of the SOCS3-binding site in gp130 
(F759 mice) show a lower level (Park et al.  2004 ). Mechanistically, IL-6 reduces the 
level of cystatin C, an endogenous inhibitor of cathepsins, thereby increasing cathep-
sin S activity and subsequent degradation of MHC class II components in IL-6-
treated dendritic cells (Kitamura et al.  2005 ). Similarly, prolonged action of IL-6 has 
been shown to mimic the anti-infl ammatory effects of IL-10, which also activates 
STAT3, in macrophages (Yasukawa et al.  2003 ). Moreover, the anti-infl ammatory 
effects of IL-6 are manifested in a murine model of allergic asthma. In this model, 
IL-6-defi cient mice show exaggerated lung infl ammation whereas  lung-specifi c 
overexpression of IL-6 reduced the disease symptoms (Wang et al.  2000 ). Importantly, 
IL-6 stimulation is also known to suppress T-cell-receptor- mediated signaling via 
SOCS3 molecules (Atsumi et al.  2009 ). Thus, direct IL-6 stimulation in certain 
immune cell populations can induce an anti-infl ammatory signal.  

2.2.3     IL-6 and Cancer 

 As already mentioned, gp130, the signal-transducing receptor subunit of IL-6, is 
expressed in almost all cell types in the body, whereas the expression of the IL-6- 
binding subunit, IL-6R, is more restricted. IL-6R expression is abundant in immune 
cells but not in nonimmune cells such as fi broblasts. However, shedding of IL-6R is 
detectable under normal conditions. The resulting soluble forms of IL-6R enable 
IL-6 to transmit intracellular signaling in cell types expressing gp130 alone, a phe-
nomenon sometimes called IL-6 trans-signaling (Waetzig and Rose-John  2012 ). 
Because IL-6 is a well-known growth factor for cancer cells, it is likely that cells 
that do not express IL-6R exploit IL-6 trans-signaling for survival and expansion. 
Upon genotoxic stimuli such as those caused by drugs used for chemotherapy, IL-6 
is produced from thymic endothelial cells in response to DNA damage response 
such that the resulting microenvironment provides a chemo-resistant niche for can-
cer cells. Therefore conventional chemotherapy can at the same time lead to tumor 
suppression and potentially create a tumor-promoting environment in an IL-6- 
dependent manner (Gilbert and Hemann  2010 ). It has been reported that excess 
body weight is correlated with an increase of a risk for cancer-associated death in 
humans, particularly hepatocellular carcinoma (Calle et al.  2003 ). One possible 
mechanism for this outcome has come from the observation that the risk of hepato-
cellular carcinoma was higher in high-fat diet mice. Interestingly, tumor-bearing 
mice fed with the high-fat diet showed elevated levels of IL-6 and TNF-α in their 
serum and around the tumor area. Similarly, it was seen in IL-6-defi cient animals 
that obesity induces tumor progression via production of IL-6 (Park et al.  2010 ). 
Cancer progression is generally ascribed to primary tumor growth and secondary 
metastasis. One mechanism, termed tumor-self seeding, describes the ability of cir-
culating tumor cells to infi ltrate an established tumor and enrich it, potentially 
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causing tumor growth and the breeding of metastatic cells. IL-6 functions as an 
autocrine factor in tumor cells and also acts as an attractant for the circulating tumor 
cells. In fact, knockdown of IL-6R or gp130 signifi cantly inhibits the seeding activ-
ity of cancer cells (Kim et al.  2009 ). IL-6 also promotes breast cancer by suppress-
ing miR-200c, which leads to constitutive activation of NF-κB and JNK2. Activated 
JNK2 in turn phosphorylates HSF1, which induces demethylation of the IL-6 pro-
moter that facilitates transcription. This signaling circuit is present in human cancer 
cells and a mouse model of ErbB2-mediated tumorigenesis (Rokavec et al.  2012 ).  

2.2.4     IL-6 and Infectious Diseases 

 Chronic viral infection including human immunodefi ciency virus (HIV)-1 infection 
often impairs the function of T cells. In such cases, T cells produce fewer effector 
cytokines, leading to the persistence of the virus. Recently, it was shown, by study-
ing the lymphocytic choriomeningitis virus in mice, that IL-7 prevents this effect by 
downregulating SOCS3. Remarkably, this effect was found to depend on IL-6, as 
the benefi cial effect of recombinant IL-7 administration on T-cell expansion and 
viral clearance was diminished in IL-6-defi cient mice (Pellegrini et al.  2011 ). 
Although the mechanism of action by IL-6 remains elusive, it is possible that IL-7 
is produced from nonimmune cells including fi broblasts by IL-6 stimulation, just as 
in an arthritis model (Sawa et al.  2006 ), or from hepatocytes in a manner dependent 
on type I interferon (IFN) molecules (Sawa et al.  2009 ). Another report indicates an 
important role of IL-6 in murine chronic viral infection. Upon chronic infection 
with the lymphocytic choriomeningitis virus, IL-6 is produced. This production 
enhances the Tfh responses known to promote the germinal center reaction and 
subsequent antibody production from B cells, and therefore is particularly important 
for viral control. Experiments using bone marrow chimera mice have suggested that 
the main source of IL-6 is irradiation-resistant stroma cells, rather than irradiation-
sensitive immune cells (Harker et al.  2011 ). Human herpesvirus 8 (HHV8), also 
known as Kaposi sarcoma-associated herpesvirus, encodes a molecule similar to 
IL-6 called viral IL-6 (vIL-6). vIL-6 is reported to directly bind to gp130 and trans-
mit signals in the absence of IL-6R, and it is widely accepted that it plays a signifi -
cant role in the pathology of HHV8-associated diseases such as multicentric 
Castleman’s disease (MCD). vIL-6 transgenic mice have been seen to spontane-
ously develop plasma cell-type MCD symptoms. Interestingly, the diseased pheno-
type was abrogated when the mice were crossed with IL-6-defi cient mice, indicating 
that endogenous mouse IL-6 is required for vIL-6-mediated MCD pathology. 
Therefore, it may be that a combination of classic signaling mediated by endoge-
nous IL-6 and vIL-6-mediated direct stimulation of gp130 is required for MCD 
(Suthaus et al.  2012 ). The effect of IL-6 on the control of pathogen infection is, of 
course, not limited to viruses. The obligate intracellular parasite  Toxoplasma gondii  
can infect and persist in neurons, subsequently leading to chronic encephalitis. 

D. Kamimura et al.



63

Using a conditional knockout of gp130 in neurons, it was demonstrated that IL-6 
signaling in neurons protects against apoptosis during the infection, which would 
explain why synapsin-Cre gp130fl /fl  mice are unusually susceptible to  Toxoplasma  
encephalitis (Handel et al.  2012 ). gp130-mediated signaling is also important in 
astrocytes during  Toxoplasma  encephalitis because astrocyte-specifi c deletion of 
gp130 in mice using GFAP-Cre failed to control the parasites and the mice died of 
encephalitis (Drogemuller et al.  2008 ).   

2.3     IL-6 Signaling and Human Diseases: Genetic Evidence 

 From the studies described here, it should come as no surprise to learn that IL-6 is 
involved in autoimmune diseases and infections associated with infl ammation. In 
addition, accumulating evidence has revealed that a certain level of infl ammation is 
evident in many diseases that had not been hitherto considered associated with 
immune cells or infl ammatory mediators: these include metabolic syndromes, such 
as obesity and atherosclerosis, and neurodegenerative diseases, such as Alzheimer’s 
disease and Parkinson’s disease. 

 Genome-wide association studies have found a genetic link between the gene 
polymorphisms of IL-6 and its signaling molecules and human disorders. For exam-
ple, a polymorphism located in the IL-6 promoter at −174 has been reported to 
associate with many diseases, including the −174G/C polymorphism and 
Alzheimer’s disease (Dai et al.  2012 ). An association of the −174G/C polymor-
phism with coronary heart disease has been revealed by meta-analysis, which found 
this polymorphism is associated with a higher risk of the disease in Asian popula-
tions (Yin et al.  2012 ). In addition, the STAT3 locus and IL6ST (gp130) locus are 
found to associate with ulcerative colitis and rheumatoid arthritis, respectively 
(Franke et al.  2008 ) (Stahl et al.  2010 ). Moreover, the IL-6R gene has been identi-
fi ed as a risk locus for asthma (Ferreira et al.  2011 ). Recent meta-analyses including 
data of more than a hundred thousand volunteers suggested that the minor allele of 
IL-6R in humans, namely Asp358Ala, whose frequency is reported to be 39 %, is 
associated with an increase of circulating sIL-6R levels and reduced risk of coro-
nary heart disease (Hingorani and Casas  2012 ; Sarwar et al.  2012 ). Constitutive 
activation of gp130/STAT3 signaling by somatic mutations has been demonstrated 
in benign liver tumors such as infl ammatory hepatocellular adenomas (IHCS). The 
Zucman-Rossi lab reported that 60 % of IHCS harbor somatic mutations in gp130, 
which renders ligand-independent activation of STAT3 (Rebouissou et al.  2009 ). 
The group subsequently showed that a subset of IHCS lacking these gp130 muta-
tions has gain-of-function mutations in STAT3, most of which are located in the 
SH2 domain, which induces STAT3 dimerization (Pilati et al.  2011 ). Conversely, a 
dominant-negative version of STAT3 gene mutations has been reported in hyper IgE 
syndrome, which is a de novo mutation and characterized by high serum IgE 
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(Minegishi et al.  2007 ). Combined, that IL-6 and its signal transduction pathway are 
essential in animal models of multiple autoimmune diseases, and evidence from 
the genome-wide association studies (GWAS), demonstrate IL-6 signaling is an 
attractive therapeutic target for many infl ammatory diseases.  

2.4     IL-6 Signaling as a Therapeutic Target 

 Clinical effi cacy of blocking IL-6 signaling has already been demonstrated in 
humans. The human version of the anti-IL-6R monoclonal antibody (tocilizumab, 
or Actemra) has been approved in some countries for treating patients with moder-
ate to severe rheumatoid arthritis. Notably, tocilizumab often shows substantial and 
better effi cacy in patients than other disease-modifying anti-rheumatic drugs 
(DMARDs). In Japan, tocilizumab has also been used for the treatment of juvenile 
idiopathic arthritis and Castleman’s disease. 

 As effective as tocilizumab is, there is also an effort to develop antibodies or 
gp130:Fc fusion proteins that can block IL-6 signaling (Jones et al.  2011 ). Although 
tocilizumab may be a “silver bullet” against some chronic infl ammatory diseases, 
including rheumatoid arthritis, a nonbiological small compound that inhibits IL-6 
signaling or production is also awaited because of its potential orally active proper-
ties and cost-effectiveness, just as other small compound drugs. A novel JAK kinase 
inhibitor, tofacitinib (or CP690,550), from Pfi zer is expected to be launched soon 
for the treatment of moderate to severe active rheumatoid arthritis in some countries 
including the United States, Japan, and Europe. Clinical trials of this compound are 
also underway for psoriasis and infl ammatory bowel diseases. STAT3 is another 
attractive target to interfere with IL-6 signaling. Although many efforts have been 
made to develop STAT3 inhibitors, to date none has reached the clinical drug stage. 
Recently, a promising orally available STAT3 inhibitor, BP-1-102, was reported 
(Zhang et al.  2012 ). The classical JAK/STAT pathway, which is a major signaling 
cascade of IL-6, is a relatively simple mechanism because only a couple of factors, 
namely, JAK and STAT, are involved. Although the pathway therefore makes for a 
simple model in the understanding of the cellular functions of IL-6, it also means 
that the number of target molecules is limited. We have recently discovered a novel 
mechanism for IL-6 and chemokine production under infl ammatory situations. This 
mechanism, termed the infl ammation amplifi er, involves simultaneous activation of 
two key transcription factors, STAT3 and NF-κB (Ogura et al.  2008 ). We have 
already performed functional genome-wide screening to identify the genes that con-
trol its activation (Murakami et al.  2013 ). Remarkably, the number of genes regulat-
ing the infl ammation amplifi er far exceed the number we had expected, and may 
offer a vast number of targets for the inhibition of IL-6 production. We discuss the 
infl ammation amplifi er and its regulation in the next section.  
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2.5         The Infl ammation Amplifi er 

2.5.1     Establishment of an Animal Model to Study 
the Pathogenesis of Rheumatoid Arthritis 

 Although the anti-IL-6R antibody has successfully treated more than 50 % of 
patients in a clinical setting (Nishimoto et al.  2000 ), the molecular mechanism 
responsible remains elusive. One reason is the lack of adequate experimental animal 
models. Because IL-6 signaling undoubtedly contributes to the pathogenesis of 
rheumatoid arthritis, we hypothesized that hyperactivation of IL-6 signaling in mice 
may cause the disease. To prove this hypothesis, we created a knock-in mouse line 
that has mutated human gp130 via the amino acid substitution Y759F (F759 mice). 
The tyrosine is an important docking site for the negative feedback regulation by 
SOCS3 in IL-6 signaling, meaning the mutation is expected to augment the signal 
transduction (Fig.  2.2a ). Indeed, F759 showed hyperactivated STAT3 mediated by 
IL-6/gp130 signaling in vivo (Ohtani et al.  2000 ). Furthermore, these F759 mice 
spontaneously develop an age-dependent autoimmune joint disease in an IL-6- 
dependent manner (Fig.  2.2b ) (Sawa et al.  2006 ). Also, F759-arthritis is accompa-
nied by an accumulation of memory/activated T cells, and its clinical course is 
chronic and progressive. The disease symptoms begin as mild swelling and redness 
in the paws, but eventually lead to decreased joint mobility. Larger joints were 
affected symmetrically, and all these joints eventually became ankylotic. Radiologic 
analysis of the affected joints revealed characteristics that resemble advanced human 
rheumatoid arthritis, as also did histological examination, which showed leukocytes 
infi ltrating the joint space, hyperplasia of the synovium with pannus formation, 
destruction of the cartilage and bone, and bony ankylosis (Atsumi et al.  2002 ).  

2.5.2     The Discovery of the Infl ammation Amplifi er 

 The F759 arthritis model gives us a chance to investigate the role of IL-6 signaling 
in autoimmune disease development. We found that in F759 mice the number of 
memory/activated CD4 +  T cells dramatically increased with age. Additionally, when 
F759 mice were crossed with CD4-defi cient or MHC class II-defi cient mice, a sig-
nifi cant suppression of disease development was observed in the offspring (Sawa 
et al.  2006 ). These observations suggest that excessive IL-6 signaling could have a 
role in inducing autoimmune arthritis via CD4 +  T-cell activation. Because IL-6 is a 
multifunctional cytokine and regulates the immune system, we considered whether 
IL-6 directly activates immune cells including CD4 +  T cells or dendritic cells, but 
surprisingly found that it in fact inactivates these cells (Atsumi et al.  2009 ; Kitamura 
et al.  2005 ; Park et al.  2004 ). Subsequent bone marrow chimera experiments dem-
onstrated that wild-type mice transfused with F759 bone marrow did not develop 
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arthritis, whereas F759 mice that received wild-type bone  marrow did. In spite of the 
necessity for CD4 +  T cells, it was clearly demonstrated that the gp130 F759 muta-
tion, which causes hyperactivation of IL-6 signaling, is required only in nonimmune 
cells for F759 arthritis development to occur. Further studies have since shown that 
excessive IL-6 signaling in nonimmune cells promotes the production of IL-7, 
which is known to be important for T-cell proliferation and survival, and results in 
excess homeostatic proliferation of CD4 +  T cells. These results suggest that nonim-
mune cells actively control the status of immune cells including CD4 +  T cells, and 
dysregulation of this control can cause autoimmune diseases (Sawa et al.  2006 ). 

 Th17 cells have been shown to be involved in many autoimmune disease mod-
els and human diseases including rheumatoid arthritis. Consistent with this prop-
erty, serum IL-17 levels and Th17 cells were both unusually high in aged F759 
mice. When F759 mice were bred on an IL-17-defi cient background, the arthritis 
was signifi cantly suppressed. On the other hand, the overexpression of IL-17 in 
F759 mice accelerated arthritis development. Among the more than 30 kinds of 
cytokines and chemokines, only serum IL-6 and certain chemokines were upregu-
lated after overexpression of IL-17 in vivo. Moreover, the serum concentration of 
IL-6 after IL-17 overexpression was signifi cantly higher in F759 mice than in 
control mice, indicating a positive interaction between IL-17 and IL-6 signaling. 
In vitro investigation showed that a combination of IL-17 and IL-6 synergistically 
induces IL-6 and infl ammatory chemokines in type I collagen+ nonimmune cells 
such as fi broblasts and endothelial cells (see bar graph in Fig.  2.3 ). This 

  Fig. 2.3    The infl ammation amplifi er. The infl ammation amplifi er is defi ned as hyperinduction of 
IL-6 and chemokines in nonimmune cells that arise from simultaneous activation of STAT3 and 
NF-κB. IL-7 from nonimmune cells also contributes to enhance the infl ammation amplifi er by 
generating Th17 or sustaining Th17 survival. The amplifi er is known to be essential for the patho-
genesis of F759 arthritis, autoimmune encephalomyelitis (EAE), and chronic graft rejection       
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synergistic effect depends on NF-κB and STAT3. Thus, it was suggested that 
NF-κB activation by cytokines such as IL-17 stimulates a suffi ciently minimal 
amount of IL-6 in nonimmune cells that in turn synergistically acts with IL-17 to 
induce more IL-6, which leads to the development of infl ammation. In fact, this 
positive feedback loop of IL-6 signaling, or infl ammation amplifi er, has been 
found important for the pathogenesis of autoimmune diseases including F759 
arthritis and experimental autoimmune encephalomyelitis (EAE), a disease that 
resembles multiple sclerosis in animal models (Fig.  2.3 ) (Ogura et al.  2008 ). In 
addition, graft rejection was signifi cantly inhibited in mice with defective CCL2 
expression caused by infl ammation amplifi er activation in the basement cells of 
tracheal epithelial cells. In this context, CCL2 expression is triggered by traumatic 
stress, which increases IL-6 and epidermal growth factor, followed by Th1 cell 
accumulation in the graft (Lee et al.  2012 ). Thus, the infl ammation amplifi er can 
be applied not only to autoimmunity disorders but also to other infl ammatory dis-
orders in vivo. These results suggest that the mechanisms behind the clinical effi -
cacy of the anti-IL-6R antibody are likely to be explained by activation of the 
infl ammation amplifi er.

2.5.3        Infl ammation Amplifi er-Regulating Genes as Potential 
Therapeutic Targets for Human Diseases 

 Because the inhibition of IL-6 signaling by anti-IL-6R treatment has been success-
ful in humans, the identifi cation of genes that regulate or are regulated by 
 infl ammation amplifi er activation may provide therapeutic targets against infl am-
matory diseases. We conducted a functional genome-wide screening by using a 
lentivirus library having 65500 shRNAs (16000 ORFs) and DNA microarray 
experiments to identify those genes related to activation of the infl ammation ampli-
fi er, fi nding more than 1,000 (Murakami et al.  2013 ). When these genes were ana-
lyzed by using a public database of human genetic association studies of complex 
diseases and disorders (Genetic Association Database at NIH;   http://geneticasso-
ciationdb.nih.gov/cgi-bin/index.cgi    ), a large number were found to be associated 
with human diseases and disorders. The enriched disease categories went well 
beyond autoimmune diseases to include metabolic syndromes, such as atheroscle-
rosis and type 2 diabetes, and neurodegenerative diseases, such as Alzheimer’s 
disease and Parkinson’s disease. These results, then, could be interpreted to show 
that infl ammation, which is induced by the infl ammation amplifi er, relates to vari-
ous human diseases and disorders, and that IL-6 inhibitors could have wide-ranging 
therapeutic effects.   
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2.6     A Four-Step Model for MHC Class II-Associated 
Autoimmune Diseases 

 We previously demonstrated that the activation of the infl ammation amplifi er by 
IL-17 and IL-6 leads to arthritis in F759 mice. To explain this relationship, we 
recently proposed a four-step model for MHC class II-associated autoimmune 
diseases (Murakami and Hirano  2011 ; Murakami et al.  2011 ). It has been 
believed that cognate tissue specifi c-antigen recognition by autoreactive T cells 
is a key step for the development of tissue-specifi c autoimmune diseases, par-
ticularly those genetically associated with MHC class II genes such as rheuma-
toid arthritis (Marrack et al.  2001 ). Indeed, the development of arthritis in F759 
mice is dependent on MHC class II and CD4 (Sawa et al.  2006 ). Therefore, we 
investigated the involvement of joint-specifi c antigens in the development of 
arthritis in F759 mice. We established F759 mice having a single T-cell receptor 
(TCR) that recognizes non-joint antigens. F759 mice were crossed with Rag2-
defi cient mice as well as OT-2 or P25 TCR-transgenic (Tg) mice whose T cells 
recognize MHC class II-restricted peptides from ovalbumin (OVA) or peptide 25 
from  Mycobacterium tuberculosis . Theoretically, no CD4 +  T cells recognize 
joint antigens in these offspring. Unexpectedly, CD4 +  T cells bearing a single 
TCR that recognizes antigens not related to joint tissues induce arthritis in Rag2-
defi cient mice that have the F759 mutation. We therefore concluded that cognate 
antigen recognition by effector CD4 +  T cells is not necessary for tissue specifi c-
ity in F759 mice (Murakami et al.  2011 ). From this, we hypothesized that dis-
ease specifi city may be determined by the tissue itself such that local events in 
the joint may determine and initiate the disease via the infl ammation amplifi er. 
If the Th17 cell transfer is done before inducing experimental microbleeding, 
only the bled leg will develop arthritis. Even Th17 cells derived from TCR trans-
genic mice induced arthritis in the microbleeding-induced leg of F759 mice. 
These fi ndings are consistent with the idea that local events determine the dis-
ease specifi city even if activation of tissue antigen-specifi c T cells does not 
occur. We further observed that T cells accumulated in the arthritic joint. This 
microbleeding-induced accumulation of Th17 cells is dependent on the produc-
tion of CCL20, a target of the infl ammation amplifi er, in the joint. Disease induc-
tion requires IL-17A produced by T cells, IL-6, and enhanced STAT3 signaling 
in type I collagen- expressing cells (Murakami and Hirano  2011 ). Thus, local 
microbleeding facilitates IL-6- and IL-17-dependent arthritis in the absence of 
tissue antigen recognition by activated T cells (Murakami and Hirano  2011 ). 

 Based on these results, we proposed that certain MHC class-II associated auto-
immune diseases such as rheumatoid arthritis arise through a series of at least 
four steps: (1) T-cell activation regardless of antigen specifi city; (2) local events 
inducing a tissue-specifi c accumulation of activated T cells; (3) transient activa-
tion of the infl ammation amplifi er, which is triggered by CD4 +  T-cell-derived 
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cytokines such as IL-17A; and (4) enhanced sensitivity to T-cell-derived cyto-
kines and/or IL-6 in type 1 collagen+ cells in the target tissue just like F759 muta-
tion (Murakami and Hirano  2011 ; Murakami et al.  2011 ). After these four steps, 
chronic activation of the infl ammation amplifi er followed by development of the 
autoimmune disease occurs. It is likely that each step interacts with the others, 
and the degree of the contribution of each to the pathogenesis varies with the 
disease. Our four-step model provides a plausible explanation why tissue-specifi c 
antigens recognized by  activated CD4 +  T cells have not been identifi ed in several 
autoimmune diseases, especially those associated with MHC class II molecules. 
It is likely that in diseases where tissue antigen-specifi c T cells play a role, tissue 
antigen-specifi c recognition by T cells bypasses the requirement of local events, 
even though these local events can still affect the accumulation of tissue antigen-
specifi c T cells in the target tissue. Our four-step model, therefore, should be 
applicable to a wide range of autoimmune and other chronic infl ammatory 
diseases.  

2.7     A Possible Physiological Role of the Infl ammation Amplifi er 

 In the previous sections, we described a pathogenic role for the infl ammation 
amplifi er during chronic infl ammation. Although aberrant amplifi cation of IL-6 
and chemokine production by uncontrolled activation of STAT3 and NF-κB trigger 
autoimmunity and graft rejection, we recently found that the infl ammation ampli-
fi er also functions at the steady state. Activation of the infl ammation amplifi er has 
been detected in blood vessels adjacent to the central nervous system (CNS). In the 
course of disease development in EAE, disease-causing CD4+ T cells infi ltrate into 
the CNS, a well-known immune- privileged tissue that restricts the intrusion of 
immune cells into the bloodstream by the blood–brain barrier. The blood–brain 
barrier is a specifi c blood vessel structure that is mediated by tight junctions and 
tight liner sheets established by pericytes, astrocytes, and macrophages. 

 Where and how pathogenic CD4+ T cells enter the CNS was unclear until 
recently. Sallusto et al. reported that mice lacking CCR6, a receptor for CCL20, 
are highly resistant to EAE, and that the choroid plexus, a specialized epithelial 
structure in the brain, expresses CCL20 constitutively, thereby potentially acting 
as an attractant for the fi rst wave of CCR6 +  Th17 (Reboldi et al.  2009 ). In this 
study, however, the CNS disease was induced by means of complete Freund’s 
adjuvant, which is widely used for active immunization in animals, but at the same 
time is also an inducer of strong infl ammatory responses that potentially affect the 
pathophysiological status of the whole body including the brain and spinal cord. 
To reduce background infl ammatory responses, particularly at the initiation stage 
of EAE, we utilized an adoptive transfer model in which Th17 cells obtained from 
MOG-immunized mice were infused into naïve recipients so that the quiescence 
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of the CNS could be preserved. We found that Th17 cells preferentially accumu-
lated in the fi fth lumbar (L5) cord rather than the brain or other regions of the 
spinal cord at the preclinical phase of EAE (Fig.  2.4 ) (Arima et al.  2012 ), although 
we found pathogenic CD4+ T-cell accumulation in the brain at a later stage after 
the T-cell transfer. CCL20 mRNA levels were highest in the dorsal vessel of L5 as 
compared with the other lumbar cords. Interestingly, even in naïve animals, 
CCL20 as well as many other chemokines were specifi cally upregulated in the 
dorsal vessel of L5. Additionally, NF-κB reporter mice showed that NF-κB activ-
ity is higher at L5 than L1 or cervical cords. Moreover, the elevated CCL20 levels 
at L5 were decreased in mice devoid of the infl ammation amplifi er such as IL-6-
defi cient mice (Fig.  2.5a ). Even under normal conditions, it is known that some 
immune cells are present in the CNS, suggesting there exists a gateway to enter 
this restricted area. In this respect, it is tempting to speculate that low-grade acti-
vation of the infl ammation amplifi er at the L5 dorsal vessel in the steady state 
creates the gateway by inducing some level of chemokines, although direct evi-
dence is needed to link low levels of infl ammation amplifi er activation and immune 
homeostasis, including immunological surveillance of the CNS.

2.8         Neuroimmune Interactions that Boost Infl ammation 
Amplifi er Activation 

 The answer to why the L5 specifi cally acts as the gateway comes from an unlikely 
source. The dorsal root ganglia (DRG) of the sensory neurons from the soleus mus-
cle, which can be activated by a gravitation stimulus, are located beside L5 (Ohira 
et al.  2004 ). When mice were tail-suspended so that only the forelimbs could touch 
the ground and the hind legs were released from gravity stimuli, pathogenic Th17 

  Fig. 2.4    The fi fth lumbar cord is a gateway to the central nervous system (CNS). A cross section 
of the fi fth lumbar (L5) cord ( a ) and actual cell numbers of mononuclear cells accumulated in each 
lumbar cord segment ( b ) at a preclinical phase of EAE. A magnifi ed image around the dorsal ves-
sel of L5 and a three-dimensional (3D) picture based on ten serial sections of L5 are shown on the 
 right  side of  (a)  ( top  and  bottom , respectively)       
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cells negligibly accumulated at L5. Instead, these cells utilized a new gateway opened 
by gravity stimuli to the forelimbs and accumulated at the cervical cords. Consistent 
with this result, tail suspension signifi cantly inhibited CCL20 expression in L5 dorsal 
blood vessels and decreased the expression of a neural activation marker, c-Fos, in the 
L5 DRG. In addition, when the soleus muscles of tail- suspended mice were artifi -
cially stimulated by electric pulses, CCL20 expression (Fig.  2.5b ), pathogenic Th17 
accumulation and c-Fos levels were all restored at L5. These data strongly suggest 
that neural activation via anti-gravitational responses by the soleus muscles plays a 
role in the activation of the infl ammation amplifi er and subsequent expression of che-
mokines including Th17-attracting CCL20 in L5 dorsal blood vessels before the 
development of EAE. How do afferent sensory neurons from the soleus muscle 

     Fig. 2.5    Neural stimulation-mediated infl ammation amplifi er activation creates a gateway into the 
CNS by chemokine production.  (a)  CCL20 levels under steady state. Note that naïve mice with an 
inactive infl ammation amplifi er ( all three columns from right ) showed signifi cantly reduced levels 
of CCL20, which implicates a physiological role of the infl ammation amplifi er in the steady state 
but not in the disease condition (see Fig.  2.3 ).  (b)  Absence of gravitational stimuli (tail suspension, 
TS) decreases CCL20 at the L5 dorsal vessel. Electric stimulation (ES) during TS restores the 
levels in a time-dependent manner.  (c)  Schematic representation of neural stimulation-mediated 
activation of the infl ammation amplifi er. Neural signals from gravitational stimuli in soleus 
 muscles reach the L5 dorsal root ganglion. Subsequent activation of sympathetic nerves alters the 
 status of L5 dorsal vessel endothelial cells to enhance the infl ammation amplifi er, which leads 
to the production of chemokines including CCL20. Norepinephrine is a mediator between the 
neural signal and infl ammation amplifi er activation. A neural network from the soleus muscle-
derived sensory neurons to sympathetic neurons that reach L5 is not defi ned (depicted with a 
 question mark )       
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infl uence the status of the blood vessels at L5? Although a precise neural network 
remains unidentifi ed, we demonstrated that sympathetic nerves are involved. Blood 
fl ow speed at the L5 dorsal vessel became slower when mice were tail-suspended, 
whereas electronic stimulation of the soleus muscles increased the speed, suggesting 
a contribution of automatic nerves including sympathetic ones. Importantly, blood 
fl ow speeds at other vessels, such as femoral vessels, brain surface vessels, and the 
portal vein, were not affected by the tail suspension. Furthermore, treatment with the 
norepinephrine receptor antagonist atenolol signifi cantly suppressed CCL20 expres-
sion, NF-κB activation, and pathogenic Th17 accumulation in L5 vessels and abro-
gated EAE development. Consistent with these in vivo results, the addition of 
norepinephrine to an endothelial cell line culture enhanced infl ammation amplifi er 
activation as monitored by IL-6 or CCL20 expression. Thus, neural stimulation of the 
soleus muscles by gravity causes sympathetic nerve stimulation, which creates a gate-
way to the CNS at L5 vessels by activating the infl ammation amplifi er with secreted 
norepinephrine. MOG-specifi c, disease-causing Th17 cells exploit this gateway to 
infi ltrate the CNS and induce local infl ammation by producing cytokines such as 
IL-17 and IL-6, which further enhances the activation (Fig.  2.5c ). Such neuroimmune 
interactions have also been reported by Tracey et al., in which they showed that vagus 
nerve stimulation inhibits proinfl ammatory cytokine release through the nicotinic 
acetylcholine receptor α7 subunit, and identifi ed a subset of T cells that produce ace-
tylcholine and can relay the neural signals (Borovikova et al.  2000 ); (Wang et al. 
 2003 ); (Rosas-Ballina et al.  2011 ). Therefore, interfering neuroimmune responses 
may be another promising approach for therapeutic interventions to infl ammatory 
diseases.  

2.9     Gate Theory 

 Gravitational stimuli upregulate various chemokines as a result of infl ammation ampli-
fi er activation at L5 cord vessels via the sensory neurons of soleus muscles extending 
from the L5 DRG. This neural event creates a local gate for immune cells to enter the 
CNS. It turns out that stimulating other muscles can create a similar gate into blood 
vessels where DRG neurons are located. Electronic stimulation of the quadriceps or 
thigh muscles, which are known to be controlled by L3 DRG neurons, upregulated the 
expression of the infl ammation amplifi er target chemokine, CCL20, across L3 cord 
vessels in mice. Similarly, chemokine levels from the fi fth cervical to fi fth thoracic 
cord vessels were elevated by stimulations of epitrochlearis/triceps brachii and upper 
arm muscles regulated by neurons located at corresponding areas (Arima et al.  2012 ). 
In addition, we have found that the location and degree of pathogenic CD4+ T-cell 
infi ltration into the CNS can be changed in mice under mental stress (unpublished 
data). These observations led us to propose a gate theory in which the invasion of 
immune cells into target organs can be modulated by manipulating nerve activity. 
Although further studies are required to generalize this theory to organs, such a theory 
has promise for novel therapy against many chronic infl ammatory diseases.  
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2.10     Conclusion 

 In this review, we summarized recent advances in understanding how IL-6 plays a 
central role in infl ammation and various diseases. The success of anti-IL-6R therapy 
has shown the promise of targeting IL-6 signaling and production for treatment 
against infl ammatory diseases. The infl ammation amplifi er is one prominent mech-
anism that produces a large amount of chemokines and IL-6 from nonimmune cells 
in vivo and is therefore a candidate worth considering for future targets. In addition 
to targeting traditional IL-6 signaling molecules such as JAK and STAT3, fi nding 
ways to inhibit the infl ammation amplifi er and a therapeutic method that can modu-
late regional neural activity that activates the amplifi er may be benefi cial to suffer-
ers of chronic infl ammatory diseases.     
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    Abstract     Interleukin-17A (IL-17A) is the signature cytokine of the recently 
 identifi ed T helper 17 (Th17) cell subset. IL-17F shows the highest homology to 
IL-17A among the IL-17 family and binds to the same IL-17 receptor A (IL-17RA) 
and IL-17RC receptor complex as IL-17A. Recent studies have demonstrated that 
IL-17A and IL-17F are also produced by multiple lineages of immune cells, includ-
ing γδ T cells, NKT cells, and innate lymphoid cells. These cytokines are involved 
in the development of infl ammation, autoimmunity, allergy, and tumors, and also 
play important roles in host defenses against bacterial and fungal infections. 
However, it is now clear that IL-17A and IL-17F have overlapping—yet distinct—
roles in innate and adoptive immune responses. Here, we describe the recent data on 
the roles of IL-17A and IL-17F in infl ammatory disorders and host defense and 
discuss the potential of these molecules as therapeutic targets.  
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3.1         Introduction 

 Upon antigenic stimulation, naive CD4 +  T cells differentiate into discrete functional 
T-cell subsets that have distinct cytokine production profi les. These different types of 
Th cells mediate distinct types of immune responses to protect the host against patho-
gens; however, their dysregulation can lead to autoimmune and allergic diseases 
(Zhou et al.  2009 ; Zhu et al.  2010 ). The identifi cation of the T helper 17 (Th17) subset 
of CD4 +  T cells was one of the most important advances in T-cell immunology since 
the discovery of Th1 and Th2 cells by Mosmann, Coffman, and their colleagues more 
than two decades ago (Mosmann et al.  1986 ). Interleukin- 17A (IL-17A), commonly 
called IL-17, is produced by Th17 cells (Fig.  3.1 ). Five additional structurally related 
cytokines were recently identifi ed, that is, IL-17B, IL-17C, IL-17D, IL-17E (also 
called IL-25), and IL-17F, which comprise the IL-17 family (Weaver et al.  2007 ; 
Iwakura et al.  2011 ). Th17 cells also produce IL-17F, IL-21, and IL-22, whereas Th1 
and Th2 cells produce mainly interferon-γ (IFN-γ) and IL-4, respectively (Zhou et al. 
 2009 ; Zhu et al.  2010 ). Recent studies of IL-23, an IL-12 family cytokine, and Th17 
cells have revealed important roles for IL-17A and IL-17F in the development of 
allergic and autoimmune diseases as well as in protective mechanisms against patho-
gens, functions that were previously believed to be mediated by Th1 or Th2 cells.

   In this review, we summarize the recent progress of functional studies of IL-17A 
and IL-17F in infl ammatory disorders and infectious diseases and then discuss areas 
for future research and the therapeutic potential of targeting IL-17A and IL-17F 
signaling in infl ammatory disorders.  
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  Fig. 3.1    T helper (Th)1, Th2, and Th17 cell differentiation by interleukin (IL-12) induces differ-
entiation of naive CD4 +  T cells into interferon (IFN)-γ-producing Th1 cells through Stat4 and 
T-bet activation. In contrast, IL-4 induces Stat6 activation, followed by expression of GATA-3. 
Th17 cell differentiation is induced by transforming growth factor (TGF)-β plus IL-6 or IL-21 by 
activating Stat3 and retinoic acid receptor-related orphan receptor-γt (RORγt). IL-1 and IL-23 are 
also required for differentiation, growth, and survival of Th17 cells.  APC  antigen-presenting cells       
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3.2     Biological Actions of IL-17A and IL-17F 

 IL-17A and IL-17F are highly homologous and bind to the same receptor com-
plex. Furthermore, IL-17A and IL-17F can both be secreted as disulfi de-linked 
homodimers or heterodimers. Thus, these two molecules are likely to have similar 
biological activities (reviewed by Chang and Dong  2011 ; Iwakura et al.  2011 ). 
Indeed, both IL-17A and IL-17F are involved in neutrophil recruitment and 
infl ammation by inducing expression of genes encoding proinfl ammatory cyto-
kines [tumor necrosis factor (TNF), IL-1, IL-6, granulocyte colony-stimulating 
factor (G-CSF), and granulocyte-macrophage colony-stimulating factor 
(GM-CSF)], chemokines (CXCL1, CXCL5, IL-8, CCL2, and CCL7), antimicro-
bial peptides (defensins and S100 proteins), and matrix metalloproteinases 
(MMP1, MMP3, and MMP13) in fi broblasts, endothelial cells, and epithelial cells 
(Fig.  3.2 ). IL-17A also promotes stem cell factor (SCF)- and G-CSF-mediated 
granulopoiesis and recruits neutrophils to infl ammatory sites. It also induces 
expression of intercellular cell adhesion molecule 1 (ICAM-1) in keratinocytes, 
and iNOS and cyclooxygenase-2 in chondrocytes.
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  Fig. 3.2    The roles of IL-17A and IL-17F in infl ammatory disease development and host defense 
against pathogens IL-17A and IL-17F are produced by various cell types, including T cells, innate 
immune cells, and nonlymphoid cells, in response to cytokines that are produced by antigen- and 
pathogen-stimulated antigen-presenting cells (APC). These cytokines activate lymphoid cells, 
such as T cells and B cells, to promote T-cell priming and antibody production, and activate non-
lymphoid cells to produce many proinfl ammatory mediators and antimicrobial peptides. These 
mediators induce neutrophil recruitment at infl ammatory sites, promote local tissue destruction, 
induce neovascularization in tumors, enhance osteoclastogenesis, and protect against pathogens. 
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3.3        Signaling Mechanisms of IL-17A and IL-17F 

 The IL-17-receptor (IL-17R) family includes six members (IL-17RA–IL-17RE) 
(reviewed by Gaffen  2009 ). Functional receptors for IL-17 family cytokines consist 
of homodimers or heterodimers, and IL-17RA is thought to be a shared receptor 
subunit for all family members (Fig.  3.3 ). The heterodimer consisting of IL-17RA 
and IL-17RC is a receptor for homodimers and heterodimers of IL-17A and IL-17F. 
However, the expression profi les of IL-17RA and IL-17RC differ among tissues and 
cell types: IL-17RA is expressed mostly by immune cells, and IL-17RC is preferen-
tially expressed by nonimmune cells (Kuestner et al.  2007 ; Ishigame et al.  2009 ). In 
addition, the binding affi nities of IL-17A and IL-17F for these receptors are differ-
ent: IL-17A has higher affi nity for IL-17RA and IL-17F has higher affi nity for 
IL-17RC (Hymowitz et al.  2001 ; Kuestner et al.  2007 ; Wright et al.  2008 ). Therefore, 
the distinct functions of IL-17A and IL-17F may refl ect, at least in part, differential 
expression of IL-17RA and IL-17RC, although the precise structures of the receptors 
for IL-17A and IL-17F remain to be elucidated. The SEF/IL-17R (SEFIR) domains 
of both IL-17RA and IL-17RC are required to activate NF-κB, MAPK, and C/EBP 
pathways in response to IL-17A or IL-17F (Maitra et al.  2007 ; Ho et al.  2010 ; 
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Hu et al.  2010 ). The SEFIR domain-containing adaptor protein, Act1 (also called 
TRAF3IP3 and CIKS), associates directly with IL-17RA and IL-17RC via interac-
tion with each SEFIR domain, resulting in recruitment of TRAF6 and TAK1 to 
activate NF-κB (Fig.  3.3 ).

3.4        IL-17A and IL-17F Producer Cells 

 Linking IL-17A- and IL-17F-producing CD4 +  T cells to IL-23 effector function led 
to the concept that Th17 cells belong to a distinct CD4 +  T-cell subset (Langrish et al. 
 2005 ; McGeachy and Cua  2008 ). Th17 cell differentiation from naive CD4 +  T cells 
is controlled by several cytokines, including transforming growth factor (TGF)-β, 
IL-6, and IL-21, which activate Stat3- and IRF4-dependent expression of retinoic 
acid receptor-related orphan receptor-γt (RORγt) [reviewed in (Korn et al.  2009 ; 
Zhou and Littman  2009 ; Hirahara et al.  2010 )] (see Fig.  3.1 ). Other transcription 
factors, such as RORα, basic leucine zipper transcription factor (Batf), Runx1, and 
IκBζ, also regulate Th17 cell differentiation in cooperation with RORγt. Both IL-1 
and IL-23 are also critical for Th17 cell differentiation, growth, survival, and effec-
tor functions. In humans, IL-1β, IL-21, IL-23, and TGF-β are required for develop-
ment of Th17 cells expressing IL-17A, IL-17F, IL-22, and RORγt, although the 
requirement for TGF-β remains controversial (reviewed by Korn et al.  2009 ; 
Annunziato et al.  2012 ). 

 In addition to Th17 cells, a wide variety of T cells also produce IL-17A and 
IL-17F: these include cytotoxic CD8 +  T cells (Tc17) under conditions that are simi-
lar to those required by Th17 cells, but different from those required by IFN-γ- 
producing CD8 +  T cells (Tc1) (Ciric et al.  2009 ). Similarly, distinct populations of 
γδT (γδ-17) cells and NKT (NKT-17) cells produce IL-17A and IL-17F (reviewed 
by Cua and Tato  2010 ). IL-23 and IL-1 can directly induce γδ-17 cell development 
in the absence of IL-6 and T-cell receptor (TCR) ligation, because, in contrast to 
naïve CD4 +  and CD8 +  T cells, these cells constitutively express IL-23R, IL-1R, and 
RORγt (Sutton et al.  2009 ). Similarly, NKT cells produce IL-17A in the presence of 
IL-1 and IL-23 in combination with TCR stimulation (Rachitskaya et al.  2008 ). 
These two T-cell populations (γδ-17 and NKT-17) can rapidly produce IL-17A and 
IL-17F in response to proinfl ammatory cytokine stimulation and may therefore be 
important initial sources of these two cytokines. 

 More recently, innate immune cell populations, such as neutrophils, monocytes, 
natural killer cells, and innate lymphoid cells, have been shown capable of rapidly 
producing IL-17A and IL-17F (reviewed by Cua and Tato  2010 ). IL-17A is also 
produced by intestinal Paneth cells (Takahashi et al.  2008 ), whereas IL-17F mRNA, 
but not IL-17A mRNA, is expressed in colonic epithelial cells (Ishigame et al.  2009 ; 
Tong et al.  2012 ), suggesting that IL-17A and IL-17F from nonlymphoid cells may 
also regulate immune responses. Substantial efforts are underway to clarify the 
mechanisms that control IL-17A and IL-17F production in these cell types as well 
as the relative contributions of the resulting cytokines to immune responses.  
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3.5     IL-17A and IL-17F in Infl ammatory Disorders 

3.5.1     Multiple Sclerosis 

 Multiple sclerosis (MS) is a chronic infl ammatory disease characterized by brain 
infl ammation and demyelination. MS has long been believed to be a Th1 cell 
cytokine- mediated autoimmune disease. However, myelin oligodendrocyte glyco-
protein (MOG)-induced experimental autoimmune encephalomyelitis (EAE) is 
much more severe in mice lacking IL-12 or interferon (IFN)-γ activity (Kastelein 
et al.  2007 ), arguing against the importance of Th1 cells in these diseases. Several 
studies reported that infi ltration by Th17 cells, which show a proliferative response 
to myelin peptides, was found in the central nervous system (CNS) of MS patients 
(Durelli et al.  2009 ; Montes et al.  2009 ; Venken et al.  2010 ), suggesting involve-
ment of Th17 cells. In fact, IL-23-, but not IL-12-, defi cient mice are resistant to 
EAE development (Cua et al.  2003 ). EAE is also attenuated in  Il17a   −/−   mice (Nakae 
et al.  2003 ; Komiyama et al.  2006 ; Yang et al.  2008 ; Ishigame et al.  2009 ). Use of 
IL-17R adaptor protein Act1 conditional knockout mice suggested that astrocytes 
are the main target of IL-17A signaling to recruit infl ammatory cells into the CNS 
during the effector phase of EAE. However, in contrast to  Il23a  −/−  mice,  Il17a   −/−   
mice had only slightly attenuated infl ammation after MOG immunization (Nakae 
et al.  2003 ; Komiyama et al.  2006 ; Yang et al.  2008 ; Haak et al.  2009 ; Ishigame 
et al.  2009 ), suggesting that IL-17A is not the only critical mediator inducing EAE 
downstream of IL-23. IL-17F, however, is not required for EAE (Kreymborg et al. 
 2007 ; Yang et al.  2008 ; Haak et al.  2009 ; Ishigame et al.  2009 ). Recently, granulo-
cyte-macrophage colony-stimulating factor (GM-CSF) produced by IL-23- polarized 
Th cells was reported to play a critical role in EAE development (Codarri et al. 
 2011 ; El-Behi et al.  2011 ). In addition to Th17 cells, γδ-17 cells were reported to be 
involved in the pathogenesis of EAE (Roark et al.  2007 ; Sutton et al.  2009 ; 
Petermann et al.  2010 ).  

3.5.2     Rheumatoid Arthritis 

 Rheumatoid arthritis (RA) is a chronic systemic infl ammatory disease that affects 
the synovial membranes of multiple joints. In humans, IL-17A is detected in syno-
vial fl uids from RA patients and induces proinfl ammatory cytokine production by 
synoviocytes (Chabaud et al.  1998 ). Collagen-induced arthritis (CIA) is a typical 
arthritis model that is induced by immunizing animals with type II collagen (IIC). 
Development of CIA is largely dependent on IL-23 and IL-17, because  Il23a   −/−   and 
 Il17a   −/−   mice, but not  Il12a   −/−   mice, are resistant to induction (Murphy et al.  2003 ; 
Nakae et al.  2003 ; Ishigame et al.  2009 ). Both IL-17A and IL-17F activate synovio-
cytes, fi broblasts, and endothelial cells to produce various infl ammatory cytokines 
and chemokines, including IL-1 and TNF (Fig.  3.1 ). IL-17A also directly promotes 
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osteoclast differentiation by inducing RANKL in osteoblasts (Sato et al.  2006 ). On 
the other hand, sensitization of T cells following immunization with IIC as well as 
IIC-specifi c antibody production were signifi cantly reduced in  Il17a  −/−  mice (Nakae 
et al.  2003 ). These results suggest that IL-17A is involved in T-cell sensitization and 
antibody production, in addition to proinfl ammatory cytokine induction, in the 
effector phase. Because defi ciency of IL-17A did not completely suppress CIA, 
involvement of IL-17F was suggested. However, CIA developed normally in  Il17f   −/−   
mice (Ishigame et al.  2009 ), indicating that IL-17A plays a more important role than 
IL-17F in this model. The importance of IL-17A has also been examined in several 
RA models, including IL-1 receptor antagonist-defi cient ( Il1rn   −/−  ) mice, HTLV-I 
transgenic mice (Iwakura et al.  2008 ), and K/BxN serum- induced arthritis (Jacobs 
et al.  2009 ). Furthermore, lack of IL-17A also suppressed arthritis development in 
mice carrying the Y759F mutation in the gp130 subunit of IL-6R, which disrupts 
SOCS3-mediated negative feedback (Ogura et al.  2008 ), and in SKG mice, which 
carry a mutation in ZAP70 of the TCR complex (Hirota et al.  2007 ). Interestingly, 
development of arthritis in  Il1rn   −/−  , K/BxN, and SKG mice depends on environ-
mental factors, such as the indigenous microbe  Lactobacillus bifi dus  (Abdollahi-
Roodsaz et al.  2008 ), gut-residing segmented fi lamentous bacteria (SFB) (Wu et al. 
 2010 ), and fungi (Yoshitomi et al.  2005 ). These pathogens induce Th17 cell differ-
entiation (see following), which results in arthritis, suggesting a link between innate 
immunity and autoimmune diseases.  

3.5.3     Infl ammatory Bowel Disease 

 Infl ammatory bowel disease (IBD) is a chronic infl ammatory condition of the gut, 
consisting of Crohn’s disease and ulcerative colitis. Th17 cells are detected in the 
gut of Crohn’s disease patients and some of these cells produce IFN-γ (Annunziato 
et al.  2007 ; Kleinschek et al.  2009 ). Transferring CD4 + CD45RB hi  T cells into lym-
phopenic mice provides a model of IBD. IL-23 is essential for colitis development 
in this model, whereas neither IL-17A nor IL-17F is required (Izcue et al.  2008 ; 
Leppkes et al.  2009 ). Transferring  Il17f   −/−   CD4 + CD45RB hi  T cells together with 
anti-IL-17A Ab signifi cantly reduced colitis (Leppkes et al.  2009 ), suggesting that 
IL-17A and IL-17F play redundant roles in colitis development. On the other hand, 
mice receiving  Il17a   −/−   CD4 +  T cells displayed accelerated wasting disease that 
was associated with increased Th1 cell-related cytokine production, suggesting a 
protective role for IL-17A (O’Connor et al.  2009 ). Because colitis was suppressed 
by adoptive transfer of CD4 + CD45RB hi  T cells that were defi cient for IFN-γ (Ito 
and Fathman  1997 ), both Th1 and Th17 cells are involved in the pathogenesis of 
IBD, although their precise roles await further elucidation. The potential contribu-
tion of IL-17A to a dextran sodium sulfate (DSS)-induced acute colitis model is 
controversial. One study reported that  Il17a   −/−   mice displayed a substantially 
reduced clinical score (Ito et al.  2008 ), whereas another study demonstrated that 
mice lacking IL-17A or given anti-IL-17A Ab showed severe weight loss and 
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colonic epithelial damage (Ogawa et al.  2004 ; Yang et al.  2008 ). Conversely, 
 Il17f   −/−   mice showed attenuated colonic infl ammation, which was associated with 
reduced chemokine expression (Yang et al.  2008 ). Although the reason for the dis-
crepancies in these studies is unclear at present, the intestinal microbial fl ora may 
have differed in these studies and affected the results. Recently, it was reported that 
 Helicobacter hepaticus - induced  chronic colitis is associated with IL-23- and IL-1-
dependent production of IL-17A and IFN-γ in the colon by Thy1 + SCA-1 + RORγt + IL-
23R +  innate lymphoid cells (Buonocore et al.  2010 ; Coccia et al.  2012 ). 
IL-17A-producing innate lymphoid cells are also found in patients with IBD 
(Buonocore et al.  2010 ), suggesting that both IL-17A-producing T cells and innate 
lymphoid cells contribute to IBD.  

3.5.4     Psoriasis 

 Psoriasis is an infl ammatory epidermal hyperproliferative skin disease. Psoriasis- 
like epidermal hyperplasia was induced in the ears of wild-type mice injected with 
IL-23, whereas little hyperplasia was observed in  Il17a ,  Il17ra , or  Il22  −/−  mice 
(Rizzo et al.  2010 ; Cai et al.  2011 ). In an imiquimod (Toll-like receptor 7/8 ligand)-
induced psoriasis model, deletion of IL-17A and IL-17F signaling reduced the 
severity score of skin infl ammation (van der Fits et al.  2009 ; Cai et al.  2011 ; 
Pantelyushin et al.  2012 ), but also resulted in increased numbers of IL-17A- and 
IL-22-producing CD4 +  and γδ T cells (El Malki et al.  2012 ). Similarly, T cell- 
specifi c Act1-defi cient mice showed increased production of IL-17A and IL-22 and 
developed IL-23/IL-22-dependent spontaneous psoriasis-like skin infl ammation 
(Wang et al.  2012 ), indicating a negative feedback role for IL-17A-Act1 signaling 
in Th17 responses. In contrast, psoriasiform dermatitis, which develops spontane-
ously in  Il1rn   −/−   mice, was not dependent on either T cells or IL-17A (Nakajima 
et al.  2010 ), suggesting an autoinfl ammatory mechanism. Nonetheless, in humans, 
expression of pro-infl ammatory cytokines, including IL-17A, IL-22, and IL-23, is 
elevated in psoriatic skin (Wilson et al.  2007 ; Lowes et al.  2008 ; Di Cesare et al. 
 2009 ). Importantly, recent clinical studies demonstrated that blockade of IL-17A 
signaling improved the clinical symptoms of psoriasis (Leonardi et al.  2012 ; Papp 
et al.  2012 ). Although no exact cellular source of IL-17A responsible for psoriasis 
development has been identifi ed, γδ-17 cells and Tc17 cells have been suggested to 
be important for its pathogenesis (Res et al.  2010 ; Cai et al.  2011 ).  

3.5.5     Systemic Lupus Erythematosus 

 Systemic lupus erythematosus (SLE) is a systemic autoimmune disease character-
ized by immune complex deposition caused by autoantibodies. IL-17A-producing 
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Th17 cells and CD3 + CD4 − CD8 −  cells are increased in patients with SLE (Crispin 
et al.  2008 ; Shah et al.  2010 ) and several mouse models of lupus (Hsu et al.  2008 ; 
Zhang et al.  2009 ). IL-17A acts directly on B cells and enhances survival, prolifera-
tion, and Ig class switching (Hsu et al.  2008 ; Doreau et al.  2009 ; Mitsdoerffer et al. 
 2010 ; Wu et al.  2010 ). Abrogation of IL-17A signaling by deleting IL-17RA 
reduced germinal center formation and humoral responses in recombinant inbred 
BXD2 mice (Hsu et al.  2008 ). However, another study, in mice lacking FcγRIIβ, 
found that IL-17A defi ciency did not reduce autoantibody production or germinal 
center formation, but did protect against fetal glomerulonephritis by preventing 
recruitment of infl ammatory myeloid-derived cells into the kidneys (Pisitkun et al. 
 2012 ). Thus, IL-17A may contribute to SLE pathogenesis by acting directly on B 
cells to enhance autoantibody production as well as by promoting local tissue 
infl ammation.  

3.5.6     Type 1 Diabetes 

 Type 1 diabetes (T1D) is an autoimmune disease characterized by destruction of the 
insulin-producing β cells in the pancreatic islets by autoreactive CD4 +  and CD8 +  T 
cells. In vitro differentiated Th17 cells induced T1D in nonobese diabetic (NOD)-
severe combined immunodefi ciency (scid) mice (Bending et al.  2009 ; Ciric et al. 
 2009 ; Martin-Orozco et al.  2009a ). In that system, however, the development of 
diabetes was dependent on IFN-γ, but not IL-17A, suggesting that Th17 cells were 
reprogrammed into Th1 cells under the lymphopenic conditions. In contrast, adop-
tive transfer of IL-23-induced OTI Tc17 cells caused IL-17A- and IL-17F-dependent 
diabetes in recipients that expressed OVA in pancreatic β cells (Ciric et al.  2009 ). 
Progression of diabetes in NOD mice was inhibited by anti-IL-17A Ab (Emamaullee 
et al.  2009 ), but the incidence of hyperglycemia was comparable in  Il17a  −/−  and 
 Il17a  +/+  NOD mice (Komiyama et al.  2006 ). Thus, the precise roles of IL-17A and 
IL-17F in T1D remain to be elucidated.  

3.5.7     Delayed-Type and Contact Hypersensitivity 

 Delayed-type hypersensitivity (DTH) and contact hypersensitivity (CHS), two T 
cell-mediated type IV hypersensitive responses, are attenuated in  Il17a  −/−  mice, but 
not  Il17f  −/−  mice, suggesting pathological roles for IL-17A in these allergic responses 
(Nakae et al.  2002 ; Ishigame et al.  2009 ). The antigen-specifi c T-cell population 
was reduced in  Il17a  −/−  mice (Nakae et al.  2002 ; Ishigame et al.  2009 ), and Tc17 
cell-derived IL-17A induced local infl ammation during the elicitation phase of CHS 
(He et al.  2006 ).  
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3.5.8     Atopic Dermatitis 

 In patients with atopic dermatitis (AD), IL-17A expression is increased in local 
lesions, and the Th17 cell population is expanded in the peripheral blood (Koga 
et al.  2008 ). IL-17A may be benefi cial in this setting because it is important for 
protection against  Staphylococcus aureus , which aggravates AD (see following). 
Yet, IL-17A may also promote AD progression by facilitating local infl ammation, 
as reported for mice lacking fi laggrin, an important component of the skin barrier 
and a predisposing factor for atopic dermatitis (Oyoshi et al.  2009b ).  

3.5.9     Allergic Airway Infl ammation 

 The pathogenesis of asthma is complex, as shown by its heterogeneity; for 
example, atopic versus non-atopic, eosinophilic versus neutrophilic, and steroid-
effective mild asthma versus steroid-resistant severe asthma (Iwakura et al.  2008 ). 
Similar to their wild-type littermates,  Il17a  −/− ,  Il17f  −/− , and  Il17a  −/−   Il17f  −/−  mice 
were shown to develop OVA-induced airway eosinophilia (Nakae et al.  2002 ; 
Ishigame et al.  2009 ; Suzukawa et al.  2012 ). One study, however, suggested that 
IL-17A and IL-17F contribute positively and negatively, respectively, to this 
chronic allergic response (Yang et al.  2008 ). Alternatively, overexpression of 
IL-17A and IL-17F in the lungs causes increased pro-infl ammatory cytokine and 
chemokine expression, resulting in infl ammation associated with neutrophil infi l-
tration (Park et al.  2005 ; Yang et al.  2008 ). IL-17A, but not IL-17F, is required for 
OVA-induced airway neutrophilia in DO11.10 and OTII mice (Nakae et al.  2007 ; 
Ishigame et al.  2009 ) and in mice injected with DO11.10 Th17 cells (Liang et al. 
 2007 ). Airway neutrophilia induced by house dust mite allergen, a major asthma 
allergen, was also dependent on IL-17A (Lajoie et al.  2010 ). The population of 
IL-17A-producing Th2 cells, in addition to those of Th2 cells and Th17 cells (Cosmi 
et al.  2010 ; Wang et al.  2010b ), was preferentially increased in the lungs of patients 
with atopic asthma as well as of mice treated with certain protease allergens such as 
 Aspergillus -derived proteases and papain, and resulted in infl ammatory leukocyte 
infl ux and asthma exacerbation (Wang et al.  2010b ). IL-17F, but not IL-17A, medi-
ated airway neutrophilia after inhalation of  Aspergillus  proteases (Yang et al.  2008 ), 
suggesting involvement of innate immune cell-derived IL-17F in this response. 
Th17 cells also contribute to airway remodeling and neutrophilia during chronic 
airway infl ammation (Wang et al.  2010a ). Overall, these data suggest that IL-17A 
and IL-17F are involved in airway neutrophilia, but not eosinophilia, during aller-
gic asthma. The detailed functional differences between IL-17A and IL-17F as well 
as the roles of Th17 and IL-17A-producing Th2 cells in asthma development remain 
to be elucidated.   
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3.6     IL-17A and IL-17F in Other Immune Cell-Mediated 
Diseases 

 IL-17A-induced neutrophil recruitment to infl amed sites contributes to various dis-
eases. For example, IL-17A is crucial for neutrophil-mediated ischemia-reperfusion 
injury in the brain (Shichita et al.  2009 ). NKT cell-derived IL-17A plays a role in 
ozone-induced airway neutrophilia, a form of asthma independent of adaptive 
immunity (Pichavant et al.  2008 ). IL-17A, which may be produced by γδ T cells, is 
also involved in pulmonary fi brosis and neutrophilia induced by bleomycin (Wilson 
et al.  2010 ). Also, similar to many cytokines, IL-17A may play a role in sepsis 
(Flierl et al.  2008 ; Freitas et al.  2009 ). 

 Rodents treated with soluble IL-17RA showed reduced acute, but not chronic, 
rejection of cardiac or aortic transplants (Tang et al.  2001 ; Li et al.  2006 ), whereas 
 Il17a  −/−  mice exhibited attenuated chronic, but not acute, rejection after cardiac 
transplantation (Gorbacheva et al.  2010 ; Itoh et al.  2010 ). This apparent discrepancy 
suggests that IL-17F and/or IL-17E may also be involved in these responses. 
IL-17A-mediated neutrophil recruitment promoted minor histocompatibility 
antigen- mismatched skin allograft rejection (Vokaer et al.  2010 ), yet IL-17A defi -
ciency stimulated corneal allograft rejection by promoting Th2 cell responses 
(Yamada et al.  2009 ; Cunnusamy et al.  2010 ). The role of IL-17A in graft-versus- 
host disease (GVHD) is controversial: it has been shown to be protective (Yi et al. 
 2008 ; Oh et al.  2010 ), pathogenic (Kappel et al.  2009 ), and nonessential (Nakae 
et al.  2002 ), depending on the experimental protocol. IL-17F has not been examined 
in GVHD. 

 Obesity is now recognized as a risk factor for development of various diseases. 
The levels of blood IL-17A and IL-23 were higher in obese individuals than lean 
subjects (Sumarac-Dumanovic et al.  2009 ), and enhanced Th17 cell expansion and 
IL-17A production were observed in diet-induced obese mice, resulting in increased 
susceptibility to EAE and colitis (Winer et al.  2009 ). These observations suggest 
that obesity may accelerate induction of Th17 cell-mediated immune diseases. 
IL-17A-producing T cells, particularly γδ T cells, are detected in adipose tissues. 
IL-17A inhibited adipogenesis and lipid and glucose uptake by adipocytes (Goswami 
et al.  2009 ; Zuniga et al.  2010 ). Indeed,  Il17a   −/−   mice showed enhanced obesity by 
diet (Zuniga et al.  2010 ). These observations suggest that, although obesity pro-
motes Th17-mediated diseases, IL-17A and/or IL-17F regulate fat metabolism by 
inhibiting adipogenesis.  

3.7     IL-17A and IL-17F in Tumor Development 

 Th17 cells infi ltrate into tumor sites and draining lymph nodes in cancer patients 
(reviewed by Zou and Restifo  2010 ). Transplantation of IL-17A-overexpressing 
tumor cells into immunodefi cient mice induced angiogenesis through induction of 
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vascular endothelial growth factor (VEGF) expression, resulting in enhanced tumor 
growth (Numasaki et al.  2003 ). T cell-derived IL-17A also dramatically increased 
the release of angiogenic and chemoattractive IL-8 from tumor cells (Tartour et al. 
 1999 ). Growth of subcutaneously transplanted B16 melanoma cells and MB49 
bladder carcinoma cells was delayed in  Il17a   −/−   mice, whereas  Ifng   −/−   mice showed 
accelerated growth and augmented IL-17A production in the tumors (Wang et al. 
 2009 ). Both IL-17A and IL-17F are also involved in the development of intestinal 
cancer in mouse models of familial adenomatous polyposis (Wu et al.  2009 ; Chae 
et al.  2010 ; Chae and Bothwell  2011 ; Grivennikov et al.  2012 ). In those models, 
commensal bacteria can promote IL-23/IL-17A-dependent colonic infl ammation, 
resulting in accelerated tumor formation. 

 Th17 cells have also been shown to inhibit tumor development. Lung metastasis 
of B16-F10 melanoma was increased in  Il17a  −/−  mice, whereas adoptive transfer of 
tumor-specifi c Th17 cells prevented tumor development associated with activation 
of tumor-specifi c CD8 +  T cells (Martin-Orozco et al.  2009b ). Tc17 cells also sup-
pressed established B16-F10 melanomas (Hinrichs et al.  2009 ).  Il17a  −/−  mice 
showed increased tumor growth and metastasis of MC38 cells in lung and subcuta-
neous tissues, which was associated with reduced IFN-γ-producing NK and CD8 +  T 
cells (Kryczek et al.  2009 ). These results suggest that IL-17A indirectly stimulates 
anti-tumor immunity by promoting type 1 immune responses. Thus, IL-17A has 
both pro-tumor and anti-tumor activities, depending on the type and stage of tumors.  

3.8     IL-17A and IL-17F in Host Defense Against Infection 

3.8.1     Bacterial Infections 

 In contrast to the pathogenic roles of Th17 cytokines in autoimmune and allergic 
diseases, Th17 cytokines protect hosts from pathogens in epithelial and mucosal 
tissues, including the skin, lung, and intestine (Fig.  3.2 ). Indeed, studies using 
cytokine- and receptor-defi cient mice showed that IL-17A and IL-17F were 
required for responses to such extracellular bacteria as  Klebsiella pneumoniae  in 
the lungs,  Citrobacter rodentium  in the colon, and  Staphylococcus aureus  in the 
skin (Aujla et al.  2008 ; Ishigame et al.  2009 ). IL-17A was also required for host 
defense mechanisms against intracellular pathogens in mice. Although  Il17ra   −/−   
mice were not more susceptible to  Mycobacterium tuberculosis  infection (Aujla 
et al.  2008 ), the IL-23/IL-17A pathway was required for Th1 cell-type immune 
responses that protected the host against the intracellular pathogen  Francisella 
tularensis  (Lin et al.  2009 ). 

 IL-17A is rapidly produced after microbial infection, and γδ T cells have been 
identifi ed as a primary source during early infections by several types of bacteria, 
including  Listeria monocytogenes  and  Escherichia coli  (Shibata et al.  2007 ; Hamada 
et al.  2008 ). Those studies demonstrated that a lack of IL-17A resulted in increased 
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bacterial burden, suggesting that γδ T-cell-derived IL-17A promotes neutrophil 
accumulation to eradicate bacteria. Although NKT cells, innate lymphoid cells, 
 epithelial cells, and Paneth cells can also produce IL-17A and/or IL-17F, little is 
known regarding its role in antimicrobial immunity. 

 Th17 cells are enriched in the gastrointestinal tract under steady-state conditions, 
and intestinal Th17 cell development is largely dependent on a commensal microbe, 
SFB (Ivanov et al.  2008 ; Gaboriau-Routhiau et al.  2009 ; Ivanov et al.  2009 ; Wu 
et al.  2010 ). Notably, mice lacking Th17 cells because of the absence of SFB showed 
increased susceptibility to  C. rodentium  (Ivanov et al.  2009 ). Thus, intestinal com-
mensal bacteria mediate the development of Th17 cells as well as other IL-17A- and 
IL-17F-producing cells, resulting in various effects on host immune responses.  

3.8.2     Fungal Infections 

  Il23a   −/−   and  Il17ra   −/−  , but not  Il12a   −/−  , mice are highly susceptible to oral candidia-
sis as a result of defective neutrophil recruitment and antimicrobial peptide produc-
tion (Conti et al.  2009 ). IL-17A plays a more important role than IL-17F in systemic 
 Candida albicans  infection, because only  Il17a  −/−  mice, not  Il17f  −/−  mice, show 
increased susceptibility (Saijo et al.  2010 ). Interestingly, fungal cell wall compo-
nents induce Th17 cell differentiation in a dectin-1- and dectin-2-dependent man-
ner. (LeibundGut-Landmann et al.  2007 ; Saijo et al.  2010 ). 

 In humans, hyper-IgE syndrome patients, in whom Th17 cell differentiation is 
suppressed by a  STAT3  mutation, are highly susceptible to  C. albicans  as well as 
 S. aureus and Streptococcus pneumoniae  infections, resulting in skin and lung 
infl ammation (reviewed by Hernandez-Santos and Gaffen  2012 ). Similarly, people 
who have an IL-17RA autosomal recessive defi ciency, an IL-17F autosomal domi-
nant defi ciency, or a dectin-1 or CARD9 defi ciency show impaired Th17-type 
immunity and are susceptible to candidiasis (Ferwerda et al.  2009 ; Glocker et al. 
 2009 ; Liu et al.  2011 ). Furthermore, gain-of-function Stat1 mutations impair Th17-
type immunity by enhancement of the Stat1-dependent responses to IL-17A inhibi-
tors, that is, IFN-α/β, IFN-γ, and IL-27, and also underlie chronic mucocutaneous 
candidiasis (Liu et al.  2011 ). These observations suggest that Th17 responses are 
critical for host protection against  C. albicans .  

3.8.3     Viral Infections 

 Although it is established that Th1, Tc1, and type 1 IFN responses are critical for 
host defense against various viruses, IL-17A is also induced during viral infections. 
The contribution of IL-17A to the viral host defense mechanism is poorly under-
stood. Published studies demonstrated that IL-17A signaling is not required for viral 
clearance during infl uenza A virus or herpes simplex type 1 virus (HSV-1) infection 
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(Molesworth-Kenyon et al.  2008 ; Crowe et al.  2009 ), whereas eradication of vaccine 
virus is partially dependent on IL-17A (Kohyama et al.  2007 ). Importantly, increased 
IL-17A production during infl uenza A virus or Theiler’s murine encephalomyelitis 
virus infection in the lung, HSV-1 infection in the cornea, systemic HSV- 2, and 
murine cytomegalovirus infection leads to neutrophil-dependent tissue injury, viral 
persistence, or mortality (Molesworth-Kenyon et al.  2008 ; Hou et al.  2009 ; Oyoshi 
et al.  2009a ), suggesting that blockade of IL-17A signaling is benefi cial in virus-
induced immunopathology. By contrast, preferential depletion of Th17 cells in the 
intestine occurs during human immunodefi ciency virus (HIV)-1 or simian immuno-
defi ciency virus infection (Brenchley et al.  2008 ; Cecchinato et al.  2008 ), which 
dramatically increases the dissemination of bacteria from the gut, including nonty-
phoidal  Salmonella  serotypes (Raffatellu et al.  2008 ), suggesting that Th17 cells are 
essential for intestinal mucosal barrier function during HIV infection. The contribu-
tions of IL-17F to host defense against viral infections remain to be elucidated.   

3.9     Concluding Remarks 

 Clinical studies have shown that blocking the activity of IL-12 and IL-23 (p40), 
IL-1, or IL-6, which are important for the development of Th17 cells and possibly 
innate IL-17A-producing cells, is effective for treatment of such infl ammatory dis-
eases as RA, MS, IBD, and psoriasis (Broderick et al.  2011 ; Elloso et al.  2012 ; 
Miossec and Kolls  2012 ). More recent clinical trials have demonstrated that anti-IL- 
17A or anti-IL-17RA therapies are also effective against RA and psoriasis (Genovese 
et al.  2010 ; Hueber et al.  2010 ; Leonardi et al.  2012 ; Papp et al.  2012 ). On the other 
hand, anti-IL-17A treatment failed to improve the clinical symptoms of Crohn’s 
disease, and actually exacerbated the disease and local fungal infections (Hueber 
et al.  2012 ), indicating a protective role of IL-17A in this infl ammatory process. 
Because IL-17A plays important roles in granulopoiesis and host defense against 
pathogens, anti-IL-17A treatments may increase the risk of opportunistic infections, 
as has been observed with therapies targeting other cytokines. Thus, clinical appli-
cation of these approaches requires caution, with particular attention paid to staphy-
lococcal and candida infections. Because IL-17F is often functionally redundant 
with IL-17A in host defenses against infections and shows relatively lower proin-
fl ammatory activity, anti-IL-17A treatment may be safer than other biological thera-
pies, such as anti-IL-17RA treatment. Because other IL-17 family members, 
especially IL-17C and IL-17E, are pro-infl ammatory and may be involved in host 
defense responses, an understanding of these cytokine functions will allow develop-
ment of more effective treatments for allergic and autoimmune disorders and 
tumors, without compromising host defense. Finally, a growing body of evidence 
suggests that gut microbiota infl uence Th17 responses, which in turn impact host 
infl ammatory responses. Elucidating the host–microbiota interaction may extend 
our understanding of the cellular mechanisms involved in the control of infl amma-
tory disorders.     
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    Abstract     Interleukin-18 (IL-18) belongs to the IL-1 cytokine family, which has 
crucial roles in innate immunity and infl ammation. These cytokines share similar 
molecular structures, receptor structures, and signal transduction pathways. Each 
cytokine, however, acts on distinct types of cells that express their specifi c receptor. 
The functional IL-18 receptor is specifi cally induced by cytokines such as IL-2 and 
IL-12. During innate immune responses, IL-1β acts primarily on Th17 cells, leading 
to the recruitment of neutrophils, whereas IL-18 in the presence of IL-2 or IL-12 
induces Th1-type responses in natural killer (NK) and CD8 +  T cells, which induces 
reactive oxygen species and nitric oxide production in macrophages. IL-18 is con-
stitutively expressed in hematopoietic cells and nonhematopoietic cells in tissues 
where cells are rapidly dividing. Similar to IL-1β, the inactive precursor of IL-18 is 
proteolytically converted to a mature form by caspase-1 in infl ammasome com-
plexes. Although the molecular mechanism by which IL-18 is activated by infl am-
masomes has been clarifi ed, the regulatory mechanism underlying the expression 
of IL-18 receptors, the effect of signaling on organelles such as mitochondria, and 
the biological roles of IL-18 in nonhematopoietic cells remain to be elucidated. 
Accumulating evidence suggests that IL-18 is not merely a cytokine inducer, but a 
molecule involved in the viability and terminal differentiation of various cells.  
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4.1         Introduction 

 To maintain homeostasis, our body responds to physiological and injurious stresses 
such as ultraviolet (UV) radiation, reactive oxygen species (ROS), and infection by 
inducing local infl ammation and systemic endocrine responses. Infl ammation is 
necessary to sense and alleviate these stresses, repair wounds, and restore homeo-
stasis. Various soluble mediators are involved in the promotion and suppression of 
infl ammatory responses. Above all, IL-1 family cytokines play pivotal roles during 
infl ammatory responses from initiation through to termination (Dinarello  2009 ; 
Sims and Smith  2010 ; Lukens et al.  2012 ; Boraschi et al.  2011 ). IL-1 family cyto-
kines share similar molecular structures, receptor structures, and signal transduction 
pathways, but have different roles in infl ammation because of the specifi c distribu-
tion of their receptors on target cells (Dinarello  2009 ; Sims and Smith  2010 ; Lukens 
et al.  2012 ; Boraschi et al.  2011 ). 

 Much progress has been made in understanding the regulatory roles of IL-1 fam-
ily cytokines in infl ammatory responses (Dinarello  2009 ; Sims and Smith  2010 ). 
Because dysregulated infl ammation is still not successfully controlled by medical 
treatment, it is necessary to elucidate the precise functions and mechanisms of each 
IL-1 family member and the mutual relationship between these cytokines during 
infl ammation. In this review, we focus on the mechanisms underlying the effect of 
IL-18 on lymphocytes and the biological and pathological roles of IL-18 in com-
parison with other IL-1 family members (Fig.  4.1 ). IL-1α and IL-1β, for instance, 
act on Th17 cells, endowing them with the ability to recruit and activate neutrophils 
(Sutton et al.  2006 ; Ben-Sasson et al.  2009 ; Chung et al.  2009 ). IL-33 is released 
from necrotic or damaged cells and may be involved in wound healing and fi brosis 
(Kurowska-Stolarska et al.  2011 ; Lopetuso et al.  2012 ). It is noteworthy that cas-
pase- 1 cleaves the inactive precursors to produce biologically active forms of IL-1β 
and IL-18, whereas caspase-1 inactivates IL-33.

   Among the 11 IL-1 family members, IL-1β, IL-18, and possibly IL-37 are acti-
vated by infl ammasomes. During infl ammation, IL-1β regulates the induction of 
IL-17-producing cells, whereas IL-18 acts primarily on interferon (IFN)-γ- 
producing Th1-type lymphocytes in the presence of IL-2 or IL-12 to promote their 
survival and expansion, induce cytokine production, and enhance cytotoxic activ-
ity. However, little is known about the precise mechanism underlying IL-18 signal-
ing in target cells and the roles of IL-18 in infl ammation as a mediator bridging 
innate and acquired immunity (Nakanishi et al.  2001 ; Dinarello  2007 ; Arend et al. 
 2008 ). IL-18 may play pivotal roles in the onset of infl ammation following the 
activation of infl ammasomes. Although IL-1 family cytokines appear to be 
 evolutionarily conserved and are ubiquitously present in a wide range of species 
from invertebrates to vertebrates, the roles of IL-18 in nonimmune cells remain 
poorly understood.  
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4.2     Regulation of IL-18 Production by Infl ammasomes 

 IL-18 was originally identifi ed as an IFN-γ inducing factor in 1995. We previously 
identifi ed and purifi ed a factor in the blood of mice treated with killed 
 Propionibacterium acnes  followed by bacterial lipopolysaccharide (LPS). 
Subsequently, the gene was cloned and the gene product named IL-18 (Okamura 
et al.  1995 ). This cytokine lacks a signal sequence and requires IL-1β-converting 
enzyme (ICE, caspase-1) for its maturation (Gu et al.  1997 ). However, it took a 
long time to elucidate the mechanism of processing and activation of IL-18 by 
caspase-1. In parallel with progress in the study of IL-1 family cytokines, the 
mechanisms responsible for the recognition and response to different danger sig-
nals were clarifi ed. 

 In 2002,  Martinon et al.  identifi ed a caspase-1-activating protein complex 
 composed of a pattern recognition receptor, NACHT, LRR, and PYD domain- 
containing protein 3 (NLRP3), an adaptor molecule, apoptosis-associated 

  Fig. 4.1    Immunomodulatory roles of interleukin-1 (IL-1) family cytokines. Each IL-1 family 
member acts on effector cells committed to other stimuli. IL-12 and IL-18 promote Th1 precursor 
cells to proliferate and produce IFN-γ. IL-1 α/β stimulate Th17 cells in the presence of IL-6 and 
IL-21 to produce IL-17, and IL-33 in combination with IL-2 or IL-7 induces proliferation and 
cytokine production in Th2 cells and mast cells. IL-37 binds to IL-18Rα, inhibiting the recruitment 
of IL-18Rβ and regulating infl ammation       
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speck-like protein containing a CARD (ASC), and caspase-1 (Martinon et al.  2002 ). 
This protein complex was named the infl ammasome. Activated infl ammasomes 
convert pro- infl ammatory cytokines IL-1β and IL-18 to their mature forms. Because 
many studies have shown that infl ammasomes are critical in the pathogenesis of a 
wide spectrum of diseases, much attention has been paid to the regulation of infl am-
masome activation. 

 IL-1β promotes Th17 cells to recruit neutrophils and is used as a measure of 
infl ammasome activation, whereas IL-18 has attracted less attention, probably 
because the physiological roles of IL-18 are obscure. Although both IL-1β and IL-18 
are converted to biologically active forms by infl ammasomes, pro-IL-1β itself needs 
to be induced by signals initiated by Toll-like receptors (TLRs) before being pro-
cessed. In contrast, pro-IL-18 is constitutively expressed in cells (Puren et al.  1999 ), 
which strongly suggests that the cleavage and secretion of IL-18 precedes that of 
IL-1β during infl ammatory responses. IL-18 is thus able to respond to alarm signals 
at the very initial stage of infl ammation. In support of this, IL-18 was detected in the 
circulation a few hours earlier than IL-1β in mice that had been administered 
 P. acnes  and challenged with LPS (Okamura et al., unpublished observations). 
Notably, no reports have described the simultaneous conversion of IL-1β and IL-18 
to their mature forms within the same cell. IL-1β is produced by macrophages and 
IL-18 by dendritic cells (DCs). Taking into account the distinct processing and func-
tions of IL-1β and IL-18 during infl ammation, differences in the regulation of IL-1β 
and IL-18 production at a cellular level should be examined more extensively. 

 The activation of infl ammasomes is similar to that of the apoptosome in terms of 
the involvement of CARD (Munoz-Pinedo  2012 ). Apoptosomes are involved in cel-
lular apoptosis, whereas the activation of infl ammasomes leads to cell death called 
pyroptosis (Miao et al.  2011 ; Ceballos-Olvera et al.  2011 ; Schmidt and Lenz  2012 ). 
Although both apoptosis and pyroptosis describe cell death, the former is dependent 
on caspase-9 and caspase-3, and the latter on caspase-1. Pyroptosis shares unique 
characteristics with both necrosis and apoptosis. Apoptosis occurs in almost all 
types of cells, whereas pyroptosis is specifi cally observed in macrophages and DCs. 
Pyroptosis is considered a mechanism to eliminate intracellular pathogens. Cells 
bearing activated infl ammasomes are thus committed to die. During pyroptosis, 
dying cells release cytosolic molecules including cytokines such as IL-1β and IL-18. 
It is noteworthy that some infl ammasomes induce both cell death and the secretion 
of IL-1β and IL-18, whereas others secrete these cytokines in the absence of cell 
death (Miao et al.  2011 ; Ceballos-Olvera et al.  2011 ; Schmidt and Lenz  2012 ); this 
might be attributable to the different subcellular location of each infl ammasome. In 
addition, caspse-11-defi cient mice failed to secrete IL-1β in response to bacterial 
antigens, although IL-18 production was not impaired (Schmidt and Lenz  2012 ). 
Thus, the processing of IL-1β and IL-18 may be differentially regulated. 

 Members of IL-1 family cytokines can be divided into two groups based on their 
activation mechanism. One group includes IL-1β and IL-18, which strongly induce 
infl ammation and require caspase-1 activation for their conversion to biologically 
active forms. The second group can also be hydrolyzed by proteases. However, 
these cytokines do not necessarily require proteolytic processing for their 

W. Li et al.



107

maturation. For example, caspase-1-mediated cleavage of IL-33 inactivates the 
cytokine (Cayrol and Girard  2009 ; Luthi et al.  2009 ). 

 Recently, a novel non-canonical infl ammasome activation pathway dependent on 
caspase-11 was proposed (Kayagaki et al.  2011 ). Caspase-11-defi cient macro-
phages infected with bacteria failed to activate caspase-1, whereas the canonical 
activation of infl ammasomes by ATP or monosodium uric acid was not impaired. In 
addition, IL-11 was required for pyroptosis induced by the non-canonical infl am-
masome. Type I interferon (IFN) signaling may induce functional caspase-11 that 
activates NLRP3 infl ammasome and causes cell death in the absence of caspase-1 
involvement (Rathinam et al.  2012 ). Furthermore, caspase-11-defi cient DCs failed 
to secrete IL-1β in response to non-canonical stimuli, whereas the secretion of IL-18 
was not impaired (Schmidt and Lenz  2012 ). These observations strongly suggest 
that the three events—IL-1β production, IL-18 secretion, and pyroptosis—are likely 
to be mutually exclusive and differentially regulated.  

4.3     Infl ammasome-Independent Maturation of Pro-IL-18 

 IL-18 can be activated by proteases other than caspase-1, such as proteinase 3 
(Sugawara et al.  2001 ), chymase (Omoto et al.  2006 ), and granzyme B (Omoto et al. 
 2010 ). In addition, a unique and unknown caspase-1-independent mechanism is 
likely to exist for the maturation of IL-18 (Tsutsui et al.  1999 ). The pathophysiolog-
ical signifi cance of these observations remains to be determined.  

4.4     IL-18 in Nonhematopoietic Cells 

 IL-18 is constitutively expressed by hematopoietic cells such as macrophages and 
DCs and nonhematopoietic cells such as keratinocytes and intestinal epithelial cells. 
How IL-18 is activated and acts on nonhematopoietic cells is poorly understood. 
IL-18 is highly expressed in peripheral tissues such as skin, secretary glands, and 
the intestine, where the cells are rapidly dividing and require high levels of energy. 
It is also an evolutionarily ancient molecule. Because the biological roles of IL-18 
in immune/infl ammatory responses have not been fully elucidated, an increased 
understanding of the roles of IL-18 in nonhematopoietic cells will be of interest.  

4.5     Molecular Mechanisms Underlying IL-18 Signaling 

 IL-18 exhibits its physiological functions in the context of its receptors IL-18Rα 
(also termed IL1R5 or IL-1Rrp1) and IL-18Rβ (also termed IL-1R7 or IL-1RAcPL), 
which belong to the IL-1-receptor family (Dinarello  2009 ; Sims and Smith  2010 ; 
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Lukens et al.  2012 ; Boraschi et al.  2011 ; O’Neill  2008 ). Recent analyses revealed 
novel roles or IL-18Rs in the regulation of infl ammatory responses. IL-18Rs belong 
to the IL-1R/TLR family. The known IL-1R family receptors consist of ten  members 
(Dinarello  2009 ; Sims and Smith  2010 ; Lukens et al.  2012 ; Boraschi et al.  2011 ; 
O’Neill  2008 ). IL-1R1, IL-18Rα, IL-1RrP2, and Ti/ST2 contain ligand- binding 
motifs, IL-1RAcP and IL-18Rβ are accessory receptors, and TIGIRR and IL-1RAPL 
are orphan receptors. IL-1R2 and TIR8/SIGIRR are decoy receptors lacking an 
intracellular TIR domain. Among these, TIR8/SIGIRR and T1/ST2 are involved in 
negative signaling. 

 Upon the binding of IL-18 to IL-18Rα, the complex recruits IL-18Rβ and trans-
duces signals in lymphocytes. IL-18Rα has a TIR domain, which initiates the sig-
naling cascade. Although IL-18Rα is constitutively expressed in lymphocytes such 
as NK cells and T cells, IL-18Rβ appears to be induced by activation stimuli 
(Nakanishi et al.  2001 ; Kawashima and Miossec.  2003 ; Li et al.  2007 ). IL-18 and 
other cytokines such as IL-2, IL-12, IL-15, and IL-21 synergistically induce IFN-γ, 
which may be responsible for the upregulation of IL-18Rs, especially the IL-18Rβ 
chain. IL-18Rs appear to be constitutively expressed in intestinal epithelial cells and 
brain cells (Kolinska et al.  2008 ; Alboni et al.  2011 ). Because IL-18 alone fails to 
induce cytokine production in resting lymphocytes and acts on lymphocytes syner-
gistically with other factors, such as IFN-γ induction by IL-18 plus IL-12, IL-18Rs 
can be upregulated in activated lymphocytes. The regulation of IL-18Rs expression 
in different cell types should be investigated to elucidate further the roles of IL-18 
in immune/infl ammatory responses. 

 IL-18Rs are ubiquitously expressed on the surface of hematopoietic and nonhe-
matopoietic cells (Dinarello  2009 ; Sims and Smith  2010 ; Lukens et al.  2012 ; 
Boraschi et al.  2011 ; O’Neill  2008 ), and their signaling pathways are well charac-
terized. However, the regulation and location of IL-18Rs and their signaling path-
ways in nonhematopoietic cells such as keratinocytes and epithelial cells are 
unknown. Although IL-1α and IL-33 function as extracellular cytokines and intra-
cellular nuclear factors regulating the transcription of genes, no evidence has sug-
gested that IL-18 functions as a nuclear factor. 

 IL-1, IL-18, and IL-33 transduce signals upon binding to IL-1RI, IL-18Rα, and 
ST2, respectively, followed by the recruitment of the MyD88 adaptor molecule 
(O’Neill  2008 ). Although these receptors are expressed by different types of cells, 
the same intracellular signaling pathway appears to be used (Fig.  4.2 ). After binding 
of IL-18 to IL-18Rα, the complex recruits IL-18Rβ. The resulting triplet complex 
further recruits the adaptor molecule MyD88, leading to the successive activation of 
IRAK1, IRAK4, or IRAK2. Phosphorylated IRAK1 and IRAK4 interact with 
TRAF6, serving as a platform that recruits and activates the kinase TAK1, which in 
turn activates the IKK complex, leading to the degradation of IκB. The generation 
of free NF-κB that translocates from the cytosol to the nucleus results in the tran-
scription of NF-κB-dependent genes involved in cell growth/survival and apoptosis. 
Besides the central MyD88-IRAK-TRAF6 signaling pathway, the p38 MAPK, 
PI3K/Akt, and ERK pathways are also activated downstream of IL-18Rs (Neumann 
et al.  2002 ; Yoo et al.  2005 ; Hirata et al.  2008 ; Fortin et al.  2009 ; Ahn et al.  2012 ). 
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The activation of these pathways closely couples with the central pathway, but 
appears to be involved in independent functions of NF-κB. Because IL-18 signaling 
is enhanced by signals from other cytokines and environmental factors, it is diffi cult 
to identify signals that are unique to the IL-18R pathway.

   It was previously demonstrated that IL-18 defi ciency resulted in the attenuation 
of infl ammatory responses, whereas IL-18Rs defi ciency aggravated infl ammatory 
responses (Lewis and Dinarello  2006 ; Gutcher et al.  2006 ; Nold-Petry et al.  2009 ; 
Nozaki et al.  2012 ). This apparently paradoxical observation demonstrates the com-
plexity of IL-18R regulatory signaling during infl ammation. Thus, it is possible to 
postulate the existence of an agonist in addition to IL-18 that can signal through 
IL-18Rs. Consistent with this hypothesis, the IL-1-like orphan molecule IL-1F7 
(recently redesignated as IL-37) can bind to IL-18Rα- and IL-18-binding proteins 
(IL-18BP) (Boraschi et al.  2011 ; Kumar et al.  2002 ; Pan et al.  2001 ; Bufl er et al. 
 2002 ). Although the physiological role of IL-37 has long been enigmatic, it was 
recently demonstrated to competitively inhibit IL-18 by interacting with IL-18Rs 
(Boraschi et al.  2011 ). IL-37 is produced by many cell types and is converted to its 

  Fig. 4.2    IL-18 signaling may be transduced via diverse pathways. Because functional IL-18Rs are 
not constitutively expressed in lymphocytes and their expression is regulated by other environmen-
tal factors such as cytokines (IL-2, IL-12) and antigens (αCD3-TCR), it is likely that IL-18 signal-
ing is co-transduced with signals downstream of these factors. Therefore, it is diffi cult to identify 
IL-18-specifi c signaling pathways. IL-18 may activate signaling pathways involved in the produc-
tion of cytokines as well as cellular viability and differentiation by maintaining the integrity of 
mitochondrial functions       
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mature form most effectively by caspase-1 (Boraschi et al.  2011 ; Kumar et al. 
 2002 ). The functional orthologue of murine IL-37 has not yet been identifi ed. 

 IL-37 associates with IL-18Rα and inhibits the recruitment of IL-18Rβ, leading 
to the disruption of signal transduction via IL-18Rs, similar to interactions between 
IL-1Rα and IL-1RI. In addition, IL-37 interacts with IL-18BP to increase its inhibi-
tory effect on IL-18 signaling (Bufl er et al.  2002 ). In contrast to IL-37, IL-18BP 
directly associates with IL-18 and interferes with its activity. Because the concen-
tration of circulating IL-18BP is about 20 fold greater than that of IL-18, it seems 
unlikely that IL-18 exhibits systemic activity under the conditions of high levels of 
IL-18BP. Therefore, IL-18 may act locally at sites of infl ammation. 

 It may be hypothesized that IL-37-bound IL-18Rα transduces negative signals in 
the presence of a currently unidentifi ed accessory molecule other than IL-18Rβ. 
TIR8/SIGIRR, an orphan receptor of the IL-1R family, may transduce the inhibitory 
signal because the receptor is required to mediate the antagonistic effects of IL-36Rα 
in infl ammatory responses (Costelloe et al.  2008 ). The precise mechanism underly-
ing the inhibition of IL-18 signaling by IL-37 is not fully understood.  

4.6     Biological Roles of IL-18 in Cellular Responses 

 As already mentioned, IL-18 activates p38 MAPK, PI3K/Akt, and ERK pathways, 
in addition to the central MyD88-IRAK-TRAF6 signaling pathway (Neumann et al. 
 2002 ; Yoo et al.  2005 ; Hirata et al.  2008 ; Fortin et al.  2009 ; Ahn et al.  2012 ). This 
fi nding indicates that IL-18 may induce various cellular functions such as cellular 
viability, growth, differentiation, and migration in addition to the induction of cyto-
kines. Indeed, several reports have demonstrated the effect of IL-18 on cell viability 
and expansion. IL-18 activates signals related to cell survival such as cIAP, TRAF1, 
PI3K/Akt, Bcl-2, and Bcl-X L  (Hodge et al.  2006 ; Hosotani et al.  2008 ; Li et al. 
 2010 ), resulting in the prolonged survival of the activated cells. Thus, IL-18 can 
selectively increase the population size of lymphocytes that express a functional 
receptor. Although IL-18 was originally discovered as a cytokine inducer, it is 
unlikely that it only induces cytokine production without cell differentiation. 
Effective cytokine production is often achieved in parallel with the expansion of 
cytokine-producing cells. During infl ammation, some IL-1 family cytokines pro-
mote the expansion and effector functions of activated cells. Therefore, it will be of 
great interest if the roles of constitutively expressed IL-18 by nonhematopoietic 
cells such as keratinocytes and epithelial cells are elucidated. Because these cells 
are located in tissues where cells are rapidly dividing, IL-18 may play a role in the 
terminal differentiation of cells. 

 IL-18 is activated by infl ammasomes induced by mitochondrial dysfunction. It is 
intriguing that IL-18 activates signals involved in the integrity of mitochondria such 
as PI3K/Akt, Bcl-2, and Bcl-X L  (Li et al.  2007 ,  2010 ; Hodge et al.  2006 ; Hosotani 
et al.  2008 ). Therefore, it will be necessary to determine the roles of IL-18 in the 
regulation of mitochondrial functions.  
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4.7     Roles of IL-18 in Infection 

 It is well established that IL-18 and IL-1β contribute to host defense against  infection 
by various pathogens (Dinarello  2009 ; Nakanishi et al.  2001 ; Dinarello and Fantuzzi 
 2003 ; Sahoo et al.  2011 ; van de Veerdonk et al.  2011 ). In the presence of IL-2, 
IL-12, and IL-15, IL-18 has a pivotal functional role in the activation of lympho-
cytes (Nakanishi et al.  2001 ). IFN-γ produced by activated lymphocytes stimulates 
monocytes or macrophages to produce high levels of reactive oxygen species (ROS) 
and NO, thus killing intracellular pathogens such as  Mycobacterium tuberculosis . 
In contrast, IL-1β induces the development of Th17 cells, resulting in the recruit-
ment of neutrophils that engulf and kill extracellular pathogens. In addition, IL-1β 
induces high levels of cytochrome  c  oxidase subunit II (COX2) and prostaglandin 
E 2  (PGE 2 ) production that suppress IFN-γ production (Sahoo et al.  2011 ; van de 
Veerdonk et al.  2011 ). IL-18 and IL-1β may thus have redundant and nonredundant 
roles in the eradication of microbial pathogens. 

 The activation of infl ammasomes is indispensable for defense against infections 
as IL-18 and IL-1β are essential factors in the fi rst line of defense. During infl am-
mation, infl ammasomes induce cytokine production and are critical for microbial 
elimination. Pyroptotic (and pyronecrotic) cell death is involved in the protection 
from bacterial infections (van de Veerdonk et al.  2011 ). Pyroptotic cell death may 
deprive the intracellular bacteria of a suitable environment for growth, or may 
expose intracellular bacteria to the extracellular immune system to induce humoral 
and cellular responses. Thus, infl ammasomes play essential roles in defense against 
infections. 

 Upon virus infection, NOD-like receptor (NLRs) such as NLRP3, AIM2, and 
RIG-1 assemble to form caspase-1-activating infl ammasomes, and the resulting 
production of IL-18 plays roles in host defense similar to infection with intracellu-
lar bacteria (Kanneganti  2010 ; Rathinam and Fitzgerald  2010 ; Gram et al.  2012 ). 
IL-18 activates and expands NK cells and cytotoxic T cells, which directly kill 
virally infected cells or secrete IFN-γ to indirectly eradicate infected cells 
(Nakanishi et al.  2001 ). Although bacteria and viruses have evolved tools to modu-
late the function of infl ammasomes, such as bacterial virulence factor Yop and viral 
decoy proteins or proteases that inhibit IL-1β and IL-18 production, the precise 
mechanism of inhibition remains unknown (Lamkanfi  and Dixit  2011 ; Jacobs and 
Damania  2012 ).  

4.8     Antitumor Activity of IL-18 

 Infl ammasomes exhibit both tumor-promoting and tumor-suppressing functions 
(   Grace and Gabriel 2011; Laurence et al. 2012), and consequently IL-18 has dual 
effects on carcinogenesis and tumor progression (Nakanishi et al.  2001 ; Vidal- 
Vanaclocha et al.  2006 ; Park et al.  2007 ; Srivastava et al.  2010 ; Takashi et al. 2006). 
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Tumor cells are considered to arise in the microenvironmental niche during chronic 
infl ammation. During infl ammatory bowel disease, the production of ROS, growth 
factors, and cell survival-promoting factors, as well as DNA damage, may be closely 
linked to tumorigenesis. IL-18 may enhance the production of these factors, and 
may thus promote tumorigenesis. In addition, IL-18 may directly act on tumor cells 
and enhance their proliferation and migration (Vidal-Vanaclocha et al.  2006 ; Park 
et al.  2007 ; Srivastava et al.  2010 ). Because tumor cells often produce IL-18 or 
express IL-18Rs, IL-18 may decrease the susceptibility of tumor cells to cytotoxic-
ity by immune cells (Vidal-Vanaclocha et al.  2006 ). 

 However, IL-18 was initially demonstrated to have strong antitumor activity 
(Nakanishi et al.  2001 ; Vidal-Vanaclocha et al.  2006 ). Infl ammasomes upstream of 
IL-18 were involved in the inhibition of tumor growth (Grace and Gabriel 2011; 
Laurence et al. 2012). In support of this, mice defi cient in infl ammasome compo-
nents or IL-18 exhibited augmented tumorigenesis in mice (Irving et al. 2010; Grace 
et al. 2011; Rosalba et al. 2010). Because IL-18 itself fails to directly suppress 
tumorigenicity, the cytokine most likely activates immune cells such as NK cells 
and cytotoxic T cells, resulting in antitumor activity. It is noteworthy that IL-18 may 
mediate multiple effector functions against tumors with different malignant poten-
tial, because IL-18 signals to various IL-18R-bearing cells in concert with other 
cytokines and environmental factors.  

4.9     Pathological Roles of IL-18 

 Before the discovery of infl ammasomes, IL-18 was shown to be involved in various 
diseases including autoimmune diseases, infl ammatory diseases, cancer, metabolic 
diseases, cardiovascular diseases, and mental diseases. These diseases occur in vari-
ous organs and tissues such as brain, heart, lung, liver, kidney, and skin. Similarly, a 
number of studies demonstrated the importance of dysregulated infl ammasomes in 
acute and chronic diseases in addition to their defensive roles (Martinon et al.  2009 ; 
Conforti-Andreoni et al.  2011 ; Menu and Vince  2011 ;    Strowig et al.  2012 ; Lamkanfi  
and Dixit  2012 ; Maritinon and Tschopp 2012). 

 Although IL-18 and upstream infl ammasomes appear to be involved in these 
diseases (Dinarello et al. 2009; Sims and Smith  2010 ; Lukens et al.  2012 ; Arend 
et al.  2008 ; Maritinon et al. 2009; Conforti-Andreoni et al.  2011 ; Menu and Vince 
 2011 ; Strowig et al.  2012 ; Lamkanfi  and Dixit  2012 ; Maritinon and Tschopp 2012), 
the effects of IL-18 do not completely overlap with those of infl ammasomes. For 
instance, IL-18-defi cient Apo E −/−  mice exhibit less severe atherosclerosis (Elhage 
et al.  2003 ) compared with Apo E −/−  mice defi cient for infl ammasome components 
(Menu et al.  2011 ). Thus, it is necessary to determine which infl ammasomes are 
activated and which cytokines are produced in specifi c disease models to elucidate 
the roles of IL-18 and infl ammasomes. The regulation of receptor expression for 
each cytokine may also infl uence the physiological and clinical course of disease. 
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4.9.1     Rheumatoid Arthritis 

 IL-18 is expressed in synovial cells from patients with rheumatoid arthritis (RA) 
(Gracie et al.  1999 ; Yokota et al.  2012 ). In an animal model of RA, IL-18 adminis-
tration aggravated RA and the administration of neutralizing anti-IL-18 antibodies 
or IL-18BP alleviated pathological damage such as cartilage destruction (Plater- 
Zyberk et al.  2001 ). However, IL-18-defi cient mice developed antigen-induced 
arthritis (Santos et al.  2006 ). Regarding infl ammasomes, high levels of infl amma-
some components were detected in synovial cells in RA (Kolly et al.  2010 ). 
Polymorphisms in infl ammasome component genes were associated with RA in one 
study (Kastbom et al.  2010 ), whereas another study reported the opposite result 
(Ben Hamad et al.  2012 ). Thus, a consensus has not been reached for the role of 
IL-18 and infl ammasomes in RA.  

4.9.2     Multiple Sclerosis 

 IL-18 was suggested to have a role during the onset of multiple sclerosis (MS) 
because high levels of IL-18 were detected in the circulation and cerebrospinal fl uid 
of MS patients (Fassbender et al.  1999 ). However, in an adoptive transfer model of 
experimental autoimmune encephalomyelitis, the transfer of antigen-specifi c T 
cells pretreated with IL-18 caused more aggressive pathogenic changes in normal 
mice (Ito et al.  2003 ). In addition, IL-18 defi ciency decreased disease severity in an 
animal model. IL-18R defi ciency, however, enhanced pathological damage (Gutcher 
et al.  2006 ). Thus, it is diffi cult to determine the roles of IL-18 in MS. The roles of 
NLRP3 infl ammasome in experimental autoimmune encephalomyelitis (EAE) are 
also rather confusing. High levels of caspase-1 are expressed in lesions of MS 
patients, and the activation of caspase-1 appears to be crucial for the development 
of EAE (Shaw et al.  2011 ). Although some reports indicated a critical role for 
NLRP3 infl ammasome in the progression of EAE and the development of Th1 and 
Th17 cells, other studies concluded there was no causative association between 
EAE and infl ammasomes (Shaw et al.  2011 ).  

4.9.3     Type 1 Diabetes 

 Because IL-18 strongly augments the development of Th1 cells and induces exces-
sive production of ROS via IFN-γ induction, the involvement of IL-18 was sug-
gested to be involved in the destruction of β cells in the islets of nonobese diabetic 
mice (Rothe and Kolb  1998 ). Similar to MS, previous studies have yielded con-
fl icting results regarding the effect of IL-18 polymorphisms in the development of 
type 1 diabetes (T1D) (Thompson and Humphries  2007 ). Thus, a consensus has 
not been reached for the roles of IL-18 during the onset and pathophysiological 
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course of T1D, as observed by single nucleotide polymorphism (SNP) analyses of 
infl ammasome genes (Shaw et al.  2011 ; Rothe and Kolb  1998 ; Thompson and 
Humphries  2007 ).  

4.9.4     Infl ammatory Bowel Disease (IBD) 

 In patients with Crohn’s disease, ulcerative colitis, and celiac disease, high levels of 
IL-18 were observed in the circulation, and IL-18Rs and caspase-1 were observed 
in infl amed mucosa (Ludwiczek et al.  2005 ; Wiercinska-Drapalo et al.  2005 ; Salvati 
et al.  2002 ). In a mouse model of IBD, IL-18 defi ciency reduced clinical severity, 
whereas IL-18 transgene expression exacerbated pathological changes (Ishikura 
et al.  2003 ). NLRP3-defi cient mice treated with dextran sodium sulfate (DSS) 
exhibited attenuated colitis, compared to wild-type mice (Bauer et al.  2012 ). In this 
model, bacterial fl ora were suggested to be involved in susceptibility to disease.  

4.9.5     Cardiovascular Diseases and Metabolic Syndrome 

 Many reports have suggested that the level of circulating IL-18 is associated with a 
risk of death from cardiovascular disease or myocardial dysfunction (Blankenberg 
et al.  2002 ; Jefferis et al.  2011 ; Badimon  2012 ). Accumulating evidence suggests 
that biologically active IL-18 is involved in the development of atherosclerosis or 
plaque instability possibly through the induction of IFN-γ (Mallat et al.  2001 ). The 
active form of IL-18, together with mature caspase-1, is highly expressed in athero-
sclerotic lesions (Lee et al.  2012 ; Usui et al.  2012 ). In animal models, IL-18- 
defi cient ApoE −/−  mice developed reduced disease severity (Elhage et al.  2003 ). 
However, SNPs of the IL-18 gene indicated no association between IL-18 polymor-
phisms and cardiovascular diseases (Thompson and Humphries  2007 ). Some reports 
demonstrated the roles of IL-18 and infl ammasomes in metabolic syndromes (Zirlik 
et al.  2007 ; Zilverschoon et al.  2008 ; Troseid et al.  2009 ,  2010 ; Vandanmagsar et al. 
 2011 ; Yamaoka-Tojo et al.  2011 ). Interestingly, IL-18 failed to transduce signals in 
patients with type 2 diabetes, although the mechanism of IL-18 tolerance remains to 
be elucidated (Troseid et al.  2009 ). Recent studies suggested the effect of infl am-
masomes on the development of cardiovascular and myocardial diseases (Takahashi 
 2011 ; Garg  2011 ; Gage et al.  2012 ), and the roles of IL-18 and infl ammasomes are 
currently being examined.  

4.9.6     Psychiatric Diseases: Depression 

 Severe, long-term, and repeated stress can cause depression often accompanied 
with disorders in various tissues and organs. Psychiatric diseases are associated 
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with cytokines including IL-18 (Spalletta et al.  2006 ; Nishida et al.  2009 ; Bossu 
et al.  2010 ; Matsunaga et al.  2011 ; Haastrup et al.  2012 ). Recent studies demon-
strated the linkage between psychological stresses and infl ammasomes (Shelton 
et al.  2011 ; Iwata et al.  2013 ; Maslanik et al.  2013 ). It is hypothesized that psycho-
logical stresses can infl uence systemic disease through infl ammasomes. Because 
depression is a leading cause of disability worldwide, increasing attention will be 
paid to the association between depression and infl ammasomes in future studies.  

4.9.7     Other Diseases 

 High levels of IL-18 expression were observed in the circulation and lesions of 
various diseases including acute graft-versus-host disease (aGVHD) (Fujimori 
et al.  2000 ; Nakamura et al.  2000 ; Reddy et al.  2001 ; Min et al.  2004 ), asthma 
(Shaw et al.  2011 ), Sjogren’s syndrome (Sakai et al.  2008 ), juvenile idiopathic 
arthritis (Jelusic et al.  2007 ), and systemic lupus erythematosis (Kahlenberg et al. 
 2011 ). Although the effect of IL-18 on the onset of these diseases has been sug-
gested, the role of IL-18 in disease pathogenesis has not been fully elucidated. 
Although IL-18 was considered to exacerbate pathogenic manifestations, the 
administration of IL-18 in a murine model of aGVHD signifi cantly ameliorated 
disease severity. Furthermore, IL-18-defi cient mice exhibited marked susceptibility 
to aGVHD (Reddy et al.  2001 ; Min et al.  2004 ). The regulation and mechanisms 
underlying these two opposite effects of IL-18 remains unknown. To clarify these 
contradictory results is an important step toward elucidating the physiological roles 
of IL-18 and IL-18Rs.   

4.10     Roles of IL-18 in Wound Healing and Fibrosis 

 From a pathological point of view, IL-18 appears to be a pro-fi brotic, pro- 
angiogenetic, remodeling, and pro-hypertrophic factor. The increased synthesis and 
deposition of collagen resulted in organ fi brosis, which impaired organ functions. 
IL-18 induces interstitial myocardial fi brosis in the heart (Platis et al.  2008 ). In addi-
tion, felodipine, a calcium channel inhibitor, ameliorated perivascular fi brosis 
induced by fructose burden, probably through the inhibition of infl ammasomes 
(Xing et al.  2008 ). In support of these observations, IL-18 was shown to induce the 
proliferation of fi broblasts and collagen deposition (Fix et al.  2011 ). 

 The roles of IL-18 in angiogenesis and vascular remodeling have long been 
examined. As for other diseases, IL-18 exhibited dual functions, modulating the 
effects both positively (Cao et al.  1999 ; Amin et al.  2010 ) and negatively (Qiao et al. 
 2007 ; Zheng et al.  2010 ). IL-18 has been regarded as a hypertrophy- and migration- 
promoting factor through the activation of the PI3K/Akt pathway(Chandrasekar 
et al.  2005 ; Valente et al.  2012 ). Thus, IL-18 and infl ammasomes play dichotomous 
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roles in immune and infl ammatory responses and wound repair (Fix et al.  2011 ; 
Kang et al.  2012 ; Kampfer et al.  2000 ; Ishida et al.  2004 ; Artlett  2013 ). 

 The signals following the activation of IL-18 and infl ammasomes appear to be 
transduced along diverse pathways, leading to tissue injury and the induction of 
wound healing. Because IL-18 functions under the infl uence of other cytokines or 
environmental factors, IL-18 by itself is unlikely to regulate the expansion and func-
tion of effector cells or determine the clinical and pathological features of disease. 
IL-18 may play roles in the protection and survival of differentiating or rapidly 
dividing cells exposed to various stresses. Therefore, it is essential to determine the 
roles of IL-18 in nonhematopoietic cells, which would help further understanding of 
the apparently confusing roles of IL-18 in immune/infl ammatory responses. The 
diffi culty in developing a therapeutic strategy targeting IL-18 or infl ammasomes 
may stem from the multifaceted nature of IL-18.  

4.11     Conclusions 

 Pro-IL-18 is converted to its mature form by infl ammasomes activated by a variety 
of cellular alarm signals such as oxidative stress, endoplasmic reticulum stress, and 
ATP leakage. During infl ammation, IL-18 may be involved in the maintenance of 
homeostasis of cells and tissues by facilitating the lymphocyte functions. Thus, 
IL-18 is not a mere cytokine inducer. Although IL-18 is likely to play pivotal roles 
in the proliferation, differentiation, and survival of lymphocytes, its intrinsic func-
tion remains unknown. Because IL-18 augments the expression of Bcl-X L , it may be 
involved in energy metabolism by maintaining mitochondrial integrity. Elucidation 
of the roles of IL-18 in nonhematopoietic cells may help us understand the physio-
logical functions of this cytokine. IL-18Rs are not constitutively expressed by lym-
phocytes, and their expression is regulated by other factors. In addition, IL-18 
signals are co-transduced with signals delivered through other receptors. Therefore, 
it is diffi cult to identify the pathways unique to IL-18Rs and to elucidate the mecha-
nisms underlying the regulation of IL-18Rs signaling.     
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    Abstract     Interleukin-21 (IL-21) is a member of the family of cytokines that share 
the common cytokine receptor γ-chain, γ c . IL-21 plays critical roles in the differen-
tiation and function of multiple lymphoid and myeloid lineages. In this chapter, we 
review the infl ammatory and immunosuppressive activities of this cytokine and the 
specifi c mechanisms by which this cytokine regulates both the innate and adaptive 
immune responses. Despite the fact that IL-21 and its receptor were only identifi ed 
in 2000, a tremendous amount has been learned already, leading to the development 
of potential therapeutic approaches to cancer as well as potentially allowing for 
the specifi c manipulation of IL-21 effects in a spectrum of autoimmune diseases, 
allergic responses, and viral infections.  

  Keywords     Antitumor   •   Autoimmune disease   •   IL-21   •   Plasma cell  

5.1         Introduction 

 Interleukin-21 (IL-21) is the most recently discovered member of a family of type 1 
cytokines that play critical roles in the regulation of immune function (Spolski and 
Leonard  2008 ). Together with IL-2, IL-4, IL-7, IL-9, and IL-15, IL-21 shares as a 
receptor component the common cytokine receptor γ-chain, γ c , which is mutated in 
humans with XSCID (Noguchi et al.  1993 ), a disease in which T cells and natural 
killer (NK) cells are profoundly diminished and B cells are nonfunctional (Leonard 
 2001 ). Since IL-21 and its receptor were discovered in 2000, a tremendous amount 
has been learned about the production and regulation of this cytokine as well as its 
role in the immune system (Spolski and Leonard  2008 ). Although IL-21 is primarily 
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produced by subsets of CD4 +  T cells and natural killer (NK)T cells, the IL-21 
 receptor is found on most hematopoietic cells, both lymphoid and myeloid, and 
therefore has the capacity to positively or negatively regulate the function of both 
innate and adaptive immune responses to pathogens and tumors. Additionally, how-
ever, it has become clear that IL-21 can also cause pathogenic effects in diverse 
infl ammatory responses, exacerbating autoimmune and allergic disease (Spolski 
and Leonard  2008 ). Given these pleiotropic actions of IL-21, it is important to 
understand the mechanisms involved in its regulation of specifi c immune processes, 
and this evolving knowledge already is allowing therapeutic manipulation of the 
actions of this cytokine. In this chapter, we review the biology and signaling mecha-
nisms of IL-21, its role in disease processes, and the therapeutic potential of aug-
menting or inhibiting the actions of this cytokine.  

5.2     IL-21 and IL-21 Receptor Structure and Signaling 

 The IL-21 receptor (IL-21R) was initially identifi ed in a genomic sequencing 
project on the basis of its shared properties of type 1 cytokine receptors, and the 
predicted IL-21R amino acid sequence was most similar to that of the IL-2 recep-
tor β-chain (Ozaki et al.  2000 ; Parrish-Novak et al.  2000 ). The ligand IL-21 was 
also identifi ed (Parrish-Novak et al.  2000 ) and was found to signal through a 
heterodimeric receptor composed of IL-21R and γ c  (Asao et al.  2001 ). The affi nity 
of IL-21 for IL-21R is much stronger ( K  d  ~ 70 pM) than its affi nity for γ c  
( K  d  ~ 160 μM), but the latter is also required for signaling (Asao et al.  2001 ; Kang 
et al.  2010 ). Based on nuclear magnetic resonance (NMR) spectroscopy, the 
three-dimensional structure of human IL-21 is a typical up–up-down–down four-
α-helical bundle type 1 cytokine (Bondensgaard et al.  2007 ). The amino acid resi-
dues involved in the interaction of IL-21 with IL-21R and γ c  were putatively 
identifi ed by molecular homology modeling, and based on these predictions, 
IL-21 mutants retaining high-affi nity binding for IL-21R but negligible binding to 
γ c  were generated (Kang et al.  2010 ) and shown to function as potent antagonists 
of IL-21-induced proliferation of human cells. X-ray crystallization-based analy-
sis of the IL-21–IL-21R complex expressed in mammalian cells with partial gly-
cosylation has revealed homology to other γ c -family cytokines, with stabilization 
of the domain structure of IL-21R by sugar chains bridging the two fi bronectin 
domains (Hamming et al.  2012 ). 

 As already discussed, IL-21 is produced by CD4 +  T cells, most abundantly by 
Th17 and T follicular helper (Tfh) cells, as well as by NKT cells (Spolski and 
Leonard  2008 ). IL-21 is induced both by signals to the antigen receptor on CD4 +  T 
cells (Kim et al.  2005 ) and by mycobacterial antigens in NKT cells (Harada et al. 
 2006 ), implicating the role of this cytokine in both early innate responses to patho-
gens as well as in later adaptive responses. IL-21R is expressed on B cells, CD4 +  T 
cells, CD8 +  T cells, NK cells, NKT cells, dendritic cells, macrophages, keratino-
cytes, and epithelial cells, consistent with the broad range of actions of IL-21 
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(Spolski and Leonard  2008 ). Surface IL-21R is expressed throughout B-cell 
 development, with high-level expression on mature follicular B cells, but then 
markedly decreasing as B cells terminally differentiate into plasma cells (Good 
et al.  2006 ). IL-21R is expressed on maturing thymocytes even though its expres-
sion is not essential for thymic differentiation. Low levels of IL-21R are found on 
naïve CD4 +  and CD8 +  T cells, with increased IL-21R expression induced by either 
antigen receptor signals or stimulation with IL-21 (Jin et al.  2004 ). 

 Analogous to other γ c -family cytokines, IL-21 signals via the JAK-STAT path-
way (Fig.  5.1a ). Binding of IL-21 to its receptor activates the Janus family tyrosine 
kinases JAK1 and JAK3, leading to a rapid and sustained activation of STAT3, 
somewhat weaker activation of STAT1, and weaker and more transient activation of 
STAT5 (Zeng et al.  2007 ). IL-21-mediated gene activation in CD4 +  T cells often 
involves a complex composed of STAT3, IRF4, and AP1 family members JUN and 
BATF (Fig.  5.1b ) (Ciofani et al.  2012 ; Glasmacher et al.  2012 ; Li et al.  2012 ). Based 
on studies using inhibitors, the PI 3-kinase and mitogen-activated protein (MAP) 
kinase pathways are also required for IL-21 signaling (Zeng et al.  2007 ). It is pos-
sible that these different signaling pathways are differentially important in different 
cell types or the stage of development.

  Fig. 5.1    Interleukin (IL)-21 signals through multiple pathways.  (a)  IL-21 activates the JAK/STAT 
pathway, using JAK1 and JAK3, with STAT3 as the dominant STAT protein. It also activates and 
signals via the MAP kinase and the PI-3-kinase pathways.  (b)  In activated CD4 +  T cells and Th17 
cells, STAT3 is often part of a complex with AP-1 and IRF4 transcription factors that can bind to 
AP-1/IRF4 consensus elements (AICEs) to modulate expression of a range of target genes       
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5.3        Regulation of B-Cell Function by IL-21 

 The effect of IL-21 on B-cell function was initially assessed in vitro as well as in 
vivo using  Il21  transgenic as well as  Il21r  KO mice (Ozaki et al.  2002 ,  2004 ). IL-21 
is not required for B-cell development in either bone marrow or the periphery, with 
normal in vitro proliferation in response to B-cell-receptor signals and IL-4 in  Il21r  
KO B cells. However, immunization with T-cell-dependent antigens results in mark-
edly reduced production of antigen-specifi c IgG1 and signifi cantly higher levels of 
antigen-specifi c IgE in  Il21r  KO mice, an unexpected result given the usually coor-
dinated regulation of these immunoglobulin isotypes. Administration of IL-21 at the 
time of immunization reduces IgE responses in vivo, and IL-21 can block IgE- 
specifi c isotype switching in B cells in vitro (Suto et al.  2002 ). However, in vitro 
experiments with human B cells have shown that IL-21, when combined with anti-
 CD40 and IL-4, could elevate IgE levels by human B cells, indicating potential 
differences between IL-21-mediated regulation of IgE in mouse and human B cells 
(Wood et al.  2004 ). The elevated IgE in  Il21r  KO mice is dependent on IL-4, as  Il4/
Il21r  DKO mice do not produce IgE, but surprisingly, the DKO mice have greatly 
reduced levels of all Ig isotypes, demonstrating that IL-21 and IL-4 cooperate in the 
regulation of immunoglobulin production and suggesting that defective signaling 
by these cytokines explains the B-cell defect in X-SCID (Ozaki et al.  2002 ).  

5.4     IL-21 Promotes B-Cell Apoptosis 

 A surprising fi nding in light of the signifi cant role for IL-21 in the regulation of Ig 
production is that IL-21 can also potently induce apoptosis of B cells. It was initially 
observed that IL-21, when combined with a CD40 signal, enhances B-cell prolifera-
tion (Parrish-Novak et al.  2000 ), but subsequently IL-21 was shown to reduce B-cell 
proliferation in the context of an Toll-like receptor (TLR) signal (Jin et al.  2004 ; 
Mehta et al.  2003 ; Ozaki et al.  2004 ). This latter effect is caused by a strong pro- 
apoptotic signal from IL-21 in the context of lipopolysaccharide (LPS) or CpG, 
which activate TLRs, even though IL-21 enhances proliferation of B cells in the 
context of B-cell receptor (BCR) signaling or T-cell costimulatory signals (Jin et al. 
 2004 ). IL-21-mediated apoptosis is dependent on caspase and the induction of the 
pro-apoptotic mitochondrial protein BIM, as apoptosis is eliminated in B cells from 
 Bim  knockout (KO) mice (Jin et al.  2004 ). Elevated IL-21 levels in transgenic mice 
or after hydrodynamic injection of mice with an IL-21 expression vector results in 
potent in vivo apoptosis of naïve B cells (Ozaki et al.  2004 ). These results indicate 
that the B-cell response to IL-21 is dictated by the context of costimulatory signals 
present at the time of antigen encounter. The apoptotic effect of IL-21 may serve to 
eliminate incompletely activated, potentially auto-reactive B cells, potentially serv-
ing a role similar role for B cells to that served by IL-2 in T cells during the process 
of activation-induced cell death (AICD). 
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 Other γ c -family cytokines can provide anti-apoptotic costimulatory signals for 
IL-21. For example, IL-4 prevents LPS + IL-21-induced apoptosis in B cells via its 
induction of the anti-apoptotic protein, BCL-XL (Tsuruoka et al.  2007 ). In addition, 
IL-2 has been shown to modulate the pro-apoptotic effects of IL-21 in vivo via down-
regulation of IL-21(Tortola et al.  2010 ). Immunization with  Streptococcus pneu-
moniae  phosphorylcholine, an antigen that targets a T-independent marginal zone 
B-cell response, induces anti-PC IgM levels in wild-type (WT) mice, but the response 
is much lower than that observed in  Il2ra  knockout (KO) mice. This decrease in IgM 
presumably results from the tenfold increase in expression of IL-21 in the  Il2ra  KO 
mice, with an increased death of activated marginal-zone B cells (Tortola et al.  2010 ). 
Normal responses to PC are induced in  Il2ra / Il21r  DKO mice, presumably because 
the elevated IL-21 can no longer signal to mediate B-cell apoptosis.  

5.5     IL-21 Induces Plasma Cell Differentiation 

 Although elevated levels of IL-21 lead to the apoptosis of B cells in both IL-21 
transgenic mice as well as WT mice subjected to hydrodynamic injection of IL-21 
plasmid DNA, these mice also accumulate increased numbers of splenic B cells. 
Consistent with the increased serum Ig levels in these mice, they have increased 
numbers of plasma cells (Ozaki et al.  2004 ), and the combination of IL-21 and anti-
IgM directly induces the differentiation of splenic B cells, resulting in the accumu-
lation of Syndecan-1 +  plasma cells. This effect of IL-21 results from its ability to 
potently induce the expression of B-lymphocyte-induced maturation protein 1 
(BLIMP1) (Kwon et al.  2009 ; Ozaki et al.  2004 ), a transcription factor that func-
tions as a master switch for the plasma cell program in B cells (Calame et al.  2003 ). 
Importantly, IL-21 in combination with BCR or CD40 signals can also drive human 
naïve cord blood B cells and post-switch memory cells to express BLIMP1 as well 
as activation-induced cytidine deaminase (AID) and to terminally differentiate into 
plasma cells (Ettinger et al.  2005 ). In combination with BAFF/BLys, a tumor necro-
sis factor (TNF) family cytokine produced by dendritic cells in the marginal zone, 
IL-21 also induces BLIMP1 and AID in marginal zone memory B cells, leading to 
the rapid antigen-independent induction of plasma cells (Ettinger et al.  2007 ). So 
far, IL-21 is the most potent cytokine for driving plasma cell differentiation.  

5.6     IL-21 Promotes Germinal Center Development 
and Function 

 Following antigen stimulation in the presence of T-cell help, B cells can differenti-
ate along an extrafollicular path or can enter follicles where they undergo affi nity 
maturation in response to IL-21 signals from Tfh cells (King et al.  2008 ). Tfh cells 
are a population of antigen-specifi c CD4 +  T helper cells that develop in lymphoid 
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organs in response to antigen presented by dendritic cells (Fig.  5.2 ). The subsequent 
induction of the transcription factor BCL6 mediates expression of the chemokine 
receptor, CXCR5, which promotes migration to the B-cell zone. Based on the use 
of IL-21 reporter mice, Tfh cells were shown to express high levels of IL-21 as well 
as interferon (IFN)-γ, IL-2, and IL-4 (Luthje et al.  2012 ). The role for IL-21 in the 
formation of the germinal center (GC) has been investigated using  Il21  KO mice. 
After immunization with T-dependent antigens, GCs form in these  Il21  KO mice, 
but the number of GC B cells (GL7 + CD95 + ) is reduced, and these cells do not per-
sist as long as in the WT mice (Linterman et al.  2010 ; Zotos et al.  2010 ). Interestingly, 
Tfh cells develop and proliferate in the  Il21  KO GCs, but their numbers decline 
faster than in wild-type (WT) mice. Immunization studies using mixed bone mar-
row chimeras formed from WT/ Il21r  KO mice have revealed that IL-21 acts 
directly on B cells to induce BCL6 to orchestrate the formation and maintenance of 
GCs (Linterman et al.  2010 ). Tfh cells not only require IL-21R expression for their 
optimal maintenance, but IL-21 is also required for the normal development of Tfh 
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  Fig. 5.2    IL-21 plays a critical role in germinal center (GC) function. IL-21 is produced by Tfh 
cells in the follicle and acts on both Tfh and GC B cells. IL-21 induces GC B-cell proliferation and 
affi nity maturation through its induction of BCL6 and drives terminal B-cell differentiation into 
plasma cells via its induction of BLIMP1. Plasma cells can present antigen to Tfh cells and medi-
ate inhibition of Tfh function       
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cells (King et al.  2008 ). Analysis of the Ag-specifi c Ig repertoire in memory B cells 
that develop in GCs in the absence of IL-21 signaling has revealed a signifi cant 
reduction in somatic mutation of  Vh  genes required for affi nity maturation, which 
indicates an important effect of IL-21 on memory B-cell formation (Zotos et al. 
 2010 ). IL-6 and IL-21 partially share signaling pathways in CD4 +  T cells, and rela-
tively normal Tfh generation can occur in the absence of either cytokine, but mice 
lacking both IL-6 and IL-21 have greatly diminished ability to generate Tfh cells in 
vivo in response to viral infection (Eto et al.  2011 ). These studies identifi ed follicu-
lar B cells in the draining lymph node as a source for IL-6 that then can induce 
IL-21 production by CD4 +  T cells, leading to an IL-6/IL-21 synergistic effect on 
Tfh cell development.

   Tfh and plasma cell differentiation are controlled, respectively, by BCL6 and 
BLIMP1, transcription factors that are known to negatively regulate each other 
(Calame et al.  2003 ). Interestingly, antigen-activated plasma cells, which express 
low levels of major histocompatibility complex (MHC) class II and other surface 
proteins required for antigen presentation, can downregulate the expression of both 
BCL6 and IL-21 in Tfh cells, demonstrating the presence of a negative feedback 
loop for these two populations of cells such that high levels of plasma cells can 
diminish the generation of additional GC memory B cells (Pelletier et al.  2010 ).  

5.7     IL-21 and CD4 +  T-Cell Differentiation 

 Interestingly,  Il21r  KO mice have normal development of thymic and peripheral 
CD4 +  T cells. IL-21 is produced by multiple subsets of CD4 +  T cells, including Th1, 
Th2, Th9, Th17, and Tfh cells, with Th17 and Tfh cells producing the highest levels. 
IL-6 and IL-21 are essential for the maximal production of IL-21 by Th17 cells 
(Zhou et al.  2007 ; Dienz et al.  2009 ). At the time of the initial discovery of IL-21, 
only Th1 and Th2 CD4 +  T-cell subsets and function had been characterized, and the 
ability of IL-21 to decrease IFN-γ expression in Th1 cells at the time of their prim-
ing was observed (Suto et al.  2006 ), but other studies showed that IL-21 could 
induce the expression of Th1-associated genes (Strengell et al.  2002 ). In fact, in vivo 
immunization in Th1 delayed-type hypersensitivity models reveals higher infl am-
matory responses in  Il21r  KO mice, accompanied by higher IFN-γ production 
(Wurster et al.  2002 ), and infection of  Il21r  KO mice with  Schistosoma mansoni  
results in a reduced Th2 response and faster clearance of lung granulomas (Pesce 
et al.  2006 ), indicating that IL-21 is required for these infl ammatory responses. 

 IL-21 plays a key role in the differentiation of Th17 cells, as it induces IL-23R 
expression on naïve CD4 +  T cells, thus allowing Th17 cell expansion. IL-21 also 
upregulates expression of RORγt, a transcription factor that is required for the dif-
ferentiation of Th17 cells (Ivanov et al.  2007 ). IL-17 production was found to be 
markedly lower in  Il21r  KO CD4 +  T cells stimulated in vitro with transforming 
growth factor (TGF)-β and IL-6 than in corresponding WT cells, demonstrating that 
the induction of IL-21 by IL-6 leads to the production of IL-21 and the 
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amplifi cation of this pathway (Korn et al.  2007 ; Nurieva et al.  2007 ; Zhou et al. 
 2007 ). IL-21- induced Th17 cell differentiation plays a role in the development of 
autoimmune diseases, as discussed below. Overall, IL-21 has effects on differentia-
tion or cytokine production of multiple Th populations.  

5.8     IL-21 Controls Regulatory T- and B-Cell Function 

 IL-21 plays an indirect role in the generation of regulatory T (Treg) cells.  Il6  KO 
mice have reduced levels of IL-21, and in response to in vivo antigen signaling these 
mice produce an expanded population of FoxP3 +  Treg cells instead of Th17 cells 
(Korn et al.  2007 ). Correspondingly, IL-21 can inhibit Treg generation in vitro 
(Korn et al.  2007 ). The inhibitory effects of IL-21 on Treg differentiation are further 
indicated by the increased population of FoxP3 +  CD4 +  T cells in  Il21  KO mice 
(Attridge et al.  2012 ) (Fig.  5.3a ). This effect of IL-21 on Treg cells is indirect and 
results from decreased IL-2 production by CD4 +  T cells, which leads to reduced 
availability of IL-2 for maintaining the viability of Treg cells in vivo (Attridge et al. 
 2012 ) (Fig.  5.3b ).

   In addition to its indirect regulation of Treg function, IL-21 is immunosuppres-
sive via its induction of IL-10 in several subsets of lymphoid cells (Fig.  5.3c ). IL-10 
is one of the most immunosuppressive cytokines and is produced by multiple hema-
topoietic lineages, including T cells, B cells, NK cells, dendritic cells, macrophages, 
neutrophils, and mast cells (Saraiva and O’Garra  2010 ). A relationship between 
IL-21 and IL-10 was initially suggested by their coexpression in the serum of auto-
immune BXSB- Yaa  mice with system lupus erythematosus (SLE) (Ozaki et al. 
 2004 ). Indeed,  Il21r  KO T cells have decreased levels of IL-10 whereas  Il21  TG T 
cells had increased levels of IL-10, and IL-21 induces IL-10 in both naïve CD4 +  and 
CD8 +  T cells in vitro (Spolski et al.  2009 ). Additionally, polarization of CD4 and 
CD8 +  T cells to Th17 or Tc17 populations is associated with lower production of 
IL-10 if IL-21 signaling is absent, and IL-21 can also induce IL-10 in Tc1 and Tc17 
polarized cells (Spolski et al.  2009 ). 

 The Tr1 population of immunosuppressive CD4 +  T cells lacks FoxP3 expression, 
and these cells produce IL-10 in response to IL-27. IL-27, which is produced by 
dendritic cells, was found to initiate the induction of ICOS and the transcription 
factor c-Maf, which then induces IL-21 expression (Pot et al.  2009 ). Thus, IL-27 
indirectly mediates induction of IL-10 via an IL-27 to IL-21 to IL-10 cytokine cas-
cade to effect the induction of immunosuppressive CD4 +  T cells (Fig.  5.3d ). 

 A subpopulation of B cells (B10 cells) produces IL-10 and has strong immuno-
regulatory activity in several autoimmune diseases, including experimental autoim-
mune encephalitis (EAE), colitis, type I diabetes, and arthritis (Yanaba et al.  2008 ). 
IL-21 is required not only for B10 cell expansion, but also for IL-10 secretion and 
the immunosuppressive activity of these cells in vivo (Yoshizaki et al.  2012 ) 
(Fig.  5.3e ). IL-21 is also a critical component of the in vitro cocktail of cytokines 
that can greatly expand this B10 population, which allowed therapeutic use of B10 
cells in adoptive immunotherapy of autoimmune EAE (Yoshizaki et al.  2012 ).  

R. Spolski and W.J. Leonard



133

5.9     IL-21 Is Required for Optimal CD8 +  T-Cell Proliferation 
and Function 

 CD8 +  T-cell numbers in the thymus and periphery of  Il21r  KO mice are normal, but 
IL-21 nevertheless has profound proliferative and functional effects on these cells. 
IL-21 alone can only minimally induce CD8 +  T-cell proliferation in vitro, but it has 
a strong synergistic effect when combined with either IL-7 or IL-15, cytokines that 
play major roles in CD8 +  expansion (Zeng et al.  2005 ). Similarly, although IL-21 
alone has no effect on IFN-γ expression by CD8 +  T cells, it enhances expression 
induced by IL-15 (Zeng et al.  2005 ). 

 IL-21 has distinctive actions on antigen-stimulated CD8 +  T-cell function, as 
compared to IL-2 or IL-15. IL-2 and IL-15 each induce a mature effector phenotype 
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  Fig. 5.3    IL-21 has both infl ammatory and anti-infl ammatory roles based on its effects on T and B 
regulatory cells.  (a)  IL-21 inhibits Treg differentiation and promotes the induction of infl ammatory 
Th17 cells.  (b)  IL-21 indirectly inhibits Treg survival via its downregulation of IL-2 production by 
CD4 +  T cells.  (c)  IL-21 directly induces IL-10 in T cells, leading to immunosuppressive activities. 
 (d)  IL-27 stimulates IL-21 production by Tr1 regulatory cells, and IL-21 then induces production 
of IL-10.    ( e ) IL-21 is required for the differentiation and effector function of B10 regulatory cells 
through its induction of IL-10       
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characterized by elevated CD44, Eomes, granzyme B, and increased cytolytic 
 activity, whereas IL-21 induces a less activated effector phenotype, with lower 
 levels of CD44, Eomes, granzyme B, increased CD62L, and decreased cytolytic 
activity (Hinrichs et al.  2008 ). Importantly, CD8 +  T cells primed with antigen in the 
presence of IL-21 have memory cell characteristics and enhanced persistence in 
vivo (Hinrichs et al.  2008 ). IL-21 also upregulates CD28 expression on CD8 +  T 
cells and thereby inhibits senescence (Alves et al.  2005 ). 

 CD8 +  T-cell responses are critical in cytotoxic responses to virally infected cells. 
When mice were immunized with vaccinia virus expressing human immunodefi -
ciency virus (HIV) gp160 antigen,  Il21r  KO mice displayed signifi cantly lower 
CD8 +  T-cell expansion and cytotoxic activity than did WT mice (Zeng et al.  2005 ). 
This lower activity is in contrast to the situation observed in acute infection with 
infl uenza, where  Il21r  KO mice have similar initial CD8 +  T-cell responses and viral 
clearance to those observed in WT mice (Frohlich et al.  2009 ). Although  Il21r  KO 
mice and WT mice respond similarly during the acute phase of lymphocytic chorio-
meningitis virus (LCMV) infection, chronic LCMV infection results in severe func-
tional “exhaustion” in  Il21  KO CD8 +  T cells, with lower IL-2, IFN-γ, and tumor 
necrosis factor (TNF)-α but elevated inhibitory PD-1 expression (Elsaesser et al. 
 2009 ; Frohlich et al.  2009 ; Yi et al.  2009 ). Studies using mixed bone marrow chime-
ric mice have revealed that IL-21 signaling in CD8 +  T cells is required for effective 
viral responses and that  Il21r  KO CD8 +  T cells suffer from immunological exhaus-
tion and are deleted. CD8 +  T cells responding to LCMV in the absence of IL-21 
produce signifi cantly less IL-2 during both the primary effector phase and memory 
response to virus (Yi et al.  2010 ). Treatment of  Il21  KO mice with IL-21 during the 
fi rst week of infection restores the antiviral activity of CD8 +  T cells but leads to 
immunopathology related to the activated CD8 +  T-cell response (Yi et al.  2009 ). 
Collectively, these studies demonstrate that although the CD8 +  T-cell response to 
acute viral infections does not necessarily require IL-21, the presence of IL-21 dur-
ing a primary response to virus signifi cantly affects the quality and persistence of 
the CD8 +  T-cell antiviral response during the chronic phase of infection.  

5.10     IL-21 Regulation of NK and NKT Cell Function 

 IL-21 is not required for NK cell development but can affect mature NK function 
and proliferation (Kasaian et al.  2002 ; Ozaki et al.  2002 ). Although IL-21 alone 
does not augment proliferation of NK cells, it can amplify NK proliferative 
responses to IL-2 or IL-15 (Toomey et al.  2003 ). IL-21-treated NK cells display 
enhanced cytolytic function and IFN-γ production (Kasaian et al.  2002 ), while 
decreasing expression of the inhibitory Ly49D receptor (Brady et al.  2004 ) and the 
NKG2D receptors on NK cells (Burgess et al.  2006 ). IL-21 induces high levels of 
IL-10 in populations of NK cells, and the early production of IL-10 by NK cells in 
the in vivo response to mouse cytomegalovirus infection is important for limiting 
CD8 +  T-cell-dependent pathology in this disease (Lee et al.  2009 ). 
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 Natural killer T cells (NKT) are a population of T cells that have a restricted 
TCR repertoire, with specifi city for glycolipid antigens when presented by CD1d. 
IL-21 can enhance the proliferation of NKT cells in response to TCR signals but 
only in combination with either IL-2 or IL-15 (Coquet et al.  2007 ). NKT cells 
respond to IL-21, but importantly they also are major producers of IL-21 during 
early innate responses to pathogens and hence can regulate later adaptive responses 
by B and T cells (Coquet et al.  2007 ). After immunization with the glycolipid 
α-GalCer, a subpopulation of NKT cells appeared that had acquired the Tfh markers 
CXCR5 and PD-1. These NKTfh cells can provide help for B cells that is dependent 
on IL-21 (Chang et al.  2012 ); these cells depend on BCL6 expression and are more 
effi cient than CD4 +  Tfh cells in promoting the development of GC B cells, although 
less effective in promoting affi nity maturation and plasma cell differentiation 
(Chang et al.  2012 ).  

5.11     IL-21 Has Inhibitory Effects on Dendritic Cells 

 Although many of the effects of IL-21 on lymphoid cells involve proliferative 
responses or enhanced effector functions, IL-21 primarily has inhibitory effects on 
dendritic cells. For example, although IL-15 can induce maturation of dendritic 
cells (DCs) with enhanced antigen-presenting ability, IL-21-treated DCs have 
reduced ability to upregulate MHC class II, CD86, or CD80 costimulatory mole-
cules (Brandt et al.  2003 ). Importantly, it has become clear that IL-21 induces apop-
tosis of conventional dendritic cells (cDCs) through a STAT3- and BIM-dependent 
mechanism (   Wan et al.  2013 ), helping to explain the negative regulatory actions of 
IL-21 on immune responses.  

5.12     IL-21 Has Potent Antitumor Effects 

 The ability of IL-21 to control effector function of CD8 +  T cells, NK cells, and NKT 
cells makes it an attractive candidate therapeutic agent in cancer. Early studies 
showed that systemic expression of IL-21 can inhibit growth of large established 
melanomas (Wang et al.  2003 ), an effect that was predominantly mediated by NK 
cells. Importantly, there was no substantial toxicity of IL-21 even at high doses. The 
killing of tumor cells by IL-21-activated NK cells appears to require the presence of 
inhibitory NKG2D ligands on tumor targets (Takaki et al.  2005 ). When mice with 
large established melanomas are treated with adoptively transferred tumor-specifi c 
CD8 +  T cells followed by treatment with IL-2, IL-15, IL-21, or combinations of 
these cytokines, either IL-15 or IL-21 can induce partial tumor regression, but the 
combination of these cytokines can result in complete regression of some of the 
tumors as well as increased survival of most of the treated mice (Zeng et al.  2005 ). 
Interestingly, IL-21 confers a distinct differentiation program on CD8 +  T cells as 
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compared to that conferred by IL-2 (Hinrichs et al.  2008 ). When tumor-specifi c 
CD8 +  T cells were primed in vitro with antigen and either IL-21 or IL-2, the IL-21- 
primed cells expressed less granzyme B, CD44, and IL-2Rα than did cells primed 
in the presence of IL-2. Surprisingly, in spite of less effector function in vitro, the 
IL-21-primed CD8 +  T cells display enhanced antitumor activity upon adoptive 
transfer into mice with large established melanomas. These IL-21-primed CD8 +  T 
cells have characteristics of memory cells, including increased levels of CD62L and 
enhanced longevity in vivo after the tumors had regressed (Hinrichs et al.  2008 ). 

 These preclinical studies indicate that IL-21 has signifi cant antitumor activity 
involving both innate and adaptive immune components. IL-21 is currently in phase 
I and phase II clinical trials for melanoma, renal carcinoma, and certain other tumors 
(Petrella et al.  2012 ). Consistent with studies in mice, favorable therapeutic 
responses have been observed, without major adverse events.  

5.13     Role of IL-21 in Autoimmune Disease 

 Earlier, we noted that IL-21 promotes Ig production and terminal B-cell differentia-
tion as well as having effects on T cells. These characteristics are consistent with 
the possibility that IL-21 might promote autoimmune disease. Indeed, genome-
wide association studies have identifi ed risk variants in the  Il21  gene for celiac 
disease (van Heel et al.  2007 ), psoriasis, and psoriatic arthritis (Liu et al.  2008 ), 
lupus (Hughes et al.  2011 ), infl ammatory bowel disease (Marquez et al.  2009 ), and 
type 1 diabetes (Cooper et al.  2008 ). Work in animal models discussed here has 
begun to elucidate the mechanisms by which IL-21 can exacerbate these autoim-
mune diseases. 

5.13.1     Systemic Lupus Erythematosus 

 Systemic lupus erythematosus (SLE) is a chronic autoimmune disease character-
ized by the pathological accumulation of auto-reactive antibodies. In the BXSB- Yaa  
mouse model of SLE, serum IL-21 levels increase with age and correlate with the 
severity of disease, consistent with the known role for IL-21 in plasma cell differen-
tiation and Ig production (Ozaki et al.  2004 ). When BXSB- Yaa  mice were crossed 
onto the  Il21r  KO background, there was a signifi cant reduction in levels of anti-
nuclear antibodies accompanied by an absence of kidney disease and increased sur-
vival (Bubier et al.  2009 ). These experiments suggest that blocking IL-21 could 
potentially be used therapeutically to inhibit disease progression. Indeed, treatment 
of the lupus-prone MRL-Fas/ lpr  mouse with IL-21R/Fc fusion proteins as an IL-21 
blocking agent decreases Ig levels and kidney pathology (Herber et al.  2007 ). 

 Importantly, in addition to the mouse studies, studies in patients with SLE have 
shown elevated levels of serum IL-21, and this is accompanied by elevated numbers 
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of CD4 + CXCR5 + BCL6 +  Tfh cells as well as increased circulating germinal center B 
cells (Terrier et al.  2012 ). These studies suggest that targeting IL-21 in these patients 
could potentially alleviate disease progression.  

5.13.2     Experimental Autoimmune Encephalitis 

 IL-21 plays a role in experimental autoimmune encephalitis (EAE), a mouse model 
of human multiple sclerosis, which is induced by immunization with myelin with 
adjuvants. Administration of IL-21 before disease induction increases severity of 
disease, correlating with the presence of infl ammatory NK cells whose depletion 
prevents the effects of IL-21 (Vollmer et al.  2005 ). Interestingly,  Il21r  KO mice 
have signifi cantly reduced numbers of IL-17-producing cells and reduced EAE dis-
ease progression (Korn et al.  2007 ; Nurieva et al.  2007 ), indicating that IL-21 is 
required for the normal induction and expansion of infl ammatory Th17 cells. When 
B regulatory cells (B10 cells), which produce IL-10 in response to IL-21, are 
expanded in vitro and then transferred into mice in which EAE disease has been 
initiated, there is a marked decrease in the severity of the disease even after symp-
toms have begun to appear (Yoshizaki et al.  2012 ). These experiments suggest that 
in EAE initiation and progression IL-21 can play both positive and negative roles 
via its effects on Th17 differentiation and B10 cell production, respectively.  

5.13.3     Experimental Autoimmune Uveitis 

 Experimental autoimmune uveitis (EAU) shares pathological features with human 
uveitis, a group of infl ammatory diseases that compromise intraocular function. EAU 
is induced in mice by immunization with retinal protein and is associated with the 
accumulation of infl ammatory Th17 cells. IL-21 reporter transgenic mice were used 
to demonstrate that CD4 +  T cells expressing IL-21 accumulate in the retina (Wang 
et al.  2011 ). Moreover,  Il21r  KO mice are resistant to the development of EAU, and 
these mice have diminished IL-17A and IL-1β expression in draining lymph nodes. 
When lymph node (LN) cells from WT and  Il21r  KO EAE mice were adoptively 
transferred into WT recipients, there was signifi cantly less disease development in 
mice that received KO LN cells. These studies suggest that IL-21 promotes the 
development of uveitis via its effects on infl ammatory cells and mediators.  

5.13.4     Autoimmune Diabetes 

 Autoimmune (type 1) diabetes is a T-cell-mediated disease characterized by immune 
cell infi ltration into the pancreas followed by destruction of the insulin-producing β 
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cells in the islets. The non-obese diabetic mouse (NOD) is a valuable animal model 
for studies of the progression of type 1 diabetes. One genetic locus associated with 
disease development is  Idd3 , which contains the genes encoding IL-2 and IL-21. 
IL-21 levels are elevated in the NOD mouse (King et al.  2004 ), and disease is ablated 
in NOD mice lacking the IL-21R (Spolski et al.  2008 ; Sutherland et al.  2009 ). 
Infl ammatory Th17 cells whose differentiation is augmented by IL-21 have been 
implicated in diabetes development. Antigen-presenting cells from NOD mice are 
more effi cient than WT APCs at the induction of Th17 CD4 +  cells, and this effect 
requires IL-21R on the APCs, suggesting that IL-21 acts directly on these cells to 
induce secretion of mediators including prostaglandin E 2  and IL-6, which cause 
more effi cient Th17 induction (Liu et al.  2011 ). APCs in  Il21r  KO mice have an 
antigen-presenting defect characterized by lower levels of class II MHC and CD86 
(Van Belle et al.  2012 ). In addition,  Il21r  KO APCs express decreased levels of the 
chemokine receptor CCR7, resulting in defective infi ltration into the pancreatic LNs, 
with ineffi cient priming of CD4 +  T cells and failure to help CD8 +  T cells to infi ltrate 
pancreatic islets. Thus, IL-21 is essential for the development of type 1 diabetes in 
the NOD mouse model system. Correspondingly, studies using an IL-21R-Fc fusion 
protein have revealed that IL-21 neutralization can reduce lymphoid infi ltration into 
the islets at an early stage of the disease but that treatment of newly diabetic mice 
cannot block further diabetes development (McGuire et al.  2011 ). However, the com-
bination of IL-21 blocking with syngeneic islet transplant was able to reverse diabe-
tes, even when the IL-21 blockade was short term (McGuire et al.  2011 ). These 
studies suggest great promise for therapeutic strategies aimed at blocking IL-21 
function at the time of islet transplant in humans with type I diabetes.   

5.14     Infl ammatory Bowel Disease and Colorectal Cancer 

 Infl ammatory bowel disease (IBD) in humans involves enhanced infl ammatory 
responses to the microbiota present in the gut lumen, leading to the extensive tissue 
damage seen in Crohn’s disease or ulcerative colitis (Bouma and Strober  2003 ). 
Analysis of biopsies from patients with either Crohn’s disease or ulcerative colitis 
has revealed higher levels of IL-21 protein expression in mucosal samples com-
pared to controls (Fantini et al.  2008 ; Monteleone et al.  2005 ). In studies of the role 
of IL-21 in gut infl ammation in the dextran sodium sulfate (DSS) mouse model for 
colitis (Fina et al.  2008 ), treatment with DSS results in elevated levels of IL-21 as 
well as increased levels of IL-17 expression in gut tissue, whereas  Il21  KO mice 
have diminished pathology, with reduced infi ltration of infl ammatory cells into the 
gut and lower IL-17 production. 

 In addition to IL-21 potentially promoting colitis by the induction of IL-17 pro-
duction in CD4 +  T cells, epithelial cells in the gut are also targets for IL-21. Intestinal 
epithelial cells express IL-21R and responded to IL-21 with the production of 
MIP-3α, a T-cell chemoattractant for cells such as Th1 and Th17 that express CCR6 
(Caruso et al.  2007 ). IL-21 also promotes the secretion of a number of matrix metal-
loproteases that are involved in tissue damage in the gut (Monteleone et al.  2006 ). 
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 The chronic infl ammation that accompanies IBD increases the risk of colon 
 cancer. An increased expression of IL-21 in IBD patients led to an examination of 
whether IL-21 and its associated infl ammatory response were responsible for the 
onset of colon cancer. IL-21 mRNA and protein were indeed overexpressed in human 
colon cancer samples (Stolfi  et al.  2011 ). In a mouse model for colitis- associated 
colon cancer,  Il21  KO mice were resistant to the development of colon cancer, with 
decreased production of IL-6, IL-17A, and alternatively activated macrophage 
recruitment to the tumors. IL-21 inhibition also reduced the number of tumors in the 
colon tissue (Stolfi  et al.  2011 ). Thus, although IL-21 has potent antitumor actions, it 
also plays a role in chronic infl ammation and can thereby enhance tumor growth.  

5.15     Role for IL-21 in Allergic Disease 

 Given that IL-21 has a critical role in B-cell immunoglobulin production, it was 
expected that it would exert effects on allergic infl ammation. Both positive and 
negative regulatory effects of IL-21 on airway allergic responses have been reported. 
In one study, administering IL-21 during the sensitization phase of the response 
resulted in both reduced eosinophilia and lower IgE levels after the airway chal-
lenge phase (Suto et al.  2002 ). However,  Il21r  KO mice are more resistant than WT 
mice to eosinophilic airway infl ammation (Frohlich et al.  2007 ). A study in a mouse 
model of IgE-mediated allergic cutaneous reactions showed that if IL-21 is admin-
istered during the sensitization phase, there is suppression of both the cutaneous 
response and of IgE levels (Tamagawa-Mineoka et al.  2011 ). However, when IL-21 
is administered after sensitization was complete, IgE levels remained the same but 
mast cell degranulation in the skin is suppressed. Mast cells express IL-21R, and 
IL-21 can block the release of histamine and other infl ammatory mediators by mast 
cells when these are activated by the IgE signal. 

 The role for IL-21 in cutaneous infl ammatory responses has been confi rmed in a 
human psoriasis SCID mouse model, in which blocking IL-21 led to signifi cant 
reduction in skin thickening and CD4 +  T-cell infi ltration (Caruso et al.  2009 ). In this 
case, IL-21 promoted the recruitment of CD4 +  T cells and induced the production of 
IFN-γ by these cells, which was ablated when the CD4 +  T cells lacked IL-21R (Sarra 
et al.  2011 ). These studies in pulmonary and skin allergic responses suggest that an 
understanding of the role of IL-21 involves integrating data concerning its effects on 
multiple immune populations at different stages of development of these responses.  

5.16     Role of IL-21 in Pulmonary Viral Infection 

 Although IL-21 has been shown to have little effect on the CD8 +  T-cell primary 
responses to systemic viruses such as LCMV, this contrasts to its effect on the 
response to respiratory infections that elicit strong infl ammatory responses. 
Pneumonia virus of mouse (PVM) is a natural rodent pathogen that initiates a 
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 respiratory infection in mice which resembles severe human respiratory syncytial 
virus (RSV) disease. Studies using IL-21 reporter mice have revealed that IL-21 is 
expressed by CD4 +  T cells in the lung following infection of animals with PVM 
(Spolski et al.  2012 ), with PVM-infected  Il21r  KO mice having less lung infi ltration 
by neutrophils than WT mice. Although viral titer was similar in WT and  Il21r  KO 
mice, the absence of IL-21 signaling confers a survival advantage to  Il21r  KO mice, 
indicating that IL-21 can contribute to a detrimental infl ammatory state in the lung. 
Consistent with this, blocking IL-21 activity in WT mice leads to increased survival 
after PVM infection (Spolski et al.  2012 ). These studies suggest that therapeutic 
manipulation of IL-21 signaling, such as IL-21 receptor blockade, may represent an 
immunomodulatory strategy for averting the pathology of this and potentially other 
respiratory virus infections as well.  

5.17     Conclusion 

 Since IL-21 was discovered in 2000, a tremendous amount of knowledge has been 
generated about this cytokine. IL-21 exerts broad actions on a range of target cell 
types including lymphoid and myeloid populations. These actions include positive 
regulation of B-cell Ig production and plasma cell differentiation as a result of its 
direct effects on B cells as well as effects on Tfh differentiation, but IL-21 also limits 
immune responses based on its induction of apoptosis of B cells and DCs and its 
induction of IL-10-mediated suppression by T and B regulatory cells. The discovery 
of the antitumor activity of IL-21 mediated by its actions on CD8 +  T cells and NK 
cells in various animal models led to rapid translation of this work into the clinical 
setting, with IL-21 showing promise in the treatment of several cancers in phase I and 
phase II clinical trials. However, IL-21 is also known to either induce or exacerbate a 
range of autoimmune diseases, as described herein. Accordingly, early clinical trials 
are now in progress to evaluate anti-IL-21 in the treatment of lupus and rheumatoid 
arthritis (see www.clinicaltrials.gov). A major challenge is to understand all the mech-
anisms by which IL-21 exerts both its positive and deleterious effects to be able to 
therapeutically modulate these without tipping the balance of immune homeostasis.     
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    Abstract     Interleukin-22 (IL-22), an IL-10 family cytokine, is produced by various 
leukocytes. The receptor of IL-22, however, is preferentially detected on peripheral 
tissue epithelial cells. IL-22 functions as a unique messenger from immune system 
to tissue epithelial cells and to regulate homeostasis of epithelia. IL-22 is able to 
directly enhance antimicrobial defense mechanisms in epithelial cells and to facili-
tate epithelial barrier repair and wound healing process. It, therefore, possesses an 
irreplaceable role in host defense against certain pathogens that specifi cally invade 
epithelial cells. In addition, IL-22 can help to preserve the integrity and homeostasis 
of various epithelial organs during infection or infl ammation. The importance of its 
tissue-protective function is manifested in many infl ammatory situations such as 
infl ammatory bowel diseases (IBD) and hepatitis. On the other hand, as a cytokine, 
IL-22 is capable of induction of proinfl ammatory responses, especially in synergy 
with other cytokines. Consequently, IL-22 contributes to pathogenesis of certain 
infl ammatory diseases for example psoriasis.  

  Keywords     Autoimmune diseases   •   Epithelial homeostasis   •   IBD   •   IL-22   •   Psoriasis  

6.1         IL-22 and IL-22 Receptors 

 IL-22 was originally cloned from IL-9-treated mouse T cells in 2000 and named 
IL-TIF (IL-10 related T-cell-derived inducible factor) (Dumoutier et al.  2000a ). The 
human orthologue was subsequently identifi ed with 79 % identity to mouse IL-22 
and 25 % identity to human IL-10 (Dumoutier et al.  2000c ; Xie et al.  2000 ). Because 
of the weak but signifi cant homology with IL-10, IL-22 was classifi ed as a member 
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in the IL-10 cytokine family, along with IL-10, IL-19, IL-20, IL-24, IL-26, IL-28A, 
IL-28B, and IL-29 (Ouyang et al.  2011 ). Cytokines from the IL-10 family share 
20–30 % amino acid identity and also a weaker homology with cytokines in the 
interferon (IFN) family. Together, IL-10 and IFN cytokine families form the class II 
cytokine superfamily. 

6.1.1     Gene and Structure of IL-22 

 The human IL-22 gene consists of fi ve introns and six exons and is located on chro-
mosome 12q15, adjacent to genes of IFN-γ and IL-26. The isolated cDNA encodes 
a 179-amino-acid-long protein with a 33-amino-acid signal peptide (Dumoutier 
et al.  2000b ). Sharing structural similarity with other IL-10 family members, IL-22 
contains six α-helices (A–F), forming a bundle structure with a compact hydropho-
bic core inside (Fig.  6.1a ). In contrast to IL-10, which forms an intertwined dimer 
for receptor binding, IL-22 is a monomer (Nagem et al.  2002 ). IL-22 is heavily 
glycosylated with three N-linked glycosylation sites (Asn-X-Ser/Thr) at aspara-
gines (Asn) -54, -68 and -97) (Fig.  6.1a ) (Xu et al.  2004 ). However, the biological 
function of IL-22 is not fully dependent on glycosylation. The  Escherichia 
 coli - derived  protein has normal biological activity without glycosylation. In fact, 
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  Fig. 6.1    Structure of human interleukin (IL)-22 and IL-22R1.  (a)  Crystalline structure of IL-22 
from IL-22–IL-22R1 complex (Protein Data Bank ID code 3DGC). Six helices ( A–F ) are colored 
from the N-terminus ( blue ) to C-terminus ( red ). Three glycosylation sites (N54, N68, N97) are 
labeled with  arrowed lines . Two disulfi de bonds (C40–C132, C89–C178) are shown with  blue 
double-arrow lines .  (b)  Complex of IL-22–IL-22R1. IL-22R1 ( dark grey ) contains D1 and D2 
domains. Critical amino acids for IL-22R1 and IL-10R2 binding on IL-22 are labeled       
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comparison of the IL-22 structures purifi ed from  Drosophila  and  E. coli  reveals that 
the glycosylation only causes minor structural changes (Xu et al.  2005 ). There are 
four cysteines within IL-22 to create two disulfi de linkages (Cys40–Cys130, Cys89–
Cys178). The fi rst disulfi de bond holds together the N-terminal coil and the DE 
loop, and the second disulfi de bond stabilizes the N-terminus of helix C and the 
C-terminus of helix F (Fig.  6.1a ) (Nagem et al.  2002 ).

   IL-22 interacts with the heterodimeric membrane-spanning receptor complex, 
IL-22R1 (also known as IL-22Ra1, CRF2-9, and zcytor11), and IL-10R2. Both sub-
units belong to the class II cytokine receptor or interferon receptor family with sig-
nature fi bronectin type III domains (Ouyang et al.  2011 ). The gene of IL-22R1 is 
located on chromosome 1 and encodes a 574-amino-acid protein that contains an 
extracellular ligand-binding domain, a membrane-spanning helix, and an intracel-
lular domain (Xie et al.  2000 ).  Il-10r2  is located on chromosome 21 and shares a 
similar organization with a much shorter cytoplasmic tail (Kotenko et al.  1997 ). 
IL-10R2 is a shared common receptor chain for several other IL-10 family cyto-
kines including IL-10, IL-26, IL-28A, IL-28B, and IL-29 (Ouyang et al.  2011 ). The 
fi nding of receptor sharing within the same family is not uncommon, as the com-
mon γ-chain is shared by multiple cytokines. Similarly, IL-22R1 can also pair with 
IL-20R2 to engage the binding of IL-20 and IL-24. Although IL-10R2 is ubiqui-
tously expressed, IL-22R1 is primarily detected on cells with epithelial origin.  

6.1.2     Receptor Binding 

 As a monomer, IL-22 can form a 1:1 complex with the soluble IL-22R1 extracellu-
lar domain in solution. The two tandem fi bronectin domains (D1 and D2) of IL-22R1 
rotate to an angle to form an L-shape, where the interface comes in contact with 
IL-22 residues on helix A, the AB loop, and helix F (Fig.  6.1b ). Several residues that 
are critical for IL-22R1 binding are located in helix F (Lys-162, Glu-166, Met-172, 
Arg-175) and the AB loop (Thr-70), and create either hydrogen bonds or van der 
Waals interactions between IL-22 and IL-22R1 (Jones et al.  2008 ). The specifi c resi-
dues in contact surfaces ensure the specifi city between IL-22-IL-22R1 interactions 
and are distinct from other cytokine–receptor complexes in the family. IL-10R2 
comes in contact with IL-22/IL-22R1 complex at three distinct surface sites. Helices 
A and B in IL-22 are predominantly engaged in binding to two of three sites on 
IL-10R2 whereas the third site interacts with IL-22R1. In contrast to IL-22R1-
binding sites where most of the residues locate toward the C-terminus of IL-22, 
IL-10R2-binding spots on IL-22 are mainly located on the N-terminal end of the 
helix, including residues Tyr-51, Asn-54, Arg-55, Tyr-114, and Glu-117 (Fig.  6.1b ) 
(Logsdon et al.  2004 ). The formation of the IL-22–IL-22R1–IL-10R2 complex is 
sequential. Surface plasmon resonance studies revealed high-affi nity binding of 
IL-22 to IL-22R1 (20 nM) but very weak affi nity (120 μM) to IL-10R2 (Logsdon 
et al.  2004 ). In fact, IL-10R2 displays a diminished affi nity to IL-22 with a substan-
tially increased affi nity to the IL-22/IL–22R1 complex (Logsdon et al.  2002 ).  
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6.1.3     IL-22-Binding Protein 

 A protein that shares 34 % sequence identity with the extracellular region of 
IL-22R1 was discovered by screening genomic DNA databases and named IL-22- 
binding protein (IL-22BP, also known as IL-22Ra2, CRF2-10, CRF2-s1, and 
ZcytoR16). IL-22BP lacks transmembrane and intracellular domains and functions 
as a naturally occurring IL-22 antagonist (Gruenberg et al.  2001 ; Kotenko et al. 
 2001 ; Logsdon et al.  2002 ; Weiss et al.  2004 ; Xu et al.  2001 ). Soluble receptors or 
membrane-bound decoy receptors that serve as negative regulators for cytokines 
have previously been found for other cytokines, such as IL-1 and IL-18, but IL-22BP 
is the only naturally expressed soluble receptor discovered in the class II cytokine 
receptor family. IL-22BP is encoded by a distinct gene on chromosome 6, in a 
proximal distance of the class II cytokine receptor cluster containing Il-20r1 and 
ifngr1. Although IL-22BP shares weaker homology with other receptors of the 
IL-10 family cytokine such as IL-10R1 (29 %), it only specifi cally blocks IL-22 
signaling. IL-22BP is expressed in a wide range of tissues including lymphoid and 
nonlymphoid tissues with three mRNA variants produced by alternative splicing, 
and the variant-2 with 231 amino acids neutralizes IL-22 activity. IL-22BP structur-
ally resembles IL-22R1 with two disulfi de bonds stabilizing D1 and D2 domains, 
and the interaction interface to IL-22 is located within IL-22 helix A, the AB loop, 
and helix F. In contrast to IL-22R1, IL-22BP forms fi ve completely different salt 
bridges or hydrogen bonds, and a hydrophobic cluster with Phe-57, Phe-171, and 
Met-172 on IL-22. The binding affi nity of IL-22BP to IL-22 (~1 pM) is signifi -
cantly higher than IL-22–IL-22R1 (~nM), illuminating the tight regulation of 
IL-22BP on IL-22 activity (Jones et al.  2008 ).  

6.1.4     Signal Transduction 

 Upon binding to the receptor complex, IL-22 activates Janus Kinase (Jak) and 
Signal Transducer and Activator of Transcription (Stat) signaling pathways, partic-
ularly, phosphorylation of tyrosine kinases Jak1 and Tyk2 (Fig.  6.2 ). Subsequently, 
transcription factor Stat3 is activated, and in some cells phosphorylation of Stat1 
and Stat5 may also occur (Dumoutier et al.  2000a ,  2003 ; Lejeune et al.  2002 ; Xie 
et al.  2000 ). A serine residue of Stat3 (Ser 727) can be phosphorylated by IL-22 
stimulation, and this serine phosphorylation is required to achieve maximal transac-
tivation (Lejeune et al.  2002 ). In the intracellular tail of the IL-22R1 chain, there are 
in total eight tyrosine residues that can be phosphorylated by activated Jak1 or Tyk2 
and serve as potential docking sites for Stat molecules upon IL-22 stimulation. 
Interestingly, although these Tyr residuals are necessary for the binding of Stat5 and 
Stat1 to IL-22R1, they are dispensable for Stat3 activation (Dumoutier et al.  2009 ). 
Instead, the coiled-coil domain of Stat3 can bind directly to the C-terminal tail of 
the IL-22R1 chain (Fig.  6.2 ). The biological signifi cant of this fi nding is unclear at 
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present. In vivo, Stat3 is directly activated by IL-22 in epithelia and is necessary in 
mediating the downstream biological effects of IL-22 (Pickert et al.  2009 ; Sugimoto 
et al.  2008 ; Zheng et al.  2007 ). In addition to Stat molecules, IL-22 is able to acti-
vate key kinases MEK1/2, ERK1/2, JNK, and p38 of MAP kinase pathways, as well 
as Akt, SOCS-3, and transcription factors NF-κB and AP-1 in different cell types 
(Andoh et al.  2005 ; Brand et al.  2006 ).

6.2         Cellular Sources and Regulation of IL-22 

 IL-22 is broadly expressed by many types of leukocytes, including CD4 +  T cells, 
CD8 +  T cells, and γδ T cells, as well as various innate lymphocytes (ILCs) (Fig.  6.3 ) 
(Ouyang et al.  2011 ; Rutz and Ouyang  2011 ). Given the essential roles of IL-22 in 
tissue protection under various homeostatic, infectious, and infl ammatory states as 
discussed herein, these different cellular sources are not redundant for the biological 
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  Fig. 6.2    IL-22 binds to receptors and activates downstream signaling transduction. The engage-
ment of IL-22 to the IL-22R1–IL-10R2 complex activates Jak/Stat pathways and primarily signals 
through Stat3. IL-22R can associate with Stat3 in a tyrosine-independent manner. Stat1, Stat5, and 
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functions of IL-22 in vivo. Especially, the activation signals required for IL-22 
 production in these cells and homing properties of these cells into different organs 
are all different.

6.2.1       CD4 T Helper Cells 

 IL-22 was originally identifi ed as a cytokine produced from activated murine CD4 +  
T cells and human T cells (Dumoutier et al.  2000a ,  c ; Wolk et al.  2002 ). In various 
CD4 +  T helper cell subsets, Th1 cells produce a higher level of IL-22 whereas Th2 
cells express a very low, but detectable, level of IL-22 (Gurney  2004 ; Wolk et al. 
 2002 ). A new T helper subset, Th17 cells, was described in 2005 (Harrington et al. 
 2005 ; Park et al.  2005 ). Th17 cells, which primarily express the signature cytokine 
IL-17, are critical mediators of pathogenesis of infl ammatory disorders and antibac-
terial host defense (Ouyang et al.  2008 ). Shortly after the discovery of Th17 cells, 
IL-22 was identifi ed as another functionally important cytokine that helped to defi ne 
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this T helper lineage (Chung et al.  2006 ; Liang et al.  2006 ; Zheng et al.  2007 ). IL-22 
production from Th17 cells is signifi cantly higher than that from Th1 cells. 
Transforming growth factor (TGF)-β and IL-6 are necessary and suffi cient to induce 
Th17 cell differentiation from naïve CD4 +  T cells (Bettelli et al.  2006 ; Mangan et al. 
 2006 ; Veldhoen et al.  2006 ). Surprisingly, we noticed three different ‘fl avors’ of 
Th17 cells depending on the concentration of TGF-β present in the culture (Fig.  6.3a ) 
(Zheng et al.  2007 ). With a high dose of TGF-β, T cells produce only IL-17 but not 
much IL-22. These IL-17-only-producing T cells have been identifi ed in human 
ulcerative colitis (UC) patients, and their presence is correlated with active infl am-
mation in the intestine (Broadhurst et al.  2010 ). A small amount of TGF-β in com-
bination with IL-6 can promote Th17 cells producing both IL-17 and IL-22. IL-6 
alone without addition of TGF-β is not able to induce IL-17 production from T cells. 
Under this condition, however, T cells produce the highest level of IL-22, suggest-
ing TGF-β is differentially required for IL-17 and IL-22 regulation. The IL-22-only- 
producing CD4 +  T helper cells were discovered in human peripheral blood 
mononuclear cells (PBMC) and are named Th22 cells (Duhen et al.  2009 ; Eyerich 
et al.  2009 ; Trifari et al.  2009 ). The Th22 cells not only express CCR6, a cell- 
surface marker for Th17 cells, but also the skin-homing receptors CCR4 and 
CCR10. Consistently, Th22 cells were found in epidermis of human infl ammatory 
skin disorders, and expressed genes involved in tissue remodeling, suggesting an 
important role in skin homeostasis. Additional to αβ CD4 +  T cells, both CD8 +  T 
cells and γδ T cells produce IL-22 under the stimulation of IL-23 (Fig.  6.3a ) 
(Billerbeck et al.  2010 ; Ciric et al.  2009 ; Martin et al.  2009 ; Sutton et al.  2009 ; 
Zheng et al.  2007 ). Mouse unconventional γδ T cells were found to coexpress IL-22 
with IL-17 and IL-21 in response to IL-23 and IL-1β without T-cell-receptor engage-
ment (Billerbeck et al.  2010 ; Ciric et al.  2009 ; Martin et al.  2009 ; Sutton et al. 
 2009 ). These cells express CCR6, orphan nuclear receptor RORγt, aryl hydrocarbon 
receptor (AHR), IL-23R, and receptors for pathogen products, and mediate antibac-
terial host defense and pathogenesis of experimental autoimmune encephalomyeli-
tis (EAE), a murine model for multiple sclerosis (MS). Invariant natural killer (NK) 
T cells, another unconventional T-cell type that express both NK and T-cell markers, 
are capable of releasing IL-22 upon T-cell receptor (TCR) stimulation and protect-
ing liver from infl ammatory damage in a murine acute hepatitis model (Goto et al. 
 2009 ; Wahl et al.  2009 ).  

6.2.2     Innate Lymphocytes 

 NK cells in human PBMC were reported to express a low level of IL-22, suggesting 
that IL-22 may also be produced by innate leukocytes (Wolk et al.  2002 ). Indeed, 
the induction of IL-22 in the colon with  Citrobactor rodentium  infection remained 
intact in Rag2-defi cient mice, supporting a non-T-cell source of IL-22 (Zheng 
et al.  2008 ). A NK-like ILC subset was subsequently discovered by several groups 
as one of the major innate sources of IL-22 (Fig.  6.3b ) (Cella et al.  2009 ; 
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Satoh-Takayama et al.  2008 ). The NK-like cells express NK-specifi c marker NKp46 
and an intermediate level of NK1.1, but have low or no expression of stimulatory or 
inhibitory NK receptors and possess no effector function of NK cells. Moreover, 
these cells express CD117, CD127, and a high level of RORγt. Developmentally, 
NKp46 + CD3 −  cells are dependent on RORγt, but not IL-15, which is required for 
NK cells. They produce abundant IL-22 but little IL-17 in response to commensal 
microbiota. A similar IL-22-producing counterpart was identifi ed from human 
mucosa-associated lymphoid tissues such as the tonsil and Peyer’s patches (Cella 
et al.  2009 ). Instead of NKp46, the human cells express NKp44, as well as CD56 
and CD127 (Cupedo et al.  2009 ). The NKp44 +  cells were named NK-22 because of 
their ability to produce IL-22 and respond to IL-23. These NK-22 cells are impor-
tant sources of IL-22 and regulate the epithelial host defense mechanism and main-
tenance of dynamic equilibrium between microbial fl ora and immune surveillance. 
It is noteworthy that IL-22-producing NK-like ILCs are not only associated with 
mucosal tissues and restricted to NKp46 expression but are also identifi ed in other 
organs such as skin dermis, suggesting they may broadly participate in host defense 
through IL-22 production (Dhiman et al.  2009 ; Hughes et al.  2009 ; Satoh-Takayama 
et al.  2009 ). 

 In parallel, a previously defi ned ILC subset, lymphoid tissue inducer (LTi) cells, 
was noticed to be able to produce IL-22 upon IL-23 stimulation (Fig.  6.3b ) (Takatori 
et al.  2009 ). Splenocytes from Rag2 −/−  mice that are lacking both T and NK T cells 
still produce a large amount of IL-22 in reaction to IL-23, whereas in Rag2 −/−  com-
mon γ −/−  splenocytes, IL-22 production is completely abrogated. A group of LTi- like 
cells, which express CCR6, RORγt, AHR, and IL-23R, are identifi ed as the sources 
of IL-22 (Takatori et al.  2009 ; Veldhoen et al.  2008 ). LTi is essential for the forma-
tion of secondary lymphoid organs during embryogenesis (Mebius  2003 ). Both 
inhibitor of differentiation 2 (Id2) and RORγt are required for LTi development (Sun 
et al.  2000 ; Yokota et al.  1999 ). The LTi cells phenotypically lack surface markers 
for T cells, B cells, and myeloid cells, but express lymphotoxin-α (LT-α), LT-β, 
 several chemokine receptors, and cytokine receptors including CD127 and CD117. 
Additionally, LTi cells express CD4 in the mouse (Spits and Di Santo  2011 ). Because 
LTi-like cells are able to secrete IL-22 upon activation and preferentially reside in 
mucosal-associated lymphoid tissues, they may play essential functions in maintain-
ing mucosal homeostasis (Cupedo et al.  2009 ; Takatori et al.  2009 ). 

 A study suggested that LTi-like cells but not the NK-like cells were the major 
sources of IL-22 during  C. rodentium  infection in the colon (Sonnenberg et al. 
 2011 ). However, given many common features shared by LTi-like cells and NK-like 
ILCs, these cells may belong to the same ILC group with slight differences in the 
expression of certain cell-surface markers. The connection between LTi-like and 
NK-like cells has been built not only on their functions but also in lineage develop-
ment (Sawa et al.  2010 ). The LTi-like cells could upregulate NK cell-surface marker 
CD56 and acquire a low level of cytolytic activity when culturing under conditions 
favoring NK cell differentiation (Crellin et al.  2010 ; Cupedo et al.  2009 ). Despite a 
suggestion that NK-like IL22 +  cells may come from IL-1β-stimulated immature NK 
cells, both LTi-like and NK-like IL-22-producing cells remain their RORc 
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expression throughout the culture and represent a stable RORc +  lineage that is 
 functionally and developmentally distinct from conventional NK cells (Crellin et al. 
 2010 ; Hughes et al.  2009 ,  2010 ; Satoh-Takayama et al.  2010 ). Although initially 
IL-22- producing ILCs have been given different names by different groups, such as 
NK-22, NCR22, and ILC-22, the nomenclature has been made uniform and all 
IL-22-producing ILCs are grouped into group 3 ILCs (Fig.  6.3b ) (Spits et al.  2013 ).  

6.2.3     Regulation 

 Similar to other cytokines, the production of IL-22 from leukocytes is tightly con-
trolled (Ouyang et al.  2011 ; Rutz and Ouyang  2011 ). The regulation of IL-22 is best 
studied in CD4 +  T helper cells. Because L-22 is a signature cytokine of Th17 cells, 
many pathways and factors that are essential for Th17 cell development and IL-17 
production also control the expression of IL-22 (Korn et al.  2009 ; Ouyang et al. 
 2008 ). IL-6, IL-21, and IL-23 can all activate Stat3 in T cells. All three cytokines 
play critical roles in regulation of Th17 development and IL-17 and IL-22 produc-
tion. The downstream transcription factor Stat3 thus also has an indispensable func-
tion in induction of both IL-17 and IL-22 from T cells (Yang et al.  2007 ). Other 
pro-infl ammatory cytokines including IL-1β and tumor necrosis factor (TNF)-α can 
augment IL-17 and IL-22 expression. As discussed earlier, IL-23 not only induces 
IL-22 production from T-cell subsets but also is indispensable for IL-22 expression 
from ILCs, especially in vivo (Zheng et al.  2007 ,  2008 ). The orphan nuclear recep-
tors RORc in human, RORγt, and RORα in mouse are considered as master tran-
scription factors for Th17 lineage formation, and these factors also participate in 
regulation of IL-22 production in Th17 cells (Ivanov et al.  2006 ; Volpe et al.  2009 ; 
Yang et al.  2008 ). The AHR, a ligand-dependent transcription factor sensing xeno-
biotic metabolites, promotes Th17 cell differentiation and drives IL-22 expression 
(Quintana et al.  2008 ; Veldhoen et al.  2008 ). AHR ligand stimulation of human 
PBMC strongly upregulates IL-22 production in Th17 cells, and Notch signaling 
enhances IL-22 secretion indirectly through activating the AHR (Alam et al.  2010 ; 
Brembilla et al.  2011 ; Ramirez et al.  2010 ). 

 Several pathways, including TGF-β, inducible costimulator (ICOS), and IL-27, 
negatively regulate IL-22 production in T cells (Liu and Rohowsky-Kochan  2011 ; 
Paulos et al.  2010 ; Rutz et al.  2011 ; Volpe et al.  2009 ; Zheng et al.  2007 ). We 
recently identifi ed c-Maf as a potential downstream transcription repressor that 
mediated the suppression of IL-22 in T cells by TGF-β. Because TGF-β is required 
for IL-17 induction in T cells, it controls the balance of IL-17 and IL-22 in T cells. 
IL-22 shares similar biological functions with IL-17 for induction of antimicrobial 
responses, chemokines, and other pro-infl ammatory genes from epithelial cells. 
During pathogen invasion, coexpression of IL-22 and IL-17 may enhance the host 
defense mechanism through the synergistic effects of both cytokines (Aujla et al. 
 2008 ). Consistently, in infl ammatory diseases such as psoriasis and rheumatoid 
arthritis, Th17 cells coexpress IL-17 and IL-22 in infl amed tissues and may 
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contribute to the pathogenesis (Pene et al.  2008 ). On the other hand, IL-22 has 
strong tissue- protective functions (Zenewicz et al.  2008 ; Zheng et al.  2007 ). As 
discussed herein, IL-22-only-producing Th22 cells may have distinct biological 
roles from Th17 cells in both infectious and autoimmune diseases.   

6.3     Biological Functions of IL-22 

 Carrying the name of “interleukin,” IL-22 was fi rst searched within the lymphopoi-
etic system for its biological function. However, from freshly isolated human mono-
cytes, T cells, NK cells, and B cells, there was no detectable IL-22R1 expression 
even with activation (Wolk et al.  2004 ). Consistently, IL-22 induced neither any 
cytokine production from PBMC nor upregulation of activation markers. IL-22 is 
secreted by various leukocyte subsets, whereas the expression of IL-22R1 is 
restricted to epithelial cells and the cells originated from epithelium (Aggarwal 
et al.  2001 ; Dumoutier et al.  2000c ). Therefore, IL-22 is a key cytokine to mediate 
the crosstalk between immune systems and peripheral tissues. In contrast to IL-10, 
which performs primarily regulatory functions during infl ammation, IL-22 specifi -
cally upregulates the production of antimicrobial peptides, pro-infl ammatory che-
mokines, and cytokines, and directly stimulates epithelial cell proliferation and the 
self-repair process (Ouyang et al.  2011 ). IL-22 can elicit three major biological 
functions from various epithelial tissues: (1) antimicrobial host defense mecha-
nisms, (2) tissue-protective effects, and (3) pro-infl ammatory functions. 

6.3.1     Epithelial Host Defense 

6.3.1.1     IL-22 Induces the Production of Antimicrobial Peptides 
from Epithelial Cells 

 To enhance innate defense, IL-22 drives the production of a broad spectrum of anti-
microbial proteins from epithelial cells in tissues that are directly exposed to exter-
nal pathogens. IL-22 acts on skin keratinocytes and induces S100 family proteins 
containing S100A7 (psoriasis), S100A8, and S100A9, and defensins including 
β-defensin 2 and β-defensin 3 (Liang et al.  2006 ; Sa et al.  2007 ; Wolk et al.  2004 , 
 2006 ). In the lung, bronchial epithelial cells preferentially produce β-defensin 2, 
S100A7, S100A12 (calgranulin), and lipocalin-2 upon stimulation of IL-22 (Aujla 
et al.  2008 ). IL-22 can also stimulate colonic mucosal epithelium to express S100A8, 
S100A9, RegIIIβ, RegIIIγ, haptoglobin, SAA3, and lactotransferrin (Zheng et al. 
 2008 ). Furthermore, IL-22 was reported to induce hepatic lipopolysaccharide (LPS)-
binding protein (LBP) to the serum concentration known to neutralize LPS, a major 
outer membrane component of gram-negative bacteria (Wolk et al.  2007 ). All these 
antimicrobial peptides exert essential roles in host defense (Kolls et al.  2008 ).  
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6.3.1.2     Role of IL-22 in Epithelial Defense Against Bacterial Infection 

 It has been speculated since its discovery that IL-22 might have an important role in 
host defense (Aggarwal et al.  2001 ; Dumoutier et al.  2000c ; Wolk et al.  2004 ). Early 
effort with in vivo infection of an intracellular pathogen,  Listeria monocytogenes , 
indicates that IL-22 is not essential for both the innate and adaptive immunity 
against the infection (Zenewicz et al.  2007 ). Because IL-22R1 is preferentially 
expressed on various epithelial cells and IL-22 induces the expression of many anti-
microbial peptides (Sa et al.  2007 ), we hypothesized that the major function of 
IL-22 may be in control of extracellular bacteria, especially on the mucosal surface. 
Previously we have demonstrated that IL-22 is a downstream cytokine of IL-23 that 
can induce the expression of IL-22 from various lymphocytes (Zheng et al.  2007 ). 
A study published at the same time from Weaver’s group established an indispens-
able role of IL-23 in host defense against  C. rodentium , a gram-negative bacterium 
that infects murine colon epithelial cells and induces transient infectious colitis 
(Mangan et al.  2006 ). We speculated that IL-22 could also contribute signifi cantly 
in this model of mucosal infection. Indeed, IL-22 expression is augmented very 
quickly in the colon in an IL-23-dependent manner upon  C. rodentium  infection 
(Zheng et al.  2008 ). IL-22 is both necessary and suffi cient for controlling systemic 
bacteria dissemination and mortality during the early stage of the infection. Mice 
defi cient in IL-22 succumb within the second week after infection. IL-22 can 
directly induce many antimicrobial peptides including the Reg family and S100 
family of peptides from intestinal epithelial cells (IECs). The induction of Reg fam-
ily peptides such as RegIIIβ and RegIIIγ by  C. rodentium  is abolished in the IL-22- 
defi cient mice. Recombinant RegIIIγ can partially rescue the IL-22 defi cient mice, 
suggesting RegIIIγ is one of the downstream host defense molecules induced by 
IL-22. Reg family peptides can directly kill  gram   +   bacteria and induce aggregation 
of  gram  −  bacteria (Cash et al.  2006 ; Iovanna et al.  1991 ). 

 More interestingly, in this model, ILCs, but not T cells, are the major early IL-22 
producing cells in the intestine (Cella et al.  2009 ; Satoh-Takayama et al.  2008 ; 
Zheng et al.  2008 ). T cells, however, are still required for full control of  C. roden-
tium  infection, because the development of the anti- C. rodentium  IgG response that 
eventually clears the bacteria from colon and CD4 T cells is required for this 
response (Bry and Brenner  2004 ; Maaser et al.  2004 ). Furthermore, a second wave 
of IL-22 production is also detected after  C. rodentium  inoculation in mice (Basu 
et al.  2012 ), which provides more complete host protection in the early stage of 
infection. This second wave of IL-22 is produced by Th22 cells in an IL-6-dependent, 
but IL-23-independent, manner. 

 In addition to controlling invading pathogens in the intestine, IL-22 can help to 
maintain the homeostasis of the mucosal barrier and commensal bacteria. A recent 
study shows that depletion of IL-22-producing ILCs leads to peripheral dissemina-
tion of commensal bacteria, especially  Alcaligenes  species, and systemic infl amma-
tion (Sonnenberg et al.  2012 ). Exogenous IL-22 is able to prevent the systemic 
dissemination of commensal bacteria and control the infl ammation. Furthermore, 
IL-22 controls segmented fi lamentous bacteria (SFB) (Ivanov et al.  2009 ; 
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Upadhyay et al.  2012 ), which initiate and augment Th17 responses in the mouse 
small intestine. IL-22 not only reduces the amount of SFB detected in the small 
intestine, also regulates host defense against bacterial infections in other organs, 
for example,  Klebsiella pneumoniae  infection in the lung (Aujla et al.  2008 ). In 
this model, IL-22 cooperates with IL-17 to induce the expression of proinfl amma-
tory cytokines and chemokines, as well as lipocalin-2, that kills  K. pneumoniae  in 
the lung. 

 In summary, IL-22 is one of the essential cytokines that regulate epithelial 
defense function and protect epithelial integrity. The functions of IL-22 in host 
defense can be categorized in several areas. First, IL-22 directly induces innate 
antimicrobial mechanisms via promoting the expression of bactericidal peptides. 
Second, IL-22 preserves the epithelial integrity and promotes the survival of epithe-
lial cells during infection and infl ammation. Third, IL-22 also augments wound- 
healing responses and acts on stem cells to promote recovery of the epithelial organs 
from damage caused by infection. Finally, IL-22 can synergize with other pro- 
infl ammatory cytokines to induce the expression of chemokines and cytokines that 
recruit and activate other leukocytes.  

6.3.1.3     Potential Functions of IL-22 in Viral Infection 

 The type III interferon (IFN) (or IFN-λ family) cytokines, IL-28A, IL-28B, and 
IL-29 (also called IFN-λ2, IFN-λ3, and IFN-λ1, respectively), exert important anti-
viral functions (Ouyang et al.  2011 ). Interestingly, these cytokines structurally are 
much more closely related to IL-22 than type I IFNs. In addition, type III IFNs share 
the same IL-10R2 chain with IL-22 as a common receptor subunit. It is tempting, 
therefore, to speculate a role of IL-22 in antiviral responses. However, although type 
III IFNs elicit a typical IFN-stimulated gene factor 3 (ISGF3) signal pathway in 
antiviral response, IL-22 has not been reported to directly induce ISGF3 complex 
and antiviral activities in cells. It is still possible that IL-22 can enhance or synergize 
with IFNs during antiviral responses. 

 Alternatively, as IL-22 promotes tissue-protective functions, it may help to alle-
viate tissue damage caused by viral infection. IL-22 can also enhance antibacterial 
activity from the tissue and reduce the chance of secondary bacterial infections after 
viral invasion. Recent studies with various viral infection models support these 
hypotheses. In a chronic lymphocytic choriomeningitis virus (LCMV) infection 
model with clone 13, IL-7 limited organ pathology and damage (Pellegrini et al. 
 2011 ) . One of the downstream factors induced by IL-7 in this model is IL-22, 
which provides an important cytoprotective function and reduces the severity of 
hepatitis during infection. Consistently, IL-22 is elevated in the liver during chronic 
hepatitis B virus infection in humans (Feng et al.  2012a ). The increased expression 
of IL-22 in the liver is correlated with the grade of the infl ammation and the prolif-
eration of liver progenitor cells. Both in vitro and in vivo, IL-22 is able to promote 
the proliferation of liver progenitor cells, suggesting a role of IL-22 in liver protec-
tion during hepatitis B virus (HBV) infection. A similar tissue protection role of 
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IL-22 is also observed in the lung during infl uenza infection (Kumar et al.  2013 ; 
Paget et al.  2012 ). IL-22-defi cient mice infected with infl uenza develop much more 
severe damage of the tracheal epithelial cells than that in wild-type (WT) mice. 
IL-22 knockout mice also do not recover their body weight lost during the infection. 
In the gut, the major cellular sources of IL-22 are T cells and innate lymphoid cells. 
In patients with human immunodefi ciency virus (HIV) infection, there is a signifi -
cant reduction of IL-22-producing T helper subsets, which is correlated with com-
promised epithelial integrity and increased bacterial translocation (Kim et al.  2012 ). 
Long-term antiretroviral therapy is able to increase IL-22-producing T cells and 
reverse the tissue damage in the gut. These data support an important role of IL-22 
in preventing HIV-induced mucosal immunopathogenesis in the gut. 

 All together these data support a critical function of IL-22 in protecting various 
epithelial tissues from virus- and infl ammation-caused destruction. Further studies 
are needed to investigate whether there is a direct role of IL-22 in controlling certain 
viral infections in epithelial cells. On the other hand, IL-22 can synergize with other 
cytokines to enhance infl ammation under certain conditions. It has been reported 
that IL-22-defi cient mice are more resistant to the lethal West Nile virus (WNV) 
encephalitis. In this model, IL-22 promotes chemokine pathways to recruit neutro-
phils into the central nervous system (CNS) (Wang et al.  2012 ).  

6.3.1.4     Role of IL-22 in Yeast Infection 

 Indispensable functional roles of Th17 and IL-17 in host defense against yeast 
infection have been established (Ouyang et al.  2008 ). Patients with mutations in 
either IL-17 receptor or IL-17F develop chronic mucocutaneous candidiasis (CMC) 
(Puel et al.  2011 ). Interestingly, in patients with CMC, their PBMCs not only pro-
duce less IL-17A but also less IL-22 upon stimulation with  Candida albicans  
(Eyerich et al.  2008 ). In addition, antibodies against IL-17A, IL-17F, and IL-22 
have been observed from patients with autoimmune polyendocrine syndrome type I 
(APS-I)/autoimmune polyendocrinopathy candidiasis ectodermal dystrophy 
(APECED) (Kisand et al.  2010 ; Puel et al.  2010 ). Dampened IL-22 response as well 
as IL-17 response is considered to associate with CMC in these patients. However, 
a direct causal relationship remains to be established (Zelante et al.  2011 ). 

 The role of IL-22 in preclinical yeast infection has been examined in recent 
years. During infection of oropharyngeal candidiasis, IL-22 seems to be dispensable 
though Th17 and IL-17 pathways are required for host defense (Conti et al.  2009 ). 
Similarly, IL-22 is not required for optimal host defense when skin is infected with 
 C. albicans  (Kagami et al.  2010a ). However, IL-22 is required to prevent  C. albi-
cans  from disseminating into stomach and kidney when the yeast is infected intro-
gastrically (De Luca et al.  2010 ). In this case, IL-22 induces various antimicrobial 
peptides such as S100A8 and RegIII-γ. Furthermore, during  Aspergillus fumigatus  
infection in the lung, IL-22 is induced through a Dectin-1- and IL-23-dependent 
pathway and contributes to the early innate host defense in the lung (Gessner et al. 
 2012 ). These data support that IL-22, similar to IL-17, participates in host defense 
of yeast infection.   
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6.3.2     Maintenance of Epithelial Homeostasis 

 The antimicrobial functions elicited by IL-22 help to prevent tissue damage from 
invading pathogens. In addition, IL-22 directly promotes tissue protection and 
regeneration. First, IL-22 has anti-apoptotic functions and prevents cell damage and 
cell death caused by infl ammation (Cella et al.  2009 ; Radaeva et al.  2004 ; Zenewicz 
et al.  2007 ). Second, IL-22 promotes wound repair through increasing cell migra-
tion and proliferation of keratinocytes, fi broblasts, and IECs (Boniface et al.  2005 ; 
Brand et al.  2006 ; McGee et al.  2013 ). Stat3 activation by IL-22 is essential for 
epithelial protection and mucosal wound healing in murine colitis triggered by 
chemical epithelial damage, infl ammatory T cells, or bacterial infection (Pickert 
et al.  2009 ; Sugimoto et al.  2008 ; Zenewicz et al.  2008 ; Zheng et al.  2008 ). Third, 
IL-22 helps to maintain mucosal barrier functions through the restoration of a 
mucus layer and tight junction. Mucus-associated proteins (MUC), structural com-
ponents of mucus, form a static external barrier along the epithelial cell surface and 
are critical for epithelial protection and the wound-healing process (Ho et al.  2006 ; 
Van der Sluis et al.  2006 ). MUC1, MUC3, MUC10 and MUC13 were upregulated 
from colonic epithelial cells upon IL-22 stimulation (Sugimoto et al.  2008 ). IL-22 
mediates enterocyte homeostasis and restores expression and redistribution of tight 
junction protein zonula occludens (OZ)-1 (Kim et al.  2012 ; Klatt et al.  2012 ). 
Finally, IL-22 is able to act on epithelial stem cells and progenitor cells and promote 
tissue regeneration. Given these unique functions of IL-22 in tissue protection, 
IL-22 may contribute to regulation of the pathogenesis in many diseases. 

6.3.2.1     Tissue-Protective Role of IL-22 in Infl ammation 

 The IL-22 receptor is expressed on many other cells with epithelial origins includ-
ing hepatocytes in the liver and acinar cells in the pancreas. IL-22 plays an indis-
pensable role in protecting these cells during infl ammation. IL-22 expression is 
induced in liver during concanavalin A (ConA)-induced hepatitis. Blocking the 
IL-22 pathway by a neutralizing antibody or using IL-22-defi cient mice exacerbates 
hepatitis as indicated by increased aspartate aminotransferase (AST) and alanine 
aminotransferase (ALT) levels (Radaeva et al.  2004 ; Zenewicz et al.  2007 ). 
Overexpression of IL-22 can protect liver from injury caused by an agonist antibody 
targeting Fas, ConA, or carbon tetrachloride (Pan et al.  2004 ). In addition, treatment 
with exogenous IL-22 reduces alcoholic liver injury in mice receiving chronic- 
binge ethanol feeding (Ki et al.  2010 ). In these models, IL-22 exerts anti-apoptotic 
effects, induces the expression of antioxidative products, and promotes the prolif-
eration of the hepatocytes. More interestingly, IL-22 is also involved in liver regen-
eration. The expression of IL-22R on hepatocytes is increased after a partial 
hepatectomy in mice. Blocking the IL-22 pathway in this case reduces the prolifera-
tion of hepatocytes (Ren et al.  2010 ). Pancreas is another organ that is targeted by 
IL-22. IL-22R1 is expressed at the highest level in pancreas compared to other 
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human tissues, and acinar cells are the predominant IL-22R1 +  cell population 
(Aggarwal et al.  2001 ). Both freshly isolated murine acinar cells and a transformed 
cell line were able to respond to IL-22 and upregulate pancreatitis-associated pro-
tein (PAP1)/regenerating gene (Reg)2 and osteopontin (OPN). Moreover, the induc-
tion was immediately observed after in vivo IL-22 administration in an animal 
model. PAP/Reg proteins belong to the C-type lectin (calcium-dependent lectin) 
gene superfamily, which also includes RegIII genes discussed previously (Zhang 
et al.  2003 ). They are not expressed in normal pancreas but are greatly elevated dur-
ing pancreatic infl ammation and directly stimulate β-cell proliferation, facilitate 
pancreatic islet regeneration, and ameliorate diabetic syndrome (Keim et al.  1984 , 
 1992 ; Orelle et al.  1992 ; Watanabe et al.  1994 ). A report has showed that both 
β-cells and α-cells may express some level of IL-22R1, but there is no direct evi-
dence to show that they respond to IL-22 (Shioya et al.  2008 ). In a cerulein-induced 
chronic pancreatitis model, exogenous IL-22 is able to reduce the release of diges-
tive enzymes, pancreatic cell death, and infl ammation, suggesting that IL-22 may 
have therapeutic value in this disease (Feng et al.  2012b ). 

 IL-22R1 expression was found in airway epithelial cells, indicating IL-22 as a 
regulator in lung infl ammation (Besnard et al.  2011 ). In asthmatic patients, and 
patients with interstitial lung diseases such as idiopathic pulmonary fi brosis (IPF), 
acute respiratory distress syndrome (ARDS), and pulmonary sarcoidosis, IL-22 
expression is altered comparing to healthy lungs, suggesting IL-22 has biological 
function in pulmonary diseases (Whittington et al.  2004 ). As already discussed, 
IL-22 is essential for maintenance of lung integrity during bacterial, fungal, and 
viral infection (Aujla et al.  2008 ; Gessner et al.  2012 ; Kumar et al.  2013 ) and pro-
motes both the pro-infl ammatory antimicrobial responses and tissue-protective 
functions in the lung. Interestingly, dependent on the environmental factors, the 
functions of IL-22 can be benefi cial or detrimental to the lung. In a bleomycin- 
induced lung infl ammation model, IL-22 exerts a protective function when the 
IL-17A pathway is blocked. However, in the presence of the IL-17 pathway, IL-22 
can synergize with IL-17 to amplify the infl ammatory response (Sonnenberg et al. 
 2010 ). On the other hand, there is evidence that IL-22 limits the Th2 infl ammation 
in an allergic airway model (Takahashi et al.  2011 ; Taube et al.  2011 ), represses 
IL-25 production from lung epithelial cells, and reduces eosinophil infi ltration in 
the airway (Takahashi et al.  2011 ). 

 In addition to its role in promoting liver regeneration, IL-22 also facilitates the 
regeneration of thymus (Dudakov et al.  2012 ). IL-22-defi cient mice displayed sig-
nifi cant delayed thymic regeneration after sublethal total body irradiation. 
Furthermore, IL-22 functions in maintaining intestinal stem cells (ISCs), which 
reside within intestinal crypts and could generate the entire crypt–villus structure 
(Barker et al.  2007 ; Hanash et al.  2012 ; Medema and Vermeulen  2011 ; Simons and 
Clevers  2011 ). In a murine graft-versus-host disease model, blocking the IL-22 
pathway results in the loss of the ISCs and the increase of crypt apoptosis. Although 
the IL-22 receptor is not expressed on leukocytes, a role of IL-22 in retaining lym-
phoid structure has been revealed recently. In the murine  C. rodentium  infection 
model, IL-22 is downstream of the lymphoid toxin pathway. IL-22 is required for 
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the maintenance of the isolated lymphoid follicles and colonic patches in the colon 
during infection (Ota et al.  2011 ). In this case, IL-22 does not directly act on leuko-
cytes; rather, it helps to preserve the epithelial architecture and chemokines that 
required for the organization of the lymphoid follicles.  

6.3.2.2     IL-22 May Be Benefi cial for IBD Through Its Roles Both in Tissue 
Protection and Antimicrobial Functions 

 Infl ammatory bowel diseases can be classifi ed into either ulcerative colitis (UC) or 
Crohn’s disease (CD), both of which manifest chronic infl ammation in the gastroin-
testinal tract. Although UC mainly affects only the colon with continuous superfi -
cial infl ammation, CD involves the entire intestinal track with patchy, sometimes 
transmural infl ammation. Both environmental factors and genetic predispositions 
contribute to the pathogenesis of the IBD, although the exact triggers of the disease 
remain unclear. Recent genome-wide association studies (GWAS) in IBD and data 
from preclinical animal models suggest that maintenance of the homeostasis of the 
intestinal microfl ora and mucosal epithelial barrier may be important. 

 The IL-22 pathway is not linked with IBD in GWAS analysis, but signifi cantly 
increased expression of IL-22 is reported in infl amed intestinal mucosa biopsies 
from IBD patients, and the level of IL-22 is correlated with disease severity (Andoh 
et al.  2005 ; Brand et al.  2006 ; Schmechel et al.  2008 ). As discussed, IL-23 is an 
essential upstream cytokine that induces the expression of IL-22 in the intestine. 
Both IL-23R and IL-12/IL-23p40 subunit are associated with IBD genetically. 
Interestingly, there is a correlation between serum IL-22 levels and IL-23R minor 
alleles in CD, in which lower IL-22 expression is linked with protective single 
nucleotide polymorphisms (SNPs) of IL-23 (Schmechel et al.  2008 ). As discussed 
previously, IL-22 effectively induces or synergizes the secretion of pro- infl ammatory 
cytokines and chemokines (IL-6, IL-8, IL-11, leukemia inhibitory factor), pro- 
angiogenic mediators (MMP-1, MMP-3, MMP-10), growth factor (amphiregulin), 
and immune suppressor (IL-10, SOCS3) in colon (Andoh et al.  2005 ; Brand et al. 
 2006 ; Nagalakshmi et al.  2004 ). IL-22 facilitates IFN-γ for inducible nitric oxide 
synthase (iNOS) production in human colon carcinoma cells, and iNOS is associ-
ated with infl ammation and immune activation (Ziesche et al.  2007 ). 

 IL-22 is upregulated and has a benefi cial role in several preclinical colitis models 
(Neufert et al.  2010 ; Pickert et al.  2009 ; Sugimoto et al.  2008 ; Zenewicz et al.  2008 ). 
Although IL-22 does not directly repress infl ammatory responses, it may help to 
dampen the symptoms in IBD in several ways (Fig.  6.4 ). First, IL-22 induces the 
production of antimicrobial peptides, such as Reg family of C-type letins, defensins, 
and cathelicidins, from intestinal epithelial cells and Paneth cells (Pickert et al.  2009 ; 
Sugimoto et al.  2008 ; Zenewicz et al.  2008 ; Zheng et al.  2008 ). Second, IL-22 pre-
serves the integrity of the mucosal epithelial layers. IL-22 not only may reduce epi-
thelial apoptosis but also helps to retain the tight junctions in epithelial cells during 
infection and infl ammation (Cella et al.  2009 ; Kim et al.  2012 ). IL-22 also promotes 
epithelial proliferation and triggers wound-healing responses (Brand et al.  2006 ; 
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Neufert et al.  2010 ; Pickert et al.  2009 ). In addition, IL-22 can direct act on intestinal 
epithelial stem cells and enhance the regeneration (Hanash et al.  2012 ). Third, IL-22 
augments the production of MUC proteins, which can sequester luminal fl ora from 
directly interacting with epithelial cells (Sugimoto et al.  2008 ). Finally, IL-22 stimu-
lates chemokine production from epithelial cells to boost leukocyte infi ltration.

   Based on its functions, IL-22 may offer certain therapeutic value in IBD, espe-
cially when epithelial damage and changes of luminal fl ora are major triggers of 
intestinal infl ammation. As IL-22 does not suppress infl ammation directly, addi-
tional anti-infl ammatory treatments may be needed to cooperate with the effects of 
IL-22. In fact, IL-22 by itself can exacerbate intestinal infl ammation under certain 
conditions. In colitis induced by transferring CD45Rb low  CD4 +  memory cells that 
are defi cient in IL-10 pathway, IL-22 amplifi es the intestinal infl ammation 
(Kamanaka et al.  2011 ). A similar pathogenic role of IL-22 is again revealed in a 
small intestinal infl ammation model triggered by infection with  Toxoplasma gondii  
(Munoz et al.  2009 ).  

6.3.2.3     Role of IL-22 in Oncogenesis 

 Stat3 is a known oncogene and has an important role in many different types of can-
cer (Hodge et al.  2005 ). Cytokines, such as IL-6, that activate Stat3, have been 
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  Fig. 6.4    IL-22 protects intestinal epithelia in infl ammatory bowel disease (IBD). IL-22 restores 
epithelial integrity through four major biological functions: promoting antimicrobial peptide 
secretion from epithelial cells; directly stimulating epithelial cell survival, proliferation, migration, 
and regeneration; increasing the production of mucous proteins by goblet cells, and triggering 
leukocyte infi ltration via activating the chemokine production from epithelial cells       
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connected with tumorigenesis under chronic infl ammatory conditions (Naugler et al. 
 2007 ). Because IL-22 directly targets epithelial cells and induces Stat3 activation, it 
is possible that IL-22 may promote certain epithelial-derived tumors. Under homeo-
static states, IL-22 can induce epithelial proliferation and elicit wound- healing 
responses. However, its pro-proliferative activity is in general much weaker than that 
of some of the other epithelial growth factors such as EGF and KGF (Sa et al.  2007 ). 

 Earlier study with IL-22 overexpressed in a murine carcinoma cell line, colon 26 
cells, demonstrated that the growth and metastasis of the tumor in syngeneic mice 
is not different from the control parental cells (Nagakawa et al.  2004 ). The survival 
of the mice that are intraperitoneally inoculated with IL-22-expressing colon 26 
cells is signifi cantly prolonged. The reason of this extended survival of the mice is 
unclear. 

 The fi rst important information regarding a potential role of IL-22 in tumorigen-
esis comes from the study with IL-22 transgenic mice. Gao and colleagues gener-
ated an IL-22 transgenic (Tg) mouse strain in which IL-22 is under the control of a 
albumin promoter (Park et al.  2011 ). Although IL-22 is specifi cally expressed in the 
liver, IL-22 is readily detectable in the serum. Different from the previous IL-22 Tg 
mice that die prenatally, these albumin-driven IL-22 Tg mice developed normally 
and survived more than 2 years. In these mice, the authors did not fi nd any spontane-
ously developed tumors. Interestingly, IL-22 Tg mice are more susceptible to dieth-
ylnitrosamine, a liver carcinogen that induces hepatocarcinoma, supporting a role of 
IL-22 in promoting the growth of existing cancers. IL-22 is overexpressed in adi-
pose tissue under the control of aP2 promoter in a Tg line (Wang et al.  2011 ). 
Although no obvious metabolic phenotypes are observed in these Tg mice, all Tg 
mice developed spontaneous liposarcomas after feeding with a high-fat diet (HFD). 
Interestingly, none of the wild-type (WT) mice fed with HFD or IL-22 Tg mice fed 
with a normal diet develop similar tumors. In both cases, it is unclear what the local 
IL-22 concentration is in the targeted tissue, which may be signifi cantly higher than 
normal endogenous level of IL-22. 

 The potential role of physiological IL-22 level in tumorigenesis has been recently 
examined in colon cancer models using IL-22, IL-22BP knockout mice, and IL-22 
neutralizing antibody (Huber et al.  2012 ). In the carcinogen-induced, colitis- 
associated colon cancer model, IL-22BP knockout mice have increased tumor bur-
den, which is dependent on IL-22. Similar results are also observed in the APC min/+  
model of colon cancer. These data again support a role of IL-22 in promoting exist-
ing colon cancer. On the other hand, the development of colon cancer is associated 
with colitis, and IL-22 can alleviate colitis in preclinical models. IL-22 may prevent 
the initiation of colon cancer by repression of colitis. Indeed, anti-IL- 22 treatment 
can increase tumor burden if treated early in the model, supporting a protective role 
of IL-22 in colon tumorigenesis at the early stage. 

 Although IL-22 promotes the existing colon tumors at the late stage, the long- 
term outcome of these tumors has not been examined. Stat3 was reported to have 
a dual role in the development of colon cancer in APC min/+  mice carrying IEC-
specifi c deletion of Stat3 (Musteanu et al.  2010 ). In the absence of Stat3, the num-
ber of intestinal epithelial adenoma is reduced at an early stage, suggesting the 
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Stat3 pathway may play a role in promoting tumor growth. Interesting, at the later 
stage, there is signifi cantly increased tumor burden in both small intestine and 
colon  without Stat3. Loss of Stat3 not only enhances the tumor progression and 
invasiveness but also signifi cantly reduces the survival of APC min/+  mice. Together, 
the data suggest that activated Stat3 may help control the progression of intestinal 
cancers. It is unclear whether there is a similar role of IL-22, given its function in 
activation of Stat3.   

6.3.3     Infl ammation and Autoimmune Diseases 

 Similar to many other cytokines including IL-6, TNF-α, and IL-1β, IL-22 is able to 
promote infl ammatory responses. Three major functions of IL-22 contribute to the 
infl ammatory cascade. First, many of the antimicrobial peptides such as S100 fam-
ily proteins, induced by IL-22, can recruit and activate leukocytes. Second, IL-22 
stimulates the expression of a large group of chemokines from epithelial cells. 
Third, IL-22 can directly act on liver and other organs to trigger the release of acute- 
phase proteins, whose plasma concentration changes in response to infl ammation to 
restrain infection, damp local infl ammation, and rebuild tissue homeostasis 
(Baumann and Gauldie  1994 ; Steel and Whitehead  1994 ). As discussed earlier, 
however, despite these pro-infl ammatory effects, the net functional outcome of 
IL-22 in infl ammation and infection could be an alleviated infl ammatory response 
(Radaeva et al.  2004 ; Sugimoto et al.  2008 ; Zenewicz et al.  2007 ,  2008 ; Zheng et al. 
 2008 ). Under other conditions, IL-22 elicits strong pro-infl ammatory effects and 
contributes to the pathogenesis of many infl ammatory diseases (Kamanaka et al. 
 2011 ; Munoz et al.  2009 ; Zheng et al.  2007 ). These contradictory effects of IL-22 
are likely caused by the shifted balance between the tissue-protective effects and 
pro-infl ammatory functions of IL-22. Thus, pro-infl ammatory functions of IL-22 
are largely dictated by the context of tissue microenvironment, type of infection, or 
other pro-infl ammatory mediators. 

6.3.3.1     IL-22 Induces Expression of Chemokines and Triggers 
Acute- Phase Reaction 

 Despite the minimal effect of IL-22 on cytokine secretion, IL-22 strongly upregu-
lates many chemokines in various organs and contributes to immune regulation by 
recruiting leukocyte infi ltration. IL-22 directly upregulates CXCL10 (IP-10), CCL2 
(MCP-1), IL-8, and CXCL1 in hepatocytes, resulting in the recruitment of mono-
cytes, effector T cells, NK cells, and neutrophils (Donnelly et al.  2004 ; Liang et al. 
 2010 ). Similarly, chemoattractants IL-8, CXCL1, CXCL2 (MIP2-a), CXCL3 
(MIP2-b), CXCL6, and CCL7 were positively regulated by IL-22 in human colonic 
subepithelial myofi broblasts and were elevated in infl amed colonic lesions of IBD 
patients (Andoh et al.  2005 ; Brand et al.  2006 ). There was an even greater variety of 
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chemokines induced by IL-22 in human keratinocytes including IL-8, CXCL1, 
CXCL7, CXCL9 (MIG), CXCL10, CXCL11 (I-TAC), CCL2, CCL5 (RANTES), 
CCL20 (MIP3-a), and CCL26 (Eotaxin-3). All these chemokines not only activate 
chemotaxis in various leukocyte populations (monocytes, macrophages, dendritic 
cells, activated T cells, eosinophils, basophils, and neutrophils), but also stimulate 
other processes such as mitogenesis, synthesis of extracellular matrix, glucose 
metabolism, and phagocytosis (Eyerich et al.  2009 ; Sa et al.  2007 ). Similar observa-
tions were found in pulmonary diseases and rheumatoid arthritis (RA) (Aujla et al. 
 2008 ; Besnard et al.  2011 ; Ikeuchi et al.  2005 ). In preclinical studies, the infi ltration 
of leukocytes into infl ammation sites was signifi cantly reduced in IL-22-defi cient 
animals or those treated with IL-22-neutralizing antibody. 

 The liver is the predominant organ of pro-infl ammatory response. IL-22 was 
initially characterized as a hepatocyte-stimulating factor for its ability to upregulate 
acute-phase proteins, such as serum amyloid A (SAA), a1-antichymotrypsin, and 
haptoglobin in several hepatoma cell lines (Dumoutier et al.  2000c ).    In addition, the 
production of both fi brinogen and LBP by hepatocytes was enhanced after IL-22 
administration (Liang et al.  2010 ; Wolk et al.  2007 ). With sustained exposure to 
IL-22 delivered by the adenoviral system or liver-specifi c transgene expression, cir-
culating blood cells were altered with increased blood platelets and decreased red 
blood cells. Furthermore, body weight loss, thymic atrophy, and renal proximal 
tubule metabolic activity associated with acute infl ammation were also detected 
(Liang et al.  2010 ). Besides acting on the vital organs, IL-22 is expressed in RA 
synovial tissues and mononuclear cells in synovial fl uid, and contributes to joint 
infl ammation primarily through directly promoting fi broblast proliferation and 
monocyte chemoattractant protein 1 (MCP-1) (Ikeuchi et al.  2005 ).  

6.3.3.2     Pathogenic Role of IL-22 in Psoriasis 

 The possible link between IL-22 and psoriasis was fi rst revealed by studying the 
closely related family member IL-20 (Blumberg et al.  2001 ). Overexpressing IL-20 
in Tg mice results in abnormal skin phenotypes, including wrinkled and shiny skin 
with a thickened epidermis. Histological analysis further identifi es epidermal hyper-
plasia and compact stratum corneum, consistent with some of the histological fea-
tures observed in psoriatic skin, in these mice. Interestingly, similar phenotypes are 
also observed in IL-22 and IL-24 Tg mice, suggesting common biological functions 
of this group of cytokines in the skin (He and Liang  2010 ; Wolk et al.  2009 ). IL-22 
receptors are highly expressed by keratinocytes (Sa et al.  2007 ). Detailed in vitro 
studies with human primary epidermis demonstrate that IL-22 as well as other fam-
ily members including IL-19, IL-20, and IL-24 can directly induce many down-
stream biological features observed in psoriatic skin. For example, IL-22 activates 
p-STAT3 in human keratinocytes and induces the expression of several pro- 
infl ammatory proteins including members of S100 family of calcium-binding pro-
teins, β-defensins, and matrix metalloproteinases (MMP) (Boniface et al.  2005 ; Ma 
et al.  2008 ; Sa et al.  2007 ; Wolk et al.  2004 ). Specifi cally, S100A7, S100A8, and 
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S100A9 are produced promptly when normal human epidermal keratinocytes are 
treated with IL-22, and they function as chemoattractants of innate immune cells 
(Roth et al.  2003 ; Watson et al.  1998 ). β-Defensin 2 and -3 are induced by IL-22 in 
human primary keratinocytes, and contribute to infl ammation through activation 
and degranulation of mast cells and CCR6-mediated chemotaxis for immature DCs 
and CD4 memory T cells (Niyonsaba et al.  2001 ; Yang et al.  1999 ). MMPs, also 
called matrixins, have an essential role in cell mobility and tissue remodeling 
(Nagase and Woessner  1999 ). In addition, IL-22 promotes epidermal keratinocyte 
proliferation and abnormal differentiation similar to those observed in psoriatic 
skin. Among all its family members, IL-22 appears to be the most potent in induc-
tion of these biological effects from keratinocytes (Sa et al.  2007 ). 

 In humans, elevated IL-22 has been detected in lesional skin and serum from 
psoriasis patients (Boniface et al.  2005 ,  2007 ; Kagami et al.  2010b ; Pene et al.  2008 ; 
Wolk et al.  2004 ). In addition, IL-22-producing T helper subsets, including Th17 
and Th22 cells, have been isolated from psoriatic skin. Th17 cells produce both 
IL-22 and IL-17. IL-17 also exerts essential pathogenic functions in psoriasis. It 
induces many similar genes as those by IL-22 from keratinocytes (Liang et al.  2006 ; 
Tohyama et al.  2009 ). Blocking the IL-17 pathway ameliorates skin infl ammation in 
many preclinical psoriatic models (van der Fits et al.  2009 ). More importantly, in 
clinic, blocking the antibody targeting IL-17 or the IL-17 receptor results in very 
impressive effi cacy in treatment of psoriasis (Hueber et al.  2010 ; Leonardi et al. 
 2012 ; Papp et al.  2012 ). IL-22 is able to synergize with IL-17 and amplify infl am-
matory responses in the skin. 

 Human genetic studies in psoriasis also support an important role of IL-22 in the 
pathogenesis. Both IL-12/IL-23 p40 subunit and IL-23 receptor have been linked to 
psoriasis in GWAS (Capon et al.  2007 ). A protective SNP identifi ed in IL-23R leads 
to reduced IL-23R expression and decreased IL-22 production upon IL-23 stimula-
tion in T cells (Pidasheva et al.  2011 ). IL-23 has important functions in Th17 cell 
development in vivo (McGeachy and Cua  2007 ) and is indispensable for IL-22 
induction from both T cells and ILCs (Ouyang et al.  2011 ). In clinic, the antibody- 
neutralizing IL-12/IL-23 p40 subunit succeeds in treatment of psoriasis (Krueger 
et al.  2007 ). The effi cacy of anti-IL-23 could result partly from the block of IL-22 
induction by IL-23. Indeed, in a preclinical mouse model, IL-23 is able to directly 
induce skin infl ammation and acanthosis, and these phenotypes are alleviated in 
IL-22-defi cient mice (Zheng et al.  2007 ). Blocking IL-22 is effi cacious in several 
other preclinical models of skin infl ammation (Ma et al.  2008 ; Van Belle et al.  2012 ). 

 Another protein, Act1, is identifi ed to associate with psoriasis by three indepen-
dent GWAS (Ellinghaus et al.  2010 ; Huffmeier et al.  2010 ; Strange et al.  2010 ). 
Act1 is an important adaptor molecule recruited to the receptor of IL-17 and is 
essential for the function of IL-17 (Chang et al.  2006 ; Qian et al.  2007 ). The variant 
of Act1 identifi ed in psoriasis replaces asparagine for the aspartic acid at the posi-
tion 10. This loss-of-function mutation results in abolished IL-17-dependent func-
tions. Given an important pathogenic function of IL-17 as already discussed, it is 
paradoxical that this Act1 mutation is associated with increased risk of development 
of psoriasis. A recent study, however, revealed that in the mouse this mutation leads 
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to a signifi cantly increased production of IL-22 from T cells (Wang et al.  2013 ). In 
addition, these mice spontaneously develop skin infl ammation that can be blocked 
by IL-22-neutralizing antibody. 

 Taken together, these data support an important role of IL-22 in the pathogenesis 
of psoriasis. However, it is unclear whether blocking IL-22 by itself will provide 
suffi cient therapeutic benefi t in psoriasis. First, several other IL-10 family members, 
IL-19, IL-20, and IL-24 are also elevated in human psoriatic skin and can induce 
similar downstream biological effects in the skin. Second, although IL-22 induces 
many unique patterns and genes from keratinocytes in psoriasis, it is a relative weak 
cytokine in promoting infl ammatory responses in comparison with other cytokines 
such as IL-17 and TNF-α. IL-22 usually synergizes with these cytokines to further 
amplify infl ammation. Further clinical studies may be necessary to fully assess the 
role of IL-22 in psoriasis.       
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    Abstract     The discovery of IL-23 and characterization of the biology governed by 
this cytokine has led to dramatic new insights within immunology. IL-23 is central 
to the pathogenesis of many immune-mediated infl ammatory disorders and was 
shown to act via a novel IL-17-producing T helper subset, the Th17 cell. Many 
innate cells also respond to IL-23 and are important in both resistance to infection 
and in mediating autoimmune pathology. These cells are characterized by expres-
sion of RORγt transcription regulator and include subsets of γδ T cells, natural 
killer (NK) cells, innate lymphoid cells in the intestine and a recently described 
entheseal resident cell that resides at a key site for rheumatic illness. Stimulation of 
these various cells by IL-23 induces severe infl ammation, much of which is medi-
ated by the signature cytokines, including IL-17 and IL-22. Exploration of the biol-
ogy of IL-23 has thus led to the identifi cation of novel immune cell subsets as well 
as new paradigms for disease localization based upon the distribution of IL-23- 
responder populations. These new concepts are at the core of novel therapeutic 
strategies based upon neutralization of IL-23 or IL-17, which are showing encour-
aging results for treatment of psoriasis, multiple sclerosis, rheumatoid arthritis, and 
ankylosing spondylitis.  
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7.1         Discovery and Immune Function of IL-23 

7.1.1     Historical Perspective: A Case of Mistaken Identity 

 The discovery of IL-23 and its infl uence on T-cell biology led to a substantial  revision 
in our understanding of the key cytokines and T-lymphocyte subsets in immune- 
mediated infl ammation. Before the turn of the millennium, classical thought in 
immunology held that two major divisions of T helper (Th) lymphocytes existed: 
Th1 and Th2 cells (Mosmann et al.  1986 ). Although Th2 cells were known to play an 
important role in promoting allergic responses and combating extracellular bacterial 
and parasitic infection, Th1 cells were demonstrated to be critical in the response to 
intracellular viral and bacterial infections through their characteristic production of 
interferon (IFN)-γ and were also proposed to be the central players in autoimmune 
infl ammation. However, despite this prevailing paradigm, it was well recognized that 
IFN-γ and the IFN-γ receptor (IFN-γR) are not necessary for development of experi-
mental autoimmune encephalomyelitis (EAE), a prototypical model of neurodegen-
erative autoimmune disease (Ferber et al.  1996 ; Willenborg et al.  1996 ). Indeed, 
IFN-γR defi ciency or IFN-γ neutralization in mice leads to signifi cantly worse EAE 
pathology (Willenborg et al.  1996 ; Billiau et al.  1988 ; Lublin et al.  1993 ; Duong 
et al.  1992 ; Heremans et al.  1996 ). Conversely, administration of recombinant IFN-γ 
could suppress the development of EAE (Voorthuis et al.  1990 ). Nevertheless, an 
importance for Th1 cells continued to be implied by experiments that demonstrated 
that the p40 subunit of IL-12 is necessary for the development of EAE. As IL-12 is 
the key differentiation factor for Th1 cells, it was assumed that these cells were fun-
damental to EAE pathogenesis. These conclusions appeared to be supported by 
experiments demonstrating that genetic absence or antibody-mediated antagonism of 
IL-12p40 blocked development of EAE (Segal et al.  1998 ). A few years later, how-
ever, it was demonstrated that although IL-12p40 is essential for development of 
EAE, deletion of the other IL-12 subunit, p35, does not prevent this disease (Becher 
et al.  2002 ). These fi ndings were extended to show that deletion of a chain of the 
receptor for IL-12, IL-12Rβ2, is also unable to block the pathology (Zhang et al. 
 2003 ). Together these studies questioned whether Th1 cells and their associated cyto-
kines are truly critical in the pathogenesis of EAE and, more broadly, whether these 
factors are fundamental to autoimmune infl ammation in these settings.  

7.1.2     IL-23 Is the Critical Factor in Autoimmune Pathology 

 The puzzling fi ndings regarding the discordant roles of IL-12p40 and p35 in EAE 
were explained only when our understanding of the IL-12 family of cytokines was 
expanded. Systematic searching of sequence databases for additional members of 
the IL-6 helical cytokine family led to the discovery of a novel protein with a molec-
ular weight of approximately 19 kDa (Oppmann et al.  2000 ). This protein, termed 
“p19,” was found to be closely related in sequence to IL-12p35, IL-6, and 
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granulocyte colony-stimulating factor (G-CSF), yet it was poorly secreted when 
expressed alone in cells. By analogy with IL-12, which is composed of two chains, 
p35 and p40, it was hypothesized that p19 might also pair with another protein. 
Coexpression studies revealed that the p40 subunit of IL-12, but not other related 
proteins, could pair with p19 to form a secreted p19–p40 heterodimer. Additionally, 
natural p19–p40 heterodimers were found to be secreted by activated dendritic 
cells. This novel heterodimer was named IL-23 (Oppmann et al.  2000 ). 

 Because IL-23 shares the p40 subunit with IL-12, the possibility emerged that it 
is actually IL-23, and not IL-12, which is critically important in the development of 
autoimmune infl ammation in the models studied, as the neutralization experiments 
targeting p40 would block both IL-12 and IL-23. This hypothesis was directly tested 
by producing mice specifi cally defi cient in IL-23 through deletion of the p19 sub-
unit. With these mice it was confi rmed that IL-23, and not IL-12, is the essential 
cytokine in EAE (Cua et al.  2003 ). These fi ndings were extended to show that IL-23 
is also essential in animal models of infl ammatory arthritis (Murphy et al.  2003 ) and 
infl ammatory bowel disease (Yen et al.  2006 ), emphasizing its central role in vari-
ous immune-mediated pathologies.  

7.1.3     The Cellular Responders to IL-23: Th17 Cells 

 Given the known importance of IL-12 in the induction of Th1 cells and the homol-
ogy of IL-12 and IL-23, it seemed logical to test whether IL-23 could act to induce 
the polarization of a distinct T-cell subset critical for mediating autoimmune infl am-
mation. Indeed, an early report demonstrated that IL-23 stimulation results in pro-
duction of IL-17 by memory T lymphocytes (Aggarwal et al.  2003 ). At the same 
time, we showed that IL-23p19-defi cient mice lacked IL-17-producing cells in a 
model of infl ammatory arthritis (Murphy et al.  2003 ), suggesting that IL-17 +  cells 
are selectively induced by IL-23. However, it is important to note that IL-23 in this 
system was found to act preferentially on  memory  cells, which is consistent with the 
original description of this cytokine in stimulating proliferation of these mature 
cells (Oppmann et al.  2000 ). Moreover, the observation that IL-23R is present on 
memory cells but not naive T cells (Parham et al.  2002 ; Awasthi et al.  2009 ) sug-
gests that IL-23 cannot act at the very earliest stages of T-cell polarization. As 
expected, IL-23 was shown to be dispensable for polarization of naive cells toward 
IL-17-producing T cells (Th17), which develop instead in response to IL-6 and 
transforming growth factor (TGF)-β stimulation (Bettelli et al.  2006 ; Veldhoen et al. 
 2006a ), with IL-6 inducing expression of IL-23R (Mangan et al.  2006 ). As TGF-β 
was known to also induce expression of Foxp3 and differentiation of Treg cells, 
attention focused on how IL-6 might inhibit this effect. Experiments demonstrated 
that IL-6 plays a critical role by antagonizing Foxp3 expression (Bettelli et al.  2006 ) 
and can induce Th17 cells through its induction of STAT3 and the Th17 lineage-
determining transcription factor RORγt (Yang et al.  2007 ) (Fig.  7.1 ). Intestinal 
lamina propria cells from IL-6-defi cient mice are thus defi cient in expression of key 
Th17 cell factors, including IL-17F, RORγt, and IL-23R (Ivanov et al.  2006 ). 
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STAT3 itself is critical in Th17 cell development because defi ciency of this factor 
greatly inhibits development of Th17 cells, whereas a hyperactive form enhances 
their polarization (Yang et al.  2007 ). Moreover, IL-21 can act similarly to IL-6, both 
cytokines being important activators of STAT3 (Yang et al.  2007 ; Zeng et al.  2007 ) 
and IL-21 can also induce Th17 polarization in combination with TGF-β (Korn 
et al.  2007 ). The importance of STAT3 is emphasized by its ability to directly bind 
and induce transcription of the  IL-23R  locus (Ghoreschi et al.  2010 ), which confers 
responsiveness to IL-23. Consequently, human data demonstrate that  certain STAT3 
mutations are associated with hyper-IgE syndrome with severe immunodefi ciency, 
and with defective responsiveness to IL-6 (Minegishi et al.  2007 ) and impaired 
development of Th17 cells (Milner et al.  2008 ).
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pSTAT3 homodimerizes and translocates to the nucleus, thus amplifying expression of pathogenic 
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interferon (IFN)-γ]       

 

J.P. Sherlock et al.



183

7.1.4        Stabilization of Pathogenic Th17 Cells by IL-23 

 Despite the ability of TG-β and IL-6 to induce IL-17-producing T cells, the 
 development of these cells is incomplete in the absence of IL-23. Hence, IL-23R −/−  
cells have both reduced proliferation and IL-17 production and fail to accumulate in 
the central nervous system during autoimmune encephalomyelitis (McGeachy et al. 
 2009 ). In the absence of IL-23R there is impaired formation and maturation of Th17 
cells as indicated by abnormal maintenance of the early T-cell differentiation factor 
IL-2, combined with defective upregulation of IL-7Rα (McGeachy et al.  2009 ). 
Through these studies, IL-23 has emerged as essential for the development of patho-
genic infl ammatory Th17 cells (McGeachy et al.  2009 ; Ghoreschi et al.  2010 ). 

 Because expression of IL-23R is known from this work to be essential for Th17 
cells to fully adopt pathogenic effector functions, the factors promoting IL-23R 
itself are of immense interest. IL-6-induced STAT3 is important in induction of 
IL-23R expression, and once this receptor is expressed, IL-23 can then synergize 
with IL-6 by acting on STAT3 through the IL-23R. IL-23 thus promotes expression 
of its own receptor (Ghoreschi et al.  2010 ; Zúñiga et al.  2013 ). This positive feed-
back stabilizes the Th17 cell phenotype and confers ongoing responsiveness to 
IL-23. A key stabilization step for Th17 cell fate is obtained through induction of 
the lineage-determining transcription factor RORγt, analogous to T-bet for Th1 
cells. This factor is essential for promotion of autoimmune pathology and differen-
tiation of tissue-infi ltrating Th17 cells in vivo, and its forced expression directly 
induces the production of IL-17 (Ivanov et al.  2006 ). Recent data demonstrate that 
IL-23 further reinforces Th17 cell pathogenicity by promoting expression of TGF- 
β3 during early Th17 cell development (Lee et al.  2012 ). TGF-β3 may contribute to 
pathogenic Th17 cell polarization via a feed-forward upregulation of IL-23R. 
Investigations have also revealed that GM-CSF is a key disease-promoting factor 
produced by pathogenic Th17 cells. This molecule, the expression of which is 
induced by RORγ, is suffi cient to induce EAE in the genetic absence of IL-17 and 
IFN-γ, whereas GM-CSF-defi cient T cells are unable to induce disease (Codarri 
et al.  2011 ). Moreover, IL-23 creates a positive feedback loop to promote mainte-
nance of pathogenicity because IL-23 itself induces expression of GM-CSF from 
Th17 cells and this GM-CSF can then induce further production of IL-23 from 
antigen-presenting cells (El-Behi et al.  2011 ). The interplay of these factors allows 
continuance of pathological IL-23- and Th17-mediated autoimmune infl ammation.  

7.1.5     TGF-β-Independent Induction of Th17 Cells 

 TGF-β can participate in, but may not be suffi cient for, Th17 cell generation. 
Although mice expressing a dominant-negative form of TGF-β receptor II in CD4 +  
T cells display defective development of Th17 cells (Veldhoen et al.  2006b ), both 
IL-17 +  and RORγt +  cells are present in the intestinal lamina propria of these mice as 
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well as in TGF-β-receptor I mutant mice (Ghoreschi et al.  2010 ). Furthermore, 
Th17 cells can be generated in vitro in the absence of TGF-β by using serum-free 
conditions and neutralizing anti-TGF-β antibodies (Ghoreschi et al.  2010 ), suggest-
ing factors other than TGF-β can mediate Th17 cell development. In these TGF-β- 
defi cient conditions, IL-6 and IL-23 in the presence of IL-1β are suffi cient to drive 
Th17 cell development, with IL-6 acting through STAT3 to trigger expression of 
IL-23R and this expression being further enhanced by IL-23 itself. This novel, 
IL-23-dependent Th17 cell polarization is distinct from the previously described 
induction by TGF-β and IL-6, because under these conditions TGF-β inhibits Th17 
polarization and IL-23R induction (Ghoreschi et al.  2010 ).  

7.1.6     Responsiveness of Innate Immune Cells to IL-23 

 Following initial characterization of the critical role of IL-23 in autoimmune infl am-
mation (Cua et al.  2003 ), investigations focused almost exclusively on the effects of 
this cytokine on adaptive, antigen-dependent T cells, perhaps partly because of the 
focus of studying the action of IL-23 in chronic, nonresolving autoimmune diseases 
driven by activated T cells, which respond to ubiquitously present self-antigens. 
However, the biology of the IL-23–IL-17 axis has also consistently demonstrated its 
physiological role in resolving acute infections as these cytokines are produced at 
very early stages (Lockhart et al.  2006 ) and act rapidly (Happel et al.  2003 ,  2005 ; 
Huang et al.  2004 ) to clear infection, after which the response is terminated. 

 The ability of IL-23 to drive innate infl ammation in noninfectious situations was 
demonstrated using RAG-defi cient mice in which lamina propria cells can respond 
directly to IL-23 in the absence of previous conditioning with other cytokines 
(Buonocore et al.  2010 ). Indeed, IL-23 is absolutely required for the intestinal 
pathology in RAG-defi cient mice driven by an anti-CD40 antibody that stimulates 
antigen-presenting cells by mimicking CD40L on T lymphocytes, and is abrogated 
in IL-23p19-defi cient mice (Uhlig et al.  2006 ). The cellular responders to IL-23 
have recently been demonstrated to be c-Kit + , SCA1 + , and RORγt +  “innate lym-
phoid cells” (Buonocore et al.  2010 ) (Fig.  7.2 ).

   A further IL-23-responsive innate lymphoid cell (ILC) was characterized in 
human mucosa-associated lymphoid tissue, and these cells express the NK cell 
receptor NKp44, RORγt, as well as CCR6, a chemokine receptor present on Th17 
cells (Cella et al.  2009 ). Mucosal NKp44 +  cells do not function as classical NK 
cells, which release perforin and IFN-γ, but instead respond to IL-23 by producing 
IL-22. However, these mucosal NKp44 +  cells do not produce IL-17. Equivalent 
NK-like cell types have also been identifi ed in mouse mucosal tissues, including the 
lamina propria and intraepithelial surfaces of the small intestine. These NK-like 
cells have low expression of the NK cell marker NK1.1 but express NKp46, CD127, 
and c-Kit (not NKp44, which is only expressed in humans), and are primed for 
rapid, immediate responsiveness to IL-23 (Cella et al.  2009 ; Luci et al.  2009 ; Sanos 
et al.  2009 ; Satoh-Takayama et al.  2008 ). 
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 Cells that have historically been described as lymphoid tissue inducer (LTi)-like 
cells, because their surface phenotype is similar to those cells responsible for the 
formation of lymphoid tissues, have recently been shown to respond to IL-23. 
Through its action on these IL-23R +  cells, IL-23 is able to stimulate the production 
of IL-17 and IL-22 in RAG-defi cient splenocytes, and these cells, despite their 
extremely small numbers, allow RAG-defi cient splenocytes to secrete as much as 
one third of the IL-17 produced by wild-type splenocytes (Takatori et al.  2009 ). The 
relevance of these cells was demonstrated in the innate response to in vivo challenge 
with a fungal molecule, zymosan, during which they provide an innate source of 
IL-17 and IL-22. Human LTi-like cells have similarly been shown to produce IL-17 
and IL-22 (Cupedo et al.  2009 ). Similar to Th17 cells (Ivanov et al.  2006 ) and 
the intestinal “innate lymphocytes” discussed earlier (Buonocore et al.  2010 ), 
these LTi-like cells express RORγt, as well as aryl hydrocarbon receptor (AHR) 
and CCR6 (Takatori et al.  2009 ). However, in contrast to adaptive T lymphocytes, 
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they have constitutive expression of IL-23R, which allows immediate IL-23 
 responsiveness. Given the similarities between the innate cell types responding to 
IL-23, it was speculated that these cells might represent different stages of a devel-
opmental lineage. Indeed, the LTi-like CD127 +  cells present in the human tonsil 
were demonstrated to directly develop into CD56 + CD127 +  NK-like cells and to 
remain distinct from conventional cytotoxic NK cells (Crellin et al.  2010 ). Together, 
these populations represent key early IL-23 responsive cells, which rapidly induce 
infl ammation following exposure to IL-23.  

7.1.7     IL-23-Responsive γδ T Cells 

 Other critically important acute cellular responders to IL-23 are naturally occurring, 
IL-17-producing γδ T cells. These cells are ideally situated to mediate rapid 
responses as they are tissue resident and can respond quickly to infections. They 
also mature earlier in the fetal thymus than αβ T cells and accumulate more rapidly 
at sites of infection (Hayday  2000 ). Recently, natural IL-17 producing γδ T cells 
were characterized and, similar to the other IL-23-responsive cells described, 
express RORγt, IL-23R, and AHR and produce the same set of signature cytokines 
including IL-17, IL-21, and IL-22 (Martin et al.  2009 ; Haas et al.  2009 ; Sutton et al. 
 2009 ). Indeed, γδ T cells account for the majority of IL-23R +  cells in the lymph 
nodes of naive mice, with 40 % of nodal γδ T cells bearing the IL-23R, in contrast 
to the very small population of IL-23R +  CD4 +  T lymphocytes (Awasthi et al.  2009 ). 
These IL-17-producing γδ T cells are thought to be programmed in the thymus for 
rapid production of this cytokine, and accumulate in the draining lymph node 
immediately in response to infection (Jensen et al.  2008 ; Ribot et al.  2009 ); this 
action is in contrast to the slow appearance of antigen-specifi c αβ T cells, which can 
take many days. 

 Consistent with their rapid kinetics, IL-23R +  γδ T cells, such as LTi and NK-like 
cells, respond directly and immediately to IL-23 without the need for previous 
induction with TGF-β and IL-6 (Shibata et al.  2007 ; Umemura et al.  2007 ). Indeed, 
in contrast to Th17 cells, the latter two cytokines do not result in IL-17 production 
by γδ T cells (Shibata et al.  2007 ); rather, IL-17 production is enhanced by the addi-
tion of IL-1β (Duan et al.  2010 ). This cytokine, produced by antigen-presenting 
cells, confers greater responsiveness on IL-1R1 +  γδ T cells, which produce more 
IL-17 in response to IL-23 (Duan et al.  2010 ). Consistent with the necessity for a 
rapid, acute response to IL-23 following invasion of pathogens across mucosal sur-
faces, these highly IL-23-responsive IL-1R1 +  γδ T-cell subsets populate mucosal 
sites, including the peritoneum, intestinal lamina propria, and lung (Duan et al. 
 2010 ). IL-1R1 signalling is required for defense against mucosal infections includ-
ing  Escherichia coli , group B  Streptococcus , and  Bacteriodes fragilis  (Shibata et al. 
 2007 ; Duan et al.  2010 ), possibly by enhancing local responsiveness to IL-23. 

 Although γδ T cells can respond to IL-23 produced by antigen-presenting cells 
activated by ligation of pattern-recognition receptors, IL-17-producing γδ T cells 
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were found to express the receptors dectin-1, TLR1, and TLR2, but not TLR4 
(Martin et al.  2009 ); this permits them to respond to fungal infections with rapid 
production of IL-17 and neutrophil recruitment. The signifi cance of this in human 
disease is underscored by increased IL-17-producing γδ T cells observed in patients 
with active pulmonary infection with  Mycobacterium tuberculosis  (Peng et al. 
 2008 ). Furthermore, in mice, γδ T cells are the main producers of IL-17 in the lungs 
following the same bacterial infection (Lockhart et al.  2006 ). These cells also 
respond to  Candida albicans  infection in humans and, consistent with the higher 
infective load, expand in patients with human immunodefi ciency virus (HIV) infec-
tion (Fenoglio et al.  2009 ).  

7.1.8     A Novel Paradigm of IL-23 Action: Entheseal 
Resident IL-23R +  Cells 

 A novel mechanism of action of IL-23 has recently been described in which this 
cytokine induces rapid and severe infl ammation with very specifi c anatomic distri-
bution characteristic of spondyloarthropathy. The spondyloarthropathies (SpA) are 
rheumatic conditions characterized by infl ammation localized to the insertional 
“entheseal” areas where tendons and ligaments attach to bone (Ball  1971 ,  1983 ; 
McGonagle et al.  1998 ). Numerous independent approaches from a range of diverse 
scientifi c disciplines have converged upon IL-23, suggesting that this is a pivotal 
cytokine in these conditions. Thus, the HLA-B27 molecule, which is tightly associ-
ated with SpA, being present in 90 % of patients with the prototypical subtype, 
ankylosing spondylitis (AS), misfolds and triggers a stress response in the endoplas-
mic reticulum, resulting in production of IL-23 (DeLay et al.  2009 ; Colbert et al. 
 2010 ). Bacteria associated with the reactive arthritis subtype of SpA also result in 
IL-23 production by this route, specifi cally through the induction of CHOP10, 
which binds to the IL-23p19 promoter to induce its expression (Goodall et al.  2010 ). 
Moreover, SpA is associated with an expansion of cells that can recognize abnormal 
surface forms of HLA-B27, and these cells are highly enriched for IL-23 respon-
siveness (Bowness et al.  2011 ). Indeed, polymorphisms in IL-23R suggestive of 
altered IL-23 responsiveness also correlate with the likelihood of developing AS 
(Wellcome Trust Case Control Consortium et al.  2007 ; Reveille et al.  2010 ). Clinical 
evidence has demonstrated that the subclinical infl ammation present in almost 70 % 
of patients with SpA (Mielants et al.  1995 ) is associated with specifi c elaboration of 
IL-23 (Ciccia et al.  2009 ). IL-23 is also upregulated in the male genital tract in 
rodent models of spondyloarthropathy driven by the expression of HLA-B27 
(Taurog et al.  2012 ). 

 The exact mechanistic reason why such specifi c cytokine dysregulations con-
verging on IL-23 should result in the specifi c anatomic localization of pathology has 
remained unclear. A rational explanation for these fi ndings is that entheses are 
uniquely sensitive to IL-23 because of the highly localized presence of IL-23R +  
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cells (Cua and Sherlock  2011 ). By using intravital multiphoton microscopy of naïve 
unmanipulated tissue, it was demonstrated that IL-23R +  cells are highly localized to 
the entheses of the peripheral and axial skeleton. Furthermore, the expression of 
IL-23 alone, which parallels the IL-23 overactivity found in the human diseases, is 
suffi cient to induce the hallmark pathogenic features of spondyloarthropathy 
(Sherlock et al.  2012 ). These cells nucleate pathology to the entheseal sites and 
induce the classical “dual” bone pathology seen in human SpA, which is character-
ized by both infl ammatory bone erosion and new bone formation. 

 Similar to the γδ T cells and the other innate cellular responders to IL-23 
already discussed, and in contrast to adaptive Th17 cells, the T cells resident in the 
canonical sites of infl ammation in spondyloarthropathy constitutively express 
IL-23R: this allows them to respond immediately to IL-23 without a requirement 
for induction of responsiveness by other cytokines. Indeed, these cells express 
PLZF, a transcription regulator that confers a mature T-cell phenotype and the 
ability to immediately respond to cytokines without prior conditioning (Sherlock 
et al.  2012 ). Early entheseal pathology following experimental exposure to IL-23 
can rapidly promote infl ammation that is evident in 6 days. Such a time course is 
too fast for an adaptive antigen-mediated immune response to effi ciently develop, 
and it also proceeds despite absence of CD4 +  T cells, including the Th17 subtype. 
Thus, the resident IL-23R +  cells are likely to be able to mediate disease, and 
indeed, in vitro organ culture of entheseal tissue containing these cells can pro-
duce infl ammatory cytokines within hours following IL-23 stimulation. These 
fi ndings demonstrate a paradigm by which immune-mediated diseases can be 
localized to specifi c tissues and precise anatomic regions and demonstrate the role 
of IL-23 in this process by its action on a novel RORγt +  PLZF +  Thy1 +  SCA1 +  
T-cell population.   

7.2     Therapeutics Neutralizing IL-23 

 The central role of IL-23 in immune-mediated infl ammation suggests that therapeu-
tics targeting this cytokine will be highly effective in these disorders. Given the 
importance of this cytokine in inducing full pathogenicity of T cells in vivo 
(McGeachy et al.  2009 ), and its important role in numerous immune-mediated 
pathologies, IL-23 has emerged as an exciting therapeutic target. Moreover, the 
ability of IL-23 to reinforce its own production (El-Behi et al.  2011 ) suggests that 
neutralization of this cytokine will break a positive feedback loop that perpetuates 
infl ammation, while at the same time preventing development of pathogenic poten-
tial in Th17 cells. Preclinical models confi rmed that IL-23 is a key factor in infl am-
mation of the central nervous system (Cua et al.  2003 ), bowel (Yen et al.  2006 ) and 
in models of rheumatoid arthritis (Murphy et al.  2003 ), psoriasis (Chan et al.  2006 ), 
and spondyloarthropathy (Sherlock et al.  2012 ). Many of these fi ndings have begun 
to be translated to the setting of human diseases. 
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7.2.1     Psoriasis 

 The central role of IL-23 in psoriasis is suggested by the observation that 
 polymorphisms in IL-23R are risk factors for its development (Capon et al.  2007 ; 
Nair et al.  2009 ; Cargill et al.  2007 ), and both IL-23 and IL-23R are directly upregu-
lated in human psoriatic skin (Tonel et al.  2010 ), with IL-23p19 expression particu-
larly in dendritic cells and epidermal Langerhans cells (Piskin et al.  2006 ; Lee et al. 
 2004 ). Confi rmation of the direct role of IL-23 in mediating psoriasis came from 
experiments demonstrating that intradermal administration of IL-23 in mice results 
in the induction of psoriasis (Chan et al.  2006 ), and systemic exposure of mice to 
IL-23 similarly induces psoriatic skin changes (Sherlock et al.  2012 ). This effect is 
likely mediated, in part, by IL-17 and IL-22. IL-17 and the γδ T lymphocytes, which 
are a major source of this cytokine, provide a pivotal contribution to IL-23-driven 
psoriatic epidermal hyperplasia (Cai et al.  2011 ), and IL-22 mediates IL-23 induced 
psoriatic acanthosis (Zheng et al.  2007 ). 

 Neutralization of both IL-12 and IL-23 using an antibody against the common 
p40 subunit results in improvement of human psoriasis (Leonardi et al.  2008 ; Reich 
et al.  2011 ; Krueger et al.  2007 ). Therapeutics targeting IL-12p40 were designed to 
neutralize IL-12 before the discovery of IL-23; however, the subsequent research 
discussed earlier emphasizes that IL-23 is the key cytokine being targeted here. 
Consistently, a trial in which IL-23 was specifi cally inhibited using anti-IL-23p19 
showed a dramatic improvement of psoriatic skin lesions (Jones et al.  2012 ). 
Moreover, administration of an antibody against IL-17A results in improvement of 
psoriasis (Leonardi et al.  2012 ), as does an antibody against IL-17RA (Papp et al. 
 2012 ), which by binding this receptor blocks the action not only of IL-17A but also 
IL-17F and IL-25. Therapeutics targeting IL-12p40 were designed to neutralize 
IL-12 before the discovery of IL-23, however; the subsequent research discussed 
earlier emphasizes that IL-23 is the key cytokine being targeted here. Consistently, 
a trial in which IL-23 was specifi cally inhibited using anti-IL-23p19 showed a dra-
matic improvement of psoriatic skin lesions at very low therapeutic doses (Jones 
et al.  2012 ). Moreover, administration of an antibody against IL-17A results in 
improvement of psoriasis (Leonardi et al.  2012 ), as does an antibody against 
IL-17RA (Papp et al.  2012 ), which by binding this receptor blocks the action not 
only of IL-17A but also IL-17F and IL-25.  

7.2.2     Spondyloarthropathy Spectrum Disorders 

 Given the fundamental role of IL-23 in the pathogenesis of spondyloarthropathy, 
there is great interest in treatments targeting this molecule and related cytokines in 
these conditions. Recent work demonstrated that neutralization of IL-17 results in a 
reduction in spinal infl ammation in ankylosing spondylitis, as visualized by mag-
netic resonance imaging (Baraliakos et al.  2011 ). Moreover, anti-IL-17 also results 
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in improvements in noninfective uveitis (Hueber et al.  2010 ), which is of great 
importance because this condition is highly associated with ankylosing spondylitis. 
Additionally, antibody-mediated neutralization of IL-12/23p40 reduced signs and 
symptoms in psoriatic arthritis (Gottlieb et al.  2009 ). These fi ndings suggest that 
neutralization of IL-23 is likely to be an effective treatment. As mentioned, IL-23 
itself can induce both infl ammation and bone changes associated with experimental 
ankylosing spondylitis. It is hoped that neutralization of IL-23 will therefore be able 
to not only terminate the infl ammatory pathology but also inhibit the new bone 
growth that occurs in clinical spondyloarthropathy.  

7.2.3     Infl ammatory Bowel Disease 

 Infl ammatory bowel disease shares predisposing genetic factors in the IL-23 path-
way with psoriasis and ankylosing spondylitis, and agents targeting this pathway 
have been tested in therapeutic trials. However, neutralization of IL-17 in the con-
text of Crohn’s disease has been found to be ineffective and to increase the risks of 
adverse events, including local fungal infections (Hueber et al.  2012 ). As discussed 
next, IL-17 plays a crucial role in protection against fungi; hence, neutralization of 
this cytokine during mucosal infl ammation at a key barrier surface is particularly 
challenging.  

7.2.4     Consideration of the Potential Safety Profi le of Targeting 
IL-23 and IL-17 

 A prime consideration in the use of any therapeutic agent that targets infl ammatory 
cytokines is the risk of increasing predisposition to infection. Although no patients 
with specifi c defi ciencies in IL-23p19 are known, patients lacking IL-12/IL-23p40 
are predisposed to infections with  Mycobacteria  and  Salmonella . The defects in the 
shared p40 subunit in these patients mean that their dendritic cells are unable to 
express IL-12p70, leading to defective IFN-γ expression in lymphocytes (Altare 
et al.  1998b ). Mutations in the shared receptor chain for IL-12 and IL-23, IL-12Rβ1, 
have a similar infective predisposition (Altare et al.  1998a ). Given the important 
role of IL-12, IFN-γ and Th1 cells in immunity to these specifi c organisms, it is 
highly likely that the infective predisposition results from defi ciency of IL-12 rather 
than IL-23. Indeed, the same immunocompromised status is observed in patients 
with mutations in specifi c components of the IL-12/Th1/IFN-γ pathway. Thus, 
patients with defects in the IFN-γ receptor that prevent its cell-surface expression 
have macrophages that are unable to express tumor necrosis factor (TNF) in response 
to IFN-γ and a predisposition to mycobacterial infection (Newport et al.  1996 ; 
Jouanguy et al.  1996 ). Similarly, defects in STAT1, a molecule that mediates IFN-γR 
signaling, result in defective immunity to  Mycobacteria  (Dupuis et al.  2001 ). 
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 Despite the absence of patients with specifi c mutations in IL-23p19 or IL-23R, 
animal studies demonstrate that IL-23 is necessary for defense against a restricted 
range of pathogenic species. Mice require IL-23 for defense against the rodent bac-
terium  Citrobacter rodentium  (Mangan et al.  2006 ) and the lung pathogen  Klebsiella 
pneumoniae , which causes substantial mortality in IL-23-defi cient mice as a result 
of defective IL-17 production (Happel et al.  2005 ). IL-17 itself is also necessary for 
defense against  Candida  in mice (Huang et al.  2004 ). Recent human studies show 
that Job’s syndrome, an immunodefi ciency associated with infections with  Candida  
and  Staphylococcus aureus , results from mutations in STAT3 (Minegishi et al. 
 2007 ; Holland et al.  2007 ), which is known to be a key signalling molecule in Th17 
cell development. Indeed, these patients have impaired generation of Th17 cells 
because of defective induction of RORγt and impaired generation of responses 
when stimulated with  Candida  (Milner et al.  2008 ; Ma et al.  2008 ).   

7.3     Conclusion 

 Investigation of the biology of IL-23 has lead to many unexpected insights associ-
ated with the characterization of a wide range of cellular responders in both the 
adaptive and innate immune system. Inconsistencies in prevailing paradigms to 
explain autoimmune infl ammation based upon Th1 and Th2 cells alone were clari-
fi ed and resolved by an understanding of the RORγt-dependent Th17 pathway. Most 
importantly, the fundamental nature of IL-23 and IL-23-responsive cells in a range 
of human pathologies means that treatments based on neutralization of these cyto-
kines are likely to enable disease modifi cation in illnesses for which the current 
therapies have limited effi cacy. The past decade has witnessed a renaissance of 
immunology paradigms brought about by the discovery of IL-23 and Th17 cells. 
Our increased understanding of infl ammatory disorders and the cellular and molec-
ular biology underlying these conditions will help to practically address large areas 
of unmet medical need. We are indeed hopeful that the next decade will witness 
major therapeutic advances whereby patients will benefi t from these innovations.     
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    Abstract     Interleukin-36 (IL-36) refers to three cytokines that are members of the 
IL-1 family. These cytokines are expressed predominantly but not exclusively by 
epithelial tissues. Similar to other IL-1 family cytokines, they promote infl amma-
tory responses by activating kinases such as JNK   , p38, and the IKKs, and activating 
transcription factors such as NFκB   . They only do this, however, after N-terminal 
processing, which increases their specifi c activity by three to fi ve orders of magni-
tude. Extensive evidence links IL-36 to various forms of psoriasis. It is also very 
likely involved in lung physiology and pathology and may play a role in the biology 
of other tissues including kidney, joint, and adipose tissue. In part, these activities 
take place by direct action of IL-36 on tissue cells. In part, however, they are 
undoubtedly mediated by the action of IL-36 on cells of the immune system, which 
results in responses marked by production of IFN-γ. Although we are learning much 
about the role of IL-36 in different tissues, it is clear that we are at a very early stage 
in understanding the biology of this cytokine.  

  Keywords     IL-1 family   •   IL-36   •   Infl ammation   •   Psoriasis  
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8.1         Introduction 

 Interleukin-36 (IL-36) refers to three cytokines that are members of the IL-1 family. 
Despite being three separate protein molecules, they all use the same receptor and 
(so far as is known) deliver the same biological signals. They have been implicated 
in the biology of epithelial tissues, most notably skin, where there is strong evidence 
for a role in several types of psoriasis. They also infl uence the differentiation of 
naïve T cells in the immune system. This chapter reviews what is known about the 
biochemistry and biology of IL-36. The IL-36 family is currently a subject of active 
research, however, and no doubt much more will be learned in the coming years.  

8.2     IL-36 Expression and Biochemistry 

 The cytokines comprising the IL-36 family were fi rst discovered in sequence data-
bases as expressed open reading frames with homology to IL-1α and IL-1β. 
Originally termed IL-1F5, IL-1F6, IL-1F8, and IL-1F9 (Sims et al.  2001 ), the names 
were subsequently changed to IL-36Ra, IL-36α, IL-36β, and IL-36γ, respectively, 
as information about their function became known (Dinarello et al.  2010 ). 

 The IL-36 receptor is a two-chain structure, similar to receptors for other IL-1 
family members (Fig.  8.1 : biochemistry). The primary ligand-binding subunit 
(IL-36R) was previously termed IL1RL2 or IL-1Rrp2 (Debets et al.  2001 ; 
Lovenberg et al.  1996 ; Towne et al.  2011 ). Once bound to IL-36α, IL-36β, or 

pro-IL-36 processed IL-36

IL-36R

IL-36R
AcP

IL-36Ra

  Fig. 8.1    Biochemistry. Interleukin (IL)-36 is originally made as a precursor (pro-IL36) that 
requires N-terminal processing before it can bind to its receptor with appreciable affi nity. Once 
IL-36 has bound to the receptor, the IL-36–IL-36R complex recruits IL-1R AcP, and it is the het-
erotrimeric complex which is then capable of signaling. IL-36Ra antagonizes this process by bind-
ing to IL-36R, thereby blocking access to agonist forms of IL-36, but fails to recruit IL-1R AcP 
and therefore does not lead to signaling       
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IL-36γ, it recruits the IL-1 receptor accessory protein (AcP), which is also utilized 
by the receptors for IL-1 and IL-33 (Towne et al.  2004 ). The heterotrimeric com-
plex is required for signal transduction and activates infl ammatory signaling path-
ways similar to those activated by IL-1, including MAP kinases and the transcription 
factor NFκB (Sims and Smith  2010 ). IL-36Ra (IL-36-receptor antagonist) acts as a 
regulator of IL-36 signaling. It binds to IL-36R, competing for binding with the 
IL-36 agonists, but in contrast to IL-36α, IL-36β, and IL-36γ, receptor-bound 
IL-36Ra does not allow recruitment of AcP and thus does not initiate a signaling 
response (Towne et al.  2011 ). This is the same mechanism as is used by IL-1Ra to 
regulate the actions of IL-1.

   The IL-36 cytokines are clustered on human chromosome 2, within a larger locus 
that also includes the genes for IL-1α, IL-1β, IL-1Ra, IL-37, and IL-1F10 (Nicklin 
et al.  2002 ; Taylor et al.  2002 ). The IL-36 receptor also lies on human chromosome 
2, fl anked on the centromeric side by IL-1R1 and IL-1R2, and on the telomeric side 
by IL-33R and both subunits of the IL-18 receptor (the order of genes is IL-1R2/
IL-1R1/IL-36R/IL-33R/IL-18R/IL-18RAP). All members of the IL-1 family appear 
to have originated with a common ancestor, because there is almost exact conserva-
tion of intron placement within the genes. The same is true for the IL-1-receptor 
family (Sims  2002 ; Sims et al.  1995 ). 

 As is true for all IL-1 family members except IL-1Ra, IL-36 cytokines are syn-
thesized without a signal peptide and thus are not secreted via the endoplasmic 
reticulum–Golgi pathway. How they are externalized from the cell is poorly under-
stood (Martin et al.  2009 ). What is clear, however, is that N-terminal processing of 
the primary translation product is needed for activity at physiologically relevant 
concentrations (see Fig.  8.1 ). In the absence of processing, IL-36 biological activity 
requires concentrations of the order of 1–10 μg/ml. After appropriate processing, 
however, the specifi c activity increases by three to fi ve orders of magnitude (Towne 
et al.  2011 ). N-terminal truncation must occur at precisely the right location to gen-
erate the more active form; removal of one more or one fewer amino acid does not 
increase specifi c activity over that of full-length cytokines. The processing enzyme 
or enzymes are not known. There is very little sequence similarity between the three 
isoforms of IL-36 in the region of the cleavage site. Notably, there are no aspartate 
residues or any other features that resemble a cleavage site for caspase-1. 

 IL-36 cytokines are widely expressed, although almost always at quite low 
 levels. Expression of at least one family member has been reported in many differ-
ent tissues (Sims and Smith  2010 ; Towne et al.  2004 ; Sims and Towne, unpublished 
data). Because there are no comprehensive studies in the literature, to avoid citing 
scores of references we simply give an unattributed summary here. Tissues with 
baseline expression of three or four family members, in either mouse or human, 
include skin, esophagus, uterus, and tonsil (see Table  8.1  for human data). IL-36 
family members can be strongly upregulated in the skin by many agents [infl amma-
tory cytokines, Toll-like receptor (TLR) ligands   ] or by pathological conditions 
(viral infection, contact hypersensitivity, psoriasis). All IL-36 family members are 
also upregulated from very low baseline levels in articular chondrocytes by IL-1. 
Airway, particularly tracheal and bronchial epithelium, expresses IL-36α and 
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especially IL-36γ, particularly after stimulation with infl ammatory cytokines, TLR 
ligands, bacteria, rhinovirus infection, or house dust mites. There is also signifi cant 
expression of IL-36 family members in testis and large intestine. Of course, there 
are a number of tissues in which only one or two family members are expressed. In 
addition, most of the data (except as just noted) derive from resting tissues, so IL-36 
expression in activated or diseased tissue is often unknown.

   The IL-36 receptor, on the other hand, tends to be widely expressed throughout 
the body. There are a few tissues and cell types, most notably skin, in which expres-
sion is higher than elsewhere, but by and large expression is low and does not seem 
to be much regulated.  

8.3     IL-36 in Psoriasis 

 Psoriasis is a chronic infl ammatory disease of skin that is common in North American 
and European populations, although less so in Asians (Nestle et al.  2009 ). It is char-
acterized visually by red patches on the skin that are often raised or appear covered 
by silver scales. Symptoms include intense itching and burning of the skin, as well 
as psychological distress (particularly when lesions occur on the face). Histologically, 
there is hyperplasia of the epidermis (acanthosis) including the stratum corneum 
(hyperkeratosis), altered keratinocyte differentiation, of which the most obvious 
 features are retention of nuclei in the stratum corneum (parakeratosis), expansion of 
the capillary network in the superfi cial dermis, and a hematopoietic cell infi ltrate, 

   Table 8.1    Expression of interleukin (IL)-36 forms in different tissues   

 Tissue 

 IL-36α  IL-36β  IL-36γ  IL-36Ra 

 Rank  Copies/cell  Rank  Copies/cell  Rank  Copies/cell  Rank  Copies/cell 

 Tonsil  1  70,590  2  1,729  1  32,925  1  43,090 
 Skin  4  216  1  3,794  2  7,601  2  33,417 
 Esophagus  2  20,355  3  392  3  1,450  3  8,186 
 Cervix  3  1,740  7  187  4  7,363 
 Umbilical 

cord 
 6  281  5  7,178 

 Placenta  9  134  6  4,182 
 Testis  5  583  7  552 
 Trachea  5  133  4  1,035 
 Vas deferens  8  160  8  284 
 Rectum  10  128 
 Thyroid  9  116 

  Determination of the number of copies per cell of transcripts derived from IL-36 family genes in 
resting human tissues was performed by Asterand (Xpressway Profi les; Asterand, 2 Orchard Road, 
Royston, Herts. SG8 5HD, UK;   www.asterand.com    ) using quantitative RT-PCR. Probes and prim-
ers for IL-36α, IL-36β, IL-36γ, and IL-36Ra were designed using sequences NM_014440, 
NM_014438, NM_019618, and NM_012275, respectively  
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particularly in the dermis but also in other layers leading to neutrophilic pustules in 
both the epidermis and stratum corneum. Agents that inhibit tumor necrosis factor 
(TNF)-α or the shared p40 subunit of IL-12 and IL-23 are effective in treating pso-
riasis and have been approved by regulatory agencies in various countries. 
Preliminary clinical trial results suggest that inhibitors of IL-17 or of IL-23 alone are 
also highly effective (Johnson-Huang et al.  2012 ; Leonardi et al.  2012 ). 

 Gene expression studies have found that IL-36α and IL-36γ are among the most 
highly expressed and highly induced genes in psoriasis plaques (Blumberg et al. 
 2007 ; Debets et al.  2001 ; Zhou et al.  2003 ). These genes are not upregulated in the 
other common human skin disease, atopic dermatitis (Blumberg et al.  2007 ). In the 
skin, IL-36α and IL-36γ are expressed primarily by keratinocytes, and can be upreg-
ulated in human keratinocytes or skin cultures by TNF, IL-17, or IL-22 (Carrier 
et al.  2011 ; Johnston et al.  2011 ). Combinations of those molecules are even more 
effective. Similarly, in mouse, intradermal injection of TNF or IL-23 will upregulate 
IL-36 family members, and injection of combinations of TNF, IL-17, IL-22, IL-23, 
and IFN-γ work even better (Blumberg et al.  2010 ). Notably, imiquimod, a TLR7 
agonist that can induce psoriatic-like changes in human skin and is often painted 
onto mouse skin to create a psoriatic-like condition, is an excellent inducer of IL-36 
(Tortola et al.  2012 ). 

 IL-36 also acts on keratinocytes and other cells in skin. In human keratinocyte 
cultures, IL-36 induces infl ammatory cytokines such as IL-6, IL-8, and TNF, as well 
as antimicrobial proteins that are abundant in psoriatic lesional skin including 
human beta-defensins 2 and -3, LL37, and S100A7 (sometimes called psoriasin) 
(Carrier et al.  2011 ; Johnston et al.  2011 ). It also strongly induces itself. In the 
mouse, intradermal injection of IL-36 induces many genes, including IL-17, IL-20, 
IL-22, IL-23, TNF, IFN-γ, and a host of other cytokines, chemokines, and antimi-
crobial proteins that are characteristic of the gene expression pattern in psoriasis 
(Blumberg et al.  2010 ). 

 Just as IL-36α and IL-36γ are strongly upregulated in human psoriasis lesions, 
forced overexpression of IL-36α in mouse skin leads to an infl ammatory condition 
that is histologically very similar to psoriasis (Blumberg et al.  2010 ), including 
acanthosis, hyper- and parakeratosis, infi ltration of various hematopoietic cells, 
including CD11c +  dendritic cells, neutrophilic pustules, and a signifi cant expansion 
of the capillary network in the superfi cial dermis. The expression of IL-17, IL-22, 
IL-23, TNF-α, IFN-γ, and antimicrobial peptides is highly elevated, as it is in pso-
riasis, and the infl ammation and other features are greatly improved by treatment 
with the agents mentioned here that are successful in treating human psoriasis. 

 There is one major point on which this mouse model differs from the human 
disease, however, and that is that skin infl ammation occurs in the IL-36α transgenic 
animals even when they lack T cells (i.e., on a rag −/−  background). The authors note 
that IL-36 is capable of inducing IL-17, IL-22, IL-23, TNF-α, etc., from various 
types of skin cells, and that those same agents can in turn induce IL-36. They sug-
gest that human psoriasis may be initiated by T cells expressing some of these genes 
which then upregulate IL-36, but that forced overexpression of IL-36 can substitute 
for the initial T-cell stimulus and promote a self-amplifying gene expression loop. 
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Determining whether this hypothesis is true will require further experimentation. 
It is worth noting, however, that there is a strong correlation between expression of 
IL-36α and IL-36γ in human psoriatic lesions and expression of other cytokines 
including IL-17, IL-23, TNF-α, and IFN-γ (Carrier et al.  2011 ), suggesting that such 
a self-reinforcing gene expression loop might occur in human disease. 

 Perhaps the most defi nitive experiment implicating IL-36 in human psoriasis has 
been done by transplanting human lesional skin onto immunodefi cient mice 
(Blumberg et al.  2010 ). The skin retains its lesional phenotype, even several weeks 
after the transplant when it has fully engrafted. However, the psoriatic characteris-
tics are substantially ameliorated by inhibition of IL-36 with an anti-human IL-36 
receptor antibody. The implication is that the continued action of IL-36 produced by 
the human graft (mouse IL-36 has very little activity on human IL-36R) is required 
for the maintenance of the lesional phenotype. For an overview of the mechanism, 
see Fig.  8.2  (psoriasis).

   The foregoing discussion has focused on the common form of psoriasis, plaque 
psoriasis or psoriasis vulgaris. There are many other less common forms of the 

  Fig. 8.2    Psoriasis. Upon encountering an appropriate environmental trigger (e.g., bacterial or 
viral infection), keratinocytes of individuals with an appropriate genetic background synthesize 
IL-36. IL-36 acts on skin-resident dendritic cells (DC) to induce chemokines and cytokines includ-
ing IL-1, IL-6, and IL-23; these promote development and migration to skin of Th17 cells and 
perhaps Th1 cells. Cytokines made by T cells and skin-resident cells in response to DC cytokines 
include IL-17, IL-22, TNF-α, IL-6, and IFN-γ, which act on keratinocytes and other skin cells to 
induce more IL-36, resulting in a self-amplifying gene expression loop. Also induced are chemo-
kines that attract neutrophils, monocytes, T cells, and infl ammatory dendritic cells, as well as 
angiogenic factors and antimicrobial proteins, many of which also act as infl ammatory stimuli. The 
net effect of all this cytokine and chemokine activity is the development of skin infl ammation in 
the form of psoriasis       
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disease. One, which is particularly severe, is termed generalized pustular psoriasis. 
The disease often fl ares quite suddenly, with large areas of the skin being covered 
with erythematous lesions and neutrophilic pustules, and can be life threatening 
without supportive care (Naldi and Gambini  2007 ). Smahi and colleagues studied a 
group of Tunisian families in which generalized pustular psoriasis (GPP) was inher-
ited in Mendelian recessive fashion and discovered that the causative mutation led 
to a leucine-to-proline change at position 27 of IL-36Ra (Marrakchi et al.  2011 ). 
The mutant IL-36Ra protein was approximately tenfold less potent than the wild 
type and was also less stable. Onoufriadis and colleagues published a complemen-
tary study in which they determined that three unrelated cases of GPP all carried 
missense mutations in both copies of the IL-36Ra gene (Onoufriadis et al.  2011 ). 
Both groups demonstrated enhanced responses to IL-36 in patient cells, as would be 
expected if the natural regulator of IL-36 was poorly functional. More recently, 
Sugiura et al. have found a homozygous nonsense mutation in IL-36Ra in a Japanese 
patient with GPP (Sugiura et al.  2012 ) [although it should be noted that other 
reports, unsurprisingly, fi nd that there are cases of GPP that are not associated with 
IL36Ra mutations (   Farooq et al.  2013 ;    Li et al.  2013 )]   . Even in the GPP cases with 
wild-type IL-36Ra, however, there is dramatic upregulation of IL-36α and IL-36γ 
(Farooq et al.  2013 ). Thus, overexpression of IL-36 seems to be associated with 
plaque psoriasis, whereas reduced expression of IL-36Ra leads to generalized pus-
tular psoriasis. This fi nding is reminiscent of the fi ndings with IL-1 in which muta-
tions in the infl ammasome component NLRP3 that result in overproduction of 
IL-1β lead to familial fever syndromes (Goldbach-Mansky  2012 ), whereas the 
absence of IL-1Ra results in a related but clinically distinct disease (Aksentijevich 
et al.  2009 ; Reddy et al.  2009 ). The latter has been called DIRA (defi ciency of 
interleukin-1-receptor antagonist), and as a consequence, GPP (at least when known 
to be caused by mutation in IL-36Ra) has been renamed DITRA (defi ciency of 
interleukin-thirty-six receptor antagonist) (Marrakchi et al.  2011 ; Park et al.  2012 ).  

8.4     IL-36 Immune Effects 

 In addition to its role in skin, IL-36 plays signifi cant roles in immune responses. 
Dendritic cells (DCs), the initiators of immune responses, respond strongly to 
IL-36. Mouse bone marrow-derived dendritic cells (BMDCs) express high levels 
of IL-36R and make IL-12 and IL-23 as well as IL-1β, TNF-α, IL-6, CCL1, 
CXCL1, and GM-CSF upon IL-36 stimulation (Vigne et al.  2011 ). These cyto-
kines and chemokines enhance both Th1 and Th17 responses as well as innate 
responses. Dendritic cell stimulation is unique to IL-36; other IL-1 family cyto-
kines, including IL-1 itself, have little effect on murine BMDCs. In addition, IL-36 
has a modest maturing effect on DCs, upregulating MHC class II antigens as well 
as CD40, CD80 and CD86 to a level comparable to that achieved by LPS stimula-
tion. Finally, BMDCs themselves constitutively express IL-36γ and upregulate 
IL-36α upon stimulation by various agents including IL-36 itself. The production 
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of IL-36 by BMDC suggests the presence of positive autocrine and paracrine 
IL-36/IL-36R amplifi cation loops. 

 Recent data in humans support the fi ndings in mouse cells. IL-36 stimulation of 
human monocyte-derived DCs leads to induction of cytokines such as IL-23, IL-1β, 
TNF-α, and IL-6, and chemokines such as CXCL1 and CXCL8, similar to what is 
seen in mouse (Dinh, J.E.T., and J.E.S.; unpublished data). Mutamba demonstrated 
that IL-36R is present in monocyte-derived DCs but not in human peripheral blood 
monocytes and human monocyte-derived macrophages (   Mutamba et al.  2012 ). 
Furthermore, IL-36 induced the maturation of monocyte-derived dendritic cells and 
stimulated the production of proinfl ammatory cytokines such as IL-18 and IL-12 
(Mutamba et al.  2012 ). Taken together, these fi ndings indicate that IL-36 exerts 
marked stimulatory effects on DC and may therefore play a critical role in early 
immune and infl ammatory responses to tissue damage and pathogens. 

 In both mice and humans, members of the IL-1 family drive the development of 
CD4 +  T-cell adaptive responses. IL-1β, IL-18, and IL-33 infl uence CD4 +  T-cell 
responses and their polarization into Th17, Th1, and Th2 CD4 +  effector cells, 
respectively, although the selectivity of these responses may be modulated by the 
cytokine environment. More specifi cally, in addition to IL-1 cytokines, the presence 
of cytokines stimulating the janus kinase (JAK) and signal transducer and activator 
of transcription (STAT) pathways are required to fully stimulate the polarization of 
CD4 +  T cells into the different Th subsets (Ali et al.  2007 ; Chung et al.  2009 ; 
Dinarello  1999 ; Guo et al.  2009 ; Lasiglie et al.  2011 ; Schmitz et al.  2005 ; Sims and 
Smith  2010 ). IL-1 has been shown to promote the differentiation of naïve CD4 +  T 
cells into Th17 cells (Acosta-Rodriguez et al.  2007 ; Chung et al.  2009 ; Kryczek 
et al.  2007 ) and to promote expansion of IL-17-secreting memory CD4 +  T cells 
(Rao et al.  2007 ). IL-18 synergizes with IL-12 as an amplifying signal to induce Th1 
responses (Akira  2000 ). Although IL-33 is also an IL-1 family member, its function 
on the adaptive immune response is distinct from IL-18 in that it predominantly 
drives Th2 responses (Trajkovic et al.  2004 ). The subset-specifi c effects of IL-1, 
IL-18, and IL-33 result in part from selective expression of their receptors [reviewed 
by Sims and Smith ( 2010 )]. 

 Recently, it was shown that IL-36 is also a potent regulator of T-cell responses. 
Similar to other members of the IL-1 family, IL-36α, IL-36β, and IL-36γ have been 
reported to have a direct effect on mouse CD4 +  T cells and splenocytes, inducing the 
production of several proinfl ammatory chemokines and cytokines including IFN-γ, 
IL-4, and IL-17 (Vigne et al.  2011 ). The critical difference between IL-36 and other 
IL-1 family members is that IL-36R is predominantly expressed by naïve CD4 +  T 
cells, whereas the receptors for other IL-1 family members instead are present on 
polarized CD4 +  T-cell subsets, as described here. Consequently, IL-36, but not other 
IL-1 family cytokines, potently induces IL-2 production, survival, and cell division 
in T-cell-receptor-activated naïve T cells (Th0 cells). This fi nding suggests a pivotal 
role for IL-36 in priming early immune responses (Vigne et al.  2012 ). 

 In addition, IL-36 has a role in the induction of T-cell polarization. IL-36β, as 
does IL-18, acts in combination with IL-12 to induce the in vitro differentiation of 
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Th0 cells into IFN-γ-producing Th1 cells (Vigne et al.  2012 ). The combinations 
IL-12 + IL-36β and IL-12 + IL-18 both induced T-bet and IL-12Rβ2 mRNA 
 expression. Interestingly, IL-12Rβ2 mRNA levels were much higher when Th0 
cells were primed in the presence of IL-12 + IL-36β than with IL-12 + IL-18, point-
ing toward a more effi cient cooperation between IL-36 and IL-12 in Th0 cells. 
IL-36β was constitutively expressed in Th0 cells, and interestingly, Th1 polariza-
tion induced by IL-12 + IL-18 was severely impaired in IL-36R −/−  Th0 cells. Thus, 
endogenous IL-36 plays a prominent role in IL-12-mediated Th1 polarization, even 
when it is apparently stimulated by IL-18. The role of IL-36 in Th1 responses can 
also be seen in vivo. IL-36R −/−  mice have decreased Th1 cell responses following 
 Mycobacterium bovis  BCG infection, suggesting that endogenous IL-36 signaling 
is required to obtain an effi cacious response against mycobacteria (Vigne et al. 
 2012 ). In addition, the role of IL-36 in Th1 responses has also been reported in 
human cells. Mutamba et al demonstrated that IL-36β-matured monocyte-derived 
dendritic cells stimulated differentiation of Th1 cells (Mutamba et al.  2012 ). 

 The mechanism by which IL-36 induces the polarization of Th0 cells into the 
Th1 subset has recently been explored in vitro by using IL-2 −/−  Th0 cells. In the 
absence of IL-2, the IL-12 + IL-36β combination failed to induce IL-12Rβ2 and 
stimulated production of very little IFN-γ. Thus, the infl uence of IL-36 on Th1 dif-
ferentiation is completely dependent on IL-2 induction. In contrast, the effect of 
IL-36 on Th0 cell proliferation and survival is largely independently of IL-2 (Vigne 
et al.  2012 ). 

 The fi ndings just described suggest the possibility of signifi cant interplay 
between nonhematopoietic cells in tissues such as skin and lung with immune cells 
including T cells and resident and migratory dendritic cells. For example, IL-36 
cytokines produced at high levels by epithelial cells, for example, keratinocytes, 
may have both autocrine and paracrine actions as a result of the presence of IL-36R 
on epithelial cells and on DC. Indeed, IL-36 produced by epithelial cells can stimu-
late the maturation of DC with the enhanced expression of MHC class II and of 
co-stimulatory molecules and also induce the production of proinfl ammatory che-
mokines and cytokines. Furthermore, DCs produce IL-36α after cell activation and 
IL-36γ in a constitutive manner, further enhancing the response. In lymph nodes, 
IL-36 produced by DC activates Th0 cells, resulting in cell proliferation, enhanced 
survival, and IL-2 secretion. The endogenous production of IL-36β by Th0 cells 
further contributes to their activation. Finally, IL-36 and IL-12 synergize to induce 
polarization into IFN-γ-secreting Th1 cells in an IL-2-dependent manner through 
the induction of IL-12Rβ2 expression. The levels of IFN-γ secretion are further 
enhanced by the proliferative effect of IL-36 on Th0 cells (Fig.  8.3 : immune effects). 
Finally, although IL-36 provides an accelerating and amplifying signal for Th0 pro-
liferation and IFN-γ production, it cannot be excluded that, as previously described 
for IL-18 and IL-33, the selectivity of the effect of IL-36 on Th1 cell polarization is 
dependent on the cytokine environment. Thus, in the light of the current fi ndings, 
IL-36 has emerged as an important determinant in the stimulation of innate and 
adaptive immune responses.
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8.5        IL-36 Actions on Other Tissues 

 Although the biology of IL-36 is best understood in the skin, IL-36 and IL-36R are 
expressed in multiple other tissues, most notably lung. IL-36γ is strongly induced in 
human primary bronchial epithelial cells (PBEC) by infectious agents including 
 Pseudomonas aeruginosa  and rhinovirus as well as by infl ammatory cytokines such 
as TNF-α and IL-1β (Bochkov et al.  2010 ; Vos et al.  2005 ). Interestingly, rhinovirus 
induction of IL-36γ was stronger in PBEC from asthmatic donors than from con-
trols (Bochkov et al.  2010 ). It is known that rhinovirus infections are frequently 
associated with asthma exacerbations, including more severe respiratory symptoms 
and reductions in lung function. Rhinoviral infection results in neutrophilic infl am-
mation in the upper airways. Intranasal administration of IL-36α or IL-36γ in mice 

  Fig. 8.3    Immune effects. Upon T-cell–dendritic cell (DC) interaction by TCR–MHC engagement, 
IL-36R, which is constitutively expressed on both DC and Th0 cells, mediates cell activation by 
IL-36. On the one hand, IL-36 produced by epithelial cells and DCs activates DCs to secrete IL-12, 
and on the other hand, IL-36 produced by Th0 cells activates Th0 cells, resulting in cell prolifera-
tion, survival of naïve T cells, and IL-2 secretion. By a synergistic effect, IL-36 and IL-12 induce 
Th1 polarization in an IL-2-dependent manner through the induction of IL-12Rβ2 expression, 
leading to IFN-γ secretion, which is further amplifi ed by the proliferative effect of IL-36 on Th0 
cells. The formation of a positive feedback loop created by IL-36/IL-36R leads to sustained IFN-
γ- mediated immune responses. (This fi gure was originally published in Vigne et al.  2012 )       
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results in a rapid recruitment of neutrophils into the bronchoalveolar lavage fl uid 
(BALF) (Ramadas et al.  2011 ,  2012 ). Thus, it is reasonable to postulate that IL-36 
contributes to neutrophil-predominant lung infl ammation and the associated asthma 
exacerbations that can accompany rhinoviral infection. 

 Published reports suggest a potential role for IL-36 in mouse models of experi-
mental allergic asthma. IL-36γ is increased in ovalbumin-challenged A/J mice 
(Ramadas et al.  2006 ) as well as in the lungs of mice sensitized and challenged with 
house dust mites (Ramadas et al.  2011 ). Genetic mapping of loci associated with the 
asthma sensitivity of A/J mice compared to the asthma resistance of C3H/HeJ mice 
led to identifi cation of a genomic region containing the genes for IL-1 receptor 
antagonist (IL-1Ra), IL-1 F10, IL-36Ra, IL-36β, IL-36α, and IL-36γ (Ewart et al. 
 2000 ). No functional sequence variants were identifi ed in IL-1Ra between the two 
mouse strains. Several noncoding polymorphisms were found, however, in the  Il1f9  
gene (coding for IL-36γ) between A/J and C3H/HeJ mice (Ramadas et al.  2006 ). 
There was also a clear difference in the expression level of IL-36γ in lung homog-
enates in response to ovalbumin between the two strains, with a substantially larger 
increase seen in the asthma-susceptible A/J mice. Notably, there was no difference 
in IL-1Ra levels. Therefore, polymorphisms in IL-36γ may be important in confer-
ring increased allergic asthma disease susceptibility in A/J mice. 

 To explore the role of IL-36, recombinant IL-36γ was administered intranasally 
twice a day for 2 days to mice; this led to epithelial cell hypertrophy, cellular infi l-
tration into alveolar spaces and around the airways, and mucus production 
(Ramadas et al.  2011 ). In addition, a single intratracheal challenge with IL-36γ was 
suffi cient to increase lung resistance 24 h later. Intratracheal administration of 
IL-36γ resulted in increased cellularity of the BALF, predominantly neutrophils but 
also to a small extent lymphocytes. No increase in eosinophils was found in BALF 
after multiple intranasal challenges with IL-36γ. IL-36γ challenge induced neutro-
phil chemoattractants (CXCL1 and CXCL2) whereas expression of the eosinophil-
specifi c chemokines CCL11 and CCL24 did not change. IL-1α levels were also 
increased following intranasal challenge with IL-36γ. Intranasal IL-1α administra-
tion to mice leads to many of the same responses in lung as IL-36γ, including 
neutrophil infl ux, but the effects of IL-36 (in this case, IL-36α) were unchanged in 
IL-1α −/− β −/−  mice, thus demonstrating that the effect of IL-36 is independent of IL-1 
(Ramadas et al.  2012 ). 

 Which cells in the lung respond to IL-36? More than 95 % of immune cells in a 
naïve mouse lung are CD11c +  alveolar macrophages, which express both IL-36R 
and IL-1RAcP, suggesting these cells are poised to respond to IL-36 released into 
the lung airspaces (Ramadas et al.  2012 ). In support of this, the same authors dem-
onstrated that IL-36 acts on splenic CD11c +  antigen-presenting cells to induce the 
production of early response cytokines, neutrophil-specifi c chemokines, and T-cell 
costimulatory molecules (Ramadas et al.  2012 ). Further studies are necessary to 
determine whether alveolar macrophages can similarly respond to IL-36. In addi-
tion, lung fi broblasts also express IL-36R and respond to IL-36 with activation of 
NFκB and MAP kinases and upregulation of the neutrophil chemokines IL-8 and 
CXCL3 and the Th17 chemokine CCL20 (   Chustz et al.  2011 ). 
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 Bronchial epithelial cells produce IL-36 following stimulation with cytokines 
such as TNF, IL-1β, and IL-17, in response to infection with  Pseudomonas aerugi-
nosa  or rhinovirus, and following challenge with cigarette smoke condensate 
(Bochkov et al.  2010 ; Chustz et al.  2011 ; Parsanejad et al.  2008 ; Vos et al.  2005 ). As 
already noted, the IL-36 produced by bronchial epithelial cells can act on the adja-
cent fi broblasts and alveolar macrophages to induce infl ammatory cytokines and 
neutrophil chemokines, leading in turn to an increase in airway hyperresponsive-
ness and an infl ux of neutrophils into the lung. Neutrophil accumulation in the air-
ways contributes to the pathogenesis of several lung diseases including asthma, 
chronic obstructive pulmonary disease (COPD), acute respiratory distress syn-
drome, and cystic fi brosis. These data suggest that IL-36 may play a signifi cant role 
in pulmonary disease. 

 Unfortunately, there are only a few reports examining expression of IL-36 in 
pulmonary disease in humans. One study did fi nd increased IL-36γ mRNA expres-
sion in biopsies of recurrent respiratory papillomas and expression levels correlated 
with disease severity (DeVoti et al.  2008 ). In another study, plasma levels of more 
than 500 infl ammatory mediators were measured in patients with COPD and healthy 
controls (Chen et al.  2012 ). There was a general downregulation of systemic infl am-
matory responses in patients with COPD undergoing acute exacerbations, and 
IL-36α was among the proteins that were decreased (Chen et al.  2012 ). No informa-
tion was reported on levels of IL-36 or other infl ammatory cytokines in the lung. 

 IL-36 may also play a role in joint disease. IL-36β mRNA is expressed in human 
synovial tissues, and human synovial fi broblasts and articular chondrocytes express 
the IL-36R (Magne et al.  2006 ). IL-36β was induced in human synovial fi broblasts 
upon stimulation with IL-1β and TNF-α whereas human articular chondrocytes 
constitutively expressed IL-36β. Stimulation of these cell types with IL-36β led to 
induction of IL-6 and IL-8. However, there is no difference in the level of IL-36β in 
either synovial fl uid or serum between healthy controls and rheumatoid arthritis and 
osteoarthritis patients (Magne et al.  2006 ). 

 There may be a role for IL-36 in kidney disease. Ichii and colleagues examined 
expression of 84 infl ammatory genes in kidneys from control mice and mice with 
chronic glomerulonephritis (CGN) and found a strong and specifi c upregulation of 
IL-36α (Ichii et al.  2010 ). Expression of IL-36α was localized to the epithelium 
from the distal convoluted tubules to the cortical collecting ducts. The number of 
IL-36α-positive tubules correlated with proteinuria and fi brosis scores and with the 
presence of tubulointerstitial lesions. IL-36α was similarly shown to be induced in 
several other renal disease models, including the streptozotocin-induced diabetic 
model, where the presence of IL-36α-positive tubules correlated with severity of 
renal damage. 

 Other researchers have investigated IL-36 expression in human adipose tissue. 
IL-36α was found to be expressed whereas IL-36β was not (IL-36γ was not exam-
ined) (van Asseldonk et al.  2010 ). IL-36α was primarily expressed in the stromal 
vasculature but also in the adipocytes themselves. Expression of peroxisome 
proliferator- activated receptor (PPAR)-γ was signifi cantly downregulated in human 
adipocytes upon stimulation with IL-36α, suggesting a reduction in adipocyte differ-
entiation, and both IL-36α and IL-36β induced IL-6 and IL-8 in human adipocytes.  
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8.6     Concluding Remarks 

 Although the evidence implicating IL-36 in psoriasis is strong, it is clear that much 
remains to be discovered regarding the biology of this cytokine. For example, is its 
role in skin disease purely to stimulate production of other cytokines from DC and 
nonhematopoietic skin-resident cells? Or does it also infl uence adaptive immune 
responses (by either Tαβ or Tγδ cells) that occur in the skin? If so, this would imply 
an action on T cells other than naïve Th0 cells. Regarding Th0 cells, does IL-36 
only promote IFN-γ responses? Or, with the right combination of co-stimuli, will it 
also lead to the induction of cytokines typical of other polarized T cells? In the lung, 
although IL-36 can be abundantly induced by multiple stimuli, there is as yet no 
strong linkage to any pathological (or, for that matter, physiological) condition. 
Finally, there are hints that IL-36 has a role to play in several other tissues (joint, 
kidney, adipose) but again, we have barely scratched the surface in determining 
exactly what that role is. And fi nally, there are many cell types and tissues in which 
the expression of IL-36 has not been examined, except in the resting state. 
Furthermore, in addition to the unknown biology just described, the enzymes 
involved in processing pro-IL-36 to generate its active form, and the regulation of 
this processing, remain a mystery. It is likely that IL-36 will turn out, after further 
study, to have as prominent a role in human health and disease as its fellow family 
members IL-1, IL-18, and IL-33.     
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    Abstract     Anti-tumor necrosis factor (TNF) therapy was the fi rst successful 
 anti- cytokine therapy, and its discovery was based on detailed examination of 
human disease tissue in rheumatoid arthritis and on exploring the dysregulation of 
cytokine expression within that tissue. 

 From those fi rst successful clinical trials we conducted in 1992 with infl iximab, 
which were widely publicized more than a year before publication, a competition 
emerged between a set of companies that had made anti-TNF monoclonals and 
receptor fusion proteins to treat sepsis to get their products on the market for rheu-
matoid arthritis (RA). Subsequent clinical trials based on RA success took place in 
other diseases: Crohn’s disease, ankylosing spondylitis, psoriasis, psoriatic arthritis, 
and ulcerative colitis. By 1999 etanercept, a tumor necrosis factor-receptor (TNF-R) 
p75: IgG Fc fusion protein, was approved for RA and infl iximab, a chimeric anti- 
TNF monoclonal antibody, was approved for RA and Crohn’s disease.    The forego-
ing diseases subsequently all became approved indications for anti-TNF therapy 
that has emerged as the fi rst successful anti-cytokine therapy. By 2013 anti-TNF had 
become a huge commercial success with global sales of US$27 billion, replacing 
statins as the most valuable drug class. 

 But there are many challenges remaining. There are many other diseases that 
could benefi t from anti-TNF therapy, and we discuss many but not all of them in 
this review. And then, it is clear that anti-TNF therapy is not a cure. We need 
to get closer to a cure and fi nd complementary therapeutics that when added to 
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anti-TNF would take us closer to a cure. Doing so safely and reproducibly is a 
challenge, but great understanding of the pathogenesis of RA and how anti-TNF 
works will be helpful.  

  Keywords     Anti-TNF   •   Monoclonal antibody therapy   •   New indications  

9.1         Overview of Cytokines and TNF 

 Tumor necrosis factor (TNF) is one of a family of more than 100 protein messenger 
molecules generically termed “cytokines” that regulate immunity, infl ammation, 
tissue destruction, repair, fi brosis, and angiogenesis: in fact, all interesting biologi-
cal processes. TNF is unusual in many ways, which possibly have bearing on the 
effectiveness of its blockade in diverse clinical situations. 

 TNF is a homotrimer, which exists in two molecular forms: membrane TNF, 
with a long cytoplasmic tail of 86 amino acids (AA), and a soluble form, which is 
shed from the cell surface by “TNF-α converting enzyme,” abbreviated TACE. 
Adam 17 is the major but not only TACE, because Adam 17 “knockouts” still 
 produce reduced soluble TNF but at reduced levels (Black et al.  1997 ; Peschon 
et al.  1998 ). 

 TNF resides in normal individuals or animals on the surface of many blood cells, 
particularly on neutrophils and macrophages. Cleavage of preformed membrane 
TNF is one of the mechanisms by which TNF can be released rapidly after almost 
all types of stress. Release of TNF from granules in mast cells, basophils, also helps 
to make TNF the most rapidly released pro-infl ammatory cytokine preceding IL-1β 
and IL-6, in mice or humans in a variety of circumstances where it has been evalu-
ated. After the initial burst of preformed TNF, the cytokine is synthesized rapidly as 
the TNF gene chromatin is “open,” not needing to be unwound. 

 TNF was reported to induce a “cascade” of other pro-infl ammatory cytokines in 
mice in response to lipopolysaccharide (LPS) or bacteria (Fong et al.  1989 ). The 
evidence is that blocking TNF reduced IL-1β and IL-6 markedly in the serum. 
A similar “TNF-dependent cytokine cascade” was reported in cultures of human 
rheumatoid synovial tissue, which spontaneously produce the cytokines, enzymes, 
and eicosanoids expected to be present in infl amed joints. Blockade of TNF with 
rabbit anti-serum or monoclonal antibodies to TNF reduced the production of IL-1β 
and IL-6: this was the fi rst clue that TNF might be a good therapeutic target for RA 
(Brennan et al.  1989 ). 

 There are other interesting aspects of the biology of TNF. Very little is detected 
in blood; what little there is in blood has limited bioactivity and is rapidly cleared 
from the circulation. There are in biological fl uids soluble TNF receptors, both 
TNF-R1 and, more abundantly, TNF-R2, generated by proteolytic cleavage, in con-
siderable molar excess to TNF itself and thus able to limit the diffusion of TNF and 
partly neutralize it (Cope et al.  1992 ). 
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 TNF is one of the few cytokines for which there are two distinct receptors, which 
have been conserved over millions of years of evolution and signal in a different 
manner. The expression of the two receptors is discrete on different cells, with TNF-
R1 on all cells but TNF-R2 much more limited in distribution, chiefl y on cells of the 
lymphoid system. This conservation and selective distribution raise the question of 
the respective function of the receptors. Multiple studies have documented that 
TNF-R1 (p55) is the receptor that drives the majority of infl ammation, raising the 
hypothesis that perhaps TNF-R1 might be a better therapeutic target than TNF 
itself, as it would leave part of the diverse functions and potentially benefi cial func-
tions of TNF intact (Bluml et al.  2012 ; Kollias and Kontoyiannis  2002 ). TNF- R2 
has been implicated in immune function and repair, which appear to be desirable in 
the context of infl ammatory disease. 

 The fi rst observations that had suggested a role of TNF in autoimmune disease 
were the upregulation of both TNF and its receptor in active RA synovial tissue. 
However, many other pro-infl ammatory cytokines were also upregulated, and so the 
dilemma was which, if any, of these might be an effective therapeutic target 
(Feldmann et al.  1996 ). The infl ammatory functions of IL-1β, IL-6, GM-CSF, TNF, 
and interferon (IFN)-γ are very similar, so the question remained as to why would 
blocking just one of these make any biological or clinical difference? By culturing 
rheumatoid synovial cells in the absence of extrinsic stimulation, the fact that TNF 
blockade downregulated all the other pro-infl ammatory cytokines was discovered, 
suggesting it might be a therapeutic target (Brennan et al.  1989 ). 

 The work leading up to the discovery of anti-TNF therapy has been reviewed in 
many other publications (e.g., Feldmann  2009 ; Feldmann et al.  1996 ; Feldmann and 
Maini  2003 ; Feldmann and Maini  2010 ). Hence, to avoid “multiple publications” 
we are selecting here certain aspects to highlight and are not repeating many aspects 
of these prior reviews.  

9.2     Lessons from Animal Models 

9.2.1     Introduction 

 Analysis of the physiological role played by TNF in animal models has in general 
confi rmed its pro-infl ammatory properties, as predicted on the basis of in vitro 
studies. However, a number of recent fi ndings have appeared that reveal a more 
complex role for TNF in immune-mediated pathologies than was hitherto antici-
pated. This idea is not surprising in an evolutionary context because TNF is a key 
host defense mediator. For example, not all models of infl ammation respond to 
TNF blockade in the same way, and a number of fi ndings suggest a role for TNFR 
signaling in promoting regulatory T-cell responses and in suppressing Th1 and 
Th17 responses.  
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9.2.2     TNF as a Driver of Infl ammation 

 Early evidence of a pro-infl ammatory role for TNF in vivo came from TNF 
 injection experiments and from the group of Kollias et al. who generated a strain 
of mice bearing a human TNF (hTNF) transgene (including its endogenous pro-
moter region). The 3′-AU rich region of the promoter region of the transgene had 
been substituted by the 3′-untranslated region of the human β-globin gene, result-
ing in overexpression. hTNF transgenic mice develop a spontaneous form of 
arthritis that could be prevented by continuous administration of anti-human TNF 
monoclonal antibody (mAb) (Keffer et al.  1991 ). Histopathological analysis of 
the joints of hTNF transgenic mice revealed similarities to human RA and dem-
onstrated that the disease was highly erosive in nature, with subchondral bone, 
rather than cartilage, being mostly affected. It was subsequently observed that 
treatment of hTNF transgenic mice with a blocking anti-IL-1R antibody pre-
vented arthritis, demonstrating that IL-1β is an important downstream pathologi-
cal mediator in this model (Probert et al.  1995 ). This result is consistent with 
fi ndings in human RA synovial cell cultures in which TNF inhibition was found 
to block IL-1β production (Brennan et al.  1989 ), indicating the dependence of 
IL-1β production on TNF. 

 TNF expression in hTNF transgenic mice was not confi ned to the joint but was 
expressed in various tissues, including lung, spleen, and the joint, and it is curious 
that the joint should be the main target of the disease while other tissues are spared. 
In fact, another strain of TNF transgenic mice in which the TNF transgene lacked 
an AU-rich region were found to develop not only arthritis but also infl ammatory 
bowel disease (IBD) (Kontoyiannis et al.  1999 ). TNF-overproducing mice can be 
back-crossed to RAG −/−  mice without altering the arthritis phenotype, showing that 
TNF can drive joint infl ammation in the absence of the adaptive immune system. In 
contrast, the severity of IBD was reduced in TNF-transgenic RAG −/−  mice, indicat-
ing the heterogeneity of the role of TNF-α and the involvement of lymphocytes in 
this model (Kontoyiannis et al.  1999 ). 

 Subsequent to the demonstration of spontaneous arthritis in hTNF transgenic 
mice, a number of studies have assessed the effect of TNF blockade in collagen- 
induced arthritis (CIA), an animal model of RA. These studies showed that treat-
ment of mice with anti-TNF antibodies, or soluble TNF receptors, reduced the 
severity of arthritis when administered before the onset of clinical disease (Piguet 
et al.  1992 ; Thorbecke et al.  1992 ; Williams et al.  1992 ). Subsequently, we dem-
onstrated that TNF blockade using anti-TNF mAb or p75 TNFR-Fc fusion protein 
was effective in established arthritis (Williams et al.  1992 ; Williams et al.  1995 ). 
These fi ndings confi rmed the importance of TNF in CIA and provided an impor-
tant part of the rationale for the testing of anti-TNF antibody therapy in human 
RA. In addition to arthritis, TNF has been shown to play a major pro-infl amma-
tory role in a number of animal models of autoimmune disease, including IBD 
(Kollias  2005 ).  
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9.2.3     The Relationship Between TNF and Regulatory T Cells 

 Some controversy surrounds the relationship between TNF and the regulatory T-cell 
responses. On the one hand, many reports have highlighted an inhibitory effect of 
infl ammation in general, and TNF in particular, on the size and level of activity of 
the regulatory T-cell population. A seminal study by Ehrenstein et al. demonstrated 
that regulatory T cells from RA patients had reduced capacity to modulate pro- 
infl ammatory cytokine production by effector T cells stimulated mitogenically with 
anti-CD3 (Ehrenstein et al.  2004 ). Thus, treatment with anti-TNF mAb led to 
increased numbers of regulatory T cells in peripheral blood and restored their sup-
pressive capacity. Subsequent studies demonstrated that TNF inhibition in RA 
results in the emergence of a FoxP3 +  regulatory T population that mediates suppres-
sion via transforming growth factor (TGF)-β and IL-10 (Nadkarni et al.  2007 ). In 
another study of patients with active RA, increased spontaneous apoptosis of regula-
tory T cells was shown, which was downregulated by treatment with TNF- blocking 
mAb (Toubi et al.  2005 ). Consistent with these fi ndings, regulatory T-cell suppressor 
activity in RA was reported to be downregulated by myeloid cell-derived infl amma-
tory mediators (van Amelsfort et al.  2007 ), and in another study it was shown that 
compromised regulatory T-cell activity in RA was associated with reduced FoxP3 
expression, which could reversed by TNF blockade (Valencia et al.  2006 ). In CIA, 
regulatory T-cell activity has also been shown to be diminished (Kelchtermans et al. 
 2005 ), and similar results were obtained in experimental autoimmune encephalomy-
elitis (EAE) (Korn et al.  2007 ), multiple sclerosis (Viglietta et al.  2004 ), and type 1 
diabetes (Chee et al.  2011 ; Lindley et al.  2005 ; Ryba et al.  2011 ). 

 On the other hand, there is evidence to suggest that TNF promotes regulatory 
T-cell responses. It was shown, for example, that TNF-α may increase regulatory 
T-cell responses in a TNFR2-dependent manner, resulting in proliferation, upregu-
lation of FoxP3 expression, and increased suppressive capacity (Chen et al.  2007 ). 
TNF blockade was also shown to abrogate lipopolysaccharide (LPS)-induced 
expansion of splenic regulatory T cells in vivo (Hamano et al.  2011 ). Furthermore, 
anti-TNF prevented the expansion of regulatory T cells in murine psoriasis (Ma 
et al.  2010 ), and the activity of natural, although not inducible, regulatory T cells 
was shown to be dependent on TNF (Housley et al.  2011 ). It is of interest that 
TNFR2 is predominantly expressed by regulatory T cells and that TNFR2- 
expressing CD4 + FoxP3 +  regulatory T cells represent the maximally suppressive 
subset of regulatory T cells (Chen et al.  2010 ; Chen et al.  2008 ). A critical role for 
TNFR2 signaling has also been demonstrated in the induction of human antigen- 
specifi c regulatory T cells by tolerogenic dendritic cells (Kleijwegt et al.  2010 ). 
Much remains to be unraveled about TNF interaction with T cells.  

9.2.4     Paradoxical Effects of TNF on Effector T-Cell Responses 

 Recent fi ndings from our (Williams’) laboratory have shed new light on the com-
plex relationship between TNF and the immune system by the discovery of an 
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endogenous regulatory pathway, triggered by TNFR1, that specifi cally targets Th1 
and Th17 cells (Notley et al.  2008 ). Thus, blockade of TNF, or deletion of TNFR1, 
was found to cause an expansion of collagen-specifi c Th1 and Th17 cells in the 
spleen and lymph nodes of mice with CIA; this was caused not only by a diversion 
of Th1/Th17 cells away from the site of infl ammation and into the lymphoid organs, 
because the same phenomenon was observed in collagen-immunized TNFR1 −/−  (but 
not TNFR2 −/− ) mice in the absence of infl ammation (Notley et al.  2008 ). Furthermore, 
a more recent study that reproduces our fi ndings in a model of reactive arthritis 
documents a global expansion of Th1/Th17 cells in the lymph nodes, spleen, and 
joints of TNFR1 −/−  mice (Elicabe et al.  2010 ). Importantly, we confi rmed using an 
adoptive transfer system that this expanded population of Th1/Th17 cells is highly 
pathogenic when the anti-TNF “brake” is removed (Notley et al.  2008 ), which may 
help to explain why disease fl ares following withdrawal of TNF-blocking drugs. 
This phenomenon may also explain some of the adverse effects of TNF inhibitors, 
such as new onset or exacerbation of multiple sclerosis or cutaneous psoriasis. This 
result is supported by the fi nding that anti-TNF exacerbates murine psoriasis-like 
disease by enhancing the activity of Th17 cells (Ma et al.  2010 ). 

 The differentiation and survival of Th1 and Th17 cells are largely controlled by 
IL-12 and IL-23, respectively, and these two cytokines share a common p40 subunit. 
We therefore hypothesized that the expansion of Th1 and Th17 cells following 
blockade of TNF was caused by an increased IL-12/IL-23 p40 expression; this was 
subsequently confi rmed in vitro and in vivo at the level of mRNA and protein. In 
addition, we were able to show that the expansion of Th1 and Th17 cells could be 
reduced in TNFR1 −/−  mice by blockade of IL-12/IL-23 p40 (Notley et al.  2008 ). 
Hence, our data show that at least part of the expansion of Th1 and Th17 cells by 
TNF inhibition is by augmented p40 expression. It was also reported that TNF 
selectively inhibits IL-12/IL-23 p40 expression in human and mouse myeloid cells 
in vitro, which is in agreement with this concept (Ma et al.  2000 ; Zakharova and 
Ziegler  2005 ). In addition to these fi ndings, Cope et al. have shown that prolonged 
exposure of lymphocytes to TNF in RA leads to a state of T-cell hyporesponsiveness 
from perturbation of TCR signal transduction pathways, which is also consistent 
with an immunoregulatory role for TNF-α (Cope  2003 ). 

 Further support for an immunoregulatory and protective role for TNF is provided 
by the results of a very early study which showed that administration of rTNF to 
young lupus-prone mice led to protection against disease and reduced levels of anti- 
nuclear antibodies (Jacob and McDevitt  1988 ). More recently it was reported that 
TNF defi ciency was associated with increased production of anti-nuclear antibodies 
and accelerated onset of murine lupus (Kontoyiannis and Kollias  2000 ). Similar 
fi ndings were reported in murine type 1 diabetes (Satoh et al.  1989 ), and in another 
study in autoimmune diabetes TNF was also shown to have anti-infl ammatory prop-
erties depending on the timing of TNF expression (Christen et al.  2001 ). TNF was 
also reported to play a protective role in adjuvant arthritis (Kim et al.  2008 ) and in 
EAE, TNF −/−  mice developed enhanced infl ammation and demyelination, whereas 
treatment of susceptible mice with rTNF reduced the severity of disease (Liu et al. 
 1998a ). In a different study it was shown that EAE failed to resolve in TNFα −/−  or 
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TNFR −/−  mice, indicating a role for TNF in the resolution of infl ammation in this 
model (Kassiotis and Kollias  2001 ). But in other models of EAD (chronic, relaps-
ing), anti-TNF was protective especially if administered locally, intrathecally 
(Triantaphyllopoulos et al.  1998 ). 

 In view of the increased Th1/Th17 responses in anti-TNF-α-treated mice with 
CIA (Notley et al.  2008 ), the question arises as to whether similar changes occur in 
patients treated with TNF inhibitors. One recent study in RA has provided evidence 
of increased numbers of Th17 cells in peripheral blood following anti-TNF therapy 
(Aerts et al.  2010 ). In addition, we carried out a longitudinal study of patients with 
RA treated with TNF-α inhibitors to assess their Th17/IL-17 levels before and after 
the start of therapy. Signifi cant increases in circulating Th17 cells, but not Th1 cells, 
were detected in patients after anti-TNF therapy, accompanied by increased produc-
tion of IL-12/IL-23 p40 (Alzabin et al.  2012 ). There was also suggestive evidence 
of an inverse relationship between baseline Th17 levels and the subsequent response 
of patients with RA to anti-TNF therapy. These fi ndings, if confi rmed in larger stud-
ies, show that anti-TNF therapy results in an expansion of Th17 responses, and a 
Th17-targeted therapeutic approach may be useful for anti-TNF non-responder 
patients or in combination with anti-TNF therapy. How and when to combine Th17- 
targeted therapy safely presents a real challenge.   

9.3     Role of TNF in Other Diseases 

 The key role played by TNF in infl ammatory arthritis and IBD is well established, 
together with the therapeutic benefi t of systemic inhibition (currently TNF inhibi-
tion is approved for rheumatoid arthritis, juvenile rheumatoid arthritis, Crohn’s dis-
ease, ulcerative colitis, psoriasis, psoriatic arthritis, and ankylosing spondylitis). 
However, despite ample evidence that TNF also acts in a variety of other disorders 
and preclinical data that blockade may be of therapeutic benefi t, the few clinical 
trials in these conditions have been disappointing. This fi nding has led us to look 
beyond the pathological effects of TNF in chronic infl ammation as emerging data 
show that TNF is also involved in physiological regeneration. There is now evi-
dence from a diverse range of tissues that TNF enhances repair and the effects are 
very context dependent. For example, in fracture healing low doses of TNF are key 
in recruiting mesenchymal stromal cells (Glass et al.  2011 ), with short exposure 
enhancing osteogenesis while longer exposure is inhibitory (Lu et al.  2012 ). It is not 
surprising that this pleiotropic cytokine has vastly different effects, but there are 
some general trends emerging whereby short exposure within a critical low-dose 
range may be benefi cial when present at the appropriate time, whereas sustained 
high levels are detrimental. Furthermore, TNF appears to have varying effects on 
different cell types, perhaps related to their expression of TNF receptors. The situa-
tion is complicated as the relative expression of TNFR1 and R2 also appears to 
determine the response. Hence, it is not surprising that global inhibition has resulted 
in very mixed results. 
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 Here we review the role of TNF in three diverse areas—the brain, metabolic 
syndrome, and fi brosis. Other concerns are not included for lack of space, for 
 example, cancer. The safety profi le of TNF inhibition has been well established in 
clinical studies, and the available data would suggest that we cannot simply extrap-
olate our success with TNF inhibition in chronic infl ammatory disorders such as 
rheumatoid arthritis and Crohn’s disease to other conditions. Perhaps the area that 
may be most amenable to target next is localized musculoskeletal fi brosis, where 
the anti-TNF is delivered at the site of the pathology (Verjee et al.  2013 ). 

9.3.1     TNF and the Brain 

 TNF signaling is involved in several important central nervous system (CNS) func-
tions, including activation of microglia and astrocytes by injury, regulation of 
blood–brain barrier permeability, neurogenesis, glutaminergic transmission, synap-
tic plasticity, and scaling. Synaptic scaling, whereby the strength of all synapses on 
a cell are adjusted in response to prolonged changes in the cell’s electrical activity, 
has been shown to be mediated by TNF (Stellwagen and Malenka  2006 ). Microglia, 
astrocytes, and neurons are all sources of TNF in the central nervous system (CNS) 
(Montgomery and Bowers  2012 ). Astrocytes, which represent the predominant glial 
cell of the CNS, have a major role in scaling. A single astrocyte contacts thousands 
of synapses, and astrocytes have been shown to release glutamate on stimulation by 
TNF (Domercq et al.  2006 ).  

9.3.2     TNF in Memory and Learning 

 Cytokines play an important role in hippocampal-dependent learning and memory, 
that is, spatial memory, object recognition, and contextual fear conditioning 
(McAfoose and Baune  2009 ). Mechanisms involved in memory consolidation 
include synaptic scaling and adult neurogenesis. Overexpression and absence of 
cytokines has been shown to directly infl uence hippocampal-dependent memory. 
For example, basal levels of IL-1β are required for normal memory function, and 
any deviation from the physiological range results in impaired memory (Goshen 
et al.  2007 ). Endogenous glial-derived TNF is critical for homeostatic synaptic scal-
ing, with transgenic mice that overexpress TNF demonstrating cognitive impair-
ment (Fiore et al.  2000 ). In a murine model, orthopedic surgery was associated with 
elevated IL-1β and upstream TNF levels, which led to impairment of hippocampal-
dependent memory. These effects were reversed by cytokine inhibition (Terrando 
et al.  2011 ; Terrando et al.  2010 ). In the brain, the main source of TNF is the microg-
lia. Microglia are the primary immune cell in the CNS and share many phenotypic 
features with macrophages. Although TNFR2 is predominantly expressed by mac-
rophages, both TNFR1 and TNFR2 are present in microglia (Dziewulska and 
Mossakowski  2003 ), and mice defi cient in both TNFR1 and R2 were more 

J. Nanchahal et al.



223

 susceptible to hippocampal ischemic injury (Bruce et al.  1996 ). The density of 
microglia varies across different brain regions, being especially high in the hippo-
campus and substantia nigra (Lawson et al.  1990 ). There are also marked regional 
differences in basal cytokine expression, with hippocampal microglia expressing 
higher levels of TNF (Ren et al.  1999 ). The cognitive decline that occurred follow-
ing orthopedic surgery in the murine model was associated with activation of mac-
rophage-like cells in the hippocampus (Terrando et al.  2011 ) and the recruitment of 
monocytes into the CNS. 

 It has been suggested that microglial responses are tailored in regional and insult- 
specifi c manner (Carson et al.  2007 ). The effect of TNF also depends on the expres-
sion of TNF receptors. TNFR1 is constitutively expressed on most cell types 
whereas TNFR2 expression is induced on upon infl ammatory stimulation and is 
limited to cells of the lymphoid lineage, microglia, and endothelial cells. Soluble 
TNF (sTNF) binds with high affi nity to TNFR1 but readily dissociates from TNFR2. 
Close spatial association between the two receptors means that the ligand could be 
rapidly passed from TNFR2 to TNFR1, and it has been hypothesized that this may 
lead to increased effi cacy of signaling (Tartaglia et al.  1993 ). Indeed, it has been 
suggested that sTNFR2 may prolong the infl ammatory response by intermittent 
release of sTNF to TNFR1. There is evidence that TNFR2 may contribute to the 
chronicity of infl ammation in Crohn’s disease (Holtmann et al.  2002 ). TNFR2 
effectively binds transmembrane TNF (tmTNF), which can act both as a ligand and 
as a receptor (Grell et al.  1995 ; Zhang et al.  2008 ). In this context, it is of interest 
that the intracytoplasmic part of transmembrane TNF is extensive, with 76 amino 
acids in humans or 79 in mice, and multiple signaling motifs (Eissner et al.  2004 ; 
Pennica et al.  1985 ). The latter allows for reverse signaling and bidirectional com-
munication between cells. The balance between sTNF and tmTNF is infl uenced by 
cell type, activation status of the cell, the stimulus eliciting TNF production, activity 
of ADAM 17 TNF converting enzyme (TACE) (Gearing et al.  1994 ), and endoge-
nous inhibitors such as TIMP3 (Smookler et al.  2006 ). Both TNFR1 and -R2 lack 
enzymatic activity within their intracellular domains and signal via intracellular 
adaptor molecules, resulting in activation of a number of pathways, including NF-κB, 
p38, and c-jun N-terminal kinase (JNK). In turn, this results in responses ranging 
from infl ammation to proliferation, cell migration, apoptosis, and necrosis. TNFR2 
activation can activate both infl ammatory and neuronal survival pathways. Activation 
of NF-κB can be either neuroprotective or neurotoxic, the effect being dependent on 
the duration of NF-κB activation and differential activity of regulatory proteins. 

 Soluble TNF has been found to be elevated in a number of pathological  conditions 
including ischemic stroke, Alzheimer’s disease, Parkinson’s disease, and multiple 
sclerosis.  

9.3.3     TNF in Multiple Sclerosis 

 Patients with multiple sclerosis (MS) have elevated levels of TNF in the serum, cere-
brospinal fl uid (CSF), and active lesions. Based on preclinical evidence, including 
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neutralization studies (Triantaphyllopoulos et al.  1998 ; Baker et al.  1994 ) a phase II 
trial of the TNF inhibitor lenercept was commenced in multiple sclerosis but it 
showed a dose-dependent increase in attack severity and trend of increase in attack 
duration ( 1999 ). Further evidence for the potential detrimental effect of TNF inhibi-
tion on the nervous system was presented as a series of three cases where patients 
with RA treated with TNF inhibitors developed a demyelinating disorder, which 
resolved in two individuals after discontinuation of anti-TNF but persisted in the 
third patient (Fromont et al.  2009 ). Subsequent studies in murine models showed that 
although TNFR1 signaling was associated with demyelination, TNFR2- mediated 
pathways were crucial for remyelination (Arnett et al.  2001 ). Transgenic murine 
models that maintained tmTNF in the absence of sTNF showed suppression of dis-
ease onset and progression of EAE (Alexopoulou et al.  2006 ). The dual neurotoxic 
and neuroprotective role of TNF means that there is a potential for negative conse-
quences for TNF inhibition for pathological conditions, and caution needs to be exer-
cised in extrapolating preclinical data to drive clinical trials. Animal models that 
develop degenerative neurological conditions are relatively short term and hence 
may not truly emulate the pathological processes encountered in the clinical setting.  

9.3.4     TNF in Acute Stroke 

 TNF also appears to have a dual role in ischemic brain injury, again depending on 
levels, timing, duration, relative expression of TNF receptors, and anatomic site. 
Mild cerebral ischemia, which is seen clinically following transient ischemic 
attacks, is associated with raised serum levels of TNF, which remain elevated for 
72 h after the event (Castillo et al.  2003 ). Interestingly, this conferred a neuroprotec-
tive effect within this time window (Castillo et al.  2003 ). TNF inhibition following 
middle cerebral artery occlusion in a murine model resulted in reduction of the size 
of cortical infarct (Nawashiro et al.  1997 ). However, hippocampal and striatal neu-
rogenesis, most likely mediated by TNFR2, was markedly reduced in a rat model 
following middle cerebral artery occlusion (Heldmann et al.  2005 ). Furthermore, 
tmTNF and TNFR2 signaling was found to be protective against epileptic seizures 
induced by injection of kainic acid into the hippocampus (Balosso et al.  2005 ).  

9.3.5     TNF in Parkinson’s Disease 

 Infl ammatory pathways appear to play a key role in Parkinson’s disease (PD), which 
appears to arise through a complex interplay between genetic susceptibility and 
environmental factors (Gorell et al.  2004 ). As in other neurodegenerative diseases, 
elevated levels of sTNF and sTNFR1 have been detected in the CSF and tissues of 
patients with PD, and TNF and TNFR1 polymorphisms have been associated with 
the risk of developing PD (McCoy and Tansey  2008 ). The role of TNF is supported 
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by in vitro and in vivo studies showing that TNF is highly toxic to dopaminergic 
neurones. Conversely, in other animal models TNF appears to be benefi cial. Again 
the role of TNF appears to be contextual, and low levels have been shown to be 
protective whereas chronic high levels were detrimental (Chertoff et al.  2011 ).  

9.3.6     TNF in Brain Injury 

 TNF can be potently induced following brain injury and promotes neuroinfl amma-
tion and neurodegeneration (Sriram and O’Callaghan  2007 ). Elevated levels are 
found following traumatic brain injury, and TNF neutralization was protective 
against cerebral ischemia if administered  before  the insult (Lavine et al.  1998 ). TNF 
adversely affects the brain by promoting immune cell infi ltration by altering the 
integrity of the blood–brain barrier, stimulating apoptosis of microvascular endo-
thelium, and activation of microglial cells that in turn perpetuate the infl ammatory 
cycle. Paradoxically, mice lacking both TNF-R1 and TNF-R2 were more suscepti-
ble to hippocampal ischemic injury (Bruce et al.  1996 ). The neuroprotective effect 
of TNF appears to be region specifi c; TNF promoted neurodegeneration in the stria-
tum nigra but was protective in the hippocampus (Sriram et al.  2006 ). The mecha-
nisms involved include activation of astroglia to release neurotrophic factors, 
activation of repair of peripheral nerves and cerebral microvasculature, induction of 
anti-oxidant pathways and anti-apoptotic factors, and stimulation of neuronal plas-
ticity (Sriram and O’Callaghan  2007 ).  

9.3.7     Role of TNF in Metabolic Syndrome 

 Metabolic syndrome is characterized by obesity, impaired glucose metabolism, 
 atherogenic dyslipidemia, and elevated blood pressure, which all independently 
increase the risk of atherosclerotic disease and type 2 diabetes mellitus (Grundy 
et al.  2005 ). Excessive visceral (intraperitoneal) fat represents one of the key under-
lying abnormalities together with low-grade chronic infl ammation. The latter is 
commonly defi ned by C-reactive protein (CRP) levels above 3 mg/l. 

 Adipocyte hypertrophy as a result of excessive oral intake results in their secret-
ing the chemokine CCL2, which in turn recruits macrophages. Interestingly, the 
majority of macrophages are located around dead adipocytes, whose numbers 
increase dramatically in obese individuals (Cinti et al.  2005 ). It is also possible that 
the non-viable adipocytes release chemoattractants for macrophages. The macro-
phages produce TNF, which induces the release of saturated fatty acids from adipo-
cytes via lipolysis, that in turn induce further infl ammatory changes in the 
macrophages via TLR-4. This paracrine signaling loop sets up a vicious cycle, lead-
ing to more infl ammation as the macrophages polarize from the alternatively acti-
vated M2 phenotype to the classically activated M1 (Suganami and Ogawa  2010 ). 
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There is also evidence for the role of increased numbers of TNF-expressing mast 
cells in the visceral fat of obese animals (Altintas et al.  2011 ). 

 TNF affects lipid metabolism by adipocytes at multiple levels. It decreases free 
fatty acid uptake from the circulation, reduces lipogenesis, and also enhances lipol-
ysis. TNF also prevents the normal development of pre-adipocytes to fully differen-
tiated adipose cells by activating the Wnt pathway (Cawthorn et al.  2007 ; Gustafson 
and Smith  2006 ). 

 There is clear evidence that TNF mediates insulin resistance both in vitro and in 
rodent models (Sethi and Hotamisligil  1999 ). TNF infl uences the sensitivity of fat 
cells to insulin by several mechanisms. It attenuates insulin receptor signaling, 
downregulates genes involved in insulin action, and counteracts transcription 
 factors that regulate insulin sensitivity (Ryden and Arner  2007 ). 

 Insulin resistance is an important component of metabolic syndrome that can be 
observed in some individuals with obesity or chronic infl ammatory disease such as 
rheumatoid arthritis. Individuals with rheumatoid arthritis have a 50 % higher risk 
of mortality related to cardiovascular disease than the general population (Avina- 
Zubieta et al.  2008 ), and the accelerated atherogenesis and cardiovascular compli-
cations are independent of other risk factors (Gonzalez-Gay et al.  2005 ). Inhibition 
of TNF in patients with RA or ankylosing spondylitis resulted in an improvement in 
insulin sensitivity in those with the greatest insulin resistance (Yazdani-Biuki et al. 
 2004 ) (Kiortsis et al.  2005 ). TNF blockade in patients with infl ammatory arthritis 
also leads to changes in lipid profi les, including increases in HDL cholesterol as 
well as total and LDL cholesterol and perhaps also triglycerides. Data from the 
biological registries of patients with rheumatic disorders treated with anti-TNF indi-
cate reduced risk of cardio- and cerebrovascular events compared to patients not 
treated with TNF inhibitors (McKellar et al.  2009 ). A randomized trial that studied 
the effects of TNF inhibition for 6 months resulted in improvement in insulin resis-
tance only in normal weight but not in obese patients with RA (Stavropoulos- 
Kalinoglou et al.  2012 ). Furthermore, TNF-neutralizing antibodies failed to improve 
insulin sensitivity in obese patients with type 2 diabetes mellitus (Ofei et al.  1996 ). 
Therefore, although there appears to be a clear link between TNF and cardiovascu-
lar disease in patients with infl ammatory arthritis, it does not necessarily follow that 
it also has a pivotal role in patients who do not suffer from rheumatic diseases and 
effects are limited in obese individuals with infl ammatory arthropathy. However, 
TNF upregulates fi brinogen levels and platelet levels in RA, as judged by their rapid 
reduction following anti-TNF therapy (Feldmann and Maini  2001 ). 

 The lack of effect in clinical studies may in part relate to selective targeting as the 
TNF is active only in certain tissues such as adipose tissue and systemic inhibition 
may fail to achieve the desired effect (Nieto-Vazquez et al.  2008 ). Furthermore, 
although TNF expression is increased in adipose tissue of males with reduced insu-
lin sensitivity, females seemed to lack a similar correlation with insulin sensitivity 
(Pfeiffer et al.  1997 ), perhaps because of differential expression of the TNF recep-
tors. The local effect of TNF on the adipose tissue is emphasised by the fi nding that, 
in contrast to TNF, plasma (rather than adipose) IL-6 demonstrated the strongest 
relationship with obesity and insulin resistance (Kern et al.  2001 ). The confl icting 
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levels of circulating levels of TNF and IL-6 in obese children of different racial 
origins may also in part be explained by the fact that serum levels may not accu-
rately refl ect the situation in adipose tissue (Tam et al.  2010 ).  

9.3.8     TNF in Fibrosis 

 Fibrosis is a common pathological endpoint of many infl ammatory disorders affect-
ing critical visceral organs and contributes to 45 % of deaths in the Western world 
(Wynn  2008 ). Although infl ammation often precedes fi brosis, the role of TNF 
remains unclear. In an uncontrolled case series of patients with infl ammatory arthri-
tis treated with TNF inhibitors, there was an improvement in the cutaneous fi brosis 
element of systemic sclerosis (Bosello et al.  2005 ; Lam et al.  2007 ; Ramos-Casals 
et al.  2011 ). 

 The results from animal models are also not conclusive. In a murine model of 
silica particle-induced pulmonary fi brosis there was a marked increase in levels of 
mRNA for TNFR but not of transforming growth factor (TGF)-β. Infusion of anti- 
TNF resulted in reduced fi brosis and infusion of exogenous TNF increased the 
fi brosis (Piguet et al.  1990 ). TNF production was found to be essential for the devel-
opment of bleomycin-induced pulmonary fi brosis in a murine model, in part through 
upregulation of TGF-β1 expression (Ortiz et al.  1998 ), and systemic administration 
of soluble TNF receptor led to reduction in fi brosis (Piguet and Vesin  1994 ). The 
utility of these models may, however, be limited as not all strains of mice develop 
pulmonary fi brosis in response to bleomycin, with BALB/c animals being resistant, 
in contrast to C57Bl/6 mice (Ortiz et al.  1998 ), despite both strains demonstrating 
elevated TNF levels in response to the bleomycin. In support of the pro-fi brotic role 
of TNF, transgenic mice overexpressing TNF under the control of human surfactant 
protein developed pulmonary changes resembling those seen in human idiopathic 
pulmonary fi brosis (Miyazaki et al.  1995 ). However, others have shown that TNF- 
overexpressing transgenic mice do not develop pulmonary fi brosis but instead a 
disorder similar to emphysema. In another study, TNF transgenics tolerated bleo-
mycin, whereas littermate controls developed severe pulmonary fi brosis. One 
potential explanation for the protection against bleomycin may be that the transgen-
ics were less susceptible because of downregulation of TNFR1 and altered infl am-
matory response (Fujita et al.  2003 ). 

 The development of pulmonary fi brosis has also been considered in respect of 
TNF-receptor expression. Intratracheal instillation of bleomycin or silica resulted in 
upregulation of TNFR2 but not TNFR1 in C56Bl/6 mice (Ortiz et al.  1999 ); this was 
accompanied by pulmonary fi brosis in wild-type animals but not in dual TNFR1/R2 
knockouts. Furthermore, TNFR1/R2 combined knockout mice failed to develop 
pulmonary fi brosis on exposure to asbestos fi bers (Liu et al.  1998b ). Here it appears 
that TNFR2 has a pathological role, in contrast to some data from some animal 
models of neurological disease. 
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 The role of TNF in fi brosis of other organs has also been investigated. 
A  hepatotoxic agent administered intraperitoneally led to hepatic fi brosis in wild-
type mice but this response was attenuated in TNFR1 knockout mice (Kitamura 
et al.  2002 ). In the latter group there was reduced TNF expression and also reduced 
production of CCL2. CCL2 is an important chemokine for macrophages so the 
effects of TNFR1 deletion may be indirect because of attenuation of the infl amma-
tory response. Carbon tetrachloride led to prominent hepatic fi brosis in wild-type 
and TNFR2 knockout but not in TNFR1 knockout mice (Sudo et al.  2005 ). 

 TNF blockade reduced interstitial infl ammation and fi brosis in a rat model of 
crescentic glomerulonephritis (Khan et al.  2005 ). In a murine model of obstructive 
nephropathy leading to tubulointerstitial fi brosis, absence of either TNFR1 or 
TNFR2 resulted in attenuated fi brosis (Guo et al.  1999 ). 

 Heart failure is characterized by cardiac hypertrophy, ventricular dilatation, and 
fi brosis (Gullestad et al.  2012 ), and transgenic mice with cardiac-specifi c overex-
pression of TNF developed congestive cardiac failure (Kubota et al.  1997 ). Systemic 
infusion of TNF intraperitoneally into rats at the levels comparable to those seen in 
patients with heart failure was associated with left ventricular dysfunction and dila-
tation (Bozkurt et al.  1998 ). However, a randomized trial of infl iximab in patients 
with heart failure and reduced left ventricular ejection fraction was stopped early 
because of increased mortality in the group receiving high-dose anti-TNF (Chung 
et al.  2003 ). This fi nding emphasizes the fact that elevated levels of a cytokine are 
not necessarily indicative of it having a key role in pathogenesis and, indeed, TNF 
has been shown to play a role in myocardial repair by enhancing the engraftment 
into a myocardial infarct of mesenchymal stromal cells (Kim et al.  2009 ). Also, 
TNF may have different roles in subgroups of patients. Approximately half of 
patients with heart failure have preserved left ventricular ejection fraction, and this 
group are characterized by cardiac hypertrophy and fi brosis. It has been suggested 
that TNF inhibition may have a benefi cial effect in this subgroup (Gullestad et al. 
 2012 ). In patients with rheumatoid arthritis, anti-TNF appeared to reduce the risk of 
heart failure and did not worsen preexisting cardiac failure (Listing et al.  2008 ). 

 The mechanism by which TNF may have a pro-fi brotic role remains unclear. 
TGF-β1 is known to be involved in a variety of fi brotic disorders (Wynn  2008 ). 
There is some evidence that TNF may act indirectly via TGF-β1. Upregulation of 
TNF in pulmonary tissue of mice by adenoviral transduction resulted in increased 
infl ammatory cellular infi ltrate, elevation of TGF-β1, accumulation of myofi bro-
blasts, and pulmonary fi brosis (Sime et al.  1998 ). An in vitro study using three T3 
and murine pulmonary fi broblasts appeared to confi rm this (Sullivan et al.  2005 ), 
whereas in human dermal fi broblasts from neonatal foreskins TNF inhibited TGF- 
β1 Smad signaling, again via AP-1 activation (Verrecchia et al.  2000 ). Our recent 
data show that in Dupuytren’s disease TNF acts via the Wnt pathway to promote 
fi brosis through the generation of myofi broblasts and matrix production (Verjee 
et al.  2013 ). Importantly, we also showed in vitro that TNF blockade effectively 
inhibits myofi broblast activity without affecting cell viability (Verjee et al.  2013 ). 

 In vivo there is a delicate balance between deposition of extracellular matrix 
components and degradation. There are some data to suggest that TNF may 
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promote fi brosis by downregulating matrix breakdown. Human fi broblasts treated 
with TNF showed increased expression of matrix metalloproteinases and reduced 
expression of TIMP (Meikle et al.  1989 ), thereby on balance enhancing degradation 
of the matrix (Distler et al.  2008 ). 

 In summary, the role of TNF in fi brosis remains unclear based on limited data in 
murine models and clinical and in vitro studies, partly because the role of TNF is 
context dependent, as well as depending on the precise levels and, importantly, the 
target cell population. Our fi ndings based on studying early-passage cells from 
patients with Dupuytren’s disease, a condition of localized fi brosis in the palm, sug-
gest a key role for TNF in its pathogenesis. We found increased expression of TNF 
receptors, especially TNFR2 in the myofi broblasts (Verjee et al.  2013 ). TNFR2 may 
effectively increase the effi cacy of soluble TNF by “passing the ligand” to TNFR1, 
an effect potentiated by the fact that TNFR2 has a higher affi nity for soluble TNF 
(Tartaglia et al.  1993 ) (Barbara et al.  1994 ). TNFR2 appears to be crucial in signal-
ling a pro-fi brotic response as intestinal myofi broblasts from wild-type or TNFR1- 
defi cient mice showed increased proliferation and collagen production on treatment 
with TNF whereas myofi broblasts from TNFR2 −/−  or combined TNFR1 −/− /TNFR2 −/−  
were unresponsive (Theiss et al.  2005 ; Verrecchia et al.  2000 ). Furthermore, we 
found that palmar dermal fi broblasts from patients with Dupuytren’s disease exhib-
ited a dose response, with maximal induction of myofi broblast phenotype on expo-
sure to TNF at 0.1 ng/ml, with higher levels being inhibitory. In contrast, TNF 
resulted in inhibition of contraction of non-palmar dermal fi broblasts from 
Dupuytren’s patients and palmar fi broblasts from normal individuals (Verjee et al. 
 2013 ). Results of clinical studies would be of great interest. 

 From the foregoing examples it is clear that TNF has divergent roles that in part 
depend on dose, duration of exposure, tissue type, and the local expression of TNF 
receptors. The relative proportion of TNFR1 and TNFR2 appears to be particularly 
important, and this makes it challenging to replicate the success of systemic inhibi-
tion of TNF in rheumatoid arthritis for other diseases. Future success may depend 
on the development of a new generation of TNF inhibitors, for example, those that 
can be targeted to specifi c tissues or selectively neutralize ligation of TNF to TNFR1 
while preserving TNFR2 signaling. Perhaps the most likely next success will be for 
localized musculoskeletal fi brotic disorders where anti-TNF is delivered locally and 
remains restricted to the site of delivery.   

9.4     Clinical Aspects of TNF Blockade 

 The introduction of biological agents targeting TNF has signifi cantly modifi ed the 
treatment paradigm for RA and unequivocally validated TNF as a molecular target 
for therapy. The clinical success and impact of TNF inhibitors has fostered the 
development of other biological and small molecule modulators of pro- infl ammatory 
cytokines, expanded our understanding of rheumatoid pathogenesis, the role of 
TNF in health and infl ammation, and the proper use of parenterally administered 
biological agents. 
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 Clinical studies have shown that TNF blockade in RA consistently improves 
disease activity and quality of life. Five biological agents that inhibit TNF have been 
approved for RA (Taylor  2010 ): etanercept, a soluble dimeric TNFR2 IgG1-Fc 
fusion construct (Enbrel); infl iximab, a chimeric anti-TNF-α IgG1 monoclonal anti-
body (mAb) (Remicade); adalimumab, a human IgG1 anti-TNFα mAb (Humira); 
golimumab, a human IgG1 anti-TNFα mAb (Simponi), and certolizumab pegol, a 
TNF-specifi c, pegylated Fab′ antibody fragment (Cimzia). Monoclonal antibodies 
or Fab′ antibody fragments have specifi city for TNF-α. In contrast, the fusion pro-
tein etanercept comprises two TNFR2 receptor extracellular domains and the Fc 
portion of human IgG-binding members of the lymphotoxin (LT) family, namely, 
soluble LTα3 and cell-surface LTα2β1. Etanercept neutralizes LTα3 and sTNF with 
similar potency. Although all biological TNF inhibitors share many biological, clin-
ical, and adverse effects, there are differences among them beyond their pharmaco-
kinetics (Taylor  2010 ). Infl iximab, adalimumab, and golimumab are IgG1 antibodies 
and etanercept contains an IgG1 Fc portion; certolizumab lacks an Fc portion. In 
addition to sharing the ability to inhibit TNF, all fi ve agents bind to TNF with high 
affi nity, and all three are virtually the same in their ability to neutralize soluble and 
transmembrane TNF. 

 Numerous advances in the therapeutic possibilities for RA have been realized 
with the development of this class of therapy, including more complete therapeutic 
responses and higher remission rates, protection against radiographic deterioration, 
improved mortality, and possibly a reduced rate of cardiovascular events in RA 
patients (Carmona et al.  2007 ; Jacobsson et al.  2007 ). 

9.4.1     Mechanism of Action 

 TNF is an attractive therapeutic target owing to its abundant expression in the rheu-
matoid joint and plethora of pro-infl ammatory effects that include regulation of 
other pro-infl ammatory mediators. Defi nitive verifi cation of a primary role for TNF 
in RA came from clinical trials demonstrating the impressive amelioration of dis-
ease with TNF blockade. 

 TNF-α primarily mediates infl ammation by promoting cellular activation and 
traffi cking of leukocytes to infl ammatory sites. TNF-α may further contribute to the 
pathogenesis of RA by induction of pro-infl ammatory cytokines such as IL-1β and 
IL-6, increasing endothelial layer permeability, activation of neutrophils and eosin-
ophils, induction of the synthesis of acute-phase reactants, and the induction of 
 tissue-degrading enzymes (matrix metalloproteinase enzymes) produced by syn-
oviocytes or chondrocytes. 

 The fi rst formal proof that TNF regulates other pro-infl ammatory cytokines in 
vivo was the observation that there is a rapid reduction in serum IL-6 concentra-
tions, closely followed by falling serum CRP, following administration of infl ix-
imab (Charles et al.  1999 ; Elliott et al.  1994 ; Lorenz et al.  1996 ). Although IL-1β    
concentrations are often below the limit of detection in the peripheral blood of RA 
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patients, where it is detectable, downregulation has been reported in a proportion of 
patients (Elliott et al.  1994 ). Similarly, in a small study of repeat synovial biopsies 
obtained before and 2 weeks after a single infusion of 10 mg/kg infl iximab, comput-
erized image analysis of sections stained for cytokine-producing cells demonstrated 
a reduction in synovial IL-1α and IL-1α in a subgroup (Ulfgren et al.  2000 ). It is 
clear that the benefi ts of anti-TNF therapy are not mediated by upregulation of 
endogenous pro-infl ammatory cytokine inhibitors because circulating IL-1ra and 
soluble TNF receptor levels fall after infl iximab infusion (Charles et al.  1999 ). 

 It is thought that a major mechanism of action of TNF inhibitors is likely to be 
mediated by modulation of infl ammatory cell traffi c. A dose-dependent rise in 
peripheral blood lymphocyte counts is observed following infl iximab infusion, with 
a maximum rise within 24 h of treatment (Paleolog et al.  1996 ); this is mediated by 
modulation of both arms of the infl ammatory cell recruitment cascade. Thus, there 
is reduced histological expression of synovial cytokine-induced vascular adhesion 
molecules, such as E-selectin and VCAM-1, following anti-TNF treatment (Tak 
et al.  1996 ), and a signifi cant dose-dependent reduction in soluble serum E-selectin 
and ICAM-1 concentrations (Paleolog et al.  1996 ), as well as signifi cantly dimin-
ished immunohistological expression of the chemokines IL-8 and CCL2, with a 
trend toward reduction in a number of other chemokines (Taylor et al.  2000 ). 

 Further indirect evidence to suggest TNF blockade reduces infl ammatory cell 
recruitment to the joint is based on the observation that infl iximab therapy is associ-
ated with a reduction in numbers of synovial tissue macrophages and lymphocytes 
(Tak et al.  1996 ; Taylor et al.  2000 ). However, the most defi nitive confi rmation that 
TNF blockade reduces leukocyte traffi c to infl amed joints was obtained in an open- 
label clinical trial demonstrating a 40–50 % decrease in retention of autologous 
indium-111-labeled granulocytes in the hands, wrists, and knees 2 weeks after inf-
liximab treatment (Taylor et al.  2000 ). There is a reduction in the marginating gran-
ulocyte pool after infl iximab treatment, an observation that would normally be 
associated with a rise in peripheral blood granulocyte counts (Taylor et al.  1999 ). 
However, in contrast to peripheral blood lymphocyte counts, numbers of peripheral 
blood granulocytes decrease after infl iximab with maximal changes within 24h. 
The reason for this is that myeloid cell production is reduced secondary to down-
regulation of granulocyte-macrophage colony-stimulating factor (GM-CSF) as a 
consequence of TNF blockade. Because of the short circulating half-life of the gran-
ulocyte, approximately 8h, a diminished rate of cell production dominates the 
peripheral blood picture. 

 One factor contributing to the rapid reduction in joint swelling observed by both 
patients and physicians after anti-TNF therapy is likely to be a reduction in tissue 
edema and capillary leak, mediated by vascular endothelial growth factor (VEGF), 
a cytokine implicated in new blood vessel formation and found to be elevated in the 
serum of RA patients (Paleolog et al.  1998 ). Serum concentrations of VEGF show 
a dose-dependent reduction following infl iximab infusions, but without normaliza-
tion. There is also reduction in synovial vascular density and in particular a reduc-
tion in angiogenesis, as assessed by diminished number of vessels expressing the 
αVβ3 integrin (Taylor  2005 ). Further evidence for a reduction in synovial 
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vascularity following TNF blockade is the observation that the vascular signal on 
quantitative power Doppler imaging is signifi cantly reduced following infl iximab 
therapy (Taylor et al.  2004 ; Taylor et al.  2006 ). 

 Relatively early in the history of clinical trials of TNF blockade, marked 
 reduction in circulating concentrations of the precursors of the matrix metallopro-
teinase enzymes MMP-1 and MMP-3 was reported (Brennan et al.  1997 ), as well as 
a signifi cant reduction in synovial tissue expression of matrix metalloproteinases 
(Catrina et al.  2002 ). Similarly, serum levels of osteoprotegerin (OPG) and soluble 
receptor activator of nuclear factor κB ligands (sRANKL), both of which are 
 elevated in RA compared with normal sera, are normalized following infl iximab 
therapy without infl uencing the OPG to sRANKL ratio (Ziolkowska et al.  2002 ). 
These observations predicted the disease-modifying capability of anti-TNF 
 inhibitors, which is now established. 

 One hypothesis for the failure of etanercept to provide clinical benefi ts in trials 
of Crohn’s disease, in contrast to the marked benefi ts demonstrated with monoclo-
nal antibodies to TNF-α, is that the antibodies may cause an increase in apoptosis of 
lamina propria and peripheral T cells through caspase-dependent mechanisms. 
However, this topic remains controversial, and the relevance of modulation of apop-
tosis as the mechanism of action of TNF inhibitors in RA is unclear. In one study, 
decreased synovial cellularity was reported as early as 48h after infl iximab admin-
istration, but with no corresponding evidence of apoptosis (Smeets et al.  2003 ). In 
another study, however, apoptosis in synovial macrophages has been reported to be 
induced by both etanercept and infl iximab, with a corresponding increase in active 
caspase-3 expression. No increase in lymphocyte apoptosis was observed, however 
(Catrina et al.  2005 ). The relevance of these interesting observations to the mode of 
action of TNF inhibitors in RA is not clear.  

9.4.2     Clinical Use in Rheumatoid Arthritis 

 TNF blockers were initially approved in rheumatoid RA for patients with moder-
ately to severely active disease who had failed an adequate trial of methotrexate 
(MTX) or other disease-modifying anti-rheumatic drugs (DMARDs). TNF blockers 
were also indicated for the control of signs and symptoms and the prevention of 
functional or radiographic deterioration. Following the fi ndings of large controlled 
trials in early rheumatoid arthritis patients, the FDA recommendations for infl ix-
imab, adalimumab, and etanercept were modifi ed to allow their use as the initial 
DMARD in RA, and thus the provision to fail MTX (or other DMARD) was 
removed. Thus, although MTX and TNF inhibitors appear to be equally effective in 
clinical trials, TNF inhibitor therapy has been established as yielding better radio-
graphic outcomes (alone or in combination with MTX). Despite the clinical and 
radiographic potency of TNF blockade, particularly with concomitant MTX ther-
apy, the circumstances in which this combination should be initiated as a fi rst- line 
therapy have not been fi rmly established because a variety of other factors 
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determine these choices, a major consideration being the cost-effectiveness of 
 biological therapies within the context of particular healthcare economies. 

 The European League Against Rheumatism (EULAR) recommendations for the 
pharmacological management of RA were published in 2010 (Smolen et al.  2010 ). 
These guidelines recommend that for patients responding insuffi ciently to MTX 
and/or other synthetic DMARDs with or without glucocorticoids, a TNF inhibitor 
should be initiated and, unless contraindicated, in combination with concomitant 
MTX. EULAR guidelines recommend that treatment should be aimed at reaching a 
target of remission or low disease activity as soon as possible in every patient; so 
long as the target has not been reached, treatment should be adjusted by frequent 
(every 1–3 months) and strict monitoring. However, although desirable, it is recog-
nized that these targets remain aspirational for many patients and particularly so for 
those with longer disease duration. 

 There are situations in which TNF inhibitor use is not advisable. Relative contra-
indications include overlap syndromes, a history of demyelinating disorder (MS, 
optic neuritis), congestive heart failure, and pregnancy. Absolute contraindications 
include untreated active or latent tuberculosis. 

 Following initiation of therapy with MTX, dosed appropriately for no more than 
3–6 months, if low disease activity is not reached, it remains unclear whether a 
switch to combination DMARDs is as effective as addition of a biological anti-TNF 
agent. There are data from the BeST (a Dutch acronym for strategy study) trial sug-
gesting that MTX plus TNF inhibitor is superior to add-on or sequential combina-
tion DMARD regimens (Goekoop-Ruiteman et al.  2005 ). In the SWEFOT (short 
for Swedish Pharmacotherapy) trial, patients with early RA had initial MTX treat-
ment, and only after failing this agent were they randomized to one of two therapeu-
tic strategies: the addition of SSZ plus hydroxychloroquine, or the addition of 
infl iximab (van Vollenhoven et al.  2009 ). After 1 year, 25 % of patients with the 
former combination and 39 % of patients with the latter had achieved a EULAR 
good response, the difference being statistically signifi cant. Recently published 
data from The Randomized Comparative Effectiveness Study of Oral Triple 
Therapy versus Etanercept plus MTX in the Early, Aggressive Rheumatoid Arthritis 
(TEAR) trial suggested that treatment with the combination of MTX plus etaner-
cept provides superior radiographic benefi t compared with oral triple therapy 
(Moreland et al.  2012 ). 

 DMARD-naïve patients with poor prognostic markers might be considered for 
combination therapy of MTX plus a biological in very exceptional situations. 
However, the EULAR recommendations for treatment of RA consider that, in gen-
eral, this approach is not cost effective (Smolen et al.  2010 ). Such patients must 
manifest a weighty combination of risk factors that portends a severe outcome. Such 
poor prognostic factors include active polysynovitis, radiographic erosions, sero-
positivity for RF and/or anti-CCP antibodies, functional impairment, and sustained 
elevations of acute-phase markers. The identifi cation of such high-risk patients 
mandates the combined use of MTX and TNF inhibition because studies have con-
sistently shown the best clinical and radiographic outcomes when this combination 
is used instead of TNF inhibitor or MTX alone. 
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 Another compelling reason for the use of TNF inhibitors is the rapid onset of 
effects and enhanced well-being reported by patients receiving TNF blockade. The 
brisk mitigation of stiffness and malaise and subsequent resumption of physical or 
pleasurable activities previously forfeited commonly follow TNF inhibitor initia-
tion. Whether this represents a central nervous system or systemic effect of TNF 
inhibition is unknown. However, infl iximab is known to decrease cerebrospinal 
fl uid (CSF) prostaglandin levels, while having no effect on CSF TNF, interferon-γ, 
IL-10, or nitric oxide. 

 The popularity of these agents is evident from their growth worldwide. By 2013 
TNF inhibitors have displaced statins as the world’s best-selling pharmaceuticals 
with global sales exceeding $25 billion (the 2011 sales). Their high cost contributes 
to this fi gure. Nonetheless, several factors have limited their more widespread use, 
including patient or physician reluctance, limited or variable coverage by third- 
party insurance carriers, toxicity concerns, and, in particular, high costs.   

9.5     Conclusions 

 Anti-TNF therapy has produced considerable clinical benefi t, with a good safety 
profi le, not only for the disease for which it was fi rst rationally clinically evaluated 
on the basis of preclinical research, RA, but also a collection of other chronic dis-
eases for which the rationale was chiefl y the success of anti-TNF in RA. These 
other diseases include both forms of IBD, Crohn’s disease and ulcerative colitis, 
psoriasis, psoriatic arthritis, ankylosing spondylitis, and juvenile RA. There is also 
off- label use, for example, for Behçet’s syndrome. However, only 60–70 % of 
patients respond, and a minority go into remission. Thus, effi cacy needs to improve 
in the future. 

 Because anti-TNF was the fi rst “biological” (monoclonal antibody or related 
protein) therapeutic to be widely used for a chronic disease, the sales were high and 
durable, and thus it triggered an appreciation in the pharmaceutical industry that 
monoclonal antibodies were no longer a niche product, but could be “mainstream” 
therapeutics, even “blockbusters.” Big Pharma rapidly acquired the major antibody- 
producing companies, e.g., Centocor. 

 Sales have grown, driven by long-term use (often 5 years or more), ready patient 
acceptance, the fear of injections proving relatively groundless, and also by high 
compliance: in contrast to MTX therapy, which may improve RA joints but make 
you feel unwell, anti-TNF promotes a “feel-good” factor, possibly by a central neu-
ral mechanism, although of course the relief from pain and tiredness is helpful. By 
2011, the global sales of all fi ve anti-TNFs reached $25 billion, and the estimates 
are that by end of 2012 anti-TNF will be the biggest selling drug class—a surprising 
result for our project, starting in a small research institute in London in the 1980s, 
based on a hypothesis published in 1983. But there no time for complacency: there 
is still much to do to reach our current goal, to move much closer to a cure.     
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    Abstract     T helper 2 (Th2) cells induce allergic infl ammation through the 
 production of Th2 cytokines such as interleukin (IL)-4, IL-5, and IL-13. In addition, 
it has been demonstrated that IL-25 (IL-17E) is involved in the initiation and ampli-
fi cation of type 2 immune responses. Recent studies have shown that a number of 
cell types including activated Th2 cells, epithelial cells, mast cells, eosinophils, and 
macrophages produce IL-25 in response to a variety of stimuli. Regarding IL-25- 
responding cells, accumulating evidence has revealed that IL-25 induces type 2 
immune responses through the activation of Th2 cells, natural killer T (NKT) cells, 
eosinophils, and innate immune cells including multipotent progenitor type 2 
(MPP type2 ) cells, natural helper cells (NH cells), nuocytes, innate type 2 helper (Ih2) 
cells, and type 2 myeloid (T2M) cells. In vivo, we and others have shown that IL-25 
is expressed in the airways in murine asthma models and is involved in the induc-
tion of antigen-induced airway infl ammation and remodeling. In humans, IL-25 is 
suggested to be involved in the pathogenesis of allergic diseases such as asthma and 
Churg–Strauss syndrome. In this chapter, we summarize recent advances regarding 
the biology of IL-25.  

  Keywords     Allergy   •   Host defense   •   Innate immune cells   •   Interleukin-25   •   T cells  
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  EAE    Experimental autoimmune encephalomyelitis   
  Ih2 cells    Innate type 2 helper cells   
  MPP type2     Multipotent progenitor type 2   
  NBNT cells    Non-B/non-T cells   
  NH cells    Natural helper cells   
  NKT cells    Natural killer T cells   
  T2M cells    Type 2 myeloid cells   
  TSLP    Thymic stromal lymphopoietin   

10.1           Interleukin-25 (IL-25) and IL-25R 

10.1.1     Structure of IL-25 

 Interleukin (IL)-17 (also known as IL-17A) has been identifi ed as cytotoxic 
T lymphocyte- associated antigen-8 (CTLA-8) in the mouse and shown to exhibit 
multiple biological activities including the induction of various pro-infl ammatory 
cytokines, chemokines, and cell adhesion molecules in many cell types (Reynolds 
et al.  2010 ; Iwakura et al.  2011 ). Subsequently, IL-17B, IL-17C, IL-17D, IL-17E 
(IL-25), and IL-17F have been identifi ed by homology search of IL-17A (   Li et al. 
 2000 ; Shi et al.  2000 ; Fort et al.  2001 ; Hymowitz et al.  2001 ; Lee et al.  2001 ; 
Starnes et al.  2001 ,  2002 ) (Table  10.1 ). As the IL-17F gene is located adjacent to 
IL-17A, it is suggested that IL-17A and IL-17F may share the same regulatory ele-
ments and may have evolved from gene duplication. IL-17A is composed of 177 
amino acids, containing the N-terminal signal peptide and cysteine residues con-
served among the IL-17 family cytokines (Lee et al.  2001 ). Sequence alignment of 
IL-17 family cytokines shows that IL-17A and IL-17F are closely related, with an 
approximately 50 % sequence identity (Hymowitz et al.  2001 ; Starnes et al.  2001 ), 
that IL-17B and IL-17D are less homologous, and that IL-25 is the most divergent 
member, showing less than 20 % homology with IL-17A (Lee et al.  2001 ), which 
may explain different characteristics of IL-25 from IL-17A (Pan et al.  2001 ; 
Angkasekwinai et al.  2007 ). Although there is limited homology in the sequence, 
the conformational state is conserved among the IL-17 family cytokines, especially 
for the four β-strands in the C-terminal region and four cysteine and two serine resi-
dues, which are critical to form a cysteine knot fold of the IL-17 family cytokines 
(Hymowitz et al.  2001 ; Gerhardt et al.  2009 ).

10.1.2        IL-25 Receptors 

 IL-17RB (also known as EV127) has been identifi ed by homology searches for 
sequences related to IL-17RA (Lee et al.  2001 ; Shi et al.  2000 ; Tian et al.  2000 ). 
IL-17RB is a 502-amino-acid single transmembrane protein that shows 26 % amino 
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acid identity to IL-17RA. IL-17RB has been identifi ed as a receptor for IL-17B (Shi 
et al.  2000 ); however, subsequent study has revealed that IL-25 shows higher affi n-
ity to IL-17RB than does IL-17B (Lee et al.  2001 ; Hymowitz et al.  2001 ). Further 
studies using mice defi cient in either IL-17RA or IL-17RB have revealed that the 
functional IL-25 receptor requires IL-17RA as well as IL-17RB (Rickel et al.  2008 ). 
Thus, analogous to the IL-17A-receptor complex, which is composed of IL-17RA 
and IL-17RC, the IL-25 receptor is composed of IL-17RA and IL-17RB (Table  10.1 ).   

10.2     IL-25-Producing Cells 

 IL-25, whose expression was initially reported to be restricted to highly polarized 
Th2 cells (Fort et al.  2001 ), has been found to be expressed by several cell types in 
hematopoietic and nonhematopoietic lineages. In hematopoietic lineages, IL-25 
mRNA is expressed in mast cells (Ikeda et al.  2003 ), basophils (Wang et al.  2007 ), 
eosinophils (Wang et al.  2007 ; Dolgachev et al.  2009 ), alveolar macrophages (Kang 
et al.  2005 ), and microglia (Kleinschek et al.  2007 ). We have shown that bone 
marrow- derived mast cells express IL-25 mRNA upon stimulation with 

    Table 10.1    Members of interleukin (IL)-17 family cytokines      

 Ligand  Receptor 
 Homology with 
IL-17A (%)  Producers  Target cells 

 IL-17A 
(IL- 17) 

 IL-17RA/
IL-17RC/
IL-17RD 

 100  CD4 +  T cell (Th17 
cell), CD8 +  T 
cell, γδ T cell, 
NKT cell, 
LTi-like cell, 
neutrophil 

 Epithelial cell, fi broblast, 
keratinocyte, 
synoviocyte, 
endothelial cell, 
T cell, B cell, 
macrophage 

 IL-17B  IL-17RB  24  Chondrocyte, 
neuron 

 Monocyte, endothelial 
cell 

 IL-17C  IL-17RE/
IL-17RA 

 26  CD4 +  T cell, DC, 
macrophage, 
keratinocyte 

 Monocyte 

 IL-17D  Unknown  30  CD4 +  T cell, B cell  Endothelial cell myeloid 
progenitor 

 IL-17E 
(IL- 25) 

 IL-17RB/
IL-17RA 

 16  CD4 +  T cell (Th2 
cell), mast cell, 
eosinophil, 
basophil, 
macrophage, 
epithelial cell 

 Th2 cell, Th9 cell, NKT 
cell, NH cell, 
MPP type2  cell, 
nuocyte, Ih2 cell, 
T2M cell, epithelial 
cell, endothelial cell 

 IL-17F  IL-17RA/
IL-17RC 

 50  CD4 +  T cell (Th17 
cell), CD8 +  T 
cell, γδ T cell, 
NKT cell, 
LTi-like cell 

 Epithelial cell, fi broblast, 
keratinocyte, 
synoviocyte, 
endothelial cell 

   LTi-like cell  lymphoid tissue inducer-like cell  
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cross- linking of IgE receptors in a calcineurin-dependent manner, and that the 
expression levels of IL-25 mRNA were comparable to those of activated Th2 cells 
(Ikeda et al.  2003 ). Interestingly, activated basophils from allergic subjects produce 
more IL-25 than those from nonallergic subjects upon stimulation with IgE receptor 
cross- linking (Wang et al.  2007 ). Eosinophils also express IL-25 mRNA upon stim-
ulation with IL-5 (Wang et al.  2007 ) or stem cell factor (Dolgachev et al.  2009 ). 
Importantly, Terrier et al. have shown that the levels of IL-25 in sera are increased 
in active Churg–Strauss syndrome (CSS) patients and that eosinophils are the main 
IL-25- producing cells in CSS patients (Terrier et al.  2010 ). Kang et al. have shown 
that alveolar macrophages also express IL-25 mRNA upon stimulation with small 
particles (Kang et al.  2005 ). In mouse brain, Kleinschek et al. have shown that 
IL-25 mRNA is constitutively expressed by microglia and that its expression is 
involved in the protection from experimental autoimmune encephalomyelitis (EAE) 
(Kleinschek et al.  2007 ). 

 IL-25 is also expressed in nonhematopoietic cells including epithelial cells 
(Angkasekwinai et al.  2007 ; Zaph et al.  2008 ), endothelial cells (Sonobe et al. 
 2009 ), and keratinocytes (Wang et al.  2007 ). Lung epithelial cells express IL-25 
mRNA upon stimulation with allergens such as ragweed or  Aspergillus oryzae  pro-
tease (Angkasekwinai et al.  2007 ). The induction of IL-25 by protease allergens in 
fi broblasts is suppressed by Erk, JNK, and p38 inhibitors (Yu et al.  2010 ), suggest-
ing that protease allergens induce IL-25 expression through the activation of MAPK 
pathways. In the gut, IL-25 is detected in the intestinal epithelial cells of the large 
intestine in conventionally reared mice but not in germfree mice (Zaph et al.  2008 ), 
suggesting that commensal bacteria or their products trigger IL-25 expression. The 
epithelial cell-derived IL-25 is reported to be involved in the maintenance of intes-
tinal homeostasis, presumably by inhibiting TLR-mediated IL-23 expression in 
macrophages (Zaph et al.  2008 ).  

10.3     IL-25-Responding Cells 

 It has been shown that in vivo and in vitro biological activities of IL-25 are markedly 
different from those described for other IL-17 family cytokines (Reynolds et al. 
 2010 ; Iwakura et al.  2011 ). The biological function of IL-25 was fi rst revealed by the 
administration of exogenous IL-25 or transgenic mice expressing IL-25 (Fort et al. 
 2001 ; Pan et al.  2001 ; Hurst et al.  2002 ; Kim et al.  2002 ). The systemic administra-
tion of IL-25 results in eosinophilia through the production of IL-5 (Fort et al.  2001 ; 
Hurst et al.  2002 ; Pan et al.  2001 ), whereas the systemic administration of other 
IL-17 family cytokines induces neutrophilia (Schwarzenberger et al.  1998 ; Linden 
et al.  2000 ; Shi et al.  2000 ). IL-25 induces the gene expression of IL-4 and IL-13 in 
multiple tissues and the resultant type 2 immune responses including increased 
serum IgE levels and pathological changes in multiple tissues (Fort et al.  2001 ; 
Hurst et al.  2002 ; Pan et al.  2001 ). Importantly, previous studies have demonstrated 
that IL-25 is capable of inducing Th2 cytokine production even in RAG- defi cient 
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mice (Fort et al.  2001 ; Pan et al.  2001 ), indicating that T cells and B cells are not 
required for the IL-25-induced Th2 cytokine production, and that once IL-25 is pro-
duced, IL-25 enhances allergic responses even in the absence of Th2 cells. 

 Although IL-17A mainly functions on nonhematopoietic cells such as epithelial 
cells and fi broblasts to induce pro-infl ammatory cytokines and chemokines, IL-25 
mostly targets hematopoietic cells including innate and adaptive immune cells and 
promotes type 2 immune responses. Earlier studies showed that the major IL-25- 
responding cell in vivo is a novel population of non-B/non-T cells (NBNT cells), 
which is characterized as Lin −  MHC class II high  CD11c dull  (Fort et al.  2001 ) or c-Kit +  
FcεR1 −  (Fallon et al.  2006 ). NBNT cells with the c-Kit +  FcεR1 −  phenotype are 
shown to be important for the initiation of  Nippostrongylus brasiliensis  worm 
expulsion in vivo (Fallon et al.  2006 ). 

 Regarding the IL-25-responding NBNT cells in the myeloid lineage, it has been 
shown that IL-25 regulates the surface expression of ICAM-1, ICAM-3, and 
L-selectin on eosinophils through the activation of p38 MAPK, JNK and NF-κB 
pathways (Wong et al.  2005 ; Cheung et al.  2006 ). Dolgachev et al. have shown that 
IL-17RB is induced in a myeloid cell population that is identifi ed as IL-4 +  CD11b +  
Gr-1 +  cells in the lung and bone marrow during chronic allergen responses 
(Dolgachev et al.  2009 ). Recently, the same group has shown that the majority of 
IL-4- and IL-13-producing cells in the lungs upon repeated allergen exposure is 
IL-17RB +  CD11b +  Gr-1 +  type 2 myeloid (T2M) cells, which represent a novel dis-
tinct granulocytic population closely related to eosinophils (Petersen et al.  2012 ). 
Intratracheal administration of IL-25 strongly induces IL-4 and IL-13 production 
from T2M cells, and the Th2 cytokine production by T2M cells is resistant to dexa-
methasone (Petersen et al.  2012 ). In addition, human CD14 +  monocytes from 
peripheral blood mononuclear cells are reported to express functional IL-17RB and 
respond to IL-25 (Caruso et al.  2009b ). 

 On the other hand, recent studies have shown that IL-17RB is preferentially 
expressed on a fraction of α-galactosylceramide (αGalCer)/CD1d dimer +  NKT cells 
and that IL-17RB +  NKT cells produce Th2 cytokines and induce airway hyperreac-
tivity in response to IL-25 (Terashima et al.  2008 ; Stock et al.  2009 ). In addition to 
Th2 cytokines, CD4 +  IL-17RB +  iNKT cells are shown to be capable of producing 
Th9 cytokines (IL-9 and IL-10) and Th17 cytokines (IL-17A and IL-22) in response 
to IL-25 (Watarai et al.  2012 ). 

 Recently, several groups identifi ed a novel population of lineage-negative innate 
effector cells that respond to IL-25, including multipotent progenitor type 2 
(MPP type2 ) cells (Saenz et al.  2010a ,  b ), adipose tissue-associated c-Kit +  Sca-1 +  lym-
phoid cells [termed natural helper cells (NH cells)] (Moro et al.  2010 ), nuocytes 
(Neill et al.  2010 ), or innate type 2 helper (Ih2) cells (Price et al.  2010 ). Although 
the lineage relationships among these cells remain unclear, these innate cell popula-
tions seem to be responsible for the production of Th2 cytokines, in particular, 
IL-13, during helminthic parasite infection and serve to mediate worm expulsion 
(Saenz et al.  2010a ; Oliphant et al.  2011 ; Spits and Cupedo  2012 ) (Table  10.2 ).

   In addition to innate immune cells, T cells have also been shown to respond to 
IL-25. IL-25 directs naive T helper cells toward Th2 commitment as well as aug-
menting the cytokine production of effector/memory Th2 cells (Wang et al.  2007 ; 
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Angkasekwinai et al.  2007 ). Angkasekwinai et al. have shown that IL-17RB mRNA 
is detected in freshly isolated naive CD4 +  T cells and is highly upregulated in Th2 
cells but not in Th1 or Th17 cells (Angkasekwinai et al.  2007 ,  2010 ). Addition of 
IL-25 to the culture of naive T cells promotes the differentiation of Th2 cells through 
the production of IL-4 and subsequent activation of STAT6, although IL-25 has no 
effect on the polarization of Th1 cells and Th17 cells (Angkasekwinai et al.  2007 ). 
IL-25 seems to regulate early IL-4 expression by potentiating the induction of 
NFATc1 and JunB, which leads to IL-4-dependent upregulation of GATA3 expres-
sion (Angkasekwinai et al.  2007 ; Wang et al.  2007 ). In humans, the expression of 
IL-17RB is detected in circulating memory Th2 cells and upregulated in CD3/
CD28-activated T cells (Wang et al.  2006 ,  2007 ). 

 Thymic stromal lymphopoietin (TSLP) is shown to activate dendritic cells to 
directly promote Th2 cell differentiation (Liu  2006 ). In the presence of TSLP- 
activated dendritic cells, IL-17RB is strongly induced on Th2 memory cells, and 
thus IL-25 enhances cytokine production and proliferation of Th2 cells (Wang et al. 
 2007 ). Moreover, Angkasekwinai et al. have shown that Th9 cells, a recently identi-
fi ed T helper lineage that is induced in the presence of IL-4 and TGF-β and produces 
IL-9 and IL-10 (Veldhoen et al.  2008 ; Dardalhon et al.  2008 ), express IL-17RB and 
that IL-25 enhances IL-9 and IL-10 production in differentiating Th9 cells 
(Angkasekwinai et al.  2010 ). Taken together, these fi ndings indicate that IL-25 
enhances type 2 immune responses through the activation of a variety of immune 
cells in both innate and acquired immunity (Fig.  10.1 ).

10.4        IL-25 Receptor Signaling 

 Recently, Rickel et al. have shown that IL-25-induced production of IL-5 and IL-13 
in splenocytes is defective not only in IL-17RB-defi cient mice but also in IL-17RA- 
defi cient mice (Rickel et al.  2008 ). In addition, Angkasekwinai et al. have reported 

    Table 10.2    Interleukin (IL)-25-responding innate immune cells   

 NH cell  Nuocyte  Ih2 cell  MPP type2  cell  T2M cell 

 Anatomic 
location 

 FALC  LN, 
spleen 

 LN, spleen, 
liver 

 LN, GALT  Lung, bone 
marrow 

 Surface 
phenotype 

 Lineage 
marker 

 −  −  −  −  Gr-1 +  CD11b +  

 c-Kit  +  +  +  +  −/+ 
 Sca1  +  +  −  +  − 
 ST2  +  +  Unknown  −  Unknown 
 IL-7Rα  +  +  Unknown  −  Unknown 
 CD90.2  +  +  +  −  Unknown 
 CD44  +  +  +  −  Unknown 

 Progenitor 
capacity 

 −  −  −  −  +  Unknown 

   FALC  fat-associated lymphoid cluster,  LN  lymph node,  GALT  gut-associated lymphoid tissue  
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that IL-25-mediated IL-9 production under Th9-inducing conditions depends on 
both IL-17RB and IL-17RA (Angkasekwinai et al.  2010 ). Although IL-25 does not 
bind to IL-17RA in vitro (Hymowitz et al.  2001 ), it has been shown that when 
IL-17RB and IL-17RA are expressed in 293T cells, they interact with each other 
(Angkasekwinai et al.  2010 ). Moreover, Ely et al. have shown that IL-17RA binds 
to the IL-17RB–IL-25 complex with high affi nity (Ely et al.  2009 ). Furthermore, 
similar to IL-17RB-defi cient mice, IL-17RA-defi cient mice fail to exhibit IL-25- 
mediated expansion of innate c-Kit int  cells (Saenz et al.  2010b ). These fi ndings sug-
gest that the functional IL-25 receptor is composed of IL-17RA and IL-17RB in 
both innate immune cells and T cells. 

 Regarding IL-25R-mediated signaling, we have shown that IL-25R-cross-linking 
induces NF-κB activation in a TRAF6-dependent manner (Maezawa et al.  2006 ). 
We also found that TRAF6 is bound to the cytoplasmic region of IL-25R through 
the conserved TRAF6-binding motif (Maezawa et al.  2006 ). Act1, an adaptor of 
IL-17RA signaling, is also shown to be involved in IL-17RB signaling (Claudio 
et al.  2009 ). The interaction between Act1 and IL-17RB is abolished when SEFIR 
domain is deleted in either Act1 or IL-17RB, suggesting that Act1 interacts with 
IL-17RB by the dimerization of the SEFIR domain (Swaidani et al.  2009 ). Recently, 
Swaidani et al. have reported that IL-25-induced Th2 polarization and cytokine pro-
duction are impaired in Act1-defi cient T cells (Swaidani et al.  2011 ). In addition, 
they have shown that the in vivo generation of antigen-specifi c Th2 cells is defective 
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in Act1-defi cient T cells and that IL-25-mediated induction of GATA3 is attenuated 
in Act1-defi cient T cells (Swaidani et al.  2011 ). Taken together, these results suggest 
that TRAF6 and Act1 play a critical role in IL-25R-mediated signaling.  

10.5     Roles of Interleukin (IL)-25 in Host Defense 

10.5.1     Roles of IL-25 in Host Defense Against Parasite 

 IL-25 has an important role in host defense against parasites by promoting type 2 
immune responses (Fallon et al.  2006 ; Owyang et al.  2006 ; Zhao et al.  2010 ). Fallon 
et al. have shown that IL-25-defi cient mice infected with  Nippostrongylus brasilien-
sis  ( N. brasiliensis ) show delayed worm expulsion and induction of Th2 cytokines, 
whereas administration of IL-25 accelerates worm expulsion through the induction 
of Th2 cytokine production by c-Kit +  FcεR1 −  NBNT cells (Fallon et al.  2006 ). 
Interestingly, administration of IL-25 induces worm expulsion even in  N. 
brasiliensis - infected  RAG-defi cient mice (Fallon et al.  2006 ), suggesting that 
T cells are not essential for IL-25-mediated worm expulsion. Similarly, Owyang 
et al. have shown that IL-25-defi cient mice on a C57BL/6 background fail to expel 
 Trichuris muris  (Owyang et al.  2006 ). Furthermore, Zhao et al. have shown that 
epithelial cells but not immune cells are the major source of IL-25 in the small intes-
tine, and that  N. brasiliensis  infection upregulates IL-25 expression in an IL-13- and 
STAT6-dependent manner (Zhao et al.  2010 ). These fi ndings suggest that IL-25 
produced by epithelial cells may initiate type 2 immune responses by activating 
innate immune cells. 

 Recent studies have identifi ed innate immune cell populations such as NH cells 
(Moro et al.  2010 ), MPP type2  cells (Saenz et al.  2010b ), nuocytes (Neill et al.  2010 ), 
and Ih2 cells (Price et al.  2010 ), which promote type 2 immune responses in response 
to IL-25. Interestingly, Price et al. have shown that Ih2 cells are the major IL-13-
expressing innate cells in mice infected with  N. brasiliensis  (Price et al.  2010 ). 
Although the expression of some cell-surface molecules and anatomic location are 
different among these innate lymphoid cell populations, they share many character-
istics including their ability in Th2 cytokine production upon IL-25 or IL-33 stimu-
lation and in the host defense against parasites (Saenz et al.  2010a ; Oliphant et al. 
 2011 ; Spits and Cupedo  2012 ) (Table  10.2 ). The lineage relationships among NH 
cells, MPP type2  cells, nuocytes, and Ih2 cells, and the precise roles of these innate 
populations in type 2 immune responses should be determined in future. 

 More recently, it has been demonstrated that Act1 defi ciency in epithelial cells 
results in a marked delay in worm expulsion and in reduced expansion of the Lin −  
c-Kit +  innate cell population in the mesenteric lymph node, lung, and liver (Kang 
et al.  2012 ). It has also been demonstrated that the expression of IL-25 and IL-33 is 
reduced in the intestinal epithelial cells in epithelial-specifi c Act1-defi cient mice 
and that adoptive transfer of Lin −  c-Kit +  cells or combined injection of IL-25 and 
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IL-33 restores the type 2 immune responses in epithelial cell-specifi c Act1-defi cient 
mice (Kang et al.  2012 ). These results may suggest that Act1 expressed in epithelial 
cells initiate type 2 immunity against helminth infection by positive-feedback 
 regulation of IL-25.  

10.5.2     IL-25 Functions as a Negative Regulator 
of Infl ammatory Responses 

 Several studies have shown that IL-25 suppresses Th1 cell- or Th17 cell-mediated 
infl ammatory immune responses. Kleinschek et al. have shown that IL-25-defi cient 
mice are highly susceptible to EAE, a Th17 cell-driven infl ammatory disease that 
serves as a disease model for human multiple sclerosis, and that the accelerated 
EAE in IL-25-defi cient mice is associated with the acceleration of the IL-23–Th17 
cell axis (Kleinschek et al.  2007 ). They have also demonstrated that IL-25 treatment 
induces the production of IL-13, which is crucial for the suppression of Th17 
responses through the inhibition of IL-23, IL-1β and IL-6 expression in activated 
dendritic cells (Kleinschek et al.  2007 ). IL-25 treatment also attenuates another type 
of EAE that is induced by the transfer of auto-reactive CD4 +  T cells (Sonobe et al. 
 2009 ). Importantly, Sonobe et al. have shown that IL-25 is produced by endothelial 
cells in the lumbar spinal cord in normal mice, and that IL-25 production at this site 
is reduced after the development of EAE (Sonobe et al.  2009 ). Commensal-
dependent expression of IL-25 in intestinal epithelial cells is also shown to limit the 
expansion of Th17 cells by inhibiting IL-23 production from macrophages (Zaph 
et al.  2008 ). A study on NOD mice, a model of type 1 diabetes, has revealed that 
IL-25 treatment during the active phase of autoimmunity reduces the frequency of 
auto-reactive Th17 cells and inhibits Th17 cell-mediated development of insulitis 
(Emamaullee et al.  2009 ). 

 IL-25 also reduces infl ammatory cytokine response driven by Toll-like receptor 
ligands in human blood monocytes and intestinal CD14 +  cells (Caruso et al.  2009a , 
 b ). In vivo administration of IL-25 in mice has confi rmed the protective effect of 
IL-25 on monocyte-derived cytokine production in a lipopolysaccharide (LPS)-
induced lethal endotoxin shock model (Caruso et al.  2009b ). In addition, IL-25 
inhibits the production of Th1 cell-related cytokines and prevents experimental 
murine colitis (Mchenga et al.  2008 ; Caruso et al.  2009a ). The inhibition of colitis 
by IL-25 is also shown to associate with the induction of alternatively activated 
macrophages (Rizzo et al.  2012 ), a subset of macrophages with anti-infl ammatory 
properties. Furthermore, it has been shown that IL-25 is constitutively produced by 
subepithelial macrophages in human intestine, and that the production is markedly 
reduced in the infl amed gut in patients with Crohn’s disease or ulcerative colitis, the 
two major forms of infl ammatory bowel diseases in humans (Caruso et al.  2009a ). 
Taken together, these fi ndings indicate that IL-25 may be an important counter- 
regulator of non-Th2 cell-mediated infl ammatory processes in various organs.   
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10.6     Roles of IL-25 in Allergic Responses 

10.6.1     Roles of IL-25 in Allergic Airway Infl ammation 

 Many studies have shown that allergic airway infl ammation is mainly induced by 
Th2 cells through the production of Th2 cytokines such as IL-4, IL-5, and IL-13 
(Cohn et al.  2004 ; Nakajima and Takatsu  2007 ). By using murine asthma models, 
we and others have provided direct evidence that IL-5-producing CD4 +  T cells 
mediate antigen-induced eosinophil recruitment into the airways in sensitized mice 
(Nakajima et al.  1992 ; Foster et al.  1996 ). In addition, it has been shown that IL-13 
is a key cytokine that induces goblet cell hyperplasia and airway hyperreactivity 
(AHR) (Wills-Karp et al.  1998 ; Grunig et al.  1998 ). 

 Regarding the roles of IL-25 in allergic airway infl ammation, we have shown 
that IL-25 mRNA is expressed in the airways of antigen-sensitized, antigen-inhaled 
mice (Tamachi et al.  2006 ). Neutralization of IL-25 by IL-17RB-Fc fusion protein 
signifi cantly inhibits antigen-induced eosinophil and CD4 +  T cell recruitment into 
the airways (Tamachi et al.  2006 ). Studies using anti-IL-25 antibody confi rmed that 
the blockade of IL-25 reduces eosinophil recruitment and Th2 cytokine production 
in murine asthma models, indicating that IL-25 blockade attenuates allergic airway 
infl ammation through the reduction of Th2 responses (Ballantyne et al.  2007 ; 
Angkasekwinai et al.  2007 ). Conversely, transgenic overexpression of IL-25 in epi-
thelial cells leads to the enhancement of antigen-induced eosinophil recruitment and 
mucus production (Tamachi et al.  2006 ; Angkasekwinai et al.  2007 ). Importantly, 
we found that IL-25-induced airway infl ammation completely depends on STAT6 
(Tamachi et al.  2006 ). Sharkhuu et al. have also shown that IL-25-induced AHR and 
mucous hypersecretion depend on IL-13-STAT6 signaling (Sharkhuu et al.  2006 ). 
These studies suggest that IL-25 plays an important role in the enhancement of 
antigen-induced allergic airway infl ammation.  

10.6.2     IL-25-Producing Cells at the Site of Allergic 
Airway Infl ammation 

 As mentioned earlier, accumulating evidence has shown that not only hematopoietic 
cells such as Th2 cells, mast cells, basophils, eosinophils, and alveolar macrophages 
but also nonhematopoietic cells such as lung and intestinal epithelial cells, fi bro-
blasts, endothelial cells, and keratinocytes express IL-25 mRNA. 

 Recent studies have revealed critical immunogenic and immunomodulatory 
functions of airway epithelial cells. In particular, the importance of a group of epi-
thelial cell-derived cytokines that promotes type 2 immune responses such as IL-25, 
IL-33, and TSLP has gained attention (Paul and Zhu  2010 ; Barnes  2011 ; Lambrecht 
and Hammad  2012 ). IL-25, IL-33, and TSLP are produced and released by airway 
epithelial cells in response to various environmental and microbial stimuli or 
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cellular damage, and induce type 2 immune responses and cause tissue damage and 
remodeling in the airways, suggesting their pivotal roles in the pathophysiology of 
asthma (Paul and Zhu  2010 ; Barnes  2011 ; Lambrecht and Hammad  2012 ). Indeed, 
by using IL-25-defi cient mice, it has been shown that airway structural cell-derived 
IL-25 is responsible for induction of eosinophilic airway infl ammation in murine 
asthma models (Suzukawa et al.  2012 ). However, at present, the details of IL-25- 
producing cells and the stimuli for IL-25 production at the site of antigen-induced 
airway infl ammation are not fully understood. 

 In addition, it has been demonstrated that IL-25 is cleaved at multiple sites by 
matrix metalloproteinase (MMP)-7 in the asthmatic airways and that the cleaved 
IL-25 strongly induces Th2 cytokine production as compared to native IL-25 
(Goswami et al.  2009 ). Therefore, it is suggested that the activity of IL-25 is regu-
lated not only by the levels of transcription but also by posttranslational modifi ca-
tions. In other aspects of the regulation of IL-25 production, we have shown that 
IL-22, one of the Th17 cell-derived cytokines (Akdis et al.  2012 ), attenuates antigen- 
induced airway infl ammation, possibly by inhibiting IL-25 production by lung epi-
thelial cells (Takahashi et al.  2011 ).  

10.6.3     IL-25-Responding Cells at the Site of Allergic 
Airway Infl ammation 

 The functional IL-25 receptor complex is constituted of IL-17RB and IL-17RA 
(Reynolds et al.  2010 ; Iwakura et al.  2011 ). Earlier studies using RAG-defi cient 
mice have demonstrated that IL-25 acts on NBNT cells expressing high levels of 
MHC class II and low levels of CD11c (Fort et al.  2001 ). In addition, T cells, espe-
cially memory Th2 cells (Wang et al.  2007 ), Th9 cells (Angkasekwinai et al.  2010 ), 
a subpopulation of NKT cells (Terashima et al.  2008 ; Stock et al.  2009 ), and CD14 +  
cells (Caruso et al.  2009b ) have been shown to respond to IL-25. Moreover, recent 
studies have shown that innate immune cells including MPP type2  cells (   Saenz et al. 
 2010a ,  b ), NH cells (Moro et al.  2010 ), nuocytes (Neill et al.  2010 ), Ih2 cells (Price 
et al.  2010 ), and T2M cells (Petersen et al.  2012 ) respond to IL-25 and produce 
Th2 cytokines. 

 Regarding IL-25-responding cells at the site of allergic airway infl ammation, we 
have shown that the depletion of CD4-expressing cells by in vivo administration of 
anti-CD4 antibody attenuates IL-25-mediated enhancement of Th2 cytokine pro-
duction and airway infl ammation upon antigen inhalation (Tamachi et al.  2006 ), 
suggesting that cells expressing CD4 are key players of IL-25-mediated airway 
infl ammation. Subsequently, it has been shown that a subpopulation of NKT cells 
expressing CD4 and IL-17RB (CD4 +  IL-17RB +  iNKT cells) is preferentially located 
in the lung and produces IL-13 upon stimulation with IL-25 (Terashima et al.  2008 ; 
Stock et al.  2009 ). It has also been shown that the transfer of CD4 +  IL-17RB +  iNKT 
cells but not of CD4 +  IL-17RB −  iNKT cells into NKT cell-defi cient mice reconsti-
tutes IL-25-mediated AHR (Terashima et al.  2008 ), suggesting that CD4 +  
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IL-17RB −  iNKT cells play a nonredundant role in IL-25-mediated AHR. In  addition, 
a recent report has shown that Th9 cells, a new subset of helper T cells producing 
IL-9 (Veldhoen et al.  2008 ), express IL-17RB and are able to produce IL-9 in 
response to IL-25 in murine asthma models (Angkasekwinai et al.  2010 ). These 
fi ndings suggest that T cells including Th2 cells, Th9 cells, and NKT cells could be 
involved in antigen-induced, IL-25-mediated asthmatic responses in mice. 

 On the other hand, previous studies have demonstrated that intranasal or intratra-
cheal administration of large amounts of recombinant IL-25 induces Th2 cytokine 
production and eosinophil infi ltration into the lungs, even in RAG-defi cient mice, 
which lack both helper T cells and NKT cells (Fort et al.  2001 ; Pan et al.  2001 ). 
Regarding NBNT cell populations, Claudio et al. have identifi ed CD11c +  
macrophage- like lung cells as physiological targets of IL-25 in vivo (Claudio et al. 
 2009 ). In addition, the involvement of lineage-marker-negative type 2 innate lym-
phoid cells expressing IL-7Rα, CD25, Sca-1, and T1/ST2 in the production of IL-5 
and IL-13 is shown in house dust mite- or ovalbumin-induced asthma models 
(Wolterink et al.  2012 ). Moreover, Barlow et al. have shown that allergen challenge 
induces lung infi ltration of nuocytes, which are the major innate source of IL-13, 
and that nuocytes directly induce AHR even in the absence of IL-13-producing 
CD4 +  T cells (Barlow et al.  2012 ). These fi ndings indicate the presence of innate 
immune cells that could produce Th2 cytokines in the asthma lungs. Taken together, 
we suppose that IL-25 could induce allergic infl ammation by two distinct mecha-
nisms. In a situation in which IL-25 is abundant, innate immune cells themselves 
are suffi cient for causing allergic infl ammation through the production of IL-5 and 
IL-13 (Fig.  10.2a ). In contrast, in another situation where the amounts of IL-25 are 
limited, collaboration between innate immune cells and acquired immune cells such 
as Th2 cells, Th9 cells, and NKT cells is required for inducing IL-25-mediated 
allergic infl ammation (Fig.  10.2b ). Because the amounts of endogenously produced 
IL-25 in the lungs seem to be limited, it is suggested that in a physiological setting, 
IL-25 requires both innate and acquired immune cells to exert its function. Future 
studies identifying IL-25-responding cells at the site of allergic airway infl amma-
tion could help the understanding of the precise mechanism by which IL-25 induces 
type 2 immune responses in the lung.

10.6.4        Roles of IL-25 in Tissue Remodeling 

 Recently, Daley et al. have demonstrated that repeated antigen exposure to the lungs 
in antigen-sensitized mice induces not only Th2 cell-mediated eosinophilic airway 
infl ammation but also pulmonary arterial remodeling (Daley et al.  2008 ), suggest-
ing that Th2 cell-mediated immune responses cause arterial remodeling at the site 
of allergic infl ammation. Interestingly, Fort et al. have shown that continuous expo-
sure to IL-25 results in prominent histological changes in the lung, including peri-
vascular eosinophilic infi ltration and medial thickening of small- to medium-size 
pulmonary arteries (Fort et al.  2001 ). In addition, Angkasekwinai et al. have shown 
that a substantial number of CD4 +  T cells and CD11C +  dendritic cells infi ltrates 
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around blood vessels in aged lung-specifi c IL-25 transgenic mice (Angkasekwinai 
et al.  2007 ). Moreover, we have recently shown that prolonged expression of IL-25 
in the lungs induces the development of pulmonary arterial remodeling in NKT cell- 
dependent mechanisms (   Kawashima et al.  2013 ). IL-25 has also been shown to 
contribute to angiogenesis partly by increasing endothelial cell VEGF/VEGF recep-
tor expression through PI3K/Akt and Erk/MAPK pathways in asthma (Corrigan 
et al.  2011b ). Moreover, Gregory et al. have shown that the recruitment of endothe-
lial progenitor cells to the lungs and subsequent neovascularization depends on 
IL-25 (Gregory et al.  2013 ). Gregory et al. have also shown that the blocking of 
IL-25 in allergen-exposed mice abrogates peribronchial collagen deposition and air-
way smooth muscle hyperplasia (Gregory et al.  2013 ). Taken together, these results 
suggest that IL-25 is involved not only in the development of type 2 infl ammation 
in the airways but also in the orchestration of airway remodeling.   

10.7     Roles of IL-25 in Human Diseases 

 Regarding the roles of IL-25 in human infl ammatory diseases, Létuvé et al. have 
reported that IL-25-expressing cells are present in the bronchial submucosa of asth-
matic subjects, that some of these cells have an eosinophil-like morphology, and 
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  Fig. 10.2    Possible mechanisms for IL-25-mediated enhancement of type 2 immune responses in 
the airways. Th2 cells, mast cells, basophils, eosinophils, and epithelial cells produce IL-25 upon 
activation. In a situation in which IL-25 is abundant ( a ), IL-25 directly functions on innate immune 
cells such as NH cells, nuocytes, Ih2 cells, T2M cells, or MPP type2  cells to induce Th2 cytokine 
production and then causes allergic infl ammation. In contrast, if the amounts of IL-25 are limited 
( b ), collaboration between innate immune cells and acquired immune cells such as Th2 cells, Th9 
cells, and NKT cells is required for inducing IL-25-mediated allergic infl ammation. Because the 
amounts of endogenously produced IL-25 in the lungs seem to be limited, it is suggested that in a 
pathophysiological setting such as bronchial asthma, IL-25 needs antigen-activated Th2 cells, Th9 
cells, or NKT cells to exert its function       
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that primary lung fi broblasts express IL-17RB and produce several mediators that 
could induce tissue eosinophilia, namely, CCL-11, CCL-5, and CXCL-8, in 
response to IL-25 (Létuvé et al.  2006 ). In addition, Jung et al. have reported that the 
intronic polymorphism of the IL-17RB gene is correlated with the expression levels 
of IL-17RB mRNA and associated with the development of asthma in the Korean 
population (Jung et al.  2009 ). Moreover, Wang et al. have demonstrated that mRNA 
levels for IL-25 and IL-17RB are elevated not only in asthma lungs but also in skin 
lesions of atopic dermatitis as compared to normal samples (Wang et al.  2007 ). 
Furthermore, Hvid et al. have demonstrated that IL-25 is produced by dendritic 
cells in the dermis of patients with atopic dermatitis and that IL-25 suppresses the 
synthesis of fi laggrin (Hvid et al.  2011 ), reduced levels of which are associated with 
an impaired skin barrier in atopic dermatitis. Importantly, Corrigan et al. have dem-
onstrated that the levels of IL-25 are correlated with the magnitudes of the late-
phase antigen-induced clinical responses in skin (Corrigan et al.  2011a ). 
Furthermore, IL-25 production by phytohemagglutinin-stimulated blood samples is 
linked to the levels of allergen-specifi c IgE antibodies (Herberth et al.  2010 ). These 
fi ndings suggest the possible involvement of IL-25 in allergic diseases in humans. 
The outgrowth of Th2 cells in response to respiratory syncytial virus (RSV) has also 
been shown to be dependent on airway epithelial cell-derived IL-25 (Kaiko et al. 
 2010 ), suggesting that IL-25 expression may participate in virus-induced exacerba-
tion of allergic asthma. 

 As for IL-25-producing cells in humans, Corrigan et al. have demonstrated that 
the expression of IL-25 is increased in asthmatic bronchial mucosa and skin dermis 
of atopic subjects after allergen challenge and that IL-25 expression colocalizes 
with eosinophils, mast cells, and endothelial cells (Corrigan et al.  2011a ). On the 
other hand, Hvid et al. have demonstrated that DCs is likely to produce IL-25 in 
atopic dermatitis patients (Hvid et al.  2011 ). With respect to IL-25-responding cells 
in humans, it has been demonstrated that the expression of IL-17RB colocalizes 
with eosinophils, mast cells, endothelial cells, and T lymphocytes (Corrigan et al. 
 2011a ). In addition, Mjösberg et al. have shown that lineage-negative CD127 +  
CD161 +  CRTH2 +  innate lymphoid cells produce IL-13 in response to IL-25 
(Mjösberg et al.  2011 ). IL-4- and IL-13-producing T2M-like cells are also increased 
in peripheral blood in asthmatic patients (Petersen et al.  2012 ). These results sug-
gest that several cell types including innate immune cells are involved in IL-25- 
mediated type 2 responses in allergic disorders in humans. 

 In addition, a recent study has shown that IL-25 levels are increased in sera of 
patients with active CSS, an infl ammatory disease that is characterized by systemic 
vasculitis and blood and tissue eosinophilia, and that IL-25 levels are correlated 
with disease activity and blood eosinophil counts (Terrier et al.  2010 ). The same 
group has also shown that eosinophils are the main IL-25-producing cells, whereas 
memory CD4 +  T cells are the main IL-25-responding cells in patients with CSS 
(Terrier et al.  2010 ). These fi ndings suggest that IL-25 is involved in the pathogen-
esis of CSS.  
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10.8     Closing Remarks 

 Accumulating evidence, including ours, suggests the importance of  nonhematopoietic 
cell-derived cytokines such as IL-25, IL-33, and TSLP in the initiation or enhance-
ment of type 2 immune responses. These cytokines are potent inducers of a panel of 
recently described innate immune cells, which produce large amounts of IL-5 and 
IL-13 independent of adaptive immunity. Although further studies are needed to 
evaluate the roles of these cytokines in allergic diseases in humans, these cytokines 
could be possible therapeutic targets of allergic diseases.     
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    Abstract     Interleukin-33 (IL-33) is a member of the IL-1 family of cytokines. IL-33 
is present in the cell nucleus and is released into extracellular spaces, where it acts 
as an alarmin by binding to the receptor ST2. The receptor ST2 is widely expressed 
in the human body, and IL-33 exerts a wide range of biological activities depending 
on the target cells and cellular context. IL-33 is essential for host protection from 
helminth infections by promoting type 2 immune responses; IL-33 thus has an 
adverse effect on allergic infl ammation. Furthermore, it is becoming clear that in 
addition to type 2 immunity-mediated diseases, IL-33 is involved in a wide variety 
of human diseases. IL-33 may be a predisposing factor for some infl ammatory dis-
eases, such as rheumatoid arthritis and infl ammatory bowel disease, in which type 2 
immunity is not involved. By contrast, IL-33 also has cardioprotective and neuro-
protective properties in such conditions as ischemic heart disease, atherosclerosis, 
Alzheimer’s disease, and multiple sclerosis. Therefore, thorough understanding of 
IL-33 is essential for achieving full therapeutic application of this molecule.  

  Keywords     Alarmin   •   Allergy   •   IL-33   •   Infl ammation   •   ST2  

11.1         Introduction 

    Interleukin-33 (IL-33), also known as IL-1F11, is a member of the IL-1 family of 
cytokines. The molecule was fi rst described in 1999 as the gene  Dvs27 , which 
encodes a nuclear protein that is highly upregulated in vasospastic arteries in canines 
(Onda et al.  1999 ). In 2003, another group identifi ed the human orthologue of  Dvs27  
as a nuclear protein that is preferentially expressed in human high endothelial 

    Chapter 11   
 Interleukin-33: A Multifunctional Alarmin 
that Promotes Both Health and Disease 

             Kazufumi     Matsushita     and     Tomohiro     Yoshimoto    

        K.   Matsushita    •    T.   Yoshimoto      (*) 
  Laboratory of Allergic Diseases, Institute for Advanced Medical Sciences , 
 Hyogo College of Medicine ,   1-1 Mukogawa-cho ,  Nishinomiya ,  Hyogo   663-8501 ,  Japan   
 e-mail: tomo@hyo-med.ac.jp  



268

venule (HEV) endothelial cells; the group named it nuclear factor from HEV 
(NF-HEV) (Baekkevold et al.  2003 ). In 2005, however, a computational database 
search of the IL-1R family identifi ed a ligand of the orphan receptor T1/ST2 (ST2), 
also known as IL-1R-like 1; it became designated IL-33, and this opened research 
efforts into the role of IL-33 as a cytokine (Schmitz et al.  2005 ). Later studies 
revealed that IL-33 is identical to DVS27 and NF-HEV (Carriere et al.  2007 ; Liew 
et al.  2010 ). Because of its constitutive nuclear expression and IL-1-like cytokine 
domain, IL-33 is now considered a dual-functional protein that acts as both a cyto-
kine and a nuclear factor. The fi rst discovery of the receptor ST2 dates back to 1989 
(Klemenz et al.  1989 ; Tominaga  1989 ). It was not until 1998, however, that ST2 
was fi rst shown to be involved in Th2 immune responses (Lohning et al.  1998 ). 
After identifi cation of IL-33/ST2 as a ligand–receptor pair, many efforts have been 
made to reveal the roles of the IL-33/ST2 pathway in human diseases. Although 
initial studies suggested the specifi c involvement of IL-33 and ST2 in Th2 cell-
mediated allergic diseases, this cytokine is now recognized as being involved in 
protection or exacerbation in a wide variety of diseases (Liew et al.  2010 ; Palmer 
and Gabay  2011 ). Here, we discuss IL-33 and ST2 from basic biology to disease-
associated functions.  

11.2     Biochemical Properties of IL-33 

11.2.1     IL-33 Protein and mRNA 

 In full length, IL-33 is a 30-kDa protein (Fig.  11.1a ). Human IL-33 possesses 270 
amino acids, and it contains a short chromatin-binding domain at its N terminus 
(amino acids 40–58); this mediates the nuclear localization of IL-33 by binding to 
the acidic groove of the histone H2A–H2B complex (Roussel et al.  2008 ). Human 
IL-33 also contains a C-terminal IL-1-like cytokine domain (amino acids 112–270), 
which provides IL-33 with cytokine activity (Schmitz et al.  2005 ). The C-terminal 
cytokine domain is suffi cient to bind and activate the receptor ST2. In fact, the com-
mercially available recombinant human IL-33 widely used in studies is the 18-kDa 
IL-33 112–270  C-terminal portion. One study using multidimensional heteronuclear 
nuclear magnetic resonance spectroscopy determined the solution structure of the 
cytokine domain of human IL-33 (Lingel et al.  2009 ). The structure is characterized 
by a β-trefoil fold similar to that previously described for IL-1α, IL-1β, IL-1R 
antagonist, and IL-18. Mouse IL-33 is a 266-amino-acid protein. Comparing human 
and murine IL-33, the N-terminal part (amino acids 1–65 of human IL-33) and the 
C-terminal cytokine domain are particularly well conserved between the species, 
with overall amino acid identity of 55 %; this suggests the functional importance of 
both the N- and C-terminal domains of this protein.

   Splice variants of IL-33 mRNA, which lack single or multiple exons (exons 3, 4, 
and 5), have been reported in human cells (Tsuda et al.  2012 ). Among them, a splice 
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variant that lacks a single exon 3 has been functionally studied. The lack of 126-bp 
exon 3 results in the deletion of 42 amino acids (Arg74–Gly115), including the 
initially assumed caspase-1 cleavage site (Ser111–Ser112). In addition to the pro-
posed caspase-1 cleavage site, the exon 3 contains other protease target sites (dis-
cussed in Sect.  11.2.2 ; Fig.  11.1a ). Although the exact importance of IL-33 cleavage 
is still uncertain, it has been shown that this short variant is a “constitutive active” 
form of IL-33 (Hong et al.  2011 ). Two mRNAs encoding the same IL-33 coding 
sequence with different 5′-untranslated regions are transcribed from different pro-
moters in mice. The two promoters are used in a cell type- and stimulation-specifi c 
manner for IL-33 expression (Polumuri et al.  2012 ; Talabot-Ayer et al.  2012 ).  

  Fig. 11.1    Structure, production, and signaling pathway of interleukin (IL)-33.  (a)  Human IL-33 is 
a 270-amino-acid, 30-kDa protein and contains an N-terminal chromatin-binding domain and a 
C-terminal IL-1-like cytokine domain. The IL-1-like cytokine domain mediates the cytokine activ-
ity of IL-33. Commercially available recombinant IL-33, widely used, especially in initial studies 
of IL-33, is the 18-kDa IL-33 112–270 . IL-33 undergoes intra- and extracellular processing by several 
proteases. Processing in the N-terminal part enhances the activity, whereas cleavage in the cyto-
kine domain inactivates it.  (b)  Full-length IL-33 present in the cell nucleus is released by necrotic 
cell death. However, IL-33 undergoes caspase-mediated cleavage to be inactivated during apop-
totic cell death. Recent studies have proposed IL-33 release through mechanical strain and/or 
ATP- mediated, cell death-independent processes.  (c)  Ligation of IL-33 to the receptor ST2L 
(IL-33Rα) induces the recruitment of co-receptor IL-1RAcP (IL-33Rβ) and initiates the intracel-
lular signaling cascade. The signaling is dependent on the adaptor molecule MyD88. IRAK1/4 and 
TRAF6 are recruited to the signaling complex and activate NF-κB and MAP kinases. mTOR sig-
naling is activated in a PI3Kp110δ-dependent manner. sST2, SIGIRR, and FBXL19 work as nega-
tive regulators for IL-33/ST2 signaling. sST2 acts as a decoy receptor for IL-33. SIGIRR interferes 
with the signal transduction from ST2L. FBXL19 facilitates the ubiquitin-proteasome-mediated 
degradation of signaling receptor ST2L       
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11.2.2        Expression, Localization, and Secretion of IL-33 

 IL-33 mRNA is ubiquitously expressed in human and murine cells (Schmitz et al. 
 2005 ). The protein is also constitutively expressed in several cell types, and it is 
especially abundant in epithelial and endothelial cells (Baekkevold et al.  2003 ; 
Carriere et al.  2007 ; Kuchler et al.  2008 ; Moussion et al.  2008 ). The level of IL-33 
expression in both mRNA and protein is dynamically regulated by cell proliferation, 
activation, or infl ammation. A body of evidence indicates that pro-infl ammatory 
stimuli induce IL-33 mRNA upregulation both in vitro and in vivo (Hudson et al. 
 2008 ; Ohno et al.  2009 ; Palmer et al.  2009 ; Kobori et al.  2010 ; Nile et al.  2010 ; 
Sponheim et al.  2010 ). The changes in tissue IL-33 protein levels are more compli-
cated. IL-33 protein level in endothelial cells is reported to be downregulated during 
angiogenesis and infl ammation (Kuchler et al.  2008 ). However, several studies have 
identifi ed an upregulated IL-33 protein level in infl amed tissues in human diseases, 
as well as in murine disease models (Palmer et al.  2009 ; Kobori et al.  2010 ; 
Matsuyama et al.  2010 ; Nile et al.  2010 ; Sponheim et al.  2010 ; Yasuda et al.  2012 ). 
This heterogeneity can be explained by the dynamic change in IL-33 protein level 
during infl ammation because it is on the balance between de novo protein synthesis 
and secretion (Haenuki et al.  2012 ). Because IL-33 was initially described as a 
nuclear protein, it is exclusively detected in the cell nucleus with a few exceptions 
(Onda et al.  1999 ; Baekkevold et al.  2003 ; Carriere et al.  2007 ; Hudson et al.  2008 ; 
Kuchler et al.  2008 ; Moussion et al.  2008 ; Ohno et al.  2009 ; Palmer et al.  2009 ; 
Kobori et al.  2010 ; Matsuyama et al.  2010 ; Nile et al.  2010 ; Sponheim et al.  2010 ; 
Haenuki et al.  2012 ; Yasuda et al.  2012 ). Thus, it is reasonable to consider that 
IL-33 possesses a function or functions as a nuclear factor. However, even though 
emerging evidence suggests that IL-33 transcriptionally regulates gene expression 
by activating (Choi et al.  2012 ) or repressing (Ali et al.  2011 ) nuclear factor kappa 
B (NF-κB), or by interacting with chromatins (Roussel et al.  2008 ), very little is 
known at present about the role of IL-33 as a nuclear factor. 

 Although it is clear that IL-33 is an important cytokine in various diseases, the 
mechanisms of IL-33 secretion remain enigmatic. Because it does not have a secre-
tory leader sequence, IL-33 cannot be secreted through the classic endoplasmic 
reticulum-Golgi pathway. The initial study of human IL-33 suggested that full- 
length pro-form IL-33 is cleaved by caspase-1 (Ser111–Ser112) within the cells to 
secrete 18-kDa mature-form IL-33 (the C-terminal cytokine domain) in similar 
manner to structurally related family members, IL-1β and IL-18 (Schmitz et al. 
 2005 ). However the proposed caspase-1 cleavage site in human IL-33 is not con-
served among species, and it is also different from the typical consensus caspase-1 
target motif. Subsequent studies have clarifi ed that the proposed site in human IL-33 
is not cleaved by caspase-1 under physiological conditions. Rather, caspase-1—and 
also caspase-3 and -7—cleave IL-33 at Asp178–Gly179, but not at Ser111–Ser112, 
to inactivate it. Furthermore, full-length IL-33, initially referred to as pro-form 
IL-33, has been shown to be biologically active (Cayrol and Girard  2009 ; Luthi 
et al.  2009 ; Ohno et al.  2009 ; Talabot-Ayer et al.  2009 ). 
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 An important—and the most recognized—mode of IL-33 secretion is necrotic cell 
death-mediated release (Fig.  11.1b ). It has been shown that necrosis-inducing, but 
not apoptosis-inducing, stimuli cause secretion of full-length IL-33 into the superna-
tant from in vitro cultured cells. During apoptosis, however, IL-33 undergoes inacti-
vation through caspase-1-, 3-, or -7-mediated cleavage (Cayrol and Girard  2009 ; 
Luthi et al.  2009 ; Ohno et al.  2009 ). Thus, the secretion of IL-33 is not like a secre-
tory signal sequence containing conventional cytokines or infl ammasome- regulated 
cytokines, IL-1β and IL-18, whose secretion is mediated through intracellular cleav-
age by caspase-1. IL-33 is more akin to an alarmin or damage-associated molecular 
patterns (DAMPs), such as IL-1α and high mobility group box 1 (HMGB1), endog-
enous pro-infl ammatory factors released from dying or damaged cells (Bianchi  2007 ; 
Moussion et al.  2008 ; Liew et al.  2010 ; Palmer and Gabay  2011 ). 

 However, necrotic cell death may not be the only way of releasing IL-33. An 
aeroallergen, the fungus  Alternaria alternata , has been identifi ed as an inducer of 
IL-33 release without causing cell death. Airway exposure of mice to  Alternaria  
extract induces the rapid secretion of IL-33 into the bronchoalveolar lavage fl uid 
(BALF).  Alternaria  extract stimulation also induces IL-33 secretion from in vitro 
cultured epithelial cells. This allergen-induced IL-33 secretion is mediated by acute 
accumulation of extracellular ATP and subsequent elevation of intracellular Ca 2+  
level (Kouzaki et al.  2011 ). More recently, other allergens have also been identifi ed 
as in vivo IL-33 inducers. Nasal exposure to ragweed pollen (a major aeroallergen 
in central Europe and North America) induces IL-33 secretion into nasal lavage fl uid 
(Haenuki et al.  2012 ). Furthermore, intratracheal administration of chitin (a wide-
spread environmental biopolymer of  N -acetylglucosamine found in insects, crusta-
ceans, and helminths) induces IL-33 secretion into the BALF (Yasuda et al.  2012 ). 
However, the mechanisms involved in pollen- or chitin-mediated IL-33 secretion 
have yet to be determined. From the perspective of therapeutic application, it would 
be very intriguing if all allergens used similar ways of inducing IL-33 secretion. 

 One interesting study has revealed that a biomechanical strain, cyclic biaxial 
stretching, induced IL-33 secretion from a cultured fi broblast cell line as well as 
from primary human skin fi broblasts without cellular necrosis (Kakkar et al.  2012 ). 
This study also indicated that mechanical stress caused by transaortic construction 
of the left ventricle induced IL-33 secretion from cardiac cells in mice. These results 
demonstrate that mechanical strains can induce cellular IL-33 release both in vitro 
and in vivo. Although the precise mechanisms of IL-33 secretion caused by the 
strain were not determined in that study, it is widely accepted that mechanical strain 
can induce ATP release and intracellular Ca 2+  infl ux (Cockayne et al.  2000 ; 
Yamamoto et al.  2000 ); these are essential in the aforementioned  Alternaria -induced 
IL-33 release. Because ragweed pollen and chitin are particulate matter, they can 
cause physical stress to the epithelial cells they contact. Furthermore, ragweed pol-
len possesses protease activities, which are another known ATP inducer (Gunawan 
et al.  2008 ; Kreda et al.  2010 ). Considering these facts, the physical stress and/or 
ATP-Ca 2+  response may explain the “alternative” IL-33 secretion pathway induced 
by allergens or mechanical stimuli (Fig.  11.1b ). This active IL-33 release pathway 
expands the alarmin IL-33 response to threats that do not induce cellular necrosis. 
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Although stimulation by Toll-like receptors (TLR) induces the upregulation of 
IL-33 mRNA expression in several cell types, many studies have failed to detect 
IL-33 protein secretion from cells stimulated with TLR ligands in vitro. Surprisingly, 
however, one study has shown that a TLR7 ligand, R848, induces IL-33 secretion in 
in vitro cultured alveolar macrophages, which suggests another pathway for IL-33 
secretion (Chang et al.  2011 ). However, that result does not exclude the possibility 
of IL-33 release by TLR stimulation being attributable to cell death.  

11.2.3      Posttranslational Processing of IL-33 

 As noted, it was once considered that IL-33 requires caspase-1-mediated cleavage for 
maturation. It is now widely accepted that IL-33 is biologically active in its full- length 
form. However, some studies have shown that IL-33 becomes processed and that the 
biological activity is modifi ed by some proteases, which indicates the presence of 
“fi ne-tuning” mechanisms related to IL-33 function in a local milieu (Fig.  11.1a ). 

 Caspase-1, -3, and -7, as already mentioned, cleave IL-33 at Asp178 (Asp175 
in the mouse) for inactivation when cells are undergoing apoptotic cell death 
(Cayrol and Girard  2009 ; Luthi et al.  2009 ). The neutrophil serine proteases elas-
tase and cathepsin G, however, have been reported to enhance the biological activ-
ity of IL-33 up to about tenfold by extracellular processing. Cathepsin G produces 
IL-33 95–270  and IL-33 109–270 , and elastase produces IL-33 99–270 . All three truncated 
IL-33s show both in vitro and in vivo pro-infl ammatory activity in mice. One study 
has also shown that, in oleic acid-induced acute lung injury model mice, the 
cleaved form of IL-33 is detected in the BALF; this suggests the potential roles of 
extracellular processing of IL-33 in disease exacerbation (Lefrancais et al.  2012 ). 
Another neutrophil protease, proteinase 3 (PR3), has also been shown to be an 
IL-33-processing enzyme. PR3 generates IL-33 117–270  by in vitro incubation of 
IL-33. Truncated IL-33 is more active than full-length IL-33. Longer incubation of 
IL-33 with PR3, however, further digests IL-33 117–270  at two other sites in the cyto-
kine domain (Val219–Leu220 and Ile240–Gly241) and inactivates it (Bae et al. 
 2012 ). Although the cleavage sites and resulting products of IL-33 have been 
clearly indicated in in vitro studies, the roles of posttranslational processing of 
IL-33 in physiological and pathological conditions are largely unknown.   

11.3     IL-33 Receptors and Biological Function 

11.3.1     IL-33 Receptors and Intracellular Signaling 

 IL-33 directly binds the receptor ST2 (Schmitz et al.  2005 ). In humans and mice, 
there are at least two splicing forms of ST2, ST2L and sST2 (Yanagisawa et al. 
 1992 ,  1993 ; Li et al.  2000 ) (Fig.  11.1c ). The “L” in ST2L denotes the “long” form, 
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and the product is the functional activating receptor for IL-33. ST2L is a type 1 
transmembrane receptor composed of an ectodomain with three-linked 
immunoglobulin- like motifs, a transmembrane domain, and a cytoplasmic Toll-
IL- 1R (TIR) domain. sST2, however, signifi es “soluble” ST2, and the protein lacks 
transmembrane and intracellular domains. sST2 also directly binds to IL-33 as a 
“decoy” receptor, which prevents the association of IL-33 and ST2L, thereby block-
ing the signaling (Hayakawa et al.  2007 ). 

 Another TIR domain containing a receptor, IL-1R accessory protein 
(IL-1RAcP), is known to function as a co-receptor for IL-33 signaling. IL-1RAcP 
is shared by other IL-1 family members, IL-1α and β. After stimulation with 
IL-33, IL-1RAcP associates with ST2L in a ligand-dependent manner, increasing 
the binding affi nity of the receptor and ligand (Ali et al.  2007 ; Chackerian et al. 
 2007 ; Palmer et al.  2008 ). Bone marrow-derived mast cells obtained from 
IL-1RAcP-defi cient (IL-1RAcP −/− ) mice do not respond to IL-33 stimulation, 
which clearly indicates the importance of this co-receptor in IL-33 signaling 
(Chackerian et al.  2007 ). Interestingly, sIL-1RAcP, a short-splice variant of 
IL-1RAcP, also increases the binding affi nity of sST2 to IL-33, which enhances 
the blocking capacity (Palmer et al.  2008 ). 

 Because both ST2L and IL-1RAcP are TIR domain-containing receptors, IL-33- 
mediated signaling resembles that of IL-1R and IL-18R (Fig.  11.1c ). Stimulation of 
ST2L with IL-33 induces the recruitment of the TIR domain-containing adaptor 
molecule, the myeloid differentiation primary-response gene 88 (MyD88). MyD88 
then recruits IL-1R-associated kinase 1 (IRAK1), IRAK4, and tumor necrosis factor 
(TNF)-receptor-associated factor 6 (TRAF6) to the signaling complex; this leads to 
the activation of NF-κB and mitogen-activated protein (MAP) kinases (Schmitz 
et al.  2005 ; Ali et al.  2007 ; Bae et al.  2012 ). TRAF6 activates NF-κB, MAP kinase 
p38, and c-Jun N-terminal kinase, whereas the activation of extracellular signal- 
regulated kinase (ERK) does not require TRAF6 (Funakoshi-Tago et al.  2008 ). 
Janus kinase 2 (JAK2) is specifi cally involved in NF-κB activation in IL-33 signal-
ing. Fibroblasts derived from JAK2 −/−  mice fail to activate NF-κB in response to 
IL-33, although the MAP kinase activation is intact (Funakoshi-Tago et al.  2011 ). 
IL-33 signaling also involves PI3K activation (Choi et al.  2009 ; Salmond et al. 
 2012 ; Wong et al.  2012 ). IL-33 stimulation induces rapid activation of mammalian 
target of rapamycin (mTOR) in a PI3Kp110δ-dependent manner, which in turn acti-
vates S6K1 and protein kinase B (PKB)/Akt. In response to IL-33, this mTOR-sig-
naling pathway has been reported as being required for optimal IL-5 and IL-13 
production from Th2 cells and recently identifi ed group 2 innate lymphoid cells 
(ILCs): natural helper cells, nuocytes, and I H 2 cells, hereafter called ILC2s, accord-
ing to the proposal of Spits et al. ( 2013 ). An mTOR inhibitor, rapamycin, has been 
shown to block IL-33- induced airway infl ammation as well as IL-5 and IL-13 pro-
duction into the BALF in vivo (Salmond et al.  2012 ). 

 As IL-1R and IL-18R signaling is negatively regulated by single Ig IL-1-related 
receptor (SIGIRR) by attenuating the recruitment of IRAKs and TRAF6 to the 
MyD88-associated signaling complex, SIGIRR also interferes with the activation of 
NF-κB and MAP kinases in IL-33-mediated signaling (Garlanda et al.  2009 ). 
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SIGIRR −/−  mice show an enhanced Th2 response induced by intraperitoneal  injection 
of IL-33, which points to the in vivo regulatory function of SIGIRR in IL-33- 
mediated allergic infl ammation (Bulek et al.  2009 ). After stimulation with cognate 
cytokines, the cell-surface expression of cytokine receptors is downregulated as a 
negative feedback loop through receptor endocytosis and subsequent degradation by 
the ubiquitin-proteasome pathway (Rocca et al.  2001 ; Martinez-Moczygemba et al. 
 2007 ). Recently, the precise negative feedback pathway that regulates ST2L expres-
sion has been determined (Zhao et al.  2012 ). Ligation of IL-33 induces a rapid 
decrease in cell-surface expression of ST2L. Activated ST2L undergoes glycogen 
synthase kinase 3β (GSK3B)-mediated phosphorylation at Ser442, which provides 
the binding site for FBXL19, an Skp-Cullin-F-box family E3 ubiquitin ligase. 
FBXL19 catalyzes polyubiquitination at Lys326 of ST2L, thereby leading to protea-
somal degradation. That study also demonstrated that overexpression of FBXL19 in 
the lung prevents IL-33-induced epithelial cell death and endotoxin- or  Pseudomonas 
aeruginosa -induced acute lung injury. Because FBXL19 targets the cytoplasmic tail 
of ST2L for polyubiquitination, the protein does not facilitate degradation of sST2, 
which intriguingly suggests that FBXL19 could be a therapeutic target for IL-33-
mediated infl ammatory diseases (Zhao et al.  2012 ).  

11.3.2     Crosstalk of IL-33 with Other Signaling Pathways 

 Recently, many studies have focused not only on single receptor signaling pathways 
but also on the crosstalk among multiple signaling pathways. Indeed, several signals 
must be simultaneously activated in the body under physiological conditions. Thus, 
it is unsurprising that IL-33-mediated signaling is also orchestrated with other 
receptors. One unique study has shown that IL-33 signaling coordinates with c-Kit 
signaling in mast cells (Drube et al.  2010 ). IL-33 stimulation induces the physical 
assembly of ST2L, IL-1RAcP, and c-Kit in mast cells; phosphorylation of c-Kit is 
then facilitated together with subsequent activation of the c-Kit-dependent signaling 
pathway, including STAT3 in addition to the original IL-33 signaling. c-Kit −/−  mast 
cells show decreased IL-33 responses. Conversely, co-stimulation with stem cell 
factor, a ligand for c-Kit receptor, amplifi es IL-33-induced signaling, which results 
in augmentation of IL-6 production (Drube et al.  2010 ). In mast cells, phospholi-
pase D and sphingosine kinase are also activated by IL-33 stimulation, which in turn 
induces Ca 2+  infl ux (Pushparaj et al.  2009 ). Because Ca 2+  signaling is critical for 
mast cell degranulation, several studies have shown that IL-33 enhances cross- 
linkage of FcεRI-induced mast cell degranulation (Pushparaj et al.  2009 ; Xu et al. 
 2010 ; Haenuki et al.  2012 ). Furthermore, IgE sensitization of mast cells increases 
ST2L expression, which potentiates IL-33-induced cytokine, chemokine, and eico-
sanoid production by cells (Ho et al.  2007 ; Pushparaj et al.  2009 ). These unique 
functions of IL-33 in mast cells seem to highlight the essential role of IL-33 in mast 
cell-related pathology, such as allergy, helminthic infection, and arthritis, as 
described in Sects.  11.4.1.1 ,  11.4.1.2 , and  11.4.2.3 . 
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 TLR and dectin-1 have also been reported to orchestrate with IL-33 signaling. 
IL-33 priming of neutrophils potentiates the response to  Candida albicans , a fungus 
that activates mammalian cells via TLRs and dectin-1. IL-33 induces TLRs- or 
dectin- 1-mediated upregulation of complement receptor CR3, for which amplifi ca-
tion of p38 MAP kinase activation has been suggested as being responsible (Le 
et al.  2012 ). In addition, IL-33 reverses the TLR-mediated, but not dectin-1- 
mediated, reduction of CXCR2 expression by regulating the expression of G-protein- 
coupled receptor kinase 2 (GRK2), which downregulates CXCR2 cell-surface 
expression. Thus, IL-33 amplifi es neutrophil bactericidal activity and is critical for 
bacterial clearance in vivo (described in detail in Sect.  11.4.2.3 ) (Alves-Filho et al. 
 2010 ; Le et al.  2012 ). Studies into the crosstalk of IL-33 signaling with other recep-
tors have just recently started. This signaling crosstalk is very complex and should 
be strongly affected by the cellular context. Future studies will unveil the full pic-
ture of the comprehensive signaling network involving IL-33.  

11.3.3     IL-33 Target Cells and Responses 

 ST2L is expressed on a variety of cell types, epithelia, and endothelia in various 
tissues, fi broblasts, T cells, B-1 cells, basophils, mast cells, eosinophils, neutro-
phils, natural killer cells, invariant natural killer T cells, monocytes, macrophages, 
dendritic cells, and ILC2s (Ohno et al.  2012 ) (Fig.  11.2 ). Therefore, these cells are 
responsible for the cytokine activity of IL-33. As ST2L was initially shown to be 
abundant on Th2, but not Th1 cells (Lohning et al.  1998 ), IL-33 is a potent inducer 
of type 2 cytokines. IL-33 treatment of Th2 cells augments their IL-5 and IL-13 
production (Schmitz et al.  2005 ). Similarly, the culture of naive T cells with IL-33 
induces IL-5- and IL-13-, but not IL-4-, producing T cells (Kurowska-Stolarska 
et al.  2008 ). IL-33 also potently activates innate type 2 cytokine producers: baso-
phils (Kondo et al.  2008 ; Smithgall et al.  2008 ; Suzukawa et al.  2008 ), mast cells 
(Ho et al.  2007 ; Iikura et al.  2007 ; Pushparaj et al.  2009 ), eosinophils (Matsuba- 
Kitamura et al.  2010 ), and ILC2s (Moro et al.  2010 ; Neill et al.  2010 ; Wilhelm et al. 
 2011 ; Salmond et al.  2012 ). It is striking that IL-33 induces IL-5 and IL-13 produc-
tion from basophils and mast cells even in the absence of their cross-linkage with 
FcεRI (Ho et al.  2007 ; Iikura et al.  2007 ; Kondo et al.  2008 ; Smithgall et al.  2008 ; 
Suzukawa et al.  2008 ; Pushparaj et al.  2009 ). Eosinophils stimulated with IL-5 and/
or GM-CSF upregulate ST2L, and they are responsible for IL-33 inducing IL-4 and 
chemokine production (Matsuba-Kitamura et al.  2010 ). Furthermore, IL-33 stimu-
lates ILC2s to produce large amounts of IL-5, IL-9, and IL-13 (Wilhelm et al.  2011 ; 
Salmond et al.  2012 ). These type 2 cytokines produced from innate-type cells play 
critical roles in the development of IgE-independent “innate-type” allergy as well as 
in exacerbating IgE-dependent classical “acquired-type” allergy (described next in 
detail) (Yoshimoto  2010 ). Further, considering type 2 infl ammation, IL-33 enhances 
differentiation of alternatively activated or M2 macrophages, which is characterized 
by the surface expression of mannose receptor and IL-4Rα and the production of 
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CCL17 and CCL24. IL-33 directly induces M2 macrophage  differentiation from 
bone marrow cells or alveolar macrophages in concert with IL-13 (Kurowska-
Stolarska et al.  2009 ). In addition, IL-33-activated eosinophils enhance M2 macro-
phage polarization, which is mediated in part by IL-13 production (Stolarski et al. 
 2010 ). IL-33 also induces pro-infl ammatory cytokines, such as IL-1β, IL-6, and 
TNF-α, from mast cells (Pushparaj et al.  2009 ; Drube et al.  2010 ; Xu et al.  2010 ) 
and basophils (Kondo et al.  2008 ; Smithgall et al.  2008 ; Suzukawa et al.  2008 ), as 
well as the Th1 cytokine interferon (IFN)-γ from NK cells and NKT cells (Smithgall 
et al.  2008 ; Bourgeois et al.  2009 ). IL-33 has been reported to be a chemoattractant 
for human Th2 cells (Komai-Koma et al.  2007 ). Furthermore, IL-33 recruits eosino-
phils, basophils, and neutrophils to the site of infl ammation by facilitating the pro-
duction of chemokines (Schmitz et al.  2005 ; Kondo et al.  2008 ; Kurowska-Stolarska 
et al.  2009 ; Haenuki et al.  2012 ; Yasuda et al.  2012 ). This broad array of effector 
functions of IL-33 on various cell types indicates the importance and complex 
involvement of IL-33 in a wide range of diseases.

  Fig. 11.2    Pleiotropic bioactivity of IL-33. Various lymphocytes and myeloid cells express ST2L 
and can respond to IL-33 to promote the expression or production of various cytokines and func-
tions. In particular, IL-33 is a potent inducer of type 2 cytokines from allergy-related cells (Th2 
cells, basophils, mast cells, eosinophils, and ILC2s). IL-33 also mediates infl ammatory responses 
in IL-33-producing tissues (epithelial cells, endothelial cells, and fi broblasts). This broad array of 
effector functions of IL-33 on various cells indicates the importance and complex involvement of 
IL-33 in a wide range of diseases       
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   Table 11.1    The role    of interleukin (IL)-33 in diseases   

  Diseases exacerbated by IL-33  
  Asthma  
  Administration of IL-33 induces experimental asthma (mouse) 
  IL-33-defi cient mice have less severe OVA-specifi c experimental asthma (mouse) 
  IL-33 mRNA/protein levels are increased in asthma (mouse/human) 
  IL-33 gene polymorphism is correlated to incidence of asthma susceptibility (human) 
  IL-33-ST2 signaling pathway is required in infl uenza-induced airway hyperactivity (mouse) 
  Allergic rhinitis  
  IL-33 protein levels are increased in serum and nasal fl uid in Japanese cedar pollinosis (human) 
  IL-33 gene polymorphism is associated with Japanese cedar pollinosis (human) 
  IL-33-defi cient mice show diminished pollen-specifi c experimental allergic rhinitis (mouse) 
  Allergic conjunctivitis  
  IL-33 protein levels are increased in conjunctival epithelium of allergic conjunctivitis (human) 
  Exogenous IL-33 augments pollen-driven conjunctival eosinophilic infi ltration (mouse) 
  Atopic dermatitis  
  IL-33 mRNA/protein levels are increased in lesional skin of atopic dermatitis (human) 
  ST2 gene polymorphism is associated with atopic dermatitis (human) 
  Anaphylactic shock  
  IL-33 protein levels are elevated in serum of atopic patients during anaphylactic shock (human) 
  IL-33 triggers and enhances IgE-mediated systemic anaphylaxis (mouse) 
  Arthritis  
  IL-33 protein levels are increased in serum and synovial fl uid in RA (human) 
  IL-33 mRNA/protein levels are increased in infl amed synovium in RA (human) 
  IL-33 exacerbates collagen-induced experimental arthritis (mouse) 
  Blocking ST2 attenuates collagen-induced experimental arthritis (mouse) 
  Infl ammatory bowel disease  
  IL-33 mRNA/protein levels are increased in active lesions of ulcerative colitis (human) 
  IL-33/ST2 protein levels are increased in serum in IBD (human) 
  Anti-TNF treatment of ulcerative colitis decreases serum levels of IL-33 (human) 

  Diseases protected by IL-33  
  Ischemic heart disease  
  IL-33 improves outcome in acute myocardial infarction and heart failure (mouse) 
  ST2-defi cient mice develop more severe experimental heart failure (mouse) 
  sST2 protein levels are increased in serum in acute myocardial infarction (human) 
  Atherosclerosis  
  IL-33 reduces development of atherosclerosis by inducing protective ox-LDL antibodies 

(mouse) 
  IL-33 reduces macrophage-derived foam cell formation (mouse) 
  Cardiac allograft  
  IL-33 prolongs cardiac allograft survival through induction of ST2 + Foxp3 + Treg (mouse) 
  Alzheimer’s disease  
  IL-33 gene polymorphism is associated with reduced risk of Alzheimer’s disease (human) 
  IL-33 expression is decreased in brain of patients with Alzheimer’s disease (human) 
  Multiple sclerosis  
  IL-33 protein levels are increased in periphery and CNS of patients with MS (human) 
  IL-33 improves outcome with EAE (mouse) 
  Sepsis  
  IL-33 reduces mortality in sepsis by enhancing neutrophil function (mouse) 
  IL-33 prevents TLR4-induced CXCR2 inhibition in neutrophils (mouse/human) 
  IL-33 and sST2 protein levels are increased in serum in sepsis (human) 

(continued)
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11.4         IL-33 in Various Diseases 

 Accumulating evidence indicates that IL-33 is associated with various diseases in 
mouse models and humans (Table  11.1 ). IL-33 acts as an exacerbating factor in 
various infl ammatory diseases. Conversely, there are reports of IL-33 having pro-
duced improvement with several diseases. In this section, we describe multiple 
pathological roles of IL-33 and particularly focus on its double-edged nature for 
diseases in mouse models and humans.

11.4.1       Diseases Exacerbated by IL-33 

11.4.1.1       Allergic Infl ammation 

 Judging from its physiological functions in target cells (Fig.  11.2 ), IL-33 plays an 
important role in the pathogenesis of allergic infl ammation. It has been speculated 
that aeroallergen (such as pollen grain or fungus)-induced IL-33 from the nuclei of 
airway epithelial cells induces the recruitment of allergic cells (Th2 cells, eosino-
phils, basophils, mast cells, or ILC2s) in the airways and stimulates them to induce 
cytokines or chemokines, which results in exacerbated allergic infl ammation. 

   Asthma 

 Intranasal administration of IL-33 into mice induces airway hyperresponsiveness 
(AHR), goblet cell hyperplasia, and airway eosinophilic infi ltration in an ST2/
MyD88-dependent fashion by induction of IL-5 and IL-13 in the lungs (Kondo et al. 

  Parasite infection  
  IL-33 accelerates expulsion of intestinal nematode  Trichuris muris  (mouse) 
  ST2-defi cient mice have increased susceptibility to infection with  Toxoplasma gondii  (mouse) 
  IL-33 induces IL-5/IL-13-producing ILC2s to expel  Nippostrongylus brasiliensis  (mouse) 
  IL-33 is induced in lungs after  Strongyloides venezuelensis  infection (mouse) 
  IL-33-defi cient mice show reduced  S. venezuelensis  expulsion (mouse) 
  Viral infection  
  IL-33 is induced in lungs after infl uenza virus infection (mouse) 
  IL-33 promotes wound healing of lungs after infl uenza virus infection (mouse) 
  IL-33 drives protective cytotoxic CD8 +  T-cell responses to RNA or DNA viruses (mouse) 
  Liver disease  
  IL-33/sST2 protein levels are increased in serum of patients with liver diseases (human) 
  IL-33 improves outcomes of Con A-induced liver injury (mouse) 

   RA  rheumatoid arthritis,  IBD  infl ammatory bowel disease,  CNS  central nervous system,  MS  mul-
tiple sclerosis,  EAE  experimental autoimmune encephalomyelitis,  ILC2s  group 2 innate lymphoid 
cells  

Table 11.1 (continued)
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 2008 ). Administration of IL-33 induces goblet cell hyperplasia in the airways of 
wild-type mice but not in those of IL-13 −/−  mice, which clearly indicates that IL-33 
produces these responses by induction of endogenous IL-13. Furthermore, similar 
treatment to RAG2 −/−  mice, lacking T and B cells, more strikingly induces AHR 
with marked goblet cell hyperplasia and eosinophilic infi ltration in the lungs. Thus, 
IL-33 induces asthma-like symptoms entirely independently of the acquired immune 
system. We have designated this type of allergen-independent- and IL-33-dependent 
asthma “innate-type asthma” (Kondo et al.  2008 ). In contrast to RAG2 −/−  mice, 
γc −/− RAG2 −/−  mice fail to induce innate-type asthma, which suggests that some bone 
marrow-derived cells are the target cells for IL-33. Indeed, recently identifi ed innate 
lymphoid cells (ILC2s; NH cells, nuocytes, and I H 2 cells) (Spits et al.  2013 ), which 
are negative for lineage markers, express ST2 + ; these lymphoid cells produce large 
amounts of IL-5 and IL-13 in response to IL-33 and have been identifi ed as the 
predominant IL-5-/IL-13-producing population induced by IL-33 in murine lungs 
(Salmond et al.  2012 ). 

 It is possible to develop experimental allergic bronchial asthma by the inhalation 
of ovalbumin (OVA) in mice sensitized with OVA. Two groups have examined the 
effect of endogenous IL-33 in OVA-induced experimental asthma using IL-33 −/−  
mice, which showed signifi cantly diminished AHR and eosinophilic infi ltration. 
These fi ndings led to endogenous IL-33 induced by antigen exposure being impli-
cated in the pathogenesis of asthma (Oboki et al.  2010 ; Louten et al.  2011 ). Indeed, 
OVA exposure increases the expression of IL-33 protein in the nuclei of large cells 
in the alveolar epithelium (Louten et al.  2011 ). Recently, Yasuda et al. demonstrated 
that alveolar epithelial type II cells (ATII) express IL-33 protein in their nuclei and 
that infection with gastrointestinal nematodes or intranasal administration of chitin 
increases the number of ATII cells and the level of IL-33 (Yasuda et al.  2012 ). ATII 
cells are well known as playing a protective role for the alveolus because, in 
response to lung injury, they synthesize and secrete components of the surfactant 
that regulate alveolar surface tension (Fehrenbach  2001 ). Judging from the cell 
structure (large cells in the alveolar epithelium), OVA-induced IL-33-producing 
cells could be ATII cells. 

 In asthma patients, serum levels of sST2, a secreted form of ST2, are higher than 
in healthy controls. Furthermore, in patients that have suffered asthma attacks, sST2 
serum levels are acutely increased in proportion to the severity [decreased percent-
age of peak expiratory fl ow rate (% PEF), increased PaCO 2 ], which indicates that 
the IL-33 axis may be activated during such attacks. However, less is known about 
the relationship between serum levels of IL-33 and asthma severity. We have ana-
lyzed serum levels of IL-33 in 55 patients with asthma (45 atopic, 10 non-atopic) 
using a human IL-33 enzyme-linked immunosorbent assay. The average amount of 
IL-33 in healthy control sera is approximately 360 pg/ml compared with approxi-
mately 513 pg/ml in asthma patients. In addition, circulating IL-33 is increased in 
proportion to asthma severity according to the 2002 Global Initiative for Asthma 
Guideline (unpublished data). Another report has shown that IL-33 expression lev-
els are signifi cantly increased in bronchial biopsies from asthma patients  compared 
with controls, especially in patients with severe asthma (Prefontaine et al.  2009 ). 
Furthermore, large-scale genome-wide association studies show that the single 
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nucleotide polymorphism (SNP) in genes for IL-33 ( IL33 ) and ST2 ( IL1RL1 ) is 
associated with asthma onset and elevated eosinophil numbers (Gudbjartsson et al. 
 2009 ). From these results, IL-33 could be an induction or exacerbation factor for 
asthma. However, as mentioned in Sect.  11.2.2 , the precise mechanisms involved in 
the allergen-mediated alarmin IL-33 induction from bronchial epithelia cells have 
yet to be elucidated.  

   Allergic Rhinitis 

 Allergic rhinitis (AR) is one of the most common allergic infl ammatory diseases; 
globally, more than 600 million people suffer from it (Bousquet et al.  2007 ). AR 
is divided into two categories—seasonal and perennial AR. A previous study of 
ours showed that the serum level of IL-33 is signifi cantly elevated in Japanese 
patients with seasonal AR, and that there is a signifi cant association between sus-
ceptibility to AR and polymorphisms in the  IL33  gene (Sakashita et al.  2008 ). 
However, very little is known about the role of IL-33 in the development of AR. 
Recently, we established a novel murine model of ragweed pollen-specifi c AR 
and examined the pathological role of ragweed-induced IL-33 in the development 
of AR using IL-33 −/−  mice (Haenuki et al.  2012 ). After nasal challenge with rag-
weed pollen, ragweed- immunized wild-type mice manifest early-phase (sneez-
ing) and late-phase (eosinophilic and basophilic accumulation) responses. In 
contrast, IL-33 −/−  and FcεRI −/−  mice fail to develop either phase of AR response. 
IL-33 protein is constitutively expressed in the nucleus of nasal epithelial cells 
and is promptly released into nasal fl uids in response to nasal exposure to ragweed 
pollen. This ragweed pollen- driven IL-33 is essential for sneezing and the nasal 
accumulation of eosinophils and basophils by increasing histamine release and 
inducing the production of chemoattractants from FcεRI +  mast cells and baso-
phils, respectively. Together with the contribution of IL-33 in stimulating eosino-
phils, basophils, and mast cells to produce allergic infl ammatory mediators, this 
process may lead to the recurrent seizures and irreversible mucosal hypertrophy 
in AR (Fig.  11.3a ).

   In humans, constitutive expression of IL-33 protein in the nasal epithelial cells 
of healthy controls has been demonstrated in addition to downregulated expres-
sion of IL-33 protein in the infl amed nasal epithelial cells of AR patients. However, 
IL-33 mRNA expression in the nasal epithelial cells of AR patients is signifi -
cantly upregulated during the pollen season (Haenuki et al.  2012 ), which indi-
cates that enhanced extracellular IL-33 release is associated with the reduced 
IL-33 protein expression in infl amed nasal epithelial cells. Indeed, especially dur-
ing the pollen season, the IL-33 protein level in nasal secretions is signifi cantly 
elevated, and it correlates with nasal symptoms in Japanese patients with seasonal 
AR (Asaka et al.  2012 ). Although the mechanism of ragweed pollen-driven IL-33 
release from nasal epithelial cells remains unclear, taken together these results 
indicate that alarmin IL-33 may present an important therapeutic target for the 
prevention of AR.  
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   Atopic Dermatitis 

 Genetic links have been made between atopic dermatitis (AD) and polymorphisms 
in the gene encoding ST2. The SNP in the distal promoter of the  ST2  gene (chromo-
some 2q12) is signifi cantly associated with AD, and there is a strong correlation 
with high sST2 and total IgE levels in the sera of AD patients (Shimizu et al.  2005 ). 
These results indicate that ST2 genetic polymorphism is a candidate for conferring 
susceptibility to AD. Less is known about circulating IL-33; however, mRNA levels 
for IL-33 and ST2 are substantially increased in the lesional skin of patients with 
AD compared with non-lesional skin and healthy controls. Immunohistochemical 
staining has revealed that the numbers of IL-33 +  cells were increased in keratino-
cytes and in endothelial cells, whereas those of ST2 +  cells were increased in infi l-
trating infl ammatory cells in the dermis of lesional skin compared with non-lesional 
skin (Savinko et al.  2012 ). It is well known that the common allergen house dust 
mite (HDM) is an external triggering factor in AD, and patients with AD are suscep-
tible to  Staphylococcus aureus  infections. mRNA levels for IL-33 and ST2 are sig-
nifi cantly and immediately increased in the skin of patients with AD after HDM or 

  Fig. 11.3    Pathogenic role of IL-33 in allergic rhinitis (AR) ( a ) and rheumatoid arthritis (RA) ( b ). 
 a  Ragweed pollen-driven endogenous IL-33 from nasal epithelial cells contributes to both early- 
phase (sneezing) and late-phase (nasal accumulation of eosinophils and basophils) responses in 
AR by increasing histamine release and inducing the production of chemoattractants from, respec-
tively, mast cells and basophils. Together with the contribution of IL-33 to stimulate Th2 cells, 
eosinophils, basophils, and mast cells in producing allergic infl ammatory mediators, this process 
may lead to recurrent seizures and irreversible mucosal hypertrophy in AR.  b  IL-33 produced by 
activated synovial fi broblasts stimulates macrophages and/or mast cells of synovial tissue to pro-
duce IL-1β, IL-6, and TNF-α, which further upregulates IL-33 production from synovial fi bro-
blasts. IL-33 stimulates macrophages to produce neutrophil chemoattractants, leading to the 
recruitment of neutrophils into the joints. IL-1β and IL-6 produced by mast cells and/or macro-
phages can promote antigen-specifi c Th17 cell development. All these infl ammatory cytokines and 
mediators may combine to induce RA       
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staphylococcal enterotoxin B (SEB) exposure (Savinko et al.  2012 ). Furthermore, 
an unexpected function of IL-33 with respect to AD has been reported: in in vitro 
experiments with human primary keratinocytes, IL-33 downregulated the secretion 
of human beta defensin 2 (hBD2), which is an inducible antimicrobial peptide pro-
duced by epithelial cells and is linked to the increased susceptibility of AD skin to 
 S .  aureus  infection (Alase et al.  2012 ). 

 Taken together, these fi ndings suggest that allergen- or SEB-induced alarmin 
IL-33 from keratinocytes and endothelial cells stimulates infi ltrated ST2 +  cells (e.g., 
mast cells and eosinophils) or keratinocytes to produce pro-infl ammatory cytokines 
or downregulate hBD2, respectively, resulting in induction and exacerbation of the 
allergic infl ammation in AD skin. Consequently, IL-33 may be a danger molecule 
in AD. However the precise pathological role of IL-33 in AD demands further 
investigation.  

   Other Allergic Diseases 

 IL-33 activates mast cells and directly induces histamine following IgE sensitiza-
tion (Haenuki et al.  2012 ), which suggests that IL-33 plays an important role in 
anaphylactic shock. Indeed, the serum levels of IL-33 are signifi cantly elevated in 
atopic patients during anaphylactic shock (Pushparaj et al.  2009 ). In addition to 
nasal epithelial cells, IL-33 protein is constitutively expressed in the nucleus of 
epithelial cells in the conjunctiva, and IL-33 contributes to induction and exacerba-
tion of allergic conjunctivitis in mice and humans (Matsuda et al.  2009 ; Matsuba- 
Kitamura et al.  2010 ).   

11.4.1.2      Rheumatoid Arthritis 

 By means of immunostaining, IL-33 protein has been found to be expressed in the 
synovial tissue of patients with rheumatoid arthritis (RA) (Xu et al.  2008 ; Palmer 
et al.  2009 ). IL-33 mRNA and protein expression in synovial fi broblasts are strongly 
increased by stimulation with TNF-α and IL-1β (Xu et al.  2008 ; Palmer et al.  2009 ). 
In cell lysates, predominantly unprocessed 30-kDa full-length IL-33 has been 
detected using Western blotting (Palmer et al.  2009 ). In addition, the protein levels 
of IL-33 in the synovial fl uid and serum of patients with RA are signifi cantly higher 
than in controls, and the increase is proportionate to the severity (Matsuyama et al. 
 2010 ). Thus, the contribution of alarmin IL-33 in the pathogenesis of RA has 
attracted attention. 

 TNF inhibitors (anti-human TNF-α antibody, infl iximab; TNF receptor inhibitor, 
etanercept) have been established as effective treatments of RA. It has been reported 
that IL-33 levels in the sera of patients who respond to TNF inhibitors decrease 
markedly, whereas IL-33 levels remain high in patients that do not show improve-
ment. Interestingly, the levels of IL-33 correlate highly with those of IL-1β in the 
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synovial fl uid of RA patients who have not undergone any treatment. In addition, 
compared with TNF-α, stimulation with IL-1β more strongly induces IL-33 mRNA 
expression in synovial fi broblasts (Matsuyama et al.  2012 ). TNF inhibitors are suc-
cessfully used in RA therapy; however, an inadequate response occurs in 30–40 % 
of treated patients (Weinblatt et al.  1999 ; Lipsky et al.  2000 ). In these low respond-
ers, IL-1β may contribute to the pathogenesis of RA by induction of IL-33 from 
synovial fi broblasts. 

 From studies using arthritis mouse models, it is apparent that IL-33 contributes 
to exacerbation of arthritis (Xu et al.  2008 ; Verri et al.  2010 ). Compared with nor-
mal mice, ST2 −/−  mice show signifi cantly attenuated clinical symptoms of collagen- 
induced arthritis (CIA); they also display a diminished degree of collagen-specifi c 
pro-infl ammatory cytokines (IL-17, IFN-γ, TNF-α) and anti-collagen antibody 
production (Xu et al.  2008 ). Administration of blocking antibody against ST2 at 
the onset of disease decreases the severity of CIA associated with markedly reduced 
IFN-γ and IL-17 production. This treatment further decreases mRNA expression of 
receptor activator nuclear factor-κB ligand (RANKL), which is an inducer of 
osteoclast differentiation and is linked with bone pathology in RA (Palmer et al. 
 2009 ). In addition, the administration of IL-33 exacerbates CIA in wild-type mice, 
but not in ST2 −/−  mice. The administration of ST2 +/+  mast cells into ST2 −/−  mice, 
however, restores the ability to increase the exacerbated responses to IL-33 seen in 
wild-type mice; this indicates the contribution of mast cells in IL-33-mediated CIA 
(Xu et al.  2008 ). 

 In another arthritis mouse model, methylated bovine serum albumin (BSA)-
induced arthritis, IL-33 mRNA expression and infi ltrated ST2 + -activated neutro-
phils are increased in intraarticular lesions. For the pathogenesis in this arthritis 
mouse model, Verri et al. have revealed that antigen-induced IL-33 from synovial 
fi broblasts stimulates macrophages of the synovial tissue to produce TNF-α, IL-1β, 
and chemokines; this leads to upregulation of IL-33 production from synovial fi bro-
blasts and the recruitment of neutrophils into the joints (Fig.  11.3b ) (Verri et al. 
 2010 ). Conversely, though methylated BSA-induced arthritis is completely sup-
pressed in IL-1α/β −/−  mice, IL-33 −/−  mice develop arthritis similar to control mice 
(Oboki et al.  2010 ), which clearly indicates that IL-33 acts as an exacerbating factor, 
rather than an inducing factor, for arthritis. Nevertheless, from these results of 
human and murine studies, IL-33 may be a new biomarker for assessing disease 
activity in patients with RA and be a therapeutic target for RA.  

11.4.1.3     Infl ammatory Bowel Disease 

 Because IL-1 family members, such as IL-1β and IL-18, have been recognized as 
potent infl ammatory mediators in the development of infl ammatory bowel disease 
(IBD) (Dinarello  2002 ), the contribution of IL-33 in IBD has recently been 
examined. 

 In 2010, four independent groups reported the association of IL-33 with IBD, 
elevated expression being specifi cally observed in patients with active ulcerative 
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colitis (UC) (Beltran et al.  2010 ; Kobori et al.  2010 ; Pastorelli et al.  2010 ; Seidelin 
et al.  2010 ). The expression of IL-33 mRNA is signifi cantly elevated in biopsy 
specimens from infl amed colon lesions in patients with active UC compared with 
those with Crohn’s disease and healthy controls (Pastorelli et al.  2010 ; Sponheim 
et al.  2010 ). In addition, the expression of IL-33 mRNA is increased in proportion 
to UC severity (Sponheim et al.  2010 ). IL-33 protein is highly expressed on epithe-
lial cells in the infl amed colon (Pastorelli et al.  2010 ). Other reports have shown that 
IL-33 protein is increased primarily in ulceration-associated myofi broblasts in UC 
lesions (Kobori et al.  2010 ; Sponheim et al.  2010 ). ST2 is abundantly expressed in 
the epithelium in control specimens, whereas this expression is signifi cantly 
decreased or lost in active UC at both the mRNA and protein level. In contrast, ST2 
is upregulated on lamina propria macrophages and CD4 +  T cells in active UC 
(Beltran et al.  2010 ; Pastorelli et al.  2010 ). These observations of IL-33 and ST2 
being dominantly expressed, respectively, in epithelial cells/myofi broblasts and 
lamina propria immune cells, may indicate the functional crosstalk between IL-33 
and ST2 +  cells in active UC. 

 Regarding the mechanism underlying IL-33 production in UC, it has been 
reported that isolated human colonic subepithelial myofi broblasts and fi broblasts 
increase the expression of IL-33 mRNA and IL-33 protein when stimulated with 
TNF-α and IL-1β, both of which are recognized as important cytokines in the patho-
genesis of UC (Sponheim et al.  2010 ). Furthermore, a TNF-α-stimulated intestinal 
epithelial cell line was found to increase both IL-33 mRNA and protein (Pastorelli 
et al.  2010 ). These results indicate the contribution of infl ammatory cytokines, such 
as TNF-α and IL-1β, to IL-33 production in UC. Indeed, serum levels of IL-33 are 
elevated in patients with UC compared with healthy controls, whereas treatment 
with anti-human TNF-α antibody (infl iximab) decreases IL-33 in sera (Pastorelli 
et al.  2010 ). Thus, IL-33 may play an important role in patients with UC. However, 
in a murine model of UC, dextran sulfate sodium-induced colitis, IL-33 −/−  mice 
displayed only partially decreased severity of colitis (Oboki et al.  2010 ). The pre-
cise pathophysiological role of alarmin IL-33 in UC therefore requires further 
investigation.   

11.4.2     Diseases Improved by IL-33 

11.4.2.1     Cardiovascular Disease 

 Despite its roles as an exacerbating factor in infl ammatory diseases, such as allergy, 
RA, and IBD, IL-33 has been shown to participate as a protective factor in cardio-
vascular pathophysiology. Myocardial production of IL-33 can safeguard cardiac 
function in response to cardiac pressure overload. Furthermore, IL-33 plays a pro-
tective role in the development of atherosclerosis. 
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   Ischemic Heart Disease 

 Serum levels of sST2 are increased in patients 1 day after myocardial infarction 
(Weinberg et al.  2002 ), and elevations of sST2 predict mortality in patients with 
acute myocardial infarction (Shimpo et al.  2004 ); this indicates ST2 as being a 
potentially useful biomarker in heart failure. Furthermore, serum levels of IL-33, 
especially the full-length form, are elevated in patients with advanced systolic 
chronic heart failure (Zhang et al.  2012 ). One study has shown that IL-33 antago-
nizes angiotensin II-induced hypertrophy in cardiomyocytes in vitro (Sanada et al. 
 2007 ). Furthermore, following pressure overload by transverse aortic constriction, 
ST2 −/−  mice show enhanced cardiac hypertrophy and fi brosis as well as impaired 
survival compared with control mice. By contrast, administration of IL-33 improves 
pathological changes and survival in wild-type mice but not in ST2 −/−  mice. These 
data clearly demonstrate that IL-33/ST2 signaling protects the myocardium under 
mechanical overload. As a mechanism for this protective activity, IL-33 reduces 
cardiomyocyte apoptosis by suppressing caspase-3 activity and increasing anti- 
apoptotic proteins. Furthermore, in vivo treatment with IL-33 can prevent cardio-
myocyte apoptosis and improve cardiac function and survival after myocardial 
infarction in wild-type mice, but not in ST2 −/−  mice (Seki et al.  2009 ). 

 Serum sST2 may be synthesized and released from cardiac fi broblasts and car-
diomyocytes remote from the site of injury or mechanical strain. IL-33 expression 
in cardiac fi broblasts is upregulated upon mechanical strain (Sanada et al.  2007 ). 
Furthermore, as noted before (Sect.  11.2.2 ), full-length IL-33 can be secreted 
directly by fi broblasts upon biomechanical strain, and a mechanical stress caused by 
transaortic construction of the left ventricle induces IL-33 secretion from cardiac 
cells in mice (Kakkar et al.  2012 ). Thus, it is possible that increased sST2 reduces 
IL-33 signaling, thereby resulting in heart failure; by contrast, mechanical strain- 
induced endogenous alarmin IL-33 from cardiac fi broblasts or exogenous IL-33 
could increase cardioprotection and reduce cardiac hypertrophy and fi brosis by pre-
venting cardiomyocyte apoptosis. Thus, IL-33 may have the therapeutic potential to 
regulate the myocardium under mechanical overload.  

   Atherosclerosis 

 Atherosclerosis is a chronic infl ammatory disease characterized by specifi c initial 
lesions, in which lipids, macrophages, T cells, and smooth muscle cells accumulate 
in the arterial wall over time. Infi ltrated activated immune cells produce cytokines 
and pro-infl ammatory mediators in response to the presence of oxidized low- density 
lipoprotein (ox-LDL) (Hansson and Libby  2006 ). Macrophage-derived foam cells 
form the fatty streaks of the plaques of atherosclerosis. The disease appears to be 
driven by a Th1 response with an IFN-γ-inducing pathogenesis (McLaren and 
Ramji  2009 ). Therefore, it has been hypothesized that IL-33 exerts a protective 
effect during atherosclerosis by inducing a Th1 to Th2 switch of immune responses. 
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 Mice lacking the gene for apolipoprotein E (ApoE −/−  mice) fed a high-fat diet 
have high serum cholesterol levels and develop atherosclerosis. Treatment of ApoE −/−  
mice with IL-33 signifi cantly reduces the atherosclerotic lesion size in the aortic 
sinus and the accumulation of macrophages and CD3 +  T cells in the plaque area. 
Furthermore, IL-33 administration into ApoE −/−  mice increases Th2 cytokines and 
protective ox-LDL antibodies, whereas it decreases Th1 cytokine IFN-γ in the serum 
and lymph node cells (Miller et al.  2008 ). In addition, the accumulation of macro-
phage-derived foam cells in atherosclerotic plaques is signifi cantly reduced in IL-33-
treated ApoE −/−  mice (McLaren et al.  2010 ). Conversely, administration of decoy 
IL-33R, sST2, results in much larger atherosclerotic plaques than in control mice. 
Interestingly, anti-IL-5 monoclonal antibody treatment prevents the protective effect 
of IL-33 and reduces the induction of ox-LDL antibodies. One study has shown that 
IL-5 induces ox-LDL antibodies (Binder et al.  2004 ). Thus, these results suggest that 
IL-33 plays a protective role in the development of atherosclerosis by inducing IL-5-
stimulated protective ox-LDL antibodies and by reducing foam cell formation.   

11.4.2.2     Central Nervous System Diseases 

 Recently, there has been increasing focus on the production and function of IL-33 
in the central nervous system (CNS). Schmitz et al. initially reported that IL-33 
mRNA levels are extremely high in the brain and spinal cord (Schmitz et al.  2005 ). 
Recent studies have shown that mouse astrocytes, the nonhematopoietic epithelial 
cell-like cells in the CNS, express IL-33 mRNA and protein, which increase in 
response to pathogen-associated molecular patterns (PAMPs) (Hudson et al.  2008 ; 
Yasuoka et al.  2011 ). These results indicate that IL-33 may have CNS-specifi c func-
tions in addition to its role in immune regulation. Indeed, several studies have 
examined IL-33-associated neurodegenerative diseases, such as Alzheimer’s dis-
ease and multiple sclerosis. 

   Alzheimer’s Disease 

 Alzheimer’s disease is a neurodegenerative disease typically found in people over 
the age of 65 years. In 2010, 36 million people worldwide were suffering from 
Alzheimer’s disease and other forms of dementia (World Alzheimer Report 2010; 
  www.alz.co.uk/research/world-report    ). The defi nitive cause of Alzheimer’s disease 
is unknown, although genetic susceptibility at multiple genes affects the risk of the 
disease. The ε4 allele of the apolipoprotein E (APOE) gene is the strongest genetic 
risk factor for the common late-onset forms of Alzheimer’s disease (Corder et al. 
 1993 ). However, patients without APOE-ε4 allele also develop Alzheimer’s dis-
ease, which suggests that additional risk genes for the disease remain to be identi-
fi ed. IL-33 is located on chromosome 9p24, a chromosomal region of interest in 
Alzheimer’s disease that has been defi ned in genome-wide studies (Li et al.  2008 ). 
A recent report has revealed a gene polymorphism that is associated with reduced 
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risk of Alzheimer’s disease within the  IL-33  gene region in addition to decreased 
IL-33 expression in the brains of patients with non-ε4 Alzheimer’s disease com-
pared with controls in Caucasian populations (Chapuis et al.  2009 ). 

 One of the causes of Alzheimer’s disease is considered to be neuronal cell death 
induced by the deposition of beta-amyloid (Aβ40) in the brain (Hardy and Selkoe 
 2002 ). It is notable that the protective genetic variants in the  IL-33  gene are associ-
ated with a lesser degree of cerebral amyloid angiopathy, which contains mainly 
Aβ40 (Chapuis et al.  2009 ). Furthermore, overexpression of IL-33 in a neuroblas-
toma cell line transfected with amyloid precursor protein gene led to a signifi cant 
decrease in the secretion of Aβ40 peptides. In contrast, exogenous IL-33 failed to 
modify the level of Aβ40 secretion, although this cell line expresses ST2. These 
results indicate that IL-33 functions as an intracellular nuclear factor with a tran-
scriptional regulator. Thus, in the pathogenesis of Alzheimer’s disease, it can be 
speculated that reduced IL-33 expression in the brain induces increased Aβ40, lead-
ing to neuronal cell death. The precise mechanism of reduced IL-33 expression and 
transcriptional activity by IL-33 in the brain remain unclear. Nonetheless, expecta-
tions are high that IL-33 could modulate Aβ40 formation as a new, revolutionary, 
next-generation treatment of Alzheimer’s disease.  

   Multiple Sclerosis 

 Multiple sclerosis (MS) is an autoimmune disease of the CNS. MS involves autore-
active T cells that recognize myelin as epitopes, and this leads to demyelination in 
the brain and spinal cord tissue. IL-33 levels are increased in the peripheral and 
central nervous system of patients with active relapsing remitting MS. Treatment 
with IFN-β, a commonly used therapy for relapsing remitting MS, signifi cantly sup-
presses IL-33 levels in MS patients. Furthermore, compared with normal subjects, 
IL-33 expression is increased in the astrocyte nuclei of both normal-appearing white 
matter and plaque tissue from the MS brain (Christophi et al.  2012 ). These results 
suggest the contribution of IL-33 to the pathogenesis of MS. However, the require-
ments for IL-33 release and the exact role of increased IL-33 in MS remain unclear. 
Recently, there has been increasing evidence that viruses contribute to MS patho-
genesis by acting as these environmental triggers. IL-33 can be increased and sub-
sequently released from astrocytes by neurotropic virus infection (Hudson et al. 
 2008 ). Thus, one possibility is that virus-induced alarmin IL-33 release in the CNS 
may be linked to the augmented IL-33 levels in MS. 

 In MS, the functional roles of IL-33 in the CNS have recently been examined by 
experimental autoimmune encephalomyelitis (EAE) with a mouse model of MS. 
Autoreactive Th17 and Th1 cells as well as M1 macrophages are associated with 
pathological CNS infl ammation in EAE. In contrast, Th2 cytokines, IL-27, 
CD4 + Foxp3 +  T regulatory (Treg) cells (Pierson et al.  2012 ), and M2 macrophages 
(Tierney et al.  2009 ) are protective against EAE. Regarding the contribution of 
IL-33/ST2 in EAE, It has been reported that ST2 −/−  mice develop more severe EAE 
than wild-type (WT) mice (Jiang et al.  2012 ). Furthermore, IL-33 treatment after 
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onset signifi cantly attenuates EAE in WT mice, but not in ST2 −/−  mice; it does so by 
switching from pathogenic Th17- and Th1-type immunity to protective Th2-type 
immunity and by inducing CD4 + Foxp3 +  Treg cells and M2 macrophages. In normal 
mice, according to this report, IL-33 and ST2 are respectively expressed as follows: 
in both astrocytes and neurons, and in neurons in spinal cord tissues. In mice with 
EAE, the expression of ST2 is markedly increased, whereas the level of IL-33 
change is not clear (Jiang et al.  2012 ). Another report shows that compared with 
control mice, most astrocytes express IL-33 signifi cantly in EAE (Yasuoka et al. 
 2011 ); this is similar to the situation in human MS, as described earlier (Christophi 
et al.  2012 ). Nevertheless, these results taken together suggest that the IL-33/ST2 
pathway may contribute to the pathogenesis of MS and that increased expression of 
alarmin IL-33 in the CNS can attenuate the development of MS by inducing protec-
tive immunity for MS.   

11.4.2.3       Infectious Diseases 

   Sepsis 

 Sepsis is a potentially lethal medical condition; it is characterized by a whole-body 
infl ammatory state that is triggered by a bacterial infection. Successful clearance of 
bacterial infection depends on effi cient neutrophil migration to the infectious site. 
The chemokine receptor CXCR2 plays a central role in the recruitment of neutro-
phils (Olson and Ley  2002 ). In sepsis, pathogenic microorganism-derived sub-
stances induce the expression of G-protein-coupled receptor kinase 2 (GRK2) in 
neutrophils through TLRs (Alves-Filho et al.  2009 ). This GRK2 suppresses the 
expression of CXCR2 and the migratory capacity for chemokine (CXCL2) of neu-
trophils, which results in impaired neutrophil migration to the infection site for 
bacterial clearance and serious infections (Arraes et al.  2006 ). It has been reported 
that IL-33 restores the function of neutrophils (CXCR2 expression and migratory 
capacity for CXCL2) by preventing the induction of GRK2 (Alves-Filho et al. 
 2010 ). IL-33 can reduce mortality in mice with experimental sepsis from cecal liga-
tion and puncture by blocking GRK2 expression and reversely maintaining the 
expression of CXCR2, which allows neutrophils to migrate to the site of infection 
for bacterial clearance (Alves-Filho et al.  2010 ) (Fig.  11.4a ).

   In clinical experiments, the sera of patients with sepsis show signifi cantly 
increased IL-33 and sST2 levels, whereas healthy controls display no or hardly 
detectable IL-33 and sST2. Importantly, patients who do not recover from sepsis 
have signifi cantly higher serum sST2 levels than do survivors (Alves-Filho et al. 
 2010 ). Because sST2 is a decoy receptor of IL-33, this result means that the func-
tion of IL-33 is suppressed in lethal septic patients. Indeed, neutrophils from lethal 
septic patients have signifi cantly lower CXCR2 expression and chemotaxis than 
those from survivors. As described in the posttranslational processing of IL-33 
(Sect.  11.2.3 ), the neutrophil serine proteases elastase and cathepsin G, signifi cantly 
enhance the biological activity of IL-33 by extracellular processing in a mouse 
model of sepsis (Lefrancais et al.  2012 ). Thus, activated alarmin IL-33 by 
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neutrophils restores the function of neutrophils themselves by preventing the 
 induction of GRK2 as a host defense against sepsis. These results reveal the new 
function of IL-33 and may provide a therapeutic benefi t of IL-33 in sepsis.  

   Infections 

   Parasite Infection 

 Protective immunity to helminth parasite infection is critically dependent upon Th2 
cytokines orchestrating goblet cell hyperplasia, mucous production, eosinophilia, 

  Fig. 11.4    Protective role of IL-33 in infectious diseases.  (a)  In sepsis, pathogen products such as 
lipopolysaccharide (LPS) induce the expression of GRK2 in neutrophils through TLRs; this sup-
presses the expression of CXCR2 and the migratory capacity for CXCL2 of neutrophils, and it 
results in impaired neutrophil recruitment to the site of infection for bacterial clearance and in 
serious infections. IL-33 can restore the function of neutrophils by preventing the induction of 
GRK2, which allows neutrophils to migrate to the site of infection for bacterial clearance.  (b)  In 
mice infected with a helminth parasite, rapid IL-33 production by alveolar epithelial type II (ATII) 
cells stimulates ILC2s in the lung to produce IL-5 and IL-13, which results in severe lung eosino-
philia and worm expulsion. In mice infected with infl uenza virus, virus-induced IL-33 from the 
lung increases a number of ILC2s and stimulates ILC2s to produce amphiregulin in the lung, 
which accelerates tissue recovery from infl uenza virus-induced pulmonary damage.  (c)  There are 
two steps for generating protective antiviral CD8 +  T lymphocytes (CTLs). First, viruses (PAMPs) 
act on dendritic cells via pattern recognition receptors (PRR) and thereby are crucial for effi cient 
priming of CTLs. Second, IL-33, an alarmin from virus-infected, damaged cells, has complemen-
tary and nonredundant functions, and it acts by generating potent CTL responses       
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and IgE production. However, before adaptive Th2 responses can be established, 
helminth expulsion is ongoing or completed, which suggests protective innate 
immune responses to helminths. Recently, ILC2s have been revealed to be impor-
tant for innate protective immunity to the gastrointestinal nematode  Nippostrongylus 
brasiliensis  (Moro et al.  2010 ; Nile et al.  2010 ). ILC2s represent an early source of 
IL-13 during  N. brasiliensis  infection, and their lack of activation results in severely 
impaired worm clearance (Nile et al.  2010 ). As mentioned in Sect.  11.4.1.1 , in mice 
infected with  Strongyloides venezuelensis , early IL-33 production by ATII cells pro-
liferates and stimulates ILC2s in the lung to produce IL-5 and IL-13, resulting in 
severe lung eosinophilia and worm expulsion (Yasuda et al.  2012 ) (Fig.  11.4b ). 
Intranasal administration of chitin (a polysaccharide found on the surface of hel-
minths) induces similar pulmonary changes (IL-33 production and eosinophilia) 
(Yasuda et al.  2012 ); this suggests that  S. venezuelensis  infection provokes these 
alterations principally through the action of chitin. However, the precise mechanism 
whereby IL-33 is released from ATII cells by the nematode remains unclear. One 
report has shown that IL-33 release is dependent on prior production of trefoil factor 
2 (TFF2), an epithelial cell-derived repair molecule, during migration through the 
lung by  N. brasiliensis  larvae and that TFF2 −/−  mice accordingly show impaired Th2 
responses and worm expulsion (Wills-Karp et al.  2012 ). Both ATII cells and TFF2 
contribute to wound healing (Taupin and Podolsky  2003 ). Thus, alarmin IL-33 
released from damaged epithelial cells by nematodes plays a host defense role via 
ILC2s driven by IL-5 and IL-13 production.  

   Virus Infection 

 In 2012, two previously unrecognized, very important protective functions of IL-33 
against viral infection were revealed (Fig.  11.4b, c ). One was IL-33- and ILC2s- 
mediated lung tissue repair after infection with infl uenza virus. As the name indi-
cates, pandemic 2009 H1N1 caused a global pandemic virus in 2009: according to 
the World Health Organization, the deaths of more than 15,000 people were 
reported. Many infl uenza-related deaths were not a direct result of the invading 
virus but were linked to the body’s failure to effi ciently repair lung tissue damaged 
by the virus (Bramley et al.  2012 ). However, the molecular mechanisms involved in 
the wound healing and lung damage caused by the infl uenza virus have remained 
elusive. Monticelli et al. revealed that both ILC2s and IL-33 play an important role 
in “wound healing” of the lungs caused by infl uenza virus type A (H1N1) (Monticelli 
et al.  2011 ). They demonstrated that infl uenza virus-induced alarmin IL-33 from the 
lung increases a number of ILC2s in the lung; they also showed that IL-33-stimulated 
ILC2s produce amphiregulin, a ligand to the epidermal growth factor receptor 
involved in tissue remodeling and repair (Enomoto et al.  2009 ) (Fig.  11.4b ). 
Depletion of ILC2s or blocking IL-33/ST2 signaling impairs lung function and tis-
sue repair in mice infected with infl uenza virus. In addition, infusion of ILC2s or 
amphiregulin to the lungs of infected mice normalizes lung function, which sug-
gests that the activation of ILC2s by IL-33 is essential to tissue repair at the lung 
surface. Indeed, stimulation of lung ILC2s with IL-2 and IL-7 in combination with 
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IL-33 results in tenfold-greater production of amphiregulin than in cultures 
 stimulated with IL-2 and IL-7 alone. Monticelli et al. also revealed similar ILC2s in 
healthy human lung tissue. These fi ndings raise the possibility that ILC2s may also 
coordinate lung tissue repair in humans and that targeting activation of ILC2s by 
alarmin IL-33 to increase amphiregulin production may accelerate tissue recovery 
in patients suffering from infl uenza virus-induced pulmonary damage. 

 The other previously unrecognized function of IL-33 is that it is required to gen-
erate protective cytotoxic CD8 +  T lymphocyte (CTL) responses to RNA or DNA 
viruses. In microorganisms, PAMPs are molecules that trigger the adaptive immune 
responses to infection. However, it remains unclear whether alarmins also help 
enhance antiviral defense. Bonilla et al. reported that both IL-33 −/−  and ST2 −/−  mice 
have a signifi cantly impaired ability to induce CTLs during infection with various 
wild-type RNA or DNA viruses, but that these mice had similar levels of CTL 
induction to wild-type mice in response to replication-defi cient virus strains (Bonilla 
et al.  2012 ). These authors proposed that viral replication is required for IL-33 pro-
duction by damaged cells. Indeed, co-injection of IL-33 signifi cantly increases CTL 
induction in mice vaccinated with attenuated-virus vectors or virus-like particles. In 
addition, radioresistant, nonhematopoietic cells in the spleen are identifi ed as the 
main source of IL-33 during virus infections. It has been concluded that there are 
two steps for generating protective antiviral CTLs. First, PAMPs act primarily on 
dendritic cells via pattern recognition receptors and thereby are crucial for effi cient 
priming of CTLs. Second, IL-33, an alarmin from virus-infected damaged cells, has 
complementary and nonredundant functions and acts to generate potent CTLs 
responses (Fig.  11.4c ). These results reveal an important protective role of alarmin 
IL-33 in virus infection and establish a critical foundation for the development of 
effective vaccines against infectious diseases and cancer.      

11.5     Concluding Remarks 

 IL-33 is constitutively expressed mainly in epithelial and endothelial cells of bar-
rier tissues, and it is released by infl ammation or tissue damage to act as an alar-
min; it rapidly activates the cells that express the receptor ST2. Because ST2 is 
expressed on various types of cells, IL-33 has a wide range of biological activities. 
As initial studies demonstrated, the IL-33/ST2 pathway plays an essential role in 
regulating type 2 immune responses; thus, IL-33 is an attractive therapeutic target 
for allergic diseases. Furthermore, IL-33 is also upregulated in patients with RA 
and IBD, which suggests the possibility of using IL-33 as a therapeutic target or 
biomarker in disease diagnosis. However, it is necessary to keep in mind the 
adverse effect of IL-33 blocking. It is now becoming clear that IL-33 exerts a pro-
tective effect on cardiovascular and neurodegenerative diseases as well as in infec-
tious diseases. Exogenous administration or endogenous upregulation of IL-33 
may offer new therapeutic possibilities with the diseases for which this molecule 
can offer some protection. 

11 Interleukin-33: A Multifunctional Alarmin that Promotes Both Health and Disease



292

 To accomplish therapeutic application of IL-33, a number of issues need to be 
addressed. First, the exact manner of IL-33 release in vivo has to be clarifi ed. As yet, 
there is far from a full understanding of the pathways for IL-33 release, especially in 
pathological conditions in vivo. Studies suggest that IL-33 is not released by a single 
mechanism, so it is conceivable that specifi c suppression of IL-33 release operates 
under certain disease conditions. Second, the role of IL-33 processing in vivo 
requires elucidation. Although full-length IL-33 is recognized as biologically active, 
that bioactivity can be modifi ed by posttranslational processing through several pro-
teases. However, there is a total lack of understanding of the role of IL-33- processing 
events in human diseases. Furthermore, it is important point to note that most exper-
iments for IL-33 were conducted using 18-kDa truncated IL-33. Full- length and 
truncated IL-33 have similar activities in vitro and in vivo, but studies have reported 
their specifi c bioactivities. It is necessary to exercise caution in interpreting the data 
obtained from past examinations. Third, the role of IL-33 as a nuclear factor demands 
investigation. We have mainly discussed here the cytokine activity of IL-33, 
although the molecule could play another role in the cell nucleus. Little is known 
about the role of IL-33 as a nuclear factor. The heterogeneity between the pheno-
types of IL-33 −/−  and ST2 −/−  mice may be partly attributable to a role of IL-33 other 
than as a cytokine. Fourth, there is a lack of understanding of the mechanisms of 
IL-33 in regulating human diseases. The exact role of IL-33 in regulating type 2 
immune responses is becoming clear. Studies have revealed that IL-33 is more 
widely involved in human diseases other than Th2-related diseases. However, the 
exact mechanisms whereby IL-33 regulates such diseases are largely unexplained. 

 The complex involvement and double-edged role of alarmin IL-33 in human 
health and disease present challenges to the development of IL-33-targeting thera-
pies. Nevertheless, IL-33 is still an attractive therapeutic target: by neutralizing it in 
the case of allergic or infl ammatory diseases, or by administrating it in the case of 
cardiovascular or neurodegenerative diseases. The resolution of unanswered ques-
tions may offer opportunities for clinical interventions.     
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    Abstract     Originally shown to promote the growth and activation of B cells, thymic 
stromal lymphopoietin (TSLP) is now known to have wide-ranging impacts on both 
hematopoietic and nonhematopoietic cell lineages, including dendritic cells (DCs), 
basophils, eosinophils, mast cells, CD4 + , CD8 + , and natural killer (NK) T cells, B 
cells, and epithelial cells. Although the role of TSLP in the promotion of TH2 
responses has been extensively studied in the context of lung- and skin-specifi c 
allergic disorders, it is becoming increasingly clear that TSLP may impact multiple 
disease states within multiple organ systems, including the blockade of TH1/TH17 
responses and the promotion of cancer and autoimmunity. This review will highlight 
recent advances in the understanding of TSLP signal transduction, as well as the 
role of TSLP in allergy, autoimmunity, and cancer. Importantly, these insights into 
TSLP’s multifaceted roles could potentially allow for novel therapeutic manipulations 
of these disorders.  

  Keywords     Allergy   •   Atopy   •   Cancer   •   Cytokines   •   TSLP  
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  Abbreviations 

   AD    Atopic dermatitis   
  AR    Allergic rhinitis   
  BAL    Bronchoalveolar lavage   
  COPD    Chronic obstructive pulmonary disease   
  DC    Dendritic cell   
  FITC    Fluorescein isothiocyante   
  JAK    Janus kinase   
  LC    Langerhans cell   
  Nod2    Nucleotide-binding oligomerization domain-containing protein 2   
  SPINK5    Serine protease inhibitior Kazal-type 5   
  STAT    Signal transducers and activators of transcription   
  TSLP    Thymic stromal lymphopoietin   

12.1           Introduction 

 Thymic stromal lymphopoietin (TSLP) is a member of the interleukin (IL)-2 cyto-
kine family and a distant paralogue of IL-7 (Leonard  2002 ). Murine TSLP was 
discovered in thymic stromal cell line supernatants that supported B-cell develop-
ment (Friend et al.  1994 ). Similar to IL-7, TSLP can stimulate thymocytes and 
promote B-cell lymphopoiesis. Accordingly, TSLP was initially studied as a B-cell 
growth factor (Levin et al.  1999 ). A human homologue was subsequently identifi ed, 
and further characterization of the cytokine revealed a four-helix bundle structure 
containing six conserved cysteine residues and multiple potential sites for N-linked 
carbohydrate addition. As discussed later, in spite of only 43 % amino acid identity, 
human and murine TSLP share a signifi cant degree of functional homology (Reche 
et al.  2001 ; Sims et al.  2000 ). During allergic infl ammation, the primary producers 
of TSLP are epithelial cells, keratinocytes, and stromal cells, although recent data 
have demonstrated that both dendritic cells (DCs) and mast cells are capable of 
TSLP production (Soumelis et al.  2002 ; Watanabe et al.  2004 ; Ying et al.  2005 ; 
Kashyap et al.  2011 ; Moon et al.  2011 ). 

 Several groups identifi ed a receptor capable of binding TSLP with low affi nity 
(TSLPR subunit), which shares 24 % identity to the common γ-receptor chain (γ c ) 
(Pandey et al.  2000 ; Park et al.  2000 ). Upon further analyses, the functional receptor 
(TSLPR) was shown to include both the TSLPR subunit and the IL-7Rα chain in 
humans and mice (Quentmeier et al.  2001 ; Park et al.  2000 ). The functional TSLPR is 
expressed by a variety of hematopoietic cell populations, such as T cells, B cells, NK 
cells, monocytes, basophils, eosinophils, and DCs, as well as some nonhematopoietic 
cell lineages such as epithelial cells (Ziegler  2010 ; Reardon et al.  2011 ). Although 
classifi ed as a hematopoietin receptor on the basis of structural homology, the 
TSLPR subunit contains notable differences from canonical hematopoietin receptors. 
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The TSLPR subunit contains the conserved box1 sequence, which regulates Janus 
protein tyrosine kinase (JAK) binding in other cytokine receptors, but lacks the con-
served box2, and contains only one tyrosine (Y) residue four amino acids from its 
carboxy terminus (Park et al.  2000 ). Additionally, it contains a modifi ed WSXWS 
motif and multiple potential N-linked glycosylation sites (Tonozuka et al.  2001 ).  

12.2     TSLP Signaling 

 As a member of the hematopoietin receptor family, it was originally hypothesized 
that the TSLPR would utilize JAKs to activate STAT proteins downstream of the 
TSLPR. Indeed, TSLP stimulation of multiple cell lines leads to STAT5 phosphory-
lation. However, initial experiments in these cell lines showed that TSLPR signal-
ing occurred in the absence of JAK activation, and dominant-negative forms of 
JAK-1 and -2 did not affect TSLP-mediated STAT5 activation (Isaksen et al.  1999 ; 
Levin et al.  1999 ). Several alternatives were implicated in TSLPR signaling, such 
as Src kinases and phosphinositol 3 kinase (Isaksen et al.  2002 ). However, two 
recent papers have demonstrated robust and sustained activation of JAK-1 and -2 
following TSLP signaling in primary human dendritic cells and primary human and 
mouse CD4 +  T cells (Arima et al.  2010 ; Rochman et al.  2010 ). Surprisingly, in 
contrast to IL-7Rα and -γ c  in IL-7 signaling, which utilize JAK-1 and -3, the TSLPR 
subunit bound and utilized JAK-2 in concert with IL-7Rα-associated JAK-1. These 
latest fi ndings resolve a long-standing question about the mode of TSLP signaling 
and show that TSLP-induced JAK activation precedes the activation of STAT pro-
teins. In human peripheral blood-derived CD11c+ DCs, TSLP stimulation activated 
STAT 1, 3, 4, 5, and 6, as well as JAKs 1 and 2 (Arima et al.  2010 ). Similar results 
have been seen using mouse DCs, with the exception that no phosphorylation of 
Stat6 was seen (   Bell et al.  2013 ). These data suggest that TSLP is capable of acti-
vating multiple STAT proteins. Whether TSLP utilizes similar signaling pathways 
in other cell lineages and how each STAT molecule contributes has yet to be 
elucidated.  

12.3     TSLP-Responsive Cells 

 A plethora of cell types have been shown to be capable of responding to TSLP in 
vivo and in vitro: these include DCs, CD4 and CD8 T cells, B cells, mast cells, 
basophils, eosinophils, and natural killer T (NKT) cells. This long list of responding 
cell types suggests the important role of this cytokine in orchestrating the initial 
response to an epithelial insult. Although the normal function of TSLP is likely the 
maintenance of Th2-type homeostasis at barrier surfaces (Ziegler and Artis  2010 ), 
as is discussed here, dysregulated TSLP expression can result in the development of 
type 2 infl ammatory responses, leading to allergic disease. 
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12.3.1     Dendritic Cells 

 It has now become apparent that a major TSLP-responsive cellular subset in both 
humans and mice are myeloid-derived dendritic cells (mDCs) (Reche et al.  2001 ; 
Zhou et al.  2005 ). Co-culture of TSLP-activated DCs with naïve syngeneic CD4 +  T 
cells led to T-cell proliferation but no differentiation, suggesting a role for TSLP in 
CD4 +  T-cell homeostasis (Watanabe et al.  2004 ). However, when TSLP-stimulated 
DCs primed CD4 +  T cells in an antigen-specifi c manner (e.g., in an allogeneic cul-
ture), the resulting T cells display characteristic features of Th2 differentiated cells 
[production of IL-4, IL-5, IL-13, and tumor necrosis factor (TNF)-α], with the 
exception that IL-10 production was not evident (Soumelis et al.  2002 ). These data 
suggest that TSLP-activated DCs primed for infl ammatory Th2 cell differentiation. 
Interestingly, TSLP, in the absence of IL-12, induced OX40L expression on DCs, 
and OX40–OX40L interactions were critical for the ability of the DCs to drive Th2 
cell differentiation (Ito et al.  2005 ). Consistent with a role in regulating Th2 cyto-
kine responses, TSLP-activated DCs were also capable of supporting the mainte-
nance and further polarization of CRTH2 +  Th2 effector memory cells (Wang et al. 
 2006 ). In contrast, autologous TSLP-activated DCs supported the expansion and 
functions of CRTH2 +  CD4 +  TH2 memory cells (Wang et al.  2006 ), but led to T-cell 
proliferation and elaboration of high levels of IL-2, but not IL-4, IL-5, or IL-13, 
when co-cultured with naïve T cells (Watanabe et al.  2004 ). 

 TSLP-conditioned DCs also augmented intestinal epithelial cell-mediated IgA2 
class switching through the induction of APRIL (He et al.  2007 ). Finally, some in 
vitro studies have suggested a role for TSLP in the generation of tolerogenic DCs 
that can drive the differentiation of regulatory T cells (Tregs) (Watanabe et al.  2005 ; 
Besin et al.  2008 ;    Iliev et al.  2009a ,  b ), although other studies have indicated that 
TSLP may hinder the production and/or maintenance of FOXP3+ Tregs in vivo in 
certain disease processes (Lei et al.  2011 ; Duan et al.  2010 ).  

12.3.2     T Lymphocytes 

 Early work from the Leonard laboratory showed that TSLPR-defi cient mice had 
normal lymphocyte numbers, but that γ c /TSLPR double-defi cient mice had a more 
pronounced defect than γ c -defi cient mice alone (Al Shami et al.  2004 ). These inves-
tigators also showed that TSLP could drive the expansion of T and B cells when 
injected into γ c -defi cient mice, showing that TSLP can effect lymphoid homeosta-
sis. Subsequent studies showed that TSLP can also act directly on CD4+ T cells, 
and in the presence of TCR stimulation, promoted proliferation and TH2 differen-
tiation of naïve CD4 +  T cells through induction of IL-4 gene transcription (Omori 
and Ziegler  2007 ; Rochman et al.  2007 ). IL-4 further upregulated TSLPR on CD4 +  
T cells, resulting in a positive feedback loop. Although IL-4 maintained TSLPR 
expression on both in vitro differentiated TH2 and TH17 cells, higher TSLPR levels 
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were present on TH2 than on TH1 and TH17 cells, which correlated with the ability 
of TSLP to drive the proliferation and survival of activated TH2 cells (Kitajima 
et al.  2011 ). Naïve mouse CD8 +  T cells also express TSLPR, although TSLPR 
expression is low to absent on naïve human CD8 +  T cells; however, following acti-
vation, TSLPR expression is upregulated on both mouse and human CD8 +  T cells 
(Rochman and Leonard  2008 ; Akamatsu et al.  2008 ). In both CD4 +  and CD8 +  T 
cells, TSLP stimulation upregulated the survival protein Bcl-2 in a STAT5-dependent 
manner (Rochman and Leonard  2008 ; Rochman et al.  2010 ; Kitajima et al.  2011 ).  

12.3.3     B Lymphocytes 

 The initial studies describing TSLP demonstrated that TSLP can support B-cell 
lymphopoiesis (Friend et al.  1994 ; Levin et al.  1999 ). In in vitro studies, pro-B cells 
derived from fetal liver, but not bone marrow, responded to TSLP, although pre-B 
cells from both origins could proliferate in response to TSLP (Vosshenrich et al. 
 2003 ). The role of TSLP in normal B-cell development or during infl ammatory 
responses remains undefi ned. However, it is clear that aberrant TSLP signaling can 
have a signifi cant impact on B cells, as has been demonstrated by the association of 
TSLPR mutations with a subtype of B-cell leukemia (Chapiro et al.  2010 ; Roll and 
Reuther  2010 ; Tasian and Loh  2011 ). In addition, elevated systemic TSLP has been 
shown to lead to aberrant B-cell development and function, with both direct effects 
on early B-cell development and indirect effects leading to autoimmune hemolytic 
anemia (Astrakhan et al.  2007 ; Iseki et al.  2012 ).  

12.3.4     Innate Immune Cells 

 Multiple innate immune cells express the TSLPR and respond to TSLP. For exam-
ple, TSLP can enhance cytokine production from mast cells, NKT cells, and eosino-
phils (Nagata et al.  2007 ; Allakhverdi et al.  2007 ; Wong et al.  2009 ). In addition, 
TSLP has very recently been shown to induce eosinophil extracellular traps (EETs), 
extrusions of mitochondrial DNA toxic granule molecules released in response to 
infection (Morshed et al.  2012 ). Finally, TSLP has also been shown to be important 
for the development and function of a subset of basophils (Siracusa et al.  2011 ). 
This subset is IL-3 independent and is recruited to sites of type 2 infl ammation 
where is it speculated that they play a role in promoting Th2-type responses 
(Siracusa et al.  2011 ,  2012 ; Sokol et al.  2009 ). Thus, TSLP not only can directly 
promote type 2 responses through CD4 T-cell differentiation, it can also infl uence 
responses through the recruitment and activation of innate immune cells capable of 
producing cytokines involved in type 2 infl ammation.   
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12.4     TSLP-Associated Diseases 

 The variety of TSLP-responsive cell types demonstrates that TSLP can impact type 
2 infl ammation through a myriad of different pathways. In addition, numerous stud-
ies in both humans and mice now implicate TSLP in a growing number of different 
disorders beyond allergic infl ammation, including infection, cancer, and autoim-
munity. The following sections describe the disorders associated with TSLP and 
what is known about the mechanisms through which TSLP may act. 

12.4.1     Skin Disorders 

 Atopic dermatitis (AD) is a chronic infl ammatory skin disease that affects an esti-
mated 10–20 % of infants and young children in the United States (Leung et al. 
 2004 ; Boguniewicz and Leung  2011 ). Interestingly, there is suggestive evidence of 
linkage between single nucleotide polymorphisms (SNPs) in the TSLP gene and 
AD (Gao et al.  2010 ). In addition, although TSLP protein was undetectable in non- 
lesional skin in AD patients, TSLP was highly expressed in acute and chronic AD 
lesions (Soumelis et al.  2002 ). TSLP was also overexpressed in the skin of individu-
als with Netherton syndrome (NS), a severe skin disease characterized by atopic 
dermatitis-like lesions as well as other allergic manifestations that result from muta-
tions in the serine peptidase inhibitor Kazal-type 5 (SPINK5) gene, which encodes 
the serine protease inhibitor lymphoepithelial Kazal-type-related inhibitor (LEKTI) 
(Briot et al.  2009 ). 

 In mice, overexpression of TSLP specifi cally in the skin was suffi cient to induce 
a disease phenotype characterized by all the hallmark features of AD (Yoo et al. 
 2005 ). In the steady state, TSLP expression in the skin appears to be negatively 
regulated by retinoid X receptors (RXR), because keratinocyte-specifi c ablation of 
the retinoid X receptor isotypes RXRα and RXRβ resulted in upregulation of TSLP 
and development of AD-like skin infl ammation (Li et al.  2005 ). RXRs heterodimer-
ize with many nuclear receptor partners, including the vitamin D receptor and per-
oxisome proliferator-activated receptors. Administration of vitamin D or its 
analogues upregulated TSLP and resulted in the development of dermatitis (Li et al. 
 2006 ,  2009 ), suggesting that vitamin D administration may result in RXR derepres-
sion and recruitment of co-activators to promote transcription. Keratinocyte-specifi c 
deletion of Notch signaling, which causes severe epidermal differentiation defects, 
also resulted in high systemic levels of TSLP. However, TSLP expression in this 
model may be caused by responses to the resulting skin barrier defect rather than 
directly from the loss of keratinocyte-specifi c Notch signaling itself, because wild- 
type and mutant keratinocytes produced similar amounts of TSLP in in vitro cul-
tures (Demehri et al.  2008 ). In SPINK5 knockout (SPINK5 −/−) mice, which 
reproduce many of the key features of NS, the absence of LEKTI resulted in unre-
strained activity of the serine protease kallikrein 5, which directly activated 
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proteinase- activated receptor 2 (PAR-2) and induced nuclear factor κB (NF-κB)-
mediated overexpression of TSLP without contribution of the adaptive immune sys-
tem (Briot et al.  2009 ; Kouzaki et al.  2009 ). Interestingly, in SPINK5/PAR-2 double 
knockout mice, TSLP expression was greatly diminished, although infl ammation 
still occurred (Briot et al.  2010 ). Whether the cytokine milieu differs in the absence 
of TSLP remains to be determined. 

 TSLP may infl uence both the initiation and progression of allergic skin infl am-
mation, but the relative contribution to these stages and the cellular requirements 
may differ depending on the context. Langerhans cell (LC) migration and activation 
was seen in human AD lesions in situ (Soumelis et al.  2002 ). Furthermore, TSLP 
has been shown to increase the number and maturation status of migratory LCs in 
human skin explants cultures and to condition LCs to prime co-cultured naïve CD4 +  
T cells to adopt an infl ammatory TH2 phenotype (Ebner et al.  2007 ). However, 
mouse models of AD implicate additional cell types in the initiation and promotion 
of AD by TSLP. A recent study by Oh et al. ( 2011 ) implicated TSLP in mediating 
skin fi brosis downstream of IL-13, in part through the stimulation of fi brocyte col-
lagen production. In a model of allergic skin infl ammation using epicutaneous (EC) 
sensitization to ovalbumin (OVA) on tape-stripped skin, TSLP acted directly on T 
cells during the challenge phase to potentiate TH2 cytokine production (He et al. 
 2008 ). T cells and eosinophils were also required for TSLP-mediated dermal infl am-
mation induced through intradermal delivery of recombinant TSLP protein (Jessup 
et al.  2008 ). In contrast, TSLP was involved in both sensitization and challenge 
phases of FITC-mediated contact hypersensitivity, as ear swelling was minimal if 
blockade of TSLP occurred before sensitization, but was only modestly reduced 
when TSLP blockade occurred after sensitization but before challenge (Larson et al. 
 2010 ; Boehme et al.  2009 ). Although DC migration was intact in the absence of 
TSLP in EC sensitization, loss of TSLP signaling in the FITC CHS model was 
associated with reduced migration and activation of skin-derived antigen-bearing 
DCs. In addition, TSLP-responsive CD4 +  T cells were not required to induce a TH2 
response in the CHS model (R.P. Larson and S.F. Ziegler, unpublished observa-
tions). In the setting of chronic high TSLP expression, skin infl ammation also 
occurred in the absence of T cells (Yoo et al.  2005 ), possibly because of the ongoing 
stimulation of innate immune cells by TSLP. 

 TSLP has also been implicated in the phenomenon referred to as the atopic 
march, which describes the increased likelihood of individuals with AD of develop-
ing allergic rhinitis (AR) and asthma later in life (Bieber  2008 ). Several models of 
induced TSLP expression in mouse keratinocytes result in subsequent allergic air-
way infl ammation following intranasal challenge, suggesting that TSLP may be an 
important factor contributing to this progression from AD to AR and asthma (Zhang 
et al.  2009 ; Demehri et al.  2009 ; Leyva-Castillo et al.  2012 ; Jiang et al.  2012 ). 
Although many of these methods used to induce TSLP expression result in artifi -
cially high systemic levels of TSLP that are not seen in AD patients, we have found 
that intradermal administration of TSLP triggers progression from atopic dermatitis 
to asthma in the absence of systemic TSLP (Han et al.  2012 ). In this study, TSLP 
was the airway response to antigen challenge was shown to be TSLP independent. 
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These models, as well as approaches that allow for more specifi c expression or deletion 
of TSLP, will be helpful in identifying the cellular targets of TSLP and the mecha-
nisms involved in the progression from AD to AR and asthma.  

12.4.2     Respiratory Diseases 

 The initial report demonstrating high TSLP expression in AD and potentiation of 
infl ammatory TH2 responses by TSLP also suggested a potential role for TSLP in 
allergic airway disease (Soumelis et al.  2002 ). This hypothesis was supported by the 
demonstration that TSLP mRNA was present in human lung fi broblasts and bron-
chial epithelial and smooth muscle cells (Soumelis et al.  2002 ), and that aberrant 
levels of TSLP were associated with certain human respiratory disorders (Ying et al. 
 2005 ,  2008 ; Zhang et al.  2007 ; Kamekura et al.  2009 ; Semlali et al.  2010 ; Kimura 
et al.  2011 ; Shikotra et al.  2011 ; Xu et al.  2010 ). Lung epithelium and submucosa 
samples from asthmatics and chronic obstructive pulmonary disease (COPD) 
patients contained a greater number of TSLP mRNA-positive cells, and bronchoal-
veolar lavage (BAL) samples from these patients had higher concentration of TSLP 
protein compared to healthy controls (Ying et al.  2005 ,  2008 ; Semlali et al.  2010 ; 
Shikotra et al.  2011 ). Although the level of TSLP expression can be variable in 
asthmatic patients, it has been shown to correlate directly with TH2 cytokine and 
chemokine expression and inversely with lung function (Shikotra et al.  2011 ; Ying 
et al.  2008 ). Increased expression of TSLP in the nasal epithelium has also been 
found in biopsies from allergic rhinitis patients and was associated with TH2 cyto-
kine production and eosinophilic infi ltration in epithelial-associated tissue (Mou 
et al.  2009 ; Kamekura et al.  2009 ; Kimura et al.  2011 ; Xu et al.  2010 ). Genetic stud-
ies also support a critical role for TSLP in allergic airway disease. Several SNPs at 
the TSLP genomic locus found across multiple ethnic backgrounds were associated 
with increased asthma susceptibility or protection (Harada et al. 2009, 2011; 
Hunninghake et al.  2010 ; Bunyavanich et al.  2011 ; Torgerson et al.  2011 ; Shamim 
et al.  2007 ). One such SNP present in the genomic TSLP locus creates a novel AP-1 
transcription factor-binding site that could potentially lead to increased TSLP tran-
scription (Harada et al.  2009 ). 

 A role for TSLP in human asthma has been well supported by a variety of mouse 
models, such as the surfactant protein c (SPC)-TSLP mouse, in which TSLP is con-
stitutively expressed by the lung epithelium under control of the SPC promoter 
(Zhou et al.  2005 ). With increasing age, these mice developed a progressive asthma- 
like disease characterized by lung infi ltration of eosinophils and TH2 CD4 +  T cells, 
airway remodeling, and airway hyperreactivity. Disease in these mice was largely 
dependent on IL-4, IL-13, CD4 +  T cells, and antigen (Headley et al.  2009 ; Zhou 
et al.  2008 ). CD4 +  T cells and antigen were also required in an acute asthma model 
using intranasal administration of TSLP in conjunction with antigen (Seshasayee 
et al.  2007 ; Headley et al.  2009 ). In addition to driving allergic infl ammation in the 
lung following direct TSLP administration, TSLP played a crucial role in the 
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well- established ovalbumin (OVA)/alum allergic airway infl ammation model. 
In this model, TSLP protein was found in the BAL and lung after intranasal OVA 
challenge, and disease symptoms were curtailed in the absence of TSLPR or when 
TSLP activity was blocked by antibody or recombinant TSLPR protein (Zhou et al. 
 2005 ; Al Shami et al.  2005 ; Shi et al.  2008 ; Li et al.  2010 ; Zhang et al.  2011 ). In an 
OVA-driven mouse model of allergic rhinitis, blocking TSLP also inhibited disease 
development (Miyata et al.  2008 ). 

 Most data currently point to a primary role for TSLP in the sensitization/priming 
stage of allergic airway disease. TSLP produced by activated human-derived lung 
cells stimulated human DCs to prime CD4 +  TH2 cell development and mast cell 
production of TH2-associated cytokines (Soumelis et al.  2002 ; Allakhverdi et al. 
 2007 ; Bleck et al.  2010 ). Furthermore, multiple studies have shown that TSLP- 
mediated DC activation was responsible for the disease phenotype observed in 
mouse models of asthma (Zhou et al.  2005 ; Seshasayee et al.  2007 ; Shi et al.  2008 ; 
Li et al.  2010 ; Zhang et al.  2011 ). TSLP-induced DC expression of costimulatory 
molecules, in particular OX40L, and DC production of TH2 chemokines, such as 
CCL17 and CCL21, are likely the predominant mechanisms of action (Zhou et al. 
 2005 ; Seshasayee et al.  2007 ) . However, TSLP may also infl uence the challenge 
stage of allergic airway disease by supporting TH2 CD4 +  T-cell cytokine production 
(Shi et al.  2008 ; Miyata et al.  2008 ; Li et al.  2010 ; Zhang et al.  2011 ; Al Shami et al. 
 2005 ; He et al.  2008 ). As already mentioned, TSLP may also infl uence the regula-
tory T-cell compartment. Several reports have shown the ability of TSLP to promote 
the development of thymic regulatory T cells (Tregs) in vitro (Mazzucchelli et al. 
 2008 ; Hanabuchi et al.  2010 ); however, in vivo, its role is less clear. In allergic air-
way disease, TSLP inhibited IL-10-mediated Treg function and the formation of 
inducible Tregs to exogenous antigen (Nguyen et al.  2010 ). Importantly, the BAL 
fl uid from asthmatics inhibited pulmonary Treg function in a TSLP-dependent man-
ner (Nguyen et al.  2010 ). In the OVA allergen model, TSLP was shown to interfere 
with tolerance by inhibiting the generation of allergen-specifi c Tregs (Lei et al. 
 2011 ). In the same model, nucleotide-binding oligomerization domain-containing 
protein 2 (Nod2), and to a lesser extent Nod1, stimulation blocked tolerance to OVA 
intranasal challenge in a TSLP- and OX40L-dependent manner (Duan et al.  2010 ). 
In this model, loss of TSLP signaling correlated with increased antigen-specifi c 
FOXP3 +  T cells following Nod2 stimulation. 

 A variety of stimuli, such as IL-4, IL-13, TNF-α, IL-1, bacterial peptidoglycan, 
lipoteichoic acid, double-stranded RNA (dsRNA), respiratory viruses, air pollut-
ants, and allergens have been shown to induce TSLP expression by lung-derived 
parenchymal cells and immune cells (Soumelis et al.  2002 ; Allakhverdi et al.  2007 ; 
Lee and Ziegler  2007 ; Zhang et al.  2007 ; Bleck et al.  2010 ; Kouzaki et al.  2009 ; 
Smelter et al.  2010 ; Kashyap et al.  2011 ; Kato and Schleimer  2007 ). In particular, 
stimulation of Nod1 and Nod2 in nonhematopoietic cells were potent inducers of 
TH2 immunity via TSLP (Magalhaes et al.  2011 ). These stimuli likely all drive 
NF-κB-dependent expression of TSLP, as was shown to occur in human lung 
epithelial cells (Lee and Ziegler  2007 ). Furthermore, TSLP transcription was 
negatively regulated by 9- cis -retinoic acid via retinoid X receptors in lung cells 
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(Lee et al.  2008 ). Exposure to certain infectious agents or repeated environmental 
irritants may prime production of TSLP, leading to TH2-mediated human disease. 
For example, even in the absence of known lung disease, lung samples from smok-
ers contained increased TSLP levels as compared to nonsmokers (Ying et al.  2008 ). 
In addition, lung epithelial cells from asthmatics produced more TSLP in response 
to dsRNA (viral analogue) stimulation in culture (Uller et al.  2010 ; Brandelius et al. 
 2011 ), which may explain, at least in part, why patients with asthma tend to suffer 
more airway dysfunction after respiratory infections compared to healthy individu-
als (Jackson and Johnston  2010 ). This aberrant TSLP production in response to lung 
insults may thus infl uence both the susceptibility of certain individuals to develop 
allergic respiratory diseases such as asthma and the clinical complications that arise 
after environmental insults to the lungs of these individuals. 

 Collectively, these data illustrate that aberrant lung expression of TSLP is associ-
ated with human allergic airway disease and can mimic asthma-like disease in mice. 
According to genetic studies and in vitro analyses, lung samples from individuals 
with asthma or COPD produce more TSLP in response to lung insult as compared 
to samples from healthy individuals. Clinical trials targeting TSLP in these condi-
tions are currently underway. According to mouse asthma models, TSLP appears to 
infl uence the sensitization stage of allergic airway responses, but a more in depth 
examination of the infl uence of TSLP on the allergic effector response is required. 
Where and when TSLP acts during allergic airway disease will likely explain any 
trial results and dictate future therapeutic design.  

12.4.3     Intestinal Infl ammation 

 TSLP is constitutively expressed in both the mouse and human gastrointestinal 
tract, but can be further induced by a variety of cytokines, microbes, and microbial 
products (Rimoldi et al.  2005 ; Zaph et al.  2007 ; Taylor et al.  2009 ; He et al.  2007 ; 
Tanaka et al.  2010 ; Zeuthen et al.  2008 ; Humphreys et al.  2008 ). Mice carrying gene 
deletions specifi cally affecting the gut mucosa provide additional clues into the 
regulation of TSLP expression within the gut. TSLP mRNA levels were signifi -
cantly decreased in mice with intestinal epithelial-specifi c deletion of Dicer (Biton 
et al.  2011 ), an enzyme involved in microRNA biosynthesis, or IκB kinase-β (Zaph 
et al.  2007 ). Both these knockout mice showed increased susceptibility to infection 
with the mouse whipworm  Trichuris muris . TSLP expression was also decreased in 
mice carrying a missense mutation in the  Muc2  mucin gene that resulted in an epi-
thelial defect and spontaneous colitis (Eri et al.  2011 ). In in vitro analyses of TSLP 
intestinal function, human colonic or gastric epithelial-derived TSLP has been 
implicated in conditioning DCs to drive development of infl ammatory TH2 cells 
(Kido et al.  2010 ), regulatory T cells (Iliev et al.  2009a ,  b ), or T-cell-independent 
IgA(2) class switching (He et al.  2007 ). Although supernatants from both human 
and mouse intestinal epithelial cells (IECs) can condition DCs to drive Treg differ-
entiation, the requirements for TSLP may differ in humans and mice, because the 
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presence of TSLP was required in mouse but not human IEC supernatants to drive 
a tolerigenic DC phenotype (Iliev et al.  2009a ,  b ). Additional studies are just begin-
ning to defi ne whether and under what conditions TSLP may function in these 
pathways in vivo. 

 As is seen in atopic diseases of the skin and lung, aberrant expression of TSLP 
was also seen in allergic diseases of the gut. Polymorphisms in TSLP and the 
TSLPR were associated with the food allergy-related disorder eosinophilic esopha-
gitis (EoE), and this association persisted when comparing EoE patients with aller-
gic individuals without EoE (Rothenberg et al.  2010 ; Sherrill et al.  2010 ). 
Additionally, TSLP mRNA expression was higher in the esophagus of pediatric 
patients with EoE compared to controls and was decreased in homozygotes of the 
protective GG minor allele for the rs3806932 SNP. Some studies suggest, however, 
that TSLP not only plays an important role in the promotion of TH2 responses but 
is also a key player in maintaining intestinal homeostasis and modulation of TH1/
TH17 infl ammation. In contrast to the increased TSLP expression seen in EoE, 
decreased TSLP expression was seen in noninfl amed colonic tissue in Crohn’s dis-
ease (CD) and ulcerative colitis (UC), the two types of infl ammatory bowel disease 
(IBD) (Noble et al.  2008 ,  2010 ; Rimoldi et al.  2005 ; Iliev et al.  2009a ,  b ). However, 
studies of UC have indicated that in infl amed tissue, TSLP expression is upregu-
lated compared with noninfl amed tissue from either UC patients or controls (Noble 
et al.  2008 ; Tanaka et al.  2010 ). 

 Mouse models of TH2- and TH1-type infl ammation also suggest important roles 
for TSLP in TH2-mediated immunity, maintenance of homeostasis, and modulation 
of TH1/TH17 responses within the gut. TSLP was required to induce diarrheal dis-
ease in a mouse model of food allergy (Blazquez et al.  2010 ) and protective TH2 
responses to infection with  T. muris  (Zaph et al.  2007 ). However, TSLP was not 
required for oral tolerance to OVA, or for anaphylaxis and IL-4, IL-13, and IgE 
production following intragastric OVA/cholera toxin sensitization and challenge 
(Blazquez et al.  2010 ). Additionally, other helminths such as  Heligmosomoides 
polygyrus ,  Nippostrongylus brasiliensis , and  Schistosoma mansoni  still induced 
TH2 responses in TSLPR knockout mice, although in some cases, these responses 
were modifi ed or slightly attenuated (Massacand et al.  2009 ; Ramalingam et al. 
 2009 ). Thus, although TSLP may promote TH2 responses in the gut, it is not abso-
lutely required for TH2-type infl ammation. In contrast to  T. muris , both  H. polygy-
rus  and  N. brasiliensis  produce excretory/secretory (ES) products that acted on DCs 
to attenuate IL-12/23p40 production. Of note, protective TH2 responses can be 
induced in  T. muris  infections in the absence of TSLP following the blockade of 
either interferon (IFN)-γ or IL-12/23p40 (Taylor et al.  2009 ; Massacand et al.  2009 ), 
suggesting that TSLP may play a prominent role in attenuating TH1 and TH17 
responses. 

 Studies using mouse models of colitis have demonstrated important effects of 
TSLP in modulating the disease phenotype in intestinal infl ammation, although 
there have been some confl icting results. In a chemical colitis model using dextran 
sulfate sodium (DSS), Taylor et al. ( 2009 ) showed that mice lacking TSLPR devel-
oped more acute weight loss and increased colonic infl ammation that correlated 
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with higher levels of IFN-γ and IL-17A within the mesenteric lymph nodes. 
In  contrast, Reardon et al. reported comparable disease onset and severity in the 
DSS colitis model between mice that lack TSLP signaling versus controls. However, 
although wild-type mice recovered after DSS withdrawal, mice lacking either TSLP 
or its receptor demonstrated progressive disease and weight loss (Reardon et al. 
 2011 ). Reardon et al. showed that secretory leukocyte peptidase inhibitor (SLPI) 
was induced in DSS colitis in wild-type mice and that this induction was lost in 
TSLP knockout (TSLP KO) mice. Neutrophil elastase (NE) is a target of SLPI, and 
functions to degrade a number of substrates, including progranulin, a protein impor-
tant in wound healing. Consistent with a role for TSLP in the inhibition of NE, 
TSLP KO mice displayed increased NE activity after treatment with DSS, and inhi-
bition of NE reduced mortality in TSLP KO mice in this colitis model. While meth-
odological differences may account for some of the discrepancies between these 
studies, a growing body of evidence demonstrates that differences in microbiota 
among various facilities can have profound effects on the development and function 
of the intestinal as well as systemic immune system (Gill and Finlay  2011 ). Thus, 
further exploration of how the gut microbiota affects TSLP expression and function 
may be warranted. 

 These studies support a role for TSLP in the promotion of TH2 responses in the 
gastrointestinal system, but also provide important evidence that TSLP plays a key 
role in the maintenance of immune homeostasis within the gut. Not only does TSLP 
function to attenuate TH1/TH17 responses, but also acts directly on the intestinal 
epithelium to support wound healing in colitis. Whether TSLP also contributes to 
wound healing and blockade of TH1/TH17 responses at other sites remains to be 
determined.  

12.4.4     Cancer 

 A series of recent studies have implicated TSLP in the growth and metastasis of 
breast and pancreatic cancer, especially those that display an increased infi ltration 
of TH2 cells (De Monte et al.  2011 ; Olkhanud et al.  2011 ; Pedroza-Gonzalez et al. 
 2011 ). Breast and pancreatic cancer cells and cancer-associated fi broblasts have 
been shown to produce TSLP in response to tumor-derived infl ammatory cytokines 
and possibly other unidentifi ed stimuli (De Monte et al.  2011 ; Olkhanud et al.  2011 ; 
Pedroza-Gonzalez et al.  2011 ). Furthermore, treatment of DCs with supernatants 
from these cells induced theTH2-attracting chemokines CCL17 and CCL22, as well 
as upregulation of DC costimulatory molecules CD80, CD86, OX40L and TSLPR, 
in a TSLP-dependent manner. Additionally, these primed DCs were able to promote 
TH2 polarizition of CD4 +  T cells in vitro. In support of these in vitro data, activated 
DCs and CCL17 and CCL22 were detected in the tumor and draining lymph nodes, 
but not nondraining lymph nodes, of human patients (De Monte et al.  2011 ). 
Importantly, a decreased ratio of TH1/TH2 cells in human pancreatic cancer cases 
was associated with disease progression and was an independent prognostic marker 
of reduced survival (De Monte et al.  2011 ). Although breast cancer cells with intact 
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TSLP expression were able to induce tumor growth and metastasis in mice, shRNA 
knockdown of TSLP in these cells resulted in clones with minimal growth or metas-
tasis (Olkhanud et al.  2011 ). Tumor progression and metastasis of an injected breast 
cancer or melanoma cell line was also decreased in TSLPR-defi cient mice com-
pared to wild-type mice (Olkhanud et al.  2011 ). 

 Previous work has shown that TH2 cytokines promote disease progression 
through increased survival of cancer cells, M2 macrophage differentiation, and 
fi brosis (collagen degradation and synthesis) (Wynn  2004 ; Aspord et al.  2007 ; 
Mantovani et al.  2008 ; Joyce and Pollard  2009 ). TSLP may be linked to these phe-
nomena in some human cancers, possibly based on its ability to drive TH2 differen-
tiation and M2 macrophage differentiation (Ziegler  2010 ; Han and Ziegler, in 
manuscript). Alternatively, TSLP may promote tumor progression by controlling 
Treg migration. CCL22 production in human breast cancer is involved in the infl ux 
of tumor Tregs that may then alter the immunoregulatory environment (Gobert et al. 
 2009 ; Ménétrier-Caux et al.  2009 ). Further investigation is needed to identify the 
important sources and targets of TSLP within the tumor environment. 

 In addition to the association of TSLP with certain solid tumors, the TSLPR has 
been shown to be overexpressed in 5–10 % of childhood B-cell progenitor acute 
lymphoblastic leukemia (ALL) cases and approximately 60 % of acute lymphoblas-
tic leukemia cases in children with Down’s syndrome (Roll and Reuther  2010 ; 
Tasian and Loh  2011 ; Mullighan et al.  2009 ; Russell et al.  2009 ; Ensor et al.  2011 ). 
Approximately 15 % of adult and high-risk pediatric B-ALL that lack characteristic 
rearrangements demonstrated TSLPR overexpression (Yoda et al.  2010 ). In addi-
tion, some cases of activating TSLPR mutations were found (Chapiro et al.  2010 ). 
In almost all cases, TSLPR overexpression was associated with intrachromosomal 
deletion or rearrangement of the TSLPR/CRLF2 locus with the immunoglobulin 
heavy chain (IGH) locus, placing TSLPR/CRLF2 under alternate transcriptional 
control downstream of the P2YR8 promoter (Russell et al.  2009 ; Mullighan et al. 
 2009 ; Yoda et al.  2010 ). These rearrangements were highly correlated with the pres-
ence of JAK2 mutations and were associated with a poor prognosis (Roll and 
Reuther  2010 ; Mullighan et al.  2009 ; Russell et al.  2009 ; Cario et al.  2010 ; Harvey 
et al.  2010 ; Yoda et al.  2010 ; Ensor et al.  2011 ). In murine Ba/F3 cells, expression 
of TSLPR and JAK2 mutant alleles promoted growth factor- independent growth 
(Mullighan et al.  2009 ; Yoda et al.  2010 ). Mice with systemic overexpression of 
TSLP may provide a model for understanding the signaling mechanisms involved. 
In particular, loss of keratinocyte-specifi c Notch signaling resulted in high systemic 
levels of TSLP that correlated with a rapid expansion of pre-B cells in the early 
postnatal period that contributed to early mortality in these animals (Demehri et al. 
 2008 ). Interestingly, overexpression of TSLP early in the postnatal period was suf-
fi cient to drive a B-cell lymphoproliferative disorder, but administration or induc-
tion of TSLP after postnatal day 14 was not, although other studies have shown 
expansion of B-cell compartments following TSLP expression in adult mice 
(Astrakhan et al.  2007 ). 

 The association of TSLP and TSLP signaling pathways with hematological 
malignancies as well as solid tumors implicates TSLP and TSLPR in numerous 
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regulatory pathways that support cell growth and survival in cancer. In B-ALL, 
activation of signaling pathways downstream of TSLP directly promotes the growth 
and survival of malignant cells, whereas in breast and pancreatic cancer, TSLP 
likely contributes to multiple components of the tumor environment that affect 
growth and metastasis as well as immune evasion. Several reports suggest that 
TSLP/TSLPR may be useful as a prognostic marker and may present a novel target 
for therapeutic intervention in cancer.  

12.4.5     Other Autoimmune Diseases and Issues of Tolerance 

 Mouse models with constitutive or inducible overexpression of TSLP have demon-
strated that TSLP can be associated with autoimmune phenomena. TSLP overex-
pression in these mice was associated with the development of cryoglobulinemic 
glomerulonephritis caused by increased production and kidney deposition of sys-
temic polyclonal IgM and IgG via a monocyte/macrophage-dependent mechanism 
(Taneda et al.  2001 ; Astrakhan et al.  2007 ). In addition, these mice developed red 
blood cell-specifi c auto-antibodies and autoimmune hemolytic anemia in a CD4 +  
T-cell- and IL-4-dependent manner (Iseki et al.  2012 ). Whether TSLP is involved in 
human mixed cryoglobulinemia or autoimmune hemolytic anemia is unknown. 

 As discussed earlier, TSLP expression was decreased in IBD, a disorder that is 
thought to arise from inappropriate immune activation against normally harmless 
microfl ora. Additionally, loss of TSLP signaling in a mouse model of autoimmune 
gastritis resulted in more severe disease (Nishiura et al.  2012 ). Although the impact 
of TSLP on colitis in mice appears more complex (Taylor et al.  2009 ; Reardon et al. 
 2011 ), this supports a model in which loss of TLSP, which can block TH1/TH17 
responses, leads to increased infl ammation. However, data from humans and mouse 
models suggest that TSLP may actively promote infl ammation in TH1/TH17- 
associated autoimmune diseases such as rheumatoid arthritis (RA) and multiple 
sclerosis (MS). In a proteoglycan-induced arthritis mouse model of RA, TSLPR- 
defi cient mice had reduced immunopathology associated with decreased levels of 
production of IL-17, IL-1β, and IL-6, but increased IFN-γ and IL-10 (Hartgring 
et al.  2011 ). Furthermore, blocking TSLP in a collagen-induced arthritis model ame-
liorated disease, whereas administering recombinant TSLP protein exacerbated dis-
ease (Koyama et al.  2007 ; Hartgring et al.  2011 ). Increased synovial concentrations 
of TSLP, as well as TNF-α, have also been seen in synovial fl uid from RA patients 
compared to samples from patients with osteoarthritis. In in vitro studies, TSLP-
primed human myeloid DCs induced proliferation of self-reactive CD4 +  T cells 
capable of TH1 or TH2 differentiation, and TSLP priming of DCs, in conjunction 
with TLR3 ligand, supported TH17 differentiation (Watanabe et al.  2004 ; Tanaka 
et al.  2009 ; Koyama et al.  2007 ). Thus, although the role of TSLP in RA is largely 
undefi ned, these data provide intriguing evidence of its possible involvement. 

 Single nucleotide polymorphisms (SNPs) in the IL-7Rα gene locus have been 
associated with multiple sclerosis (MS) and altered Treg numbers or function 
(Gregory et al.  2007 ; Lundmark et al.  2007 ). Although TSLPR pairs with IL-7Rα 
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and TSLP can affect Treg development, neither disease has yet been directly linked 
to TSLP. However, administration of TSLP or TSLP-treated bone marrow-derived 
DCs into nonobese diabetic mice prevented the development of diabetes in these 
mice (Besin et al.  2008 ), suggesting a possible role for TSLP in disease therapy. 
Although the mechanisms involved in protection from diabetes have not been deter-
mined, protection was associated with an increased number of Tregs. 

 One fi nal link that has been made between TSLP and immune tolerance is in 
maternal–fetal tolerance during pregnancy (Li and Guo  2009 ). TSLP was produced 
and secreted by fi rst-semester trophoblasts, and tissue from normal pregnancies 
demonstrated a TH2 bias and higher levels of TSLP expression than in samples 
from miscarriages (Guo et al.  2010 ; Pu et al.  2012 ; Wu et al.  2010 ). Thus, although 
TSLP expression and a TH2 bias may lead to disease progression in cancer, TSLP 
may contribute to tolerance at the maternal–fetal interface.   

12.5     Conclusion 

 Much progress has been made in the understanding of TSLP biology and its role 
during TH2-type infl ammation. Multiple cell lineages express the functional TSLPR 
that helps drive the immune response. More recent data have illustrated that TSLP 
is also involved in numerous disorders beyond allergy alone, and may play a role in 
maintaining homeostasis in diseases such as IBD or in disease progression in cancer 
and autoimmunity. To utilize the knowledge gained about the biological effects of 
TSLP, a better understanding of cell-specifi c signaling pathways must be delin-
eated. Of utmost importance is deciphering whether TSLP invokes similar signaling 
pathways within different cells. Knowledge of the key targets and sources of TSLP 
in different disease states will also be important in furthering our comprehension of 
the pathophysiology of TSLP-associated disorders. Tools that can address these 
questions, such as approaches which use conditional deletion of the TSLPR and 
cytokine, will be important in the continued investigation of the role of TSLP during 
both atopic and nonatopic conditions.     
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    Abstract     Interleukin (IL)-10 is an immunosuppressive cytokine produced by 
many cells of the innate and adaptive immune response, including macrophages, 
dendritic cells, B cells, and T cells. A major role of IL-10 is to act as a feedback 
regulator of the immune response by inhibiting the production of infl ammatory 
cytokines by innate cells such as macrophages and dendritic cells. Thus, the produc-
tion of IL-10 in response to microbial fl ora is required to inhibit the development of 
colitis and, during infection, to inhibit an over-exuberant immune response that may 
potentially result in morbidity and mortality to the host. Thus, appropriate levels of 
IL-10 should be induced to inhibit host damage, but not to the level that they inhibit 
a protective immune response to a pathogen which could result in chronic infection. 
Regulation of the immune response by IL-10 has been shown to play a role in con-
trol of allergic, infl ammatory, and autoimmune diseases, and further knowledge may 
advance our ability to use antagonists or agonists of IL-10 for immune therapies.  

  Keywords     Anti-infl ammatory   •   Cytokine   •   Dendritic cells   •   Macrophages   •   T cells  

13.1        Introduction to Interleukin-10 and the Need 
for Immune Regulation 

 The immune system is composed of a complex network of specialized cell types. 
These cells act in a coordinated fashion to protect the host from infection with a 
range of pathogens including bacteria, viruses, parasites, and fungi. 
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 An immune response consists of the innate and adaptive phases with major overlap 
of these two responses. The immune response is initiated by the detection of 
microbes in the tissues by resident macrophages, dendritic cells (DCs), and other 
cells of the innate immune system. These cells express pattern recognition receptors 
(PRR) on their surfaces that recognize pathogens and initiate a response. 
Macrophages and DCs are phagocytic cells, and so, if activated and other microbes, 
can attempt to contain the infection by engulfi ng and destroying microbes. Within 
hours of infection, macrophages, and DCs produce pro-infl ammatory cytokines 
[e.g., tumor necrosis factor (TNF)-α, IL-1, IL-12, and IL-6] and chemokines (e.g., 
CXCL8, CCL3, and CCL4) to attract other immune cells to the region such as 
monocytes, neutrophils, natural killer (NK) cells, eosinophils, and mast cells. These 
infi ltrating cells use various effector mechanisms to attempt to eliminate the patho-
gen. This process causes infl ammation at the site of infection. 

 The innate immune response is critical for the early containment of infection. 
However, complete elimination of the pathogen and long-lasting immunity to rein-
fection requires activation of an adaptive immune response: this involves the 
recruitment and activation of lymphocytes, including CD4 +  T helper cells, CD8 +  T 
killer cells, and B cells. In an uninfected individual these cells are largely located in 
the lymphoid organs. DCs are largely responsible for initiating the adaptive response 
by taking up antigens and then migrating from the site of infection to nearby lymph 
nodes and activating specifi c naive T cells that reside there. DCs activate T cells by 
(1) presenting antigens derived from the pathogen in the context of major histocom-
patibility (MHC) molecules to the T-cell receptor (TCR), (2) producing cytokines 
that guide T-cell differentiation, and (3) providing co-stimulatory signals through 
the binding of co-stimulatory molecules upregulated on the surface of the DC to 
their receptors on the T cell. 

 Within the lymph node, activated CD4 +  T cells expand and differentiate into spe-
cifi c T helper (Th) cell subsets including Th1, Th2, and Th17 cells. Each subset is 
characterized by the production of hallmark cytokines: interferon (IFN)-γ for Th1 
(Murphy et al.  2000 ); IL-4, IL-5, and IL-13 for Th2 (Zheng and Flavell  1997 ); and 
IL-17 for Th17 (Ivanov et al.  2006 ). Each subset is important in the defence against 
specifi c types of pathogen. For example, Th1 cells are important to activate macro-
phages for the killing of intracellular pathogens, Th2 cells combat parasitic hel-
minths, and Th17 cells are major components of the immune response against 
extracellular bacterial or fungal infections. Activated CD8 +  T cells also expand 
within the lymph node. These cells have cytotoxic abilities mediated by factors 
including perforins and granzymes that enable them to kill infected cells. Activated 
CD4 +  and CD8 +  T cells then migrate back to the site of infection where they carry out 
their effector functions, the major extent of which are mediated by the action of their 
hallmark cytokines. This action often involves enhancing the recruitment and activa-
tion of innate cells by the specifi c cytokine. For example, Th1 cells produce IFN-γ, 
which promotes macrophage cytokine production and antimicrobial activity. 

 B cells can be activated by a combination of direct antigen recognition, DC help, 
and T-cell help. Activated B cells differentiate to plasma cells and produce antibodies 
or immunoglobulins (Ig). There are several isotypes of antibody including IgM, IgG, 
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IgE, IgD, and IgA. Each isotype is associated with a particular function, for example, 
the targetting of pathogens for killing by other immune cells such as macrophages 
(IgG), or providing protection against pathogens at mucosal surfaces (IgA). 

 Together, these cellular expansions and infl uxes mediate infl ammation, which 
promotes the clearance of infection. However, for the immune system to work 
safely and effectively it is essential that:

    1.    Infl ammation is regulated so that it is allowed to eliminate the pathogen, but does 
not become excessive and cause immune-mediated damage (immunopathology) 
to the host.   

   2.    The immune system is restrained from generating inappropriate responses to 
nonharmful foreign particles such as pollen or commensal bacteria that colonize 
the gut without causing disease.   

   3.    The immune system is prevented from generating inappropriate immune 
responses to the body itself (autoimmunity).     

 For these criteria to be upheld, regulatory mechanisms exist to dampen immune 
responses when necessary. One of these mechanisms is the production of the anti- 
infl ammatory cytokine interleukin-10 (IL-10). IL-10 was fi rst characterized as a 
protein that inhibited the production of cytokines from Th1 cells via an indirect 
mechanism (Fiorentino et al.  1989 ). Because of this suppressive function, IL-10 
was initially termed cytokine synthesis inhibitory factor (CSIF). After more than 20 
years of research, IL-10 is now considered one of the most important anti-infl am-
matory cytokines, with roles in numerous infections, allergies, and autoimmune 
conditions to limit the immune responses and prevent host damage (Moore et al. 
 2001 ). IL-10 is actually the founding member of the IL-10 family cytokines, which 
also include IL-19, IL-20, IL-22, IL-24, IL-26, IL-28A and –B, and IL-29. The 
functions of these cytokines range from immune defense to tissue remodeling and 
wound healing, but IL-10 is the only cytokine in this family that is currently well 
established to have direct immunosuppressive activity (Ouyang et al.  2011 ). In this 
chapter, current knowledge of the sources, regulation, and functions of IL-10 in dif-
ferent immunological settings is discussed.  

13.2     Production, Regulation, and Molecular 
Function of IL-10 

13.2.1     Cellular Sources of IL-10 

 Th2 cells were the fi rst cells described to produce IL-10 (Fiorentino et al.  1989 ). 
However, since then, in vitro and in vivo studies have collectively shown that almost 
all immune cell types have the capacity to produce IL-10 (Saraiva and O’Garra  2010 ). 

 In the innate immune system, macrophages and DCs produce IL-10 in response 
to microbial stimuli. Of note, plasmacytoid DCs (pDC), which are specialized in 
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antiviral activity, are an exception as they have not yet been shown to make IL-10 
(Boonstra et al.  2006 ; Kaiser et al.  2009 ). Mast cells, eosinophils, NK cells, and 
neutrophils are also sources of IL-10 (Saraiva and O’Garra  2010 ). 

 In the adaptive immune system, all subsets of effector CD4 +  T cells including 
Th1, Th2, and Th17 cells are able to produce IL-10 (Saraiva and O’Garra  2010 ). 
Foxp3 +  CD4 +  regulatory T cells (Tregs) comprise another T-cell subset, important in 
maintaining immunological tolerance and suppressing immune responses to infec-
tion. Tregs expressing the forkhead box protein 3 (Foxp3) transcription factor can 
also produce IL-10, which at least in part mediates their suppressive activity 
(Bacchetta et al.  2007 ; Maynard and Weaver  2008 ; Lloyd and Hawrylowicz  2009 ). 
CD8 +  T cells are also able to produce IL-10 (Tanchot et al.  1998 ; Gilliet and Liu 
 2002 ). Although B cells have mainly been studied in the context of antibody produc-
tion, they can produce IL-10 (O’Garra et al.  1990 ; O’Garra et al.  1992 ), and it is 
recently becoming appreciated that B-cell-derived IL-10 may have an important role 
in infection and autoimmune diseases (Fillatreau  2011 ; Mauri and Bosma  2012 ). 

 Thus, during the course of an immune response, IL-10 can potentially be pro-
duced by almost any cell type in the innate or adaptive phase.  

13.2.2     Induction and Molecular Regulation 
of IL-10 Production 

 Immune cells must be stimulated to produce IL-10. However, the exact stimulus 
required and how much IL-10 is produced is dependent on the cell type. Several 
points of regulation exist along the pathways that lead to IL-10 production, making 
it a highly controlled process. This control is important as inappropriate production 
of IL-10 can be detrimental to the host because of the powerful suppressive activity 
of this cytokine. 

13.2.2.1     The Regulation of IL-10 in Macrophages and DCs 

 The production of IL-10 and indeed other cytokines by macrophages and DCs is 
largely dependent on stimulation by PRRs. These receptors recognize conserved 
molecular motifs on or within pathogens. There are several families of PRR, the 
most studied of which is the Toll-like receptor (TLR) family (Akira and Takeda 
 2004 ). Activation of signalling through several TLRs has been described to induce 
IL-10 in macrophages and DCs (Saraiva and O’Garra  2010 ): these include TLR4, 
which binds lipopolysaccharide (LPS) present in the cell wall of gram-negative bac-
teria; TLR2, which binds lipoproteins present in the cell wall of gram-positive bac-
teria; and TLR9, which binds specifi c motifs present in bacterial DNA (Saraiva and 
O’Garra  2010 ). Although both macrophages and DCs express these receptors 
(although at different levels), macrophages often produce notably more IL-10 than 
DCs, highlighting the concept that distinct cell types have different capacities to 
produce IL-10 (Boonstra et al.  2006 ; Kaiser et al.  2009 ). 
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 Downstream of TLRs, several signaling pathways are activated and many of 
these are involved in the regulation of IL-10 (Fig.  13.1 ). Mitogen-activated protein- 
kinase (MAPK) pathways, which lead to the activation of signaling proteins known 
as MAP kinases, are important for the positive regulation of IL-10. In particular, 
extracellular-regulated kinase (ERK) and p38 MAP kinases have been shown to be 
critical in the production of IL-10 in murine macrophages and DCs (Yi et al.  2002 ; 
Dillon et al.  2004 ; Banerjee et al.  2006 ; Jarnicki et al.  2008 ; Kim et al.  2008 ; Kaiser 
et al.  2009 ) (Fig.  13.1 ). In fact, differential ERK activation has been linked to the 
differing level of IL-10 produced by macrophages and DCs (Kaiser et al.  2009 ). 
ERK is activated by the upstream kinase tumor progression locus 2 (TPL-2), and 
several studies have also shown the importance of TPL-2 in the regulation of IL-10 
(Banerjee et al.  2006 ; Kaiser et al.  2009 ). It has also been shown in human mono-
cytes and DCs that p38 positively regulates IL-10 (Foey et al.  1998 ; Jarnicki et al. 
 2008 ). The phosphatidylinositide 3-kinase (PI3K)/AKT pathway is also activated 
by the TLR signaling pathway and promotes IL-10 production in two ways: fi rst, by 
activating the kinase mammalian target of rapamycin (mTOR), and second, by 
inhibiting glycogen synthase kinase beta (GSK3β), a negative regulator of IL-10 
(Ohtani et al.  2008 ; Weichhart et al.  2008 ) (Fig.  13.1 ). The NF-κB pathway, which 
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  Fig. 13.1    Interleukin-10 (IL-10) is regulated by several pathways downstream of Toll-like receptor 
( TLR ) stimulation in macrophages and dendritic cells (DCs). Ligand binding of TLRs activates the 
MAP kinases ERK or p38, which positively regulate IL-10. TPL-2 is important for the upstream 
activation of ERK. The PI3K/AKT pathway activates mTOR, which promotes IL-10 production. 
The PI3K/AKT pathway additionally inhibits GSK3β, an inhibitor of IL-10. The NF-κB pathway 
also modulates IL-10 production. The combination of signals from these various pathways deter-
mines the overall level of IL-10 production. Note that several of these pathways also mediate the 
production of pro-infl ammatory cytokines       
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is well established to mediate pro-infl ammatory cytokine production downstream of 
TLRs (Kawai and Akira  2007 ), has also been implicated in the modulation of IL-10 
production (Kanters et al.  2003 ; Saraiva et al.  2005 ; Cao et al.  2006 ) (Fig.  13.1 ).

   Non-TLR family PRRs such as Dectin-1, a C-type lectin receptor that recognizes 
fungal β-glucans (Reid et al.  2009 ), can also induce IL-10 production (Rogers et al. 
 2005 ). Downstream of this receptor, the kinase spleen tyrosine kinase (Syk) and 
ERK are required to induce IL-10 production in DCs (Rogers et al.  2005 ; LeibundGut-
Landmann et al.  2007 ; Slack et al.  2007 ). Thus, in macrophages and DCs, ERK 
appears to be a master regulator of IL-10. 

 The signaling pathways just described are important to relay information from 
the extracellular environment to the nucleus, where gene expression takes place. 
Gene expression requires the activation of specifi c transcription factors. Several 
transcription factors have been linked to the expression of  Il10  downstream of TLR 
activation including c-FOS, c-Maf, signal transducers and activators of transcription 
3 (STAT3), activating transcription factor 1 (ATF1), cAMP response element- 
binding protein (CREB), specifi c protein (Sp)1, and Sp3 (Saraiva and O’Garra 
 2010 ). Importantly, the regulation of  Il10  has also been shown to be affected by the 
structure of the chromatin (the protein and DNA complexes that form chromo-
somes) at the  Il10  locus. For example, in macrophages, the activation of ERK 
induces chromatin remodeling, which exposes the  Il10  promoter to transcription 
factors (Zhang et al.  2006 ). 

 IL-10 production is further regulated by posttranscriptional mechanisms: these 
affect the stability of  Il10  mRNA and therefore the amount of  Il10  mRNA available 
to translate into IL-10 protein. Recently it has been shown that certain micro RNAs 
(small RNAs that can bind larger mRNAs) are able to directly or indirectly affect 
the stability of  Il10  mRNA. For example, the micro RNA hsa-miR-106a binds to 
 Il10  mRNA and promotes its degradation (Sharma et al.  2009 ).  Il10  mRNA is also 
a target of the mRNA-binding protein tristetraproline (TTP) which promotes  Il10  
mRNA degradation (Stoecklin et al.  2008 ). In fact, the inhibition of TTP is a mecha-
nism employed by p38 to promote IL-10 production (Tudor et al.  2009 ). 
Posttranscriptional regulation is therefore important in determining the level of 
IL-10 production. Although most studies investigating this aspect of IL-10 regula-
tion have been conducted in macrophages, these mechanisms may also operate in 
other innate and adaptive cell types. 

 In addition to the recognition of microbial products by PRRs, other cytokines 
present in the immediate cellular environment can modulate the level of IL-10 pro-
duction. For example, if macrophages are stimulated through TLR ligation in the 
presence of IFN-γ, produced by various cell types such as Th1 cells, IL-10 produc-
tion is reduced compared to macrophages receiving signals through TLR alone (Hu 
et al.  2006 ). In contrast, if macrophages are stimulated through TLR in the presence 
of type I IFN, which can be produced by the macrophage itself or other surrounding 
cells, the production of IL-10 is enhanced (Chang et al.  2007a ; Howes et al., unpub-
lished data; Ewbank et al., unpublished data). 

 Thus, several signals can be integrated to fi ne tune innate IL-10 production 
according to the challenge to the immune response encountered.  
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13.2.2.2     Pathways of IL-10 Regulation in T Helper Cells 

 Upon activation under specifi c conditions, naïve CD4 +  T cells differentiate along 
distinct molecular pathways into different T helper cell subsets (Th1, Th2, and 
Th17). Each subset expresses a unique combination of cytokines that promotes their 
specifi c effector functions. The distinct differentiation pathways are determined by 
the cytokines present in the extracellular environment, the downstream signaling of 
which is dependent upon STAT molecules (Leonard and O’Shea  1998 ). The expres-
sion of a subset determining transcription factor, or master regulator, is also required 
for commitment to a particular T-cell lineage. Th1 cell development is driven pre-
dominantly by IL-12, which signals through STAT4 together with the Th1 master 
regulator Tbet (Murphy et al.  2000 ; Szabo et al.  2000 ). Th2 cell differentiation 
requires IL-4, which signals through STAT6, and expression of the master regulator 
GATA-binding protein 3 (GATA3) (Zheng and Flavell  1997 ). Th17 cell develop-
ment is dependent on transforming growth factor (TGF)-β and IL-6, the latter of 
which signals through STAT3, and induction of the master regulator RORγt (Ivanov 
et al.  2006 ; Veldhoen et al.  2006 ) (Fig.  13.2 ). Although IL-10 was fi rst described to 
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  Fig. 13.2    Distinct and common factors mediate the regulation of IL-10 in Th1, Th2, and Th17 
cells. Upon activation, naïve CD4 +  T cells differentiate into Th1, Th2, and Th17 cells. The factors 
required for differentiation have been shown to also be required for the induction of IL-10 by each 
subset ( blue boxes ). ERK is thought to be required by all T-cell subsets to produce IL-10 ( purple 
box ).  TCR , T-cell receptor       
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be produced by mouse Th2 cells, it has recently been shown to be produced by all 
Th cell subsets and is therefore not a subset-specifi c cytokine (Saraiva and O’Garra 
 2010 ). Of note, the recently described Th9 subset that produces IL-9 as its signature 
cytokine also produces IL-10 (Veldhoen et al.  2008 ); this suggests that IL-10 pro-
duction is a general mechanism used by Th cells to keep immune responses in check 
as inappropriate or uncontrolled effector T cells have been implicated in pathologi-
cal responses such as infl ammatory and autoimmune diseases (Th1 and Th17) or 
allergy and asthma (Th2) (reviewed by O’Garra et al.  2008 ).

   However, the specifi c signaling cascades and transcription factor complexes that 
determine IL-10 production by the different Th subsets are still unclear (Saraiva and 
O’Garra  2010 ). Historically, Th2 cells are the most studied as IL-10 is co-regulated 
with their hallmark cytokines IL-4, IL-5, and IL-13. In Th2 cells, IL-4, STAT6, and 
GATA3 are critical for IL-10 production (Zhu et al.  2004 ; Shoemaker et al.  2006 ; 
Chang et al.  2007b ). The master regulator GATA3 promotes IL-10 expression in 
Th2 cells by altering the chromatin structure of the  Il10  gene; however, GATA3 
alone does not transactivate the  Il10  promoter (Shoemaker et al.  2006 ), illustrating 
the need for additional factors. An example is Jun, which has also been shown to 
regulate IL-10 in Th2 cells (Wang et al.  2005 ). Importantly, GATA3 is only expressed 
in Th2 cells, implying other mechanisms regulate IL-10 production in the different 
Th cell subsets that do not express GATA3. For example, in Th1 cells, IL-12, STAT4, 
and strong TCR signaling are essential for IL-10 production (Saraiva et al.  2009 ). 
Additionally, in Th1 cells, a role for the Notch signaling pathway in the induction of 
IL-10 has been identifi ed (Rutz et al.  2008 ), and recently it has been shown that the 
Notch ligand Jagged1 mediates CD46-driven induction of IL-10-secreting Th1 cells 
in humans (Le Friec et al.  2012 ). Conversely, Ets-1 has been described to suppress 
IL-10 production in Th1 cells (Grenningloh et al.  2005 ; Lee et al.  2012 ), adding 
further complexity to the regulation of IL-10. In Th17 cells, TGF-β, IL-6, and 
STAT3 are required for IL-10 production (Stumhofer et al.  2007 ). In addition, c-Maf 
has also been shown to promote IL-10 production  when introduced into Th cells by 
retroviral transduction (Xu et al.  2009 ). Furthermore, other cytokines other than 
those required for T-cell differentiation such as IL-21 or IL-27 can enhance IL-10 in 
the various Th subsets (Spolski et al.  2009 ; Hall et al.  2012 ). 

 Thus, in Th1, Th2, and Th17 subsets, it seems that following stimulation via the 
TCR, factors required for the differentiation of the actual subsets themselves are 
also required for the induction of IL-10 in addition to other modulatory factors. On 
the other hand, a common requirement for the MAP kinase ERK has been shown in 
all Th cell subsets for the production of IL-10 (Saraiva et al.  2009 ) (Fig.  13.2 ). 
Therefore, similar to macrophages and DCs, ERK seems to be a dominant regulator 
of IL-10 in Th cells. 

 A picture of IL-10 regulation is therefore emerging in which some factors, for 
example, ERK, may be required by all cell types to make IL-10, whereas other 
IL-10-promoting factors may be cell type specifi c and may also determine the levels 
of IL-10 produced. Further studies are required to decipher the complex IL-10 regu-
latory networks in various cell types.   

A. Howes et al.



335

13.2.3     Signaling Pathways Induced by the IL-10 Receptor 

 The IL-10 receptor is composed of IL-10R1 and IL-10R2 chains. The IL-10R1 
chain mediates receptor binding of the IL-10 molecule whereas the IL-10R2 chain 
is important for signal transduction (Moore et al.  2001 ). Some of the other IL-10 
family cytokines (IL-22, IL-26, IL-28A, IL-28B, and IL-29) also use the IL-10R2 
chain as part of their receptor, but only IL-10 additionally uses IL-10R1. Thus, 
IL-10R1 imparts specifi city for IL-10 to the receptor complex (Ouyang et al.  2011 ). 

 IL-10 predominantly signals through the JAK/STAT pathway. Specifi cally, Janus 
kinase 1 (Jak1) and tyrosine kinase 2 (Tyk2) are the tyrosine kinases that activate 
STAT3 on binding of IL-10 to its receptor (Moore et al.  2001 ) (Fig.  13.3 ). The 
expression of STAT3-dependent genes mediates the anti-infl ammatory response to 
IL-10 (Murray  2006 ), primarily by inhibiting the transcription of pro-infl ammatory 
genes (Murray  2005 ). For example, it has been shown that IL-10 signaling can pre-
vent the production of TNF by blocking the elongation of  Tnf  mRNA in human 

nucleus

cytoplasm

DNA

STAT3

STAT3

P P Gene expression  and
anti-inflammatory

response

STAT3

STAT3
P P

R1 R1

R2

S
T

A
T

3

PP

S
T

A
T

3

JAK1 JAK1

TYK2TYK2

IL-10

IL-10 
Receptor 
complex

R2

  Fig. 13.3    The IL-10 receptor activates STAT3, which induces the anti-infl ammatory response. 
When IL-10 binds to the IL-10 receptor, STAT3 molecules are recruited to the intracellular receptor 
domains. Here receptor-associated kinases phosphorylate ( P ) and activate the docked STAT3 mol-
ecules. Activated STAT3 molecules then dimerize and translocate to the nucleus where they bind 
DNA and activate the transcription of genes. These gene products mediate the anti- infl ammatory 
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macrophages (Smallie et al.  2010 ). Despite much investigation, however, the full 
identifi cation of these IL-10/STAT3-induced genes and how they function is still 
ongoing. Genome-wide studies that assess the genes regulated by STAT3 in response 
to IL-10, such as conducted recently (Hutchins et al.  2012 ), will help further our 
knowledge of the molecular mechanisms underlying the immunosuppressive activ-
ity of IL-10.

13.2.4        Cellular Targets of IL-10 and Consequences 
of IL-10 Signaling 

 The IL-10 receptor is expressed by almost all hematopoietic cells, enabling IL-10 to 
have effects on a broad range of cells. However, the immunosuppressive activity of 
IL-10 is to a large extent mediated at the level of macrophages and DCs, which 
express the highest level of the IL-10 receptor (Murray  2006 ). Macrophages and 
DCs are at the center of the immune response as they recognise the presence of 
microbes and initiate infl ammation. They are also important mediators of the activa-
tion, differentiation and effector functions of  Th cells. IL-10 is able to inhibit cyto-
kine and chemokine production from macrophages and DCs, and their ability to 
migrate to lymphoid organs and present antigen to T cells (Moore et al.  2001 ). Thus, 
IL-10 can directly suppress innate immune cells and indirectly inhibit the activation 
and effector functions of T cells. This suppression of macrophage and DC activity 
leads to a broad dampening of the immune response. A recent study has suggested 
that IL-10 can directly inhibit Th17 cell activity (Huber et al.  2011 ) or promote Treg 
cell activity (Murai et al.  2009 ; Chaudhry et al.  2011 ), however the concept of IL-10 
acting directly on T cells is less well established. 

 Although IL-10 is considered a predominantly immunosuppressive cytokine, 
IL-10 can enhance the cytotoxicity of CD8+ T cells and promote survival and anti-
body production from B cells (Moore et al.  2001 ). These roles of IL-10 may have 
effects during infection, anti-cancer immune responses, or autoimmune disorders, 
for example, Systemic Lupus Erythematosus (SLE) (O’Garra et al.  2008 ).   

13.3     Interleukin 10 and the Regulation of Immune 
Responses 

 Immune responses require regulation so that infections are adequately cleared with-
out causing immune mediated damage to the host. An excessive infl ammatory 
response can be induced by certain pathogens and result in downstream immunopa-
thology. In addition, induction of an infl ammatory response to an inappropriate anti-
gen such as self-antigen or harmless commensals can result in immunopathology. 
IL-10 has a vital role in regulating the balance between a protective immune 
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response and immunopathology (Mege et al.  2006 ) (Fig.  13.4 ). In these situations, 
IL-10 is benefi cial and dampens the immune response, preventing damage to the 
host. In contrast, an inappropriately high level of IL-10 production can be detrimen-
tal to the host, restraining the immune response, resulting in inadequate clearance of 
a pathogen, contributing to the establishment of chronic infection (Filippi and von 
Herrath  2008 ) (Fig.  13.4 ).

   How IL-10 affects the immune response in different situations is discussed as 
well as the therapeutic potential of the manipulation of IL-10 levels. 

13.3.1     Regulation of the Immune Response During Infection 

13.3.1.1     IL-10 Can Protect Against Immunopathology Resulting 
from an Excessive Response to a Pathogen 

 The role of IL-10 in regulating immune responses to infectious diseases to protect 
against immunopathology has been demonstrated in studies using IL-10-defi cient 
mice, which suffer severe immunopathology when infected with certain pathogens. 
For example, IL-10 is necessary to inhibit an excessive immune response in infec-
tion with  Plasmodium  spp.,  Toxoplasma gondii ,  Trypanosoma cruzi , and  Schistosoma 
mansonii  (Moore et al.  2001 ). Furthermore, a role for IL-10 in human disease is 
suggested through genetic associations and correlating levels of IL-10 with infec-
tion (Moore et al.  2001 ; Cyktor and Turner  2011 ). 
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  Fig. 13.4    IL-10 regulates the immune response to maintain a balance between immunopathology 
and chronic infection. Low levels of IL-10 induction in an immune response can lead to excessive 
pro-infl ammatory cytokine production. In extreme situations, this can lead to immunopathology 
( left ). In contrast, high levels of IL-10 induction can suppress the immune response such that there 
are low levels of infl ammatory cytokines; this can facilitate chronic infection, but protects the host 
from immunopathology ( right ). An adequate balance in the immune response is achieved when 
IL-10 production controls the immune response to avoid immunopathology but does not contribute 
to chronic infection ( middle )       
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 Malaria is a parasitic disease caused by infection with species of  Plasmodium . 
An IFN-γ-mediated response and antibody production are important in the immune 
response to this parasite (Langhorne et al.  2008 ). Complications of the infection 
include severe anemia and cerebral malaria, which have the potential to be fatal. 
These complications have been linked with high levels of infl ammatory cytokines 
and excessive infl ammation. In the mouse model of malaria, in which mice are 
infected with  Plasmodium chabaudi chabaudi , IL-10 plays a role in protection 
against an excessive Th1 immune response. IL-10-defi cient mice exhibit increased 
mortality associated with increased levels of pro-infl ammatory cytokines: IFN-γ, 
TNF-α, and IL-12 (Li et al.  1999 ). Interestingly it has been found that IFN-γ- 
producing Foxp3 −  CD4 +  Th1 cells are the essential source of IL-10 in  P .  chabaudi 
chabaudi  infection, illustrating that Th1 effector cells can feedback to negatively 
regulate themselves (do Rosario et al.  2012 ). In humans, several studies have impli-
cated IL-10 in controlling immunopathology. Lower serum IL-10 levels correlate 
with worse outcome in  Plasmodium falciparum  infection and higher IL-10 produc-
tion correlates with protection against severe anemia, although other studies associ-
ate IL-10 with a more severe disease phenotype in humans (do Rosario and 
Langhorne  2012 ). Therefore, the role of IL-10 in human malaria is currently not 
clear, possibly because local as opposed to systemic levels of IL-10 may be more 
related to the outcome of infection and thus more detailed studies are required for a 
better understanding of the role of IL-10 in human malarial infection (do Rosario 
and Langhorne  2012 ). 

 Another example of IL-10 restraining excessive immune responses is in the 
mouse model of  Toxoplasma gondii  (T. gondii) infection. This parasite also induces 
a strong Th1-mediated response, and IL-10-defi cient mice exhibit enhanced suscep-
tibility and mortality with increased levels of IFN-γ and IL-12 in the serum, as well 
as increased IFN-γ, IL-12, IL-1β, and TNF-α mRNA levels in the lung (Gazzinelli 
et al.  1996 ). Similar to  P .  chabaudi chabaudi  infection, it was also found that the 
main source of IL-10 in  T. gondii  infection was Foxp3 −  CD4 +  Th1 cells (Jankovic 
et al.  2007 ). T-cell-derived IL-10 is therefore critical in protecting against immuno-
pathology during toxoplasmosis. 

 These examples illustrate an important role for IL-10 in the control of an exces-
sive Th1 response. IL-10 can also contribute to the control of inappropriate Th2 
responses, demonstrated in the parasitic helminth infection with  Schistosoma man-
soni  (Hoffmann et al.  2000 ). A Th2 response against  S .  mansoni  contributes to the 
establishment of a granulomatous response capable of walling off the schistosome 
eggs. In addition to the protective role of this granulomatous response in sequester-
ing eggs, it can lead to severe fi brosis (Wilson et al.  2007 ). Mice defi cient in IL-10 
showed increased granuloma size in acute infection but no phenotype in chronic 
infection (Wynn et al.  1998 ). However, mice defi cient in both IL-10 and IL-12 (an 
important cytokine for the induction of Th1 cells) mount an enhanced Th2 response 
and show an increase in granuloma size and level of hepatic fi brosis (Hoffmann 
et al.  2000 ). In addition, in human infection with  S .  mansoni , the most severe fi bro-
sis around the portal vein was associated with low levels of IL-10 and IFN-γ (Wynn 
 2004 ). This fi nding indicates that both IL-10 and the Th1 response may co-operate 
in controlling hepatic fi brosis induced by the Th2 response (Hoffmann et al.  2000 ).  
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13.3.1.2     IL-10 Can Suppress Protective Immune Responses 
Against Pathogens 

 Because of its powerful suppressive activity, IL-10 production can be unsuitable in 
the response to certain pathogens, since it can results in suboptimal control and 
clearance of the pathogen. Examples of such pathogens include  Mycobacteria  spp., 
 Leishmania  spp.,  Listeria monocytogenes , and lymphocytic choriomeningitis virus 
(LCMV) (Moore et al.  2001 ; Filippi and von Herrath  2008 ). 

  Mycobacterium tuberculosis  (Mtb) causes the disease tuberculosis (TB). Upon 
infection an individual can develop an active disease or establish an asymptomatic 
latent disease. This asymptomatic latent disease can persist for a lifetime or alterna-
tively can reactivate to active disease. An individual has an approximately 10 % risk 
of reactivation in a lifetime, and this risk is increased if they become immunocom-
promised (North and Jung  2004 ). IL-10 is implicated in inappropriately suppressing 
the immune response to Mtb (Redford et al.  2011 ). IL-10-defi cient mice display an 
enhanced Th1 immune response to aerosol challenge with Mtb (Redford et al.  2010 ) 
and lower bacterial loads compared to wild-type mice. In addition, more susceptible 
mouse strains express higher levels of IL-10 in chronic infection, such as the CBA/J 
mouse strain, and blockade of IL-10 signaling leads to a decreased bacterial load 
and increased survival (Beamer et al.  2008 ; Redford et al.  2010 ). Furthermore, in a 
resistant mouse strain, artifi cially enhancing IL-10 expression increased suscepti-
bility (Turner et al.  2002 ). These studies link susceptibility to Mtb infection with the 
level of IL-10 production and suggest that IL-10 is inappropriately suppressing an 
otherwise protective response. 

 In active TB patients, elevated levels of IL-10 are seen in the lungs, serum, spu-
tum, and bronchoalveolar lavage fl uid (BAL) (Reviewed in Redford et al.  2011 ). 
CD4 +  cells isolated from the BAL were seen to produce both IFN-γ and IL-10 more 
frequently in active TB patients compared to healthy controls or inactive subjects 
(Gerosa et al.  1999 ), therefore associating IL-10 production with active disease. In 
addition, IL-10 has been associated with bacterial loads as the level of CFP32, an 
Mtb antigen, correlated with level of IL-10 in active TB patients (Huard et al.  2003 ). 
Different strains of Mtb have been demonstrated to have different capacities to 
induce IL-10 upon infection of human monocyte-derived macrophages and thus 
further their own survival through immune deviation (Newton et al.  2006 ). However, 
these studies are mainly correlative, and more work is required to fully elucidate the 
role of IL-10 in human TB (Redford et al.  2011 ). 

 Infection with parasites of  Leishmania  spp. is another situation where IL-10 
inappropriately suppresses a protective response. These parasites can cause acute 
disease but also a chronic latent infection that can reactivate and cause serious clini-
cal disease. Protective immunity is mediated through a Th1 response. IL-10 has 
been shown to suppress this response in leishmaniasis, contributing to development 
of a persistent infection. IL-10-defi cient mice, but not wild-type mice, were able to 
achieve a sterile immunity (Belkaid et al.  2001 ). IL-10 derived from Treg subsets 
and Foxp3 −  CD4 +  Th1 cells have been demonstrated to mediate the suppression, 
resulting in persistent infection, and it is possible that these different sources may 
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result from infection with different leishmanial substrains (Belkaid et al.  2002 ; 
Anderson et al.  2007 ). In humans, high levels of IL-10 are associated with visceral 
leishmaniasis, a severe form of disease, and these levels decreased dramatically 
with successful treatment (Nylen and Sacks  2007 ). These data from human and 
mouse studies support a role for IL-10 in the pathogenesis of this disease and the 
establishment of chronic infection. 

 IL-10 can also suppress the immune response to certain viruses and promote 
their persistence. Indeed, in humans an increase in IL-10 levels is seen in response 
to several persistent viruses, including hepatitis C virus (HCV) and Epstein–Barr 
virus (EBV) (Filippi and von Herrath  2008 ). IL-10-defi cient mice infected with 
LCMV were able to maintain an effector response and clear the infection (Brooks 
et al.  2006 ). IL-10-receptor blockade during LCMV infection increased the number 
of virus-specifi c T cells and maintained their responsiveness, accompanied by a 
sharp decrease in viral titer (Brooks et al.  2006 ; Ejrnaes et al.  2006 ). These data 
indicate that IL-10 suppresses the immune response such that persistence is 
promoted. 

 Further support for IL-10 in facilitating the establishment of chronic infection is 
that some viruses encode homologues of IL-10, most likely acquired from the host. 
Several herpesviruses and pox viruses encode viral IL-10 (vIL-10), displaying vary-
ing amounts of sequence identity to the human IL-10 (Slobedman et al.  2009 ). EBV 
encodes a vIL-10 (Moore et al.  1990 ). The EBV vIL-10 has retained much of the 
immunosuppressive activity and is able to suppress the production of infl ammatory 
cytokines, reduce macrophage activation, and suppress antigen presentation but has 
lost many of the immunostimulatory properties of mammalian IL-10 (Hsu et al. 
 1990 ), suggesting a mechanism of immune evasion that contributes to the ability to 
persist (Mege et al.  2006 ). Another virus that encodes an IL-10 homologue is human 
cytomegalovirus (HCMV) (Kotenko et al.  2000 ; Lockridge et al.  2000 ). In contrast 
to EBV vIL-10, HCMV vIL-10 shows a much lower sequence identity to human 
IL-10; however, HCMV vIL-10 has retained most of the immunomodulatory func-
tions of mammalian IL-10 (Slobedman et al.  2009 ). 

 In summary, IL-10 can suppress a potentially harmful immune response directed 
against a pathogen such as  Plasmodium  or  Toxoplasma , preventing immunopathol-
ogy. In contrast, during infection with pathogens such as Mtb,  Leishmania  spp., and 
LCMV, IL-10 suppresses the immune response such that the host is not able to 
effectively clear the infection.   

13.3.2     Role of IL-10 in Colitis and Infl ammatory Bowel 
Disease 

 The gut is naturally colonized by organisms that comprise the gut microbiome, and 
the immune system must be regulated to avoid an inappropriate response against 
these bacteria. IL-10 plays an essential role in mediating tolerance to these innocu-
ous and benefi cial microorganisms (Maloy and Powrie  2011 ). 
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 IL-10-defi cient mice display extensive intestinal infl ammation, spanning the 
duodenum, jejunum, and colon, when their intestinal tracts are colonized by 
 particular bacteria, and this infl ammation is less marked, encompassing only the 
colon, when these mice are kept in specifi c pathogen-free (SPF) conditions (Kuhn 
et al.  1993 ; Berg et al.  1996 ). When IL-10-defi cient mice were kept in germfree 
conditions, they did not develop colitis, demonstrating that colonization by bacteria 
is required for colitis to develop in the absence of IL-10 (Sellon et al.  1998 ). This 
fi nding therefore indicates a role for IL-10 in mediating tolerance to the normal 
intestinal microfl ora. T-cell-derived IL-10 has been found to be necessary for the 
regulation of intestinal infl ammation through the study of mice defi cient in IL-10, 
specifi cally in the T-cell compartment (Roers et al.  2004 ). Subsequently, it has been 
found that IL-10 derived from both Foxp3 +  CD4 +  T cells and Foxp3 −  CD4 +  T cells 
plays a role in intestinal homeostasis and contributes to tolerance to commensal 
bacteria and food antigens (Izcue et al.  2009 ). 

 In humans, infl ammatory bowel disease (IBD) encompasses Crohn’s disease 
(CD) and Ulcerative Colitis (UC). Mutations in the  Il10ra  or  Il10rb  genes are asso-
ciated with early-onset severe IBD (Glocker et al.  2009 ). In addition, Genome-Wide 
Association Studies (GWAS) have identifi ed polymorphisms in the  Il10  gene to be 
associated with UC and CD (Franke et al.  2008 ; Franke et al.  2010 ; Maloy and 
Powrie  2011 ). Thus, mouse and human data support the necessity of IL-10 in medi-
ating intestinal homeostasis and tolerance to commensal bacteria.  

13.3.3     Role of IL-10 in Allergy 

 Allergy occurs when an individual is sensitized to an allergen such as pollen or 
house dust mites, resulting in an adaptive, allergen-specifi c response. This specifi c 
response is typically Th2 mediated, characterized by IL-4, IL-5, IL-9, IL-13, and 
high levels of IgE. When the individual subsequently encounters the allergen, IgE 
cross links on mast cells, leading to degranulation and release of infl ammatory 
mediators, contributing to pathology. Responses to aeroallergens such as pollen are 
associated with allergic asthma (Hawrylowicz and O’Garra  2005 ). 

 IL-10 is suggested to be important in the control of allergic responses. In pre- 
sensitized mice, intranasal administration of IL-10 simultaneously with antigen 
challenge can prevent the accumulation of eosinophils and neutrophils and TNF-α 
production in the lung (Zuanyamorim et al.  1995 ). Similarly, adoptive transfer of 
antigen-specifi c, IL-10-transfected T cells into sensitized mice can inhibit airway 
infl ammation (Oh et al.  2002 ). In humans, lower levels of IL-10 were seen in the 
BAL of asthma patients compared to healthy individuals (Borish et al.  1996 ). 
Furthermore, treatment for asthma includes use of glucocorticoids, which induce 
IL-10 in human T cells (Hawrylowicz and O’Garra  2005 ). These studies suggest 
that IL-10 is capable of controlling the allergic Th2-mediated immune response and 
that insuffi cient levels of IL-10 may contribute to allergic disease.  
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13.3.4     Role of IL-10 in Autoimmunity 

 Autoimmunity occurs when an immune response is mounted against a self-antigen, 
causing immune-mediated damage to healthy tissue. Multiple sclerosis (MS) is an 
autoimmune disease affecting the central nervous system (CNS). MS is caused by 
immune-mediated destruction of myelin, which normally insulates nerves, resulting 
in impairment of neural transmission. The disease can follow several courses, the 
most common being a relapsing–remitting course, with periods free from symptoms 
(remission) and periods in which symptoms are most severe (relapse). The mouse 
model for MS is experimental autoimmune encephalomyelitis (EAE). A role for 
IL-10 in suppressing the pathogenic immune response in EAE is suggested by 
observations that in wild-type mice an adjuvant must be given with the myelin pep-
tide to induce EAE, whereas in IL-10-defi cient mice EAE can be induced without 
an adjuvant (Bettelli et al.  1998 ). In addition, IL-10-defi cient mice display enhanced 
susceptibility to the induction of EAE, with higher clinical scores and enhanced 
proliferation of, and cytokine production by, myelin peptide-specifi c T cells (Bettelli 
et al.  1998 ). Furthermore, IL-10 is expressed during recovery from infl ammation, 
and IL-10-defi cient mice are unable to enter remission (Moore et al.  2001 ; O’Garra 
et al.  2008 ). 

 IL-10 may also have a role in suppressing the immune response in rheumatoid 
arthritis (RA). RA is an autoimmune condition mainly affecting the joints, resulting 
in painful, swollen, and deformed joints. In animal models of RA, IL-10 had a pro-
tective role through decreasing expression of infl ammatory cytokines, reducing 
swelling and destruction of the joint. In addition, in human patients with RA, IL-10 
is expressed in infl amed joints (Moore et al.  2001 ). 

 Systemic lupus erythematosis (SLE) is an autoimmune disease affecting multi-
ple organ systems, characterized by high levels of autoantibodies against nuclear 
antigens such as double-stranded DNA, which result in immune complex deposition 
(Beebe et al.  2002 ). In contrast to MS and RA where IL-10 suppresses the patho-
logical response, IL-10 is thought to be involved in the pathogenesis of SLE. As 
discussed earlier, IL-10 can promote survival of B cells and antibody production by 
these cells (Moore et al.  2001 ). The mouse strain NZB/WF1 is prone to the develop-
ment of SLE. Treatment of these mice with anti-IL-10 antibodies substantially 
delayed the onset of autoimmunity in these mice, whereas administration of IL-10 
accelerated onset (Ishida et al.  1994 ). In humans the level of serum IL-10 has been 
correlated to disease status. Serum IL-10 levels were seen to be elevated in SLE 
patients with active disease compared to controls, and following treatment the level 
of IL-10 in the serum correlated with change in the disease activity, as measured by 
a clinical scoring system (Beebe et al.  2002 ). 

 To summarize, IL-10 is vital in suppressing an inappropriate immune response to 
self in certain contexts, or to a harmless environmental antigen such as pollen or 
commensal bacteria. However, in SLE IL-10 may be involved in the pathogenesis 
of disease.  
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13.3.5     Role of IL-10 in Cancer 

 The role of IL-10 in cancer is controversial, with studies supporting both the idea 
that IL-10 contributes to immunosuppression and the idea that the immunostimula-
tory properties of IL-10 on B cells and CD8 +  T cells promote antitumor immune 
responses (Mocellin et al.  2005 ). 

 In humans, IL-10 expression has been observed in several malignant tumor types 
including breast carcinoma, renal cell carcinoma, colorectal adenocarcinoma, B-cell 
lymphoma, and melanoma (O’Garra et al.  2008 ). IL-10 expression early in the 
tumor microenvironment could suppress antigen presentation by DCs and therefore 
the development of an antitumor response. IL-10-producing CD4 +  T cells have been 
identifi ed in some human cancers, where they act to suppress the antitumor immune 
response (O’Garra et al.  2008 ). In addition, in a model using a colon carcinoma cell 
line, treatment with anti-IL-10R antibody and the TLR9 ligand CpG led to an 
enhanced tumor-specifi c immune response (Vicari et al.  2004 ). However, adminis-
tration of IL-10 in in vivo models of melanoma (Berman et al.  1996 ) or breast can-
cer (Kundu et al.  1996 ) can also lead to tumor regression (Mocellin et al.  2003 ; 
Mocellin et al.  2005 ), and transfection of certain tumor cell lines with IL-10 leads 
to a decrease in their tumor-forming capability (Mocellin et al.  2003 ). Furthermore, 
IL-10 can also suppress angiogenesis, a process required for development of a 
blood supply to the tumor, and can therefore suppress the establishment of a tumor 
(Mocellin et al.  2005 ). 

 Thus, it seems that IL-10 may have both immunosuppressive and immunostimu-
latory effects in cancer. The location, source, timing, and level of IL-10 expression 
may partly explain the contradictory results observed (Mocellin et al.  2005 ; O’Garra 
et al.  2008 )  

13.3.6     Therapeutic Potential of IL-10 

 Manipulation of the levels of IL-10 or the ability of IL-10 to signal has therapeutic 
potential. Antagonism of IL-10 could be used to alleviate excessive immunosup-
pression. Alternatively, administration or induction of IL-10 could be used to pro-
mote tolerance and avoid excessive immune activation. 

13.3.6.1     Administration or Induction of IL-10 in Treatment 
of Autoimmunity, Allergy, and Asthma 

 Preliminary studies in humans where IL-10 was administered as treatment for vari-
ous infl ammatory conditions including Crohn’s disease and psoriasis showed trends 
toward effi cacy. Subsequent studies indicated that the therapeutic potential was only 
moderate and that treatment incurred side effects, potentially caused by the immu-
nostimulatory effects of IL-10 (O’Garra et al.  2008 ). In EAE studies, different 
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models of IL-10 treatment gave contradictory results. If a virus engineered to 
express IL-10 was delivered intracranially just before the expected onset of disease, 
animals were resistant to the development of EAE. However, if the IL-10-expressing 
virus was delivered systemically, no such resistance was seen (Cua et al.  2001 ). The 
location of IL-10 expression or administration may therefore be important for its 
effi cacy as a therapy (O’Garra et al.  2008 ). Furthermore, induction of IL-10-
secreting Th1 cells through intranasal administration of self-antigen in mice modi-
fi ed to express a TCR specifi c for this antigen can render mice resistant to the 
induction of EAE (Gabrysova et al.  2009 ). 

 Therapies used in the treatment of allergy and asthma have been seen to induce 
antigen-specifi c or nonspecifi c T-cell-derived IL-10, and this IL-10 induction may 
contribute to effective treatments (Hawrylowicz and O’Garra  2005 ). 

 There is some evidence to suggest that successful immunotherapy, which 
involves the administration of increasing doses of the allergen, leads to the induc-
tion of IL-10-producing T cells and a decrease in the antigen-specifi c Th2 response 
(Akdis et al.  1998 ; Hawrylowicz and O’Garra  2005 ). Furthermore, glucocorticoid 
steroids, commonly used in the treatment of infl ammatory diseases, can induce 
IL-10 production in vitro as well as in human patients (Hawrylowicz and O'Garra 
 2005 ). However, CD4 +  T cells from some patients have been shown to have a lim-
ited ability to produce IL-10 in response to steroids, and these patients fail to show 
improvement with steroid treatment. The effect of vitamin D combined with gluco-
corticoid treatment can lead to enhanced IL-10 secretion in patients with steroid- 
resistant asthma (Xystrakis et al.  2006 ; O’Garra et al.  2008 ).  

13.3.6.2     Antagonizing IL-10 to Enhance Vaccination 

 Immunomodulation by IL-10 is seen in the response to various infectious patho-
gens, as discussed earlier. IL-10 receptor (IL-10R) blockade could be used to 
increase the effi cacy of vaccines against infectious disease. In vaccination studies, 
IL-10R blockade has increased the response seen to several different vaccines. For 
example, the Th1 response and protection against  Leishmania  infection induced by 
a viral vector expressing leishmanial proteins was enhanced by IL-10R blockade 
(Darrah et al.  2010 ). Therapeutic vaccination in LCMV infection was only effective 
at increasing the antiviral immune response and enhancing clearance of the persis-
tent pathogen in the context of IL-10R blockade (Brooks et al.  2008 ). Furthermore, 
IL-10R blockade during bacillus Calmette–Guérin (BCG) vaccination lowered bac-
terial load following Mtb infection and enhanced the IFN-γ response (Pitt et al. 
 2012 ). BCG is also used therapeutically to induce a Th1 immune response promot-
ing immunity against bladder cancer (Luo  2012 ). IL-10R blockade with BCG in a 
mouse model of bladder cancer increased the level of IFN-γ mRNA in the bladder 
and enhanced clearance of the cancer (Bockholt et al.  2012 ). 

 Thus, manipulation of IL-10 during vaccination regimes could represent a strat-
egy to enhance vaccines where the protection induced by vaccination is inadequate. 
However, such therapies would need to be closely monitored to minimize 
immunopathology.    
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13.4     Summary and Concluding Remarks 

 IL-10 is a widely studied predominantly immunosuppressive cytokine. IL-10 is pro-
duced by most immune cell types and can modulate the function of many cell types 
directly or indirectly. Depending on the context, IL-10 can be benefi cial or detri-
mental to the host. When benefi cial to the host, IL-10 suppresses infl ammation, 
avoiding immunopathology. When detrimental to the host, IL-10 suppresses a pro-
tective immune response, leading to chronic infection. Because IL-10 can regulate 
the immune response, IL-10 has therapeutic potential. Blockade of IL-10 signaling 
could be benefi cial in enhancing the immune response to several pathogens and 
could enhance vaccination effi cacy. Administration or induction of IL-10, on the 
other hand, could promote tolerance to allergens or to self in allergic disease or 
autoimmunity. 

 There are still further questions that need addressing regarding the role of IL-10 
in anti-infl ammation and tolerance. For the specifi c disease contexts discussed here, 
we need a more detailed understanding of the sources, mechanisms of action, down-
stream functions, and pathways regulating IL-10 production and function. In conclu-
sion, by furthering our understanding of the biology of IL-10 in anti-infl ammation 
and immune tolerance, we will be more capable of exploiting or manipulating IL-10 
as a potential therapy in the clinic.     
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    Abstract     Interleukin (IL)-27 is a member of the IL-6/IL-12 heterodimeric cyto-
kine family and has pleiotropic properties, including both pro-infl ammatory and 
anti-infl ammatory functions depending on the context. IL-27 promotes early helper 
T (Th)1 differentiation and generation of cytotoxic T cells and IL-10-producing 
regulatory T cells. In addition, IL-27 inhibits differentiation of CD4 +  T cells into 
Th1, Th2, Th9, and Th17 cells; suppresses their responses; and limits production of 
pro-infl ammatory cytokines. Blocking the interaction between IL-27 and its recep-
tor or genetic knockout of their subunits exacerbates infl ammatory responses in 
infectious and autoimmune diseases, whereas IL-27 injection or forced expression 
induces potent antitumor activity against a variety of mouse and human tumors and 
suppresses the development of infl ammatory, allergic, and autoimmune diseases. In 
this chapter, we review the molecular characterization of IL-27 and its receptor, its 
pro- and anti-infl ammatory properties, and the therapeutic implications.  
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14.1         Introduction 

 The interleukin (IL)-6/IL-12 cytokine family is unique in that it is a heterodimeric 
cytokine composed of two different subunits (Trinchieri  2003 ; Kastelein et al.  2007 ) 
(Fig.  14.1 ). IL-12 is composed of p35 and p40 subunits, its receptor (R) consists of 
two subunits IL-12Rβ1 and β2, and IL-12 activates signal transducer and activator 
of transcription (STAT) 4, which binds to the cytoplasmic region of IL-12Rβ2 
(Trinchieri  2003 ). The p40 subunit is also covalently bound with an IL-12 p35- 
related protein, p19, to form IL-23 (Oppmann et al.  2000 ). The receptor for IL-23 is 
composed of one of the IL-12R subunits, IL-12Rβ1 and an IL-12Rβ2-like receptor 
subunit designated IL-23R (Parham et al.  2002 ). IL-23 activates STAT3 and STAT4, 
and STAT3 activation is required for IL-17 production by T cells with IL-23 (Yang 
et al.  2007 ). IL-27 consists of an IL-12 p35-related protein, p28, which is also called 
IL-30, and an IL-12 p40-related protein, Epstein–Barr virus (EBV)-induced gene 3 
(EBI3), which has been previously identifi ed as one of the molecules induced by 
EBV infection (Sprecher et al.  1998 ; Chen et al.  2000 ; Pfl anz et al.  2002 ). IL-27R 
is composed of IL-27Rα (WSX-1/T-cell cytokine receptor, TCCR), which has a 
WSXWS sequence and is homologous to the IL-12Rβ2 subunit, and glycoprotein 
(gp)130, a common receptor subunit for IL-6 family cytokines (Pfl anz et al.
 2004 ). EBI3 was previously reported to associate with p35 as well to form the 
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  Fig. 14.1    Molecular characteristics of the interleukin (IL)-6/IL-12 family cytokines: IL-6, IL-12, 
IL-27, and IL-35. This cytokine family is unique in that it is a heterodimeric cytokine composed of 
two different subunits, which may be substituted for other subunits of different cytokines belong-
ing to this family       
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heterodimeric molecule EBI3/p35, but its function remained unknown until recently 
(Devergne et al.  1996 ,  1997 ). EBI3/p35 has since been demonstrated to be produced 
by regulatory T (Treg) cells and to play a suppressive role in the Treg cells; it was 
named IL-35 (Collison et al.  2007 ). IL-35 converts naive T cells into inducible 
IL-35-producing regulatory T (iTr35) cells (Collison et al.  2010 ). IL-35 signals 
through a unique heterodimer of receptor chains IL-12Rβ2 and gp130 or homodi-
mers of each chain (Collison et al.  2012 ). Signaling through IL-35R requires the 
transcription factors STAT1 and STAT4, which form a unique heterodimer that 
binds to distinct sites in the promoters of the genes encoding IL-12 subunits p35 
and EBI3.

   IL-27 is one of the pleiotropic cytokines, and its role in regulating immune 
response is complex. The stimulatory and inhibitory effects of IL-27 act differen-
tially on various kinds of cells such as T cells, B cells, macrophages, dendritic cells 
(DCs) (Villarino et al.  2004 ), hematopoietic stem cells (Seita et al.  2008 ), and so on, 
depending on the context (Fig.  14.2 ). As a signaling molecule, IL-27 effi ciently 
activates both STAT1 and STAT3, which bind to distinct IL-27R subunits, IL-27Rα 
and gp130, respectively (Lucas et al.  2003 ; Takeda et al.  2003 ; Kamiya et al.  2004 ; 
Yoshimura et al.  2006 ; Owaki et al.  2008 ). IL-27 promotes the early induction of 
helper T (Th)1 differentiation (Yoshida et al.  2001 ; Takeda et al.  2003 ; Owaki et al. 
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  Fig. 14.2    IL-27 is a pleiotropic cytokine acting on a variety of cells by upregulating or downregu-
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cytokines. IL-27 activates STAT1 and STAT3, which directly bind to the cytoplasmic regions of 
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 2005 ) and generation of cytotoxic T lymphocytes (CTLs) (Morishima et al.  2005 , 
 2010 ), resulting in augmentation of antitumor effects and inhibition of infection 
with infl uenza virus (Fig.  14.3 ). In addition, IL-27 inhibits the differentiation of 
naive CD4 +  T cells into Th2 cells (Miyazaki et al.  2005 ; Yoshimoto et al.  2007 ; 
Fujita et al.  2009 ; Dokmeci et al.  2011 ), Th9 cells (Murugaiyan et al.  2012 ), and 
Th17 cells (Batten et al.  2006 ; Stumhofer et al.  2006 ; Fitzgerald et al.  2007a ). IL-27 
also suppresses their responses, leading to amelioration of allergic diseases includ-
ing asthma and autoimmune diseases such as encephalomyelitis and arthritis. 
Moreover, IL-27 enhances IL-10 production from these Th cells and generation of 
IL-10-producing regulatory (Tr1) T cells (Awasthi et al.  2007 ; Fitzgerald et al. 
 2007b ; Stumhofer et al.  2007 ) and inhibits the production of pro-infl ammatory cyto-
kines (Hamano et al.  2003 ; Villarino et al.  2003 ).

14.2         Molecular Characterization of IL-27 

14.2.1     IL-27 Production 

 EBI3 was initially identifi ed as one of the molecules induced in responses to EBV 
(Devergne et al.  1996 ), and subsequent studies revealed that EBI3 is expressed in 
activated DCs, monocytes, and macrophages by lipopolysaccharide (LPS) 
(Hashimoto et al.  2000 ). Other cell types including plasma cells, endothelial cells, 
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microglia, and placental trophoblasts express EBI3 and p28. A variety of Toll-like 
receptor (TLR) agonists [LPS, poly(I:C), CpG] can induce mRNA expression of 
EBI3 and p28 in human and mouse antigen-presenting cells (Hashimoto et al.  2000 ; 
Smits et al.  2004 ; Wirtz et al.  2005 ; Liu et al.  2007 ). LPS markedly induces EBI3 
and p28 expression in synergy with interferon (IFN)-γ through distinct mechanisms 
(Wirtz et al.  2005 ; Liu et al.  2007 ). In response to LPS, nuclear factor (NF)-κB 
binds to the p28 and EBI3 promoters through activation of myeloid differentiation 
factor 88. Alternatively, LPS activates IFN regulatory factor (IRF)3 through the 
adaptor Toll/IL-1R-related domain-containing adaptor-inducing IFN (TRIF) (Molle 
et al.  2007 ). EBI3 expression is also induced by the signal via TRIF but not medi-
ated by IRF3. In addition, IFN-γ or IFN-α/β can enhance p28 expression by STAT1/
IRF1 or STAT1/STAT2/IRF9 (ISGF3), respectively (Pirhonen et al.  2007 ; Molle 
et al.  2010 ; Zhang et al.  2010 ). 

 Recently, simultaneous activation of two types of cells, CD4 +  T cells and macro-
phages, by anti-CD3/CD28 and CpG in the same microenvironment was reported to 
be crucial for inducing the robust expression of p28 via the CD40/CD154 signaling 
pathway independent of IFN-γ (Dibra et al.  2012 ). Moreover, EBI3 expression in 
tumors was demonstrated to be a novel diagnosis marker in lung cancer (Nishino 
et al.  2011 ), Burkitt lymphoma, and diffuse large B-cell lymphoma (Gonin et al. 
 2011 ). In the lung cancer cells, reduction in EBI3 expression by small interfering 
RNA suppresses their cell proliferation, while induction of exogenous EBI3 confers 
growth-promoting activity, indicating that EBI3 expression in tumors plays a piv-
otal role in tumorigenesis. The physiological signifi cance of the abundant p28 pro-
duction or the molecular mechanism whereby EBI3 promotes tumorigenesis 
remains to be elucidated.  

14.2.2     IL-27R Expression and Signaling 

 One IL-27R, WSX-1, was fi rst identifi ed as a receptor with homology to gp130 
(Sprecher et al.  1998 ). The same receptor was also cloned and termed TCCR (Chen 
et al.  2000 ). Subsequently, another IL-27R partner was identifi ed to be gp130, a 
signal-transducing receptor that is common in IL-6 superfamily cytokines (Pfl anz 
et al.  2004 ). gp130 is widely expressed in a variety of cell types, and its expression 
level varies depending on the cell activation status (Taga and Kishimoto  1997 ). 
WSX-1 is also widely expressed by T cells, B cells, natural killer (NK) cells, macro-
phages, DCs (Villarino et al.  2005 ), and hematopoietic stem cells (Seita et al.  2008 ). 

 Stimulation of naive CD4 +  T cells with IL-27 induces the activation of Janus 
kinase (JAK)1, JAK2, and TYK2, and subsequently the activation of various STATs 
including STAT1, STAT3, and STAT5 (Takeda et al.  2003 ; Kamiya et al.  2004 ; 
Owaki et al.  2008 ). As a negative feedback mechanism that is important for the bal-
ance of immune responses, IL-27 also upregulates suppressor of cytokine signaling 
(SOCS)1 and 3 (Owaki et al.  2006b ; Brender et al.  2007 ; Liu and Rohowsky-Kochan 
 2011 ). Although STAT1 and STAT3 are similar proteins often activated by the same 
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stimuli, they have very different effects on cell growth and survival. It is currently 
considered that STAT1 is a tumor suppressor while STAT3 is an oncogene. Because 
IL-27 effi ciently activates both STAT1 and STAT3 through its distinct receptor sub-
units, IL-27α and gp130, physiological consequences in response to IL-27 may be 
more complicated (Lucas et al.  2003 ; Takeda et al.  2003 ; Kamiya et al.  2004 ; Owaki 
et al.  2008 ). Their relative abundance, which may vary substantially in different 
types of cells under different conditions, seems to affect how cells behave in response 
to IL-27 thereafter.   

14.3     Pro-Infl ammatory Properties of IL-27 

14.3.1     IL-27 Promotes Th1 Responses 

 IL-27 upregulates the expression of T-cell-specifi c T-box transcription factor 
(T-bet), intercellular adhesion molecule (ICAM)-1, and subsequent IL-12Rβ2 
through STAT1 activation and synergies with IL-12 in primary IFN-γ production 
(Pfl anz et al.  2002 ; Hibbert et al.  2003 ; Takeda et al.  2003 ; Kamiya et al.  2004 ; 
Owaki et al.  2005 ,  2006a ). Subsequent studies revealed that IL-27 augments Th1 
differentiation via p38 mitogen-activated protein kinase (MAPK)/T-bet-dependent 
pathway and also via ICAM-1/lymphocyte function-associated antigen 1 (LFA-1)/
extracellular signal-regulated kinase (ERK)1/2-dependent pathway (Owaki et al. 
 2006a ). This action is in contrast to IL-12, which induces it only via the p38 MAPK/
T-bet-dependent pathway. In vivo studies using TCCR- or WSX-1-defi cient mice 
demonstrated that these defi cient mice are more susceptible to  Listeria monocyto-
genes  and  Leishmania major , presumably because of defects in Th1 responses 
(Chen et al.  2000 ; Yoshida et al.  2001 ). Similar but clearer results were demon-
strated in proteoglycan (PG)-induced arthritis in which TCCR-defi cient mice 
showed reduced production of IFN-γ and PG-specifi c IgG2a, indicating that IL-27 
plays a critical role in the development of a pathological Th1 response in certain 
situations (Cao et al.  2008 ).  

14.3.2     IL-27 Enhances CD8 +  T-Cell Responses 

 In a manner similar to the action of IL-27 on CD4 +  T cells, IL-27 activates various 
STATs, including STAT1 and STAT3, and augments the expression not only of T-bet 
and IL-12Rβ2 but also effector molecules such as granzyme B and perforin in 
mouse and human naive CD8 +  T cells stimulated with anti-CD3 and anti-CD28 
(Morishima et al.  2005 ,  2010 ; Schneider et al.  2011 ). IL-27 also induces synergistic 
IFN-γ production with IL-12 and proliferation of naive CD8 +  T cells. Moreover, 
IL-27 enhances the generation of allogenic CTLs and augments their expression of 

I. Mizoguchi et al.



359

effector molecules such as perforin and granzyme B in a STAT1-dependent manner 
(Morishima et al.  2005 ). As downstream signaling molecules of STAT1, both T-bet 
and Eomesdermin (Eomes) are necessary for the IL-27-mediated generation of 
CTLs and exertion of their effector functions. 

 There is ample evidence showing that CTLs play a central role in the clearance 
of pathogenic viruses. In hepatitis C virus (HCV) infection, vigorous HCV-specifi c 
CTL responses exist in patients resolving acute HCV infection, and enhancement of 
HCV-specifi c CTL generation is considered to be one of the strategies to clear the 
virus. Adjuvant effects of IL-27 were demonstrated in the prime-boost immuniza-
tion, consisting of priming and the fi rst boosting with the HCV-core expression 
plasmid, which was followed by a second boosting with recombinant adenovirus 
expressing the HCV core for induction of HCV core-specifi c CTLs in HLA-A*0201 
transgenic BALB/c mice (Matsui et al.  2004 ). Moreover, IL-27Rα signals but not 
IFN-γR signals in CD8 +  T cells were reported to be indispensable for the T-bet- 
dependent IFN-γ production during infection with infl uenza, indicating that IL-27 
plays a critical role in driving effector CD8 +  T-cell responses (Mayer et al.  2008 ). 
A number of in vivo studies further showed that tumor cells engineered to express 
IL-27 induced tumor-specifi c CTL responses and tumor regression with memory 
responses to subsequent challenge in some cases (Xu et al.  2010 ), more clearly 
indicating the effi cacy of IL-27 in promoting CD8 +  T-cell effector function in vivo.  

14.3.3     IL-27 Augments B-Cell Responses 

 IL-27 was initially demonstrated to promote IgG2a secretion, but inhibit IgG1 
secretion, by mouse B cells through STAT1, as does IFN-γ (Yoshimoto et al.  2004 ). 
In human B cells, IL-27 was reported to promote IgG1 production (Boumendjel 
et al.  2006 ). Consistent with these results, WSX-1-defi cient mice were demon-
strated to have reduced IgG2a production in infection with  L. monocytogenes  (Chen 
et al.  2000 ) and in the PG-induced model of arthritis (Cao et al.  2008 ). Moreover, 
WSX-1-defi cient mice have exacerbated IgE production after airway ovalbumin 
(OVA) challenge (Miyazaki et al.  2005 ). In addition to these possible direct effects 
of IL-27 on B cells, IL-27 can also induce CD4 +  T cells to produce IL-21. IL-21 
then promotes the B-cell expression of B-lymphocyte-induced maturation protein-1 
(Blimp-1) and B-cell lymphoma 6 protein (Bcl-6), critical for plasma cell differen-
tiation, and enhances follicular Th (Tfh) cell survival as well; however, IL-27 is not 
necessary for the differentiation of Tfh cells (Ozaki et al.  2004 ; Pot et al.  2009 ; 
Batten et al.  2010 ). TCCR-defi cient mice were shown to have reduced germinal 
center B-cell responses, diminished production of class-switched antibodies and 
hapten-specifi c antibody, and less severe pathology in a pristine-induced lupus 
model (Batten et al.  2010 ). Collectively, IL-27 plays a critical role in B-cell 
responses by its ability to act directly on B cells as well as through its effect on 
CD4 +  T cells.  
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14.3.4     IL-27 Limits Regulatory T Cells 

 Treg cells are suppressive CD4 +  T cells that express the transcription factor Foxp3, 
maintain self-tolerance during homeostasis, and limit immunopathology following 
infection. IL-27 was previously demonstrated to reduce the percentage of inducible 
Foxp3 +  Treg cells differentiated from naive CD4 +  T cells by transforming growth 
factor (TGF)-β and IL-2 (Neufert et al.  2007 ; Huber et al.  2008 ). In a colitis model, 
transfer of TCCR-defi cient CD4 + CD45RB hi  cells showed reduced colitis with an 
increased percentage of Foxp3 +  Treg cells in the gut compared with transfer of wild- 
type cells (Cox et al.  2011 ). Moreover, the role of IL-27 in the regulation of Treg 
cells was investigated in vivo using a transgenic mouse model in which IL-27 p28 
and EBI3 subunits were overexpressed (IL-27 Tg) (Wojno et al.  2011 ). IL-27 Tg 
mice almost completely diminished Treg cells in lymphoid organs and succumbed 
to systemic infl ammation. Although IL-27 does not downregulate Foxp3 expression 
in Treg cells, IL-27 inhibits reconstitution of the Treg cell population when IL-27 is 
present during generation of Treg cells. IL-27 Tg mice have a marked defect in their 
capacity to produce IL-2, indicating that IL-27 may infl uence differentiating Treg 
cells indirectly through IL-2 modulation (Wojno et al.  2011 ). Paradoxically, how-
ever, it has been recently reported that IL-27 promotes the expansion of Treg cells 
and enhances their expression of T-bet and CXCR3 (Hall et al.  2012a ) as described 
later (Sect.  14.4.4 ).   

14.4     Anti-infl ammatory Properties of IL-27 

14.4.1     IL-27 Inhibits Th1 Responses 

 In contrast to the pro-infl ammatory properties already described, including promot-
ing Th1 activity, CTL generation, and antibody production, IL-27 also possesses 
anti-infl ammatory properties to suppress excessive Th1 immune responses during 
infection (Villarino et al.  2005 ). Although WSX-1-defi cient mice infected with 
 Toxoplasma gondii  succumbed within 2 weeks of challenge, they effi ciently con-
trolled parasite replication via increased IFN-γ production with enhanced CD8 +  T 
and CD4 +  T-cell responses (Villarino et al.  2003 ). Similar exacerbated Th1 responses 
with disease pathology in WSX-1/TCCR-defi cient mice were demonstrated in a 
variety of infections with  Trypanosoma cruzi ,  Plasmodium bergheri ,  Mycobacterium 
tuberculosis ,  L. major , and  L. donovanii  (Hamano et al.  2003 ; Rosas et al.  2006 ; 
Findlay et al.  2010 ). WSX-1-defi cient mice infected with  T. cruzi  developed 
increased Th1 responses and exacerbated IFN-γ production accompanied by liver 
injury and lethality (Hamano et al.  2003 ). These infected mice also showed enhanced 
Th2 responses and therefore increased parasite burden by the elevated IL-4 produc-
tion. In the studies with  T. gondii , depletion of CD4 +  T cells was demonstrated to 
rescue acute lethality in these mice, clearly indicating that IL-27 directly limits Th1 
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responses (Villarino et al.  2003 ). Moreover, WSX-1-defi cient macrophages infected 
with  Mycobacterium tuberculosis  produced more IL-12p40, IL-6, and tumor necro-
sis factor (TNF)-α because of the exacerbated Th1 responses (Holscher et al.  2005 ). 
Thus, IL-27 plays an important role in limiting excess Th1 immune responses.  

14.4.2     IL-27 Suppresses Th2/Th9/T17 Responses 

 In an experimental asthma model, WSX-1-defi cient mice showed exacerbated Th2 
response-mediated asthma (Miyazaki et al.  2005 ). Consistent with these results, 
administration of IL-27 ameliorated asthma, indicating a novel therapeutic approach 
for Th2-mediated allergic disorders (Yoshimoto et al.  2007 ). The molecular mecha-
nism whereby IL-27 inhibits Th2 responses is considered to mediate inhibition of 
GATA-3, a master transcriptional factor for development of Th2 responses. 
Moreover, IL-27 stimulation induced marked reduction in the capacity of the host 
mouse to mount a Th2 response against  Strongyloides venezuelensis  infection, 
resulting in impaired intestinal mastocytosis and delayed parasite expulsion 
(Yoshimoto et al.  2007 ). 

 In addition, a number of reports demonstrated that IL-27 suppresses Th17 
responses in addition to Th1 and Th2 responses (Batten et al.  2006 ; Stumhofer et al. 
 2006 ; Fitzgerald et al.  2007a ). Th17 cells, a subset of Th cells that produce pro- 
infl ammatory cytokine IL-17 and IL-22, are associated with chronic infl ammation 
of autoimmune diseases such as rheumatoid arthritis, experimental autoimmune 
encephalomyelitis (EAE), and infl ammatory bowel disease. WSX-1-, EBI3-, or 
p28-defi cient mice showed exacerbated EAE with an increased population of Th17 
cells (Stumhofer et al.  2006 ; Diveu et al.  2009 ). IL-27 inhibits the production of 
IL-17 from CD4 +  T cells in a STAT1-dependent and partially STAT3-dependent 
manner, but independent of T-bet and SOCS3 (Stumhofer et al.  2006 ). IL-27 also 
inhibits production of IL-22 and granulocyte macrophage colony-stimulating factor, 
which are important for effector functions of Th17 cells (Yang et al.  2008 ; Young 
et al.  2012 ). Moreover, IL-27 directly suppresses the expression of RORα and 
RORγt, which are necessary for Th17 development (Yang et al.  2008 ; Diveu et al. 
 2009 ; El-behi et al.  2009 ). One of the molecular mechanisms whereby IL-27 inhib-
its the production of IL-17 is considered to be mediated by IL-10 (Batten et al. 
 2008 ), as described next (Sect.  14.4.3 ). In addition, the IL-27 priming of naive T 
cells was recently reported to upregulate expression of programmed death ligand 1 
(PD-L1) in a STAT1-dependent manner (Hirahara et al.  2012 ). When cocultured 
with naive CD4 +  T cells, IL-27-primed T cells inhibited their differentiation into 
Th17 cells in  trans  through a PD-1–PD-L1 interaction and also suppressed develop-
ment of EAE with the coadministration of IL-27-primed T cells expressing PD-L1. 
Th17 cells were also demonstrated to be important for osteoclastogenesis, which is 
therefore a therapeutic target for IL-27 (Pickens et al.  2011 ). IL-27 inhibits the 
expression of receptor activator of NFκ-B ligand (RANKL) in CD4 +  T cells in part 
through STAT3 (Kamiya et al.  2011 ), and also suppresses osteoclastogenesis via 
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STAT1-dependent downregulation of the transcription factor c-Fos and resulting 
nuclear factor of activated T cells, cytoplasmic 1 (NFATc1), which are induced by 
RANKL, in osteoclasts (Furukawa et al.  2009 ; Kalliolias et al.  2010 ). 

 Recently, Th9 cells have been established as a separate lineage of Th cells dis-
tinct from conventional Th1, Th2, and Th17 cells. Th9 cells are characterized by 
expression of IL-9 and are considered to be mediators of the infl ammation associ-
ated with autoimmune diseases such as EAE. IL-27 was demonstrated to suppress 
the development of Th9 cells, which is partially dependent on the transcriptional 
factors STAT1 and T-bet (Murugaiyan et al.  2012 ). Furthermore, IL-27 treatment 
completely abrogates the encephalitogenicity of Th9 cells in the EAE model. Of 
note, IFN-γ also directly suppresses Th9 differentiation but also inhibits it through 
the induction of IL-27 from DCs (Murugaiyan et al.  2012 ).  

14.4.3      IL-27 Promotes IL-10 Production 

 IL-10 is a potent anti-infl ammatory cytokine, which plays a critical role in suppress-
ing excessive immune responses. During infection, IL-10 is a key factor in limiting 
infection-induced pathology caused by pathogens such as  Toxoplasma gondii  
(Gazzinelli et al.  1996 ). WSX-1-defi cient mice were shown to have enhanced 
pathology with reduced levels of IL-10 in toxoplasmic encephalitis, malaria infec-
tion, and EAE (Awasthi et al.  2007 ; Fitzgerald et al.  2007b ; Stumhofer et al.  2007 ; 
Freitas do Rosario et al.  2012 ). Consistent with these in vivo results, in vitro studies 
revealed that IL-27 promotes IL-10 production by various Th cells including Th1, 
Th2, Th17, and Treg cells (Stumhofer et al.  2007 ). In an adoptive transfer model of 
EAE, encepalitogenic T cells failed to induce disease when treated with IL-27 in an 
IL-10-dependent manner (Fitzgerald et al.  2007b ). Moreover, IL-27 was demon-
strated to augment IL-10 production by CD4 +  T cells in collaboration with TGF-β 
and cause them to differentiate into IL-10-producing regulatory T cells, the so- 
called Tr1 cells (Awasthi et al.  2007 ). Tr1 cells do not express the master transcrip-
tion factor Foxp3, which is distinct from Treg cells (Pot et al.  2009 ,  2011 ). DCs 
primed in vivo by induced Foxp3 +  Tregs cells were reported to be likely tolerogenic 
DCs and to secrete IL-27, resulting in suppression of immune responses through 
generation of the Tr1 cells (Awasthi et al.  2007 ). The differentiation into Tr1 cells 
by IL-27 is highly dependent on STAT1 (Xu et al.  2009 ), and IL-27 was demon-
strated to induce expression of aryl hydrocarbon receptor (AHR) and the transcrip-
tion factor c-Maf, both of which can induce the production of IL-10 and IL-21 by 
CD4 +  T cells (Apetoh et al.  2010 ). Of note, IL-27-induced c-Maf expression acti-
vates IL-21 production, which acts as an autocrine growth factor for the expansion 
and/or maintenance of Tr1 cells, and IL-27 also enhances the costimulatory receptor 
inducible costimulatory (ICOS) expression, further promoting IL-27-mediated gen-
eration of Tr1 cells (Pot et al.  2009 ). 

 It was recently demonstrated that CD4 +  T-cell assistance in the form of IL-2 is 
required for IL-10 production by CTLs, but not for the induction of CTL effector 
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cytokines (Sun et al.  2011 ), because IL-2 derived from CD4 +  helper T cells cooperates 
with innate immune cell-derived IL-27 to amplify IL-10 production by CTLs through 
a Blimp-1-dependent mechanism. Moreover, during primary respiratory viral infec-
tion, CD8 +  T effector T cells release the immunosuppressive cytokine IL-10, which 
limits infl ammation and immunopathology and is essential for host survival. In con-
trast, it was recently demonstrated that CD8 +  T-cell-derived IL-10 is absent in a recall 
response because of a persistent loss of IL-27 responsiveness in CD8 +  memory T cells 
caused by downregulation of the common cytokine receptor, gp130 (Perona-Wright 
et al.  2012 ). Thus, IL-27 plays a critical role in suppressing excessive immune 
responses and pathology through IL-10 production by CD4 +  and CD8 +  T cells.  

14.4.4      IL-27 Increases Treg Cell Expansion 

 In contrast to the antagonistic effect of IL-27 on Treg cells as previously mentioned, 
a very recent report has paradoxically demonstrated that IL-27 does not limit the 
generation of Treg cell population but rather promotes Treg cell expansion and 
expression of T-bet and CXCR3 (Hall et al.  2012a ). In wild-type mice challenged 
with  T. gondii  or other pathogens, a population of Treg cells that expressed T-bet, 
CXCR3, and IL-10 emerged and limited T effector responses. In contrast, in WSX-
1- defi cient mice, the Treg population was reduced at primary sites of infection but 
not at peripheral sites, such as in the spleen, where IFN-γ has a similar and more 
prominent role. Transcriptional profi ling was demonstrated to highlight that IL-27 
appears to have a more dominant impact than IFN-γ on Treg cell expression of 
immunosuppressive genes such as IL-10 (Hall et al.  2012a ). Further studies are 
necessary to clarify the precise role IL-27 in generation of Treg cells.   

14.5     Therapeutic Implications of IL-27 

14.5.1     Antitumor Effects of IL-27 

 Since the antitumor effi cacy of IL-27 was fi rst evaluated in 2004 (Hisada et al. 
 2004 ), accumulating evidence has revealed that IL-27 has potent antitumor activity, 
which is mediated by multiple mechanisms including CD8 +  T cells (Chiyo et al. 
 2004 ,  2005 ; Hisada et al.  2004 ; Salcedo et al.  2004 ,  2009 ), NK cells (Oniki et al. 
 2006 ; Liu et al.  2008 ; Hu et al.  2009 ), antibody-dependent cell-mediated cytotoxic-
ity (ADCC) (Matsui et al.  2009 ), anti-angiogenesis (Shimizu et al.  2006 ; Airoldi 
and Ribatti  2011 ), direct suppression of tumor growth (Yoshimoto et al.  2008 ), and 
inhibition of cyclooxygenase-2 (COX-2) and resultant prostaglandin E 2  (PGE 2 ) 
expression (Ho et al.  2009 ), depending on the characteristics of individual tumors 
(Fig.  14.4 ). Because each subunit of IL-27 is not chemically bound as are IL-12 and 
IL-23, a single chain expression vector was constructed using a fl exible linker such as 
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Gly 4 Ser 3  (Pfl anz et al.  2002 ; Hisada et al.  2004 ). For instance, highly immunogenic 
murine colon carcinoma colon 26 cells transfected with the IL-27 expression vector 
showed greatly reduced tumor growth, which was mainly mediated by CD8 +  T 
cells, IFN-γ, and T-bet (Hisada et al.  2004 ). Moreover, the overall effect of endog-
enous IL-27 was revealed to contribute to the antitumor effect, which was demon-
strated using WSX-1-defi cient mice (Shinozaki et al.  2009 ). Although endogenous 
IL-27 promotes generation of tumor-specifi c CTL in CD8 +  T cells, it inhibits APC 
function in DCs. Thus, IL-27 plays a particular important role in the generation of 
CTL (Morishima et al.  2010 ). On the other hand, the antitumor effects of IL-27 
against poorly immunogenic tumors such as B16F10 melanoma are mediated by 
various mechanisms through NK cells (Oniki et al.  2006 ; Liu et al.  2008 ; Hu et al. 
 2009 ), angiogenesis (Shimizu et al.  2006 ), and its direct effects on tumors 
(Yoshimoto et al.  2008 ; Ho et al.  2009 ). IL-27 not only activates NK cells but also 
induces tumor-specifi c immunoglobulin, which cooperatively elicits ADCC activity 
(Matsui et al.  2009 ). IL-27 also possesses potent anti-angiogenic activity on mela-
nomas as does IFN-γ, which contributes to its antitumor and antimetastatic activi-
ties (Shimizu et al.  2006 ). IL-27 was demonstrated to directly act on human 
umbilical vein endothelial cells and induce production of the anti-angiogenic che-
mokines such as IFN-γ-inducible protein 10 (IP-10, CXCR10) and monokine 
induced by IFN-γ (MIG, CXCR9). IL-27 also possesses potent direct antiprolifera-
tive activity on melanomas through WSX-1/STAT1 and in part through IRF1, but 
not IRF8, which is analogous to IFN-γ (Yoshimoto et al.  2008 ).

   Furthermore, IL-27 was demonstrated to inhibit the growth of human tumors 
including melanoma, multiple myeloma, B-acute lymphoblastic leukemia (B-ALL) 
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cells, follicular lymphoma, diffuse large B-cell lymphoma, and acute myeloid 
 leukemia (Yoshimoto et al.  2008 ; Cocco et al.  2010 ,  2012a ,  b ; Airoldi and Ribatti 
 2011 ; Canale et al.  2011 ; Giuliani and Airoldi  2011 ; Zorzoli et al.  2012 ). IL-27 
strongly inhibited tumor growth and in vivo tumorigenicity of multiple myeloma 
cells through suppression of angiogenesis (Cocco et al.  2010 ). IL-27 also reduced in 
vitro B-ALL cell proliferation and angiogenesis and augments apoptosis. Moreover, 
IL-27 severely hampered the leukemic spreading induced in nonobese diabetic/
severe combined immunodefi cient (NOD/SCID)/IL-2Rγ −/−  mice by injection with 
B-ALL cells from pediatric patients (Canale et al.  2011 ). Similarly, acute myeloid 
leukemia cells injected into (NOD/SCID)/IL-2Rγ −/−  mice gave rise to leukemia dis-
semination that was also severely inhibited by IL-27 (Zorzoli et al.  2012 ). These 
antitumor effects were caused by signifi cant reduction of angiogenic and spreading- 
related genes, including vascular endothelial growth factors (VEGFs), angiopoie-
tins, and matrix metalloproteinases (MMPs), and also by upregulation of angiostatic 
molecules, such as tissue inhibitor of MMP (Zorzoli et al.  2012 ).  

14.5.2     Therapeutic Effects of IL-27 on Various Diseases 

 Although IL-27 possesses both pro-infl ammatory and anti-infl ammatory properties, 
therapeutic application against various diseases such as cancer, allergy, and autoim-
mune diseases are anticipated. Because systemic injection of IL-12 induces severe 
toxicity, clinical trials of IL-12 were halted (Cohen  1995 ; Leonard et al.  1997 ). In 
contrast, IL-27 treatment seems to have far fewer adverse effects such as spleno-
megaly and liver injury (Hisada et al.  2004 ; Oniki et al.  2006 ), although further 
studies with systemic administration of IL-27 and detailed analyses in other organs 
are necessary. For therapeutic application, injection of IL-27 expression vector or 
minicircle was demonstrated to reduce tumor growth of head and neck squamous 
cell carcinoma SCCVII and neuroblastoma TBJ, indicating that IL-27 could be uti-
lized in the clinical setting (Matsui et al.  2009 ; Salcedo et al.  2009 ). IL-27 also 
provides us with a potential therapeutic means for treating Th2-associated diseases 
such as bronchial asthma (Yoshimoto et al.  2007 ). Intranasal administration of 
IL-27 inhibited OVA-induced airway hyperresponsiveness and infl ammation in 
OVA-sensitized animals (Yoshimoto et al.  2007 ). Moreover, in vivo daily IL-27 
treatment for a week after  L. major  infection protected BALB/c mice from footpad 
swelling by diminishing parasite burden via reciprocal regulation of Th1 and Th2 
responses (Yoshimoto et al.  2007 ). On the other hand, IL-27 was demonstrated to 
inhibit the replication of human immunodefi ciency virus type 1 (HIV-1) in CD4 +  T 
cells and monocyte-derived macrophages as well as HCV replication by inducing 
antiviral genes including RNA-dependent protein kinase, oligoadenylate synthe-
tase, and myxovirus protein in the same manner as IFN-α (Imamichi et al.  2008 ; 
Greenwell-Wild et al.  2009 ; Frank et al.  2010 ; Guzzo et al.  2010 ). Conversely, 
IL-27-induced gene expression is also impaired in human immunodefi ciency virus 
(HIV) infection; this suggests that HIV-mediated dysregulation of IL-27 functions 
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occurs during HIV infection, which is a new viral pathogenic mechanism contributing 
to the widespread impairment of immune responses observed in HIV pathogenesis 
(Guzzo et al.  2012 ). 

 In addition, IL-27 treatment attenuates collagen-induced arthritis (CIA) 
(Niedbala et al.  2008 ), and local injection of an adenovirus expressing IL-27 into 
the ankles of mice with CIA reduced clinical scores (Pickens et al.  2011 ). In murine 
models of EAE, IL-27 delivery sustained through osmotic pumps delayed the onset 
of EAE and ameliorated established disease (Fitzgerald et al.  2007b ; El-behi et al. 
 2009 ). Injection of DNA minicircles of IL-27 suppressed the development of EAE 
(Stumhofer et al.  2010 ). There are also reports showing that blocking IL-27 activity 
by neutralizing IL-27R-Fc fusion protein limits disease progression in peritoneal 
sepsis (Wirtz et al.  2006 ). Similar blocking of IL-27 activity with reduced Th1 cell- 
mediated liver injury was demonstrated by using a mutant form of IL-27 in which 
the p28 subunit was mutated and unable to interact with gp130 (Rousseau et al. 
 2010 ). Thus, injection of IL-27 protein or its expression vector, or conversely block-
ing the interaction between IL-27 and its receptor, could be therapeutically applied 
for the potential treatment of various diseases.   

14.6     Future Prospects and Concluding Remarks 

 There are confl icting reports as to antitumor effects of WSX-1 overexpression on 
tumors (Fig.  14.5 ). In certain tumors overexpression of WSX-1 induces the expres-
sion of MHC class I-related chain A, which is a ligand for NK group 2, member D, 
and promotes NK cell-mediated cytotoxicity (Dibra et al.  2009 ). In contrast, over-
expression of WSX-1 in different tumor cells inhibits antitumor effector responses 
and promotes tumor growth (Dibra et al.  2011 ); this may be caused by homodimer-
ization of WSX-1, which was also reported to possess hematopoietic cell- 
transforming activity (Pradhan et al.  2007 ). Furthermore, p28 independent of EBI3 
was recently demonstrated to possess antagonistic effects of gp130-mediated sig-
naling against the activity of IL-6, IL-11, and IL-27, analogous to p40 against IL-12 
activity (Shimozato et al.  2009 ; Stumhofer et al.  2010 ). Moreover, it was reported 
that p28 also associates with p40, and the composite molecule functions as an 
antagonist against IL-12 and IL-27 (Wang et al.  2012 ). In marked contrast, p28 was 
demonstrated to induce agonistic activity associating with cytokine-like factor 
(CLF) through a tripartite receptor composed of gp130, WSX-1, and IL-6Rα, lead-
ing to activation of NK and T cells (Crabe et al.  2009 ). Moreover, p28 forms a het-
erodimer with soluble IL-6Rα and induces trans-signaling activity through the 
gp130 homodimer (Garbers et al.  2012 ). Thus, formation of monomers, homodi-
mers, or heterodimers with different subunits, including those belonging to the other 
IL-6/IL-12 family cytokines and their receptors, further makes the interpretation of 
IL-27 biology more complex and remaining to be clarifi ed (Fig.  14.5 ).

   In conclusion, IL-27 is a pleiotropic cytokine and promotes both pro- and anti- 
infl ammatory effects depending on context (Kastelein et al.  2007 ; Yoshida and 
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Miyazaki  2008 ; Hall et al.  2012b ; Hunter and Kastelein  2012 ). Although IL-27 was 
shown to have lower toxicity in mouse models, likely the result of the low induction of 
IFN-γ in vivo (Hisada et al.  2004 ; Oniki et al.  2006 ), clinical trials to evaluate toxicity 
and effi cacy of IL-27 are necessary. Understanding the biology of IL-27 in more detail 
and the context that determines the outcome, promotion or suppression, of immune 
responses to IL-27 is very important and remains to be investigated. Taken together, a 
number of studies reporting IL-27, including preclinical studies as described here, 
support the possibility that IL-27 is a novel, promising therapeutic agent against vari-
ous diseases such as cancer, allergies, autoimmune disorders, and infection.     
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    Abstract     Interleukin-35 is a potent suppressive cytokine of the IL-12 family. 
Although other members of the IL-12 family are produced mainly by antigen- 
presenting cells (APCs), IL-35 is produced by regulatory T (Treg) cells and sup-
presses cell proliferation. It has been shown to play an important role in many 
disease models and has been recently shown to have additional functions aside from 
inhibition of proliferation, including inducing its own expression in non-Treg cells. 
In this chapter, we discuss the history and current status of IL-35 biology, as well as 
suggest where the fi eld might move in the future.  

  Keywords     IL-35   •   STAT heterodimer   •   Suppression   •   Treg  

15.1         The IL-12 Family Members of Heterodimeric Cytokines 

 Cytokines comprise a critical mediator of cell-to-cell communication. Although 
T-cell–APC contacts in the form of pMHC:TCR and costimulation are important for 
initiating the immune response, cytokines are essential for shaping it, inducing dif-
ferentiation into particular programmed effector lineages and aiding in the generation 
of memory. In addition, cytokines can have direct effector function by inducing cell 
activation or apoptosis, modulation of proliferation, and alteration of metabolism. 

 Although some cytokine families are predominantly pro-infl ammatory or anti- 
infl ammatory, the IL-12 cytokines family is unusual in having particularly broad 
immunomodulatory activities. The IL-12 family belongs to the IL-6 superfamily of 
type 1 cytokines, which is characterized by cytokines with multisubunit receptors 
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(Jones and Vignali  2011 ; Vignali and Kuchroo  2012 ).These cytokines have a wide 
variety of functions in the hematopoietic lineages. 

 The IL-12 family was formed with the discovery of IL-12, a heterodimer of p35 
(encoded by  Il12a ) and p40 (encoded by  Il12b ), linked by disulfi de bonds (Fig.  15.1 ). 
This family is characterized by heterodimers of alpha-subunits consistent with the 
structure of type 1 cytokines and beta-subunits that are structurally similar to solu-
ble cytokine receptors (Jones and Vignali  2011 ; Vignali and Kuchroo  2012 ). This 
structure thought to have evolved from the IL-6 superfamily of cytokines. Many 
IL-6 superfamily members utilize gp130 as a signal-transducing subunit (IL-6, 
IL-11, CNTF, LIF, OSM, CLF, etc.). Beta-subunits structurally resemble signal- 
transducing subunits as well as cytokine-binding proteins (Jones and Vignali  2011 ). 
IL-12 was shown to be critical for induction of T helper 1 (Th1) cell differentiation 
and interferon (IFN)-γ production. The generation of knockout mice for  Il12a  and 
 Il12b  confi rms the physiological importance of IL-12 in a variety of in vivo models, 
including experimental autoimmune encephalomyelitis (EAE) (Bettelli et al.  2007 ). 
As the Th1/Th2 paradigm suggested that Th1 cells would be important for EAE 
disease pathogenesis, it was anticipated that  Il12b  −/−  mice would be resistant to 
EAE. However, the observation that  Il12a  −/−  were susceptible to EAE was surpris-
ing and suggested a more complex biology. This idea prompted researchers to sug-
gest that perhaps p40 was playing a role as a subunit for another cytokine, leading 
to the discovery of the p19 alpha-chain and the demonstration that it pairs with the 
p40 beta-chain via a disulfi de linkage to form IL-23. This new cytokine, while origi-
nally thought to activate memory cells, was shown to induce the differentiation of 
Th17 cells, a predominantly infl ammatory T cell subset. In the coming years, new 
cytokines have be added to the IL-12 family based on structural homology. IL-27, a 
heterodimer of p28 (encoded by  Il27 ) and Epstein–Barr virus-induced gene 3 (Ebi3, 
encoded by  Ebi3 ), which lacks disulfi de linkage, was shown to be produced by 
recently activated antigen-presenting cells (APCs) (Fig.  15.1 ). It was fi rst thought to 

The expanded IL-12 family
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  Fig. 15.1    The growing interleukin (IL)-12 family. The IL-12 family of cytokines is characterized 
by subunit sharing and pairing. Some, such as IL-12 and IL-23, are linked via disulfi de linkage, 
whereas others (those utilizing Ebi3) are held together by other structural forces. The functions of 
the IL-12 family are many and varied, often related to differentiation. The presence of homodimers 
of subunits has been reported, and these often have been implicated in acting as natural antagonists 
of bioactive cytokine signaling       
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be a proinfl ammatory cytokine, because stimulation of naïve T cells with IL-27 
induces  Il12rb2  expression, greatly enhancing T-cell sensitivity to IL-12 (Devergne 
et al.  1996 ; Hall et al.  2012 ). However, recent data have highlighted a more immu-
nomodulatory role for IL-27. For instance, IL-27 can induce the generation of 
IL-10-producing Tr1 cells while inhibiting Th17 and peripherally induced Treg 
(pTreg) induction. It is also notable that several IL-12 family member subunits have 
been suggested to have functional roles as homodimers. IL12p40 homodimers, p28 
homodimers (IL-30), and Ebi3 homodimers have been reported with various func-
tions resulting from their antagonistic activity via receptor blockade (Hall et al. 
 2012 ; Kempe et al.  2009 ; Vignali and Kuchroo  2012 ). Recently, p28 has been shown 
to have an agonistic function in T cells, although it remains to be determined 
whether these homodimers have physiological roles in vivo (   Garbers et al.  2013 ).

   It is clear that the IL-12 cytokine family mediates a broad and varied portfolio of 
immunological events (Vignali and Kuchroo  2012 ). Thus, it seems likely that new 
insights are likely to emerge and new members of this family may also remain to be 
discovered. However, in this chapter we focus exclusively on interleukin-35, the 
newest and perhaps most elusive member of this family.  

15.2     Discovery of IL-35 and Identifi cation of Its Cellular 
Source 

 When a second IL-12 family cytokine beta-chain, Ebi3, was discovered in 1996 
(Devergne et al.  1996 ), there was considerable interest in identifying its “natural” 
binding partner. This quest continued for some time as p28 was identifi ed 6 years 
after the discovery of Ebi3 (Pfl anz et al.  2002 ). In 1997, it was shown that Ebi3 
could pair with p35 in transfection experiments (Devergne et al.  1997 ). Although it 
was suggested that placental trophoblasts might coexpress Ebi3 and p35 (Devergne 
et al.  1997 ,  2001 ), it was not clear whether this was a bona fi de heterodimeric cyto-
kine, what its predominant cellular source might be, and its function in vivo. 

 A decade later, detailed analysis of the Treg cell gene expression “signature” 
revealed  Ebi3  as an upregulated gene and potential Foxp3 target (Collison et al. 
 2007 ; Hill et al.  2007 ; Knoechel et al.  2006 ; Zheng et al.  2007 ). Given that Ebi3 is 
a p40-related member of the IL-12 family, a cytokine family that was thought to be 
exclusively produced by APCs, increased expression in Treg cells was surprising. In 
2007, the Vignali lab identifi ed IL-35 as a p35:Ebi3 heterodimer important for Treg 
cell function (Collison et al.  2007 ). Importantly,  Ebi3 - and  Il12a -defi cient Treg 
cells, stimulated in isolation or co-cultured with wild-type conventional cells, dis-
played limited suppressive capabilities compared with their wild-type controls. 
Furthermore, recombinant 2A-linked “native” or a single-chain “hyperkine” IL-35 
suppressed T-cell proliferation. Around the same time, another group used a 
p35:Ebi3 single-chain hyperkine-Fc fusion protein to abrogate collagen-induced 
arthritis in mice (Niedbala et al.  2007 ). However, this study seemed to indicate a 
role for IL-35 in the expansion of Tregs rather than the suppression of proliferation. 
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These contrasting data in vitro confi rmed some earlier observations, but a physio-
logical role and source for IL-35 in vivo seemed to be lacking (Devergne et al.  1997 ; 
Niedbala et al.  2007 ). In all, these early observations suggested that IL-35 may be 
an important member of the suppressive cytokine “community,” joining transform-
ing growth factor (TGF)-β and IL-10 as soluble mediators of suppression.  

15.3     The Function(s) of IL-35 

 The discovery of IL-35 as a Treg-derived suppressive cytokine has sparked consider-
able interest. Although there is clearly much to learn about this intriguing cytokine, 
several recent studies have begun to provide important insight into its function 
(Fig.  15.2 ). The primary function of IL-35 appears to be the induction of cell-cycle 
arrest in many cell types (Bettini et al.  2012 ; Collison et al.  2007 ; Wirtz et al.  2011 ). 
The ability of IL-35 to suppress cellular proliferation may be a critical component of 
the Treg cell armament, especially in infl ammatory environments (Bettini et al. 
 2012 ; Collison et al.  2007 ,  2009 ; Wirtz et al.  2011 ). It has been suggested that IL-35 
can expand Treg cells, although the mechanism of this expansion is unknown and the 
observation has yet to be confi rmed in vivo (Niedbala et al.  2007 ). It is possible that 
that Treg cells are merely resistant to IL-35 and thus are selected for in this context, 
or it may be that IL-35 blocks factors that would hamper Treg cell function.

   Many studies have implicated IL-35 in various disease models. Initial studies 
suggested that IL-35 could ameliorate infl ammatory environments, such as in mod-
els of infl ammatory bowel disease (IBD) (Collison et al.  2007 ). Early in vivo 
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  Fig. 15.2    Multiple functions of IL-35. IL-35-treated T cells expressing gp130 or IL12Rβ2 signal 
via STAT1 or STAT4, respectively, and induce cell-cycle arrest (suppression). Treg cell-derived 
IL-35 can also suppress activated T cells via a STAT1:STAT4 heterodimer, and induce  Ebi3  and 
 Il12a  transcription and IL-35 production (iTr35 conversion). Finally, IL-35 may be able to act on 
Treg cells in an autocrine fashion to program stability, but these fi ndings have yet to be fully 
elucidated       
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functions of IL-35 were attributed to the expansion of regulatory cells or the 
 suppression of Th17 cells, specifi cally in the progression of experimental arthritis 
(Kochetkova et al.  2010 ; Niedbala et al.  2007 ; Yang et al.  2008 ). IL-35 was also 
shown to be important in inhibiting the clearance of  Listeria  infection (Yang et al. 
 2008 ).  Ebi3   −/−   animals have exacerbated central nervous system (CNS) pathology 
in response to coronavirus infection (   Tirotta et al.  2013 ). Use of an IL-35 expression 
construct in mice led to attenuated autoimmune-induced CNS demyelination 
(Zandian et al.  2011 ), decreased experimental colitis (Wirtz et al.  2011 ), and reduced 
severity of airway infl ammation and antibody production in a model of dust mite 
allergy (Huang et al.  2011 ). Transgenic NOD mice expressing IL-35 in pancreatic 
beta cells in the islets of Langerhans have substantially decreased diabetes and 
immune pathology (Bettini et al.  2012 ). Further analysis of IL-35 function in vivo 
is clearly required, but the general consensus is that IL-35 exhibits an inhibitory 
phenotype in a broad range of disease models. 

 The suppressive cytokines TGF-β and IL-10 have the capacity to convert CD4 +  
T cells in to in vitro-generated induced Treg (iTreg) that suppress via TGF-β or 
IL-10, respectively (Vignali et al.  2008 ). It seemed logical that IL-35 might have a 
similar function as a mediator of “infectious tolerance,” the notion that cells which 
are suppressed can themselves become suppressive, passing the tolerant state from 
one cell to another (Gravano and Vignali  2012 ). Indeed, naive CD4 +  T cells stimu-
lated in the presence of IL-35 are not only suppressed but are converted to an IL-35- 
producing iTreg population termed iTr35 (Collison et al.  2010 ). Interestingly, these 
cells do not express Foxp3 or suppress via TGF-β or IL-10 and are implicated in 
several disease models, especially cancer, as tumors are enriched for Foxp3 –  IL-35- 
producing cells. 

 Although there is mounting evidence supporting an inhibitory role for murine 
IL-35, evidence supporting a role for human IL35 remains limited. It has been sug-
gested that human IL-35 may be suppressive (Collison et al.  2010 ; Jones et al. 
 2012 ), but initial studies could not detect IL-35 production by human Treg cells ex 
vivo or following short-term stimulation (Bardel et al.  2008 ). Furthermore, 
retroviral- mediated overexpression of FOXP3 in human T cells could not induce 
 EBI3  or  IL12A  expression (Allan et al.  2008 ). However, most Treg cells isolated 
from human samples are not particularly suppressive ex vivo and do not always 
express high levels of FOXP3. Indeed, IL-35 has been detectable in human samples 
from a variety of disease states (Langhans et al.  2010 ; Liu et al.  2011 ; Seyerl et al. 
 2010 ). Furthermore, hepatitis C virus-specifi c human Tregs have been shown to 
suppress via IL-35 in response to HCV epitopes (Langhans et al.  2010 ). IL-35 has 
also been shown to be produced by human Tregs in response to rhinovirus infection, 
implicating PD-L1 and CD169 in its induction (Seyerl et al.  2010 ). As in the mouse, 
it also appears that human CD4 +  T cells exposed to IL-35 can express and mediate 
suppression via IL-35 (Collison et al.  2010 ). Although most of the focus has been 
on production of IL-35 by CD4 +  regulatory T-cell populations, an intriguing recent 
study has suggested that a human CD8 +  T-cell subpopulation can regulate antitumor 
immunity in prostate cancer via IL-35 production and CTLA-4 (Olson et al.  2012 ). 
This fi nding is particularly intriguing because CD8 +  cells express a functional 
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receptor for IL-35 that could induce IL-35 production (Collison et al.  2012 ). Also 
recently, a study has suggested that IL-35 may be produced by tumor cells, inducing 
cell-cycle arrest and promoting apoptosis among themselves as well as tumor- 
infi ltrating cells (   Long et al.  2013 ). Some cancer lines were also shown to express 
functional receptors for IL-35 as well as IL-35 itself. Furthermore, IL-35-negative 
tumor lines in which IL-35 was overexpressed gained the ability to mediate cell- 
cycle arrest and apoptosis (Long et al.  2013 ). This ability may serve as a mechanism 
for tumors to evade the immune system and establish long-term tolerance, promot-
ing disease progression. Such observations are encouraging, but it will be critical to 
fully evaluate the functional capacity and scope of human IL-35, moving forward to 
determine the potential of its therapeutic utilization or blockade.  

15.4     Cellular Targets of IL-35: Lessons from Its Receptor 

 Based on structural homology between the subunits of IL-35 and other members of 
the IL-12 family, it was likely that IL-35 would utilize one or more of the receptor 
subunits associated with this family. Utilizing cells defi cient in these receptor sub-
units, we demonstrated a role for gp130 and IL-12Rβ2 in IL-35-mediated suppres-
sion (Collison et al.  2012 ). However, although gp130- and IL-12Rβ2 double-defi cient 
cells were completely resistant to IL-35-mediated suppression, those lacking only a 
single chain of the receptor could still signal and suppress, especially in vivo. This 
observation was surprising as other members of the IL-12 family lose their signal-
ing capacity in the absence of a single receptor chain (   Garbers et al.  2012 ; Vignali 
and Kuchroo  2012 ). Intriguingly, signaling via gp130 or IL-12Rβ2 alone was not 
suffi cient to mediate IL-35 production and iTr35 conversion. Subsequent biochemi-
cal analysis and microscopy approaches revealed that IL-35 can utilize three recep-
tors: gp130 homodimers and IL-12Rβ2 homodimers, which were suffi cient to 
mediate suppression, and gp130:IL12Rβ2 heterodimers, which mediate suppres-
sion and iTr35 conversion (Fig.  15.3 ). This conversion occurs through STAT1:STAT4 
heterodimers, which can bind to regions within the  Ebi3  and  Il12a  promoters and 
initiate transcription. What remains unclear is how gp130 or IL-12Rβ2 homodimers 
can stimulate STAT1 or STAT4 activation and mediate suppression in the absence of 
the other chain.

   IL-12Rβ2 is primarily restricted to the hematopoietic lineage and is really only 
expressed on a small proportion of cells [activated conventional CD4 +  and CD8 +  T 
cells, natural killer (NK) cells, dendritic cells (DCs), and some B cells). Interestingly, 
CD8 +  regulatory cells generated in prostate tumors have been shown to suppress via 
IL-35 production, suggesting that perhaps the presence of IL-12Rβ2 and gp130 on 
activated CD8 +  T cells may sensitize them for conversion to IL-35 production 
(Olson et al.  2012 ). However, gp130 is ubiquitously expressed throughout the body. 
As IL-35 can mediate suppression through gp130 homodimers, this implies that 
most cells could be susceptible to IL-35-mediated suppression. This is an exciting 
thought but it highlights questions regarding the potency of IL-35 in vivo and 
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implications for clinical use. Does IL-35-mediated Treg suppression require closer 
contact and direct delivery to its target cells? Is IL-35 removed from the microenvi-
ronment by the myriad of receptor-positive cells in vivo? Is there a method for 
therapeutic intervention by which one could specifi cally deliver IL-35 to its intended 
targets, sparing gp130 +  bystander cells?  

15.5     Conundrums Associated with IL-35 

 IL-35 has proven to be an extraordinarily hard cytokine to study. A key issue is that 
purifi ed biologically active recombinant IL-35 is still not commercially available 
and has not been reported. This restriction is in part because IL-35 is poorly secreted 
and may be somewhat unstable (Jones et al.  2012 ). Generally Fc fusion proteins or 
hyperkines are used to study heterodimeric cytokines (such as IL-27), but attempts 
to generate functional IL-35 in this manner have had mixed results. Although 293T 
cells coexpressing p35 and Ebi3 secrete bioactive IL-35, the amount is low and it 
has not been successful purifi ed (Collison et al.  2007 ,  2009 ; Jones et al.  2012 ). 
Important studies are being undertaken currently to determine the fundamental biol-
ogy of IL-35, which may help shed light on problems with its production and puri-
fi cation as a research reagent. Interestingly, p35 utilizes two potential start codons, 
the fi rst encoding a nonclassical, extraordinarily long signal peptide (Kollet et al. 
 2001 ; Vaidyanathan et al.  2001 ,  2003 ), raising the possibility that IL-35 may be 
processed differently than are other cytokines. These hypotheses parallel the initial 
observations that Ebi3 may also be membrane associated and have alternative pro-
cessing (Devergne et al.  1996 ). Solving these inherent problems in IL-35 expres-
sion, production, and purifi cation may help elucidate the biology of this mysterious 
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  Fig. 15.3    IL-35 utilizes three receptors. Although IL-12 and IL-27 utilize a single receptor 
 consisting of two chains, IL-35 is unique in that it can also signal, at least in part, through homodi-
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cytokine. Such studies may pave the way for future use of IL-35 as a research 
reagent and a tool for therapeutic intervention. 

 Given that IL-35 is a multisubunit cytokine, genetic models of simple gene dele-
tion complicate any interpretation of published data (Collison and Vignali  2008 ). 
For instance,  Il12a  −/−  mice lack both IL-35 and IL-12, thus clouding whether the 
phenotype observed is caused by one cytokine or the other. An attractive idea would 
be to fi nd sites in Ebi3 and p35 that would mediate binding with IL-12, IL-27, or 
IL-35, respectively, and make mutant mice that would thus be defi cient in only one 
cytokine, rather than both (Vignali and Kuchroo  2012 ). Given that IL-35 is a het-
erodimeric cytokine, one might anticipate that mutations could be made that would 
abrogate binding to one binding partner versus the other. However, extensive muta-
genesis of Ebi3 and p35 has suggested that this may not be the case. Although IL-12 
and IL-27 have conserved regions of homology crucial to subunit pairing, p35 and 
Ebi3 appear to pair in an unconventional manner (Jones et al.  2012 ). However, using 
point mutants discovered by these mutagenesis studies could pave the way for gen-
eration of mice that are specifi cally defi cient in IL-12 or IL-27, leaving IL-35 pair-
ing and function intact.  

15.6     Future Directions in IL-35 Biology 

 Many important questions still remain regarding IL-35 beyond the recombinant 
production issues detailed here. 

 First, a more detailed, temporally- and cell type-restricted assessment of IL-35 
function in a variety of disease settings is essential, using a combination of IL-35- 
specifi c neutralizing monoclonal antibodies (mAbs) and fl oxed  Ebi3  and  Il12a  
mice. 

 Second, a detailed analysis of which cell types produce IL-35, and when, is 
needed, using fl ow cytometric cytokine-staining approaches and reporter mice. 
Similar studies also need to be performed for IL-35 receptor expression and 
function. 

 Third, understanding the mechanism by which IL-35 promotes cell-cycle arrest 
is of critical importance. It is especially important to delineate whether other func-
tions of IL-35 (such as iTr35 conversion) are dependent on the capacity to be “sup-
pressed” or are independent of these signaling mechanisms. 

 Fourth, although IL-35 has been shown to signal via a STAT1:STAT4 heterodi-
mer, it is still unclear how a heterodimer is formed (as opposed to STAT homodi-
mers). Evaluating potential mechanisms of heterodimer formation in the context of 
IL-35 can, hopefully, shed light on the general role of STAT heterodimers in immu-
nity. Furthermore, elucidating how STAT heterodimers function distinctly from 
homodimers has implications for all of cytokine biology. Given that many cytokines 
with distinct functions utilize the same STATs, determining the mechanism by 
which STAT heterodimers promote alternative transcription and cellular function 
will provide fundamental insight into how these critical pathways are modulated. 
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 Fifth, if IL-35 is shown to expand Treg populations (Niedbala et al.  2007 ), it is 
extremely important to interrogate any “autocrine” activity of IL-35 on Tregs. Tregs 
do express gp130, but they do not express high levels of IL-12Rβ2, suggesting that 
they would be insensitive to the “converting” functions of IL-35. It may stand to 
reason that IL-35 acts to block gp130-utilizing cytokines that would otherwise ham-
per suppressive function, such as IL-6. 

 Finally, clearly it is extremely important to determine to the fullest extent the role 
that IL-35 plays in human Treg function, given the opposing fi ndings in this matter. 
Only then might the full therapeutic utility and potential of IL-35 be realized.     
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