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Abstract

Rheumatoid arthritis (RA) is an inflammatory autoimme disease characterized
by chronic inflammation within the synovial tissuaesmultiple joints leading to
progressive, erosive destruction of cartilage andedying joints. The severity
of RA is associated with the overexpression offtammatory cytokines within
the synovial tissue, such as THEF{L-1 and IL-6. Recently, IL-17 is thought to
play a critical role in maintaining the inflammagqurocesses within the arthritic
joints. Although the etiology and pathogenesis &f Ras not been completely
elucidated, neutralizing Antibodies against thdamimatory components have
been shown to successfully suppress joint inflanonareduce the relapse rate
and delay disease onset in RA patients. Theretbeeexpression and regulation
of cytokines produced during the disease progrash@s been the centre of
interest in therapeutic studies. Cytokines are m@md mediators of immune
functions in humans and animals. In this thesisiuaine model of RA has been
used to investigate the roles of new cytokinesrlet&in (IL)-27 and Interleukin

(IL)-35.

Interleukin (IL)-27, is a heterodimeric cytokinensprised of an I1L-12p40 related
protein, Epstein-Barr virus-induced gene 3 (EBIBY @ unique IL-12p35 like
protein p28. IL-27 is a member of IL-12 family, mbi generated by activated
macrophages and dendritic cells. IL-27 binds a perecomposed of WSX-
1/TCCR, a ligand-specific chain, and gpl130, a diyaamsducing molecule
shared with other cytokines such as IL-6. IL-27 pammote both pro- and anti-
inflammatory immune responses. A novel role of IL+2gulating autoimmunity

has been suggested by experiments on experimentabimemune



encephalomyelitis (EAE) and central nervous syst€MS) inflammation when
infected with Toxoplasma gondii. IL-27 suppresses these chronic diseases
through inhibiting Th17 activity. Thus, IL-27 mayVve an important therapeutic
potential for treatment of RA in humans. A majanadf this project has been to
clone and express a recombinant murine IL-27 ifigeht quantities to study
the role of IL-27 in a murine model of RA closeBblated to the human disease,
collagen-induced arthritis (CIA). A short term aahmstration of IL-27 to mice at
the onset of the disease had a significantly sigspre effect on disease severity
and incidence compared with untreated controls. eMiceated with the
recombinant IL-27 also showed reduced serum IL-6,7 and collagen-specific
IgG2a. Spleen and lymph node cells from the ILiZ&ted mice produced
significantly less IFNy and IL-17 compared with cells from the control enic
when cultured with collageim vitro. In contrast, administration of IL-27 to mice
during the late phase of CIA significantly exaceégdadisease severity. IL-27-
treated mice also showed elevated Wdnd IL-6 production by the lymphoid
cells when compared to untreated mice. Howeverl7Lsynthesis was not
affected between IL-27-treated mice and untreatétk.nConsistent with this
finding, in vitro IL-27 markedly inhibited the development of ThX@nh naive
CD4', CD4CD25 and CD4CD25 T cells, but had little or no effect on
differentiated Th17 cells. Together, these resd#monstrated that IL-27 had
both pro-inflammatory and anti-inflammatory effectsn chronic articular

inflammation, mainly associated with Th17 functions

Interleukin (IL)-35, another novel heterodimerictakine belonging to IL-12

family, is composed of EBI3 and the IL-12p35 sulbuiitle is known about the



biological function of IL-35. To study the role ¢if-35 in immune responses,
murine recombinant IL-35 was cloned and expressedmammalian GS system
to produce sufficient quantities. 1L-35 induced Igeration of murine
CD4'CD25" and CD4CD25 T cells when stimulated with immobilized anti-
CD3 and anti-CD28 antibodiés vitro. The IL-35-expanded CD&D25" T cell
population expressed Foxp3 and produced elevatetslef IL-10, whereas the
IL-35-induced CDACD25 T cells produced IFN-but not IL-4. The IL-35-
expanded CDZAD25 T cells maintained their suppressive functionsiraia
CD4'CD25 effector cells. Furthermore, when cultured withubte anti-CD3
and antigen-presenting cells, IL-35 directly suppesl the proliferation of
CD4'CD25 effector cells. Moreover, IL-35 inhibited the difentiation of Th17
cellsin vitro. In vivo, IL-35 effectively suppressed established collaigeiiced
arthritis in mice with the suppression of IL-17 guation but enhanced IFiX-
synthesis. Therefore, IL-35 is a novel cytokinemepsing the immune response
through the expansion of regulatory T cells andpsegsion of Thl7 cell
development. For the future study of human IL-3&man EBI3 and p35 were
cloned and linked together with an Fc fusion pdttman IL-35 was expressed in

GS system and the function of the recombinant prateeds further study.

These data in this thesis provide direct eviderw 1L-27 and IL-35 are
important mediators in murine collagen-induced rdrthdisease. This implicated
that IL-27 and IL-35 could represent potential nangets for novel therapeutic
agents in human RA. However, the findings on thal dole of IL-27 at the

different disease process suggested that the ienwnt of IL-27 in the



pathogenesis of human RA should be carefully ingattd before clinical

therapy application.
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Chapter 1
General Introduction
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1.1 T helper (Th) lymphocytes

1.1.1 Introduction

Inflammation plays an important role in the hosfedse against pathogenic
infection, tissue repair and regulation of innabel adaptive immune responses.
However, the skewed regulation of immune resportses result in chronic
inflammation, such as autoimmune diseases and rcaft¢ee autoimmune
diseases such as rheumatoid arthritis (RA) aredhsequence of the action of a
diverse cell population that includes B cells, noptrages and T cells. The major
proportion of the inflammatory cells in RA is T IselActivated CDAT cells are
the dominant subset of T cells in initiation andpatuation of the chronic
inflammation prevalent in RA (Feldmann et al., 198Bmekawa et al., 1998).
Classically, upon activation, CDZ cells have been divided into Thl or Th2
effector cells (reviewed in Mosmann & Sad., 1996jrphy & Reiner, 2002). It
has been known for many years that Thl and ThZ gabvide immune
responses to intracellular and extracelluar pathegespectively, depending on
their signature cytokine production. IRNs the signature cytokine of Thl subset,
whereas IL-4, IL-5 and IL-13 are secreted by Thi2set. Recently, a new lineage
of effector CD4 T cell preferentially produces IL-17 (Th17) hasbeliscovered.
Th17 subset is distinct from Thl and Th2 subsetd, @ovides diverse effector
functions during immune responses. The importahdéha7 responses has been
demonstrated in varieties of chronic autoimmunealss including RA, which
had been formally regarded as Thl diseases. Anatit@al subset of CD4T
cells is regulatory T cells (Treg). There are twajon types of Treg cells, the

naturally occurring CD4 CD25 Tregs originated from the thymus and the
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inducible Tregs generated in the periphery. Trdig tave important functions in
the regulation of autoimmune diseases. Since Thd Em2 cells are well

established, the following parts will focus on Thdeélls and Treg cells.
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Figure 1.1 Differentiation of CD4 T cell lineages.

Naive CD4 T cells can differentiate into three subsets ¢datbr T cells (Thi,
Th2, and Th17) and two subsets of Treg cells (hd. Bh3). Naturally occurring
Treg cells are generated from CCiymic T cell precursors. The differentiation
of these subsets is governed by selective cytolandstranscription factors, and

each subset provides specialized functions. (Adi&foten Bettelli et al., 2007)
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1.1.2Th2 cells

Th2 cells are characterised by the production ed,llLL-5, and IL-13, and these
Th2 cytokines promote activation of innate celld &elp B cells in IgG1 and IgE
class switching (reviewed by Abbas, et al., 1998 development of Th2 cells
is initiated via TCR signalling acting in concerithv IL-4 receptor through
STAT6 (Paul, 1997). Signals derived from TCR andilteceptor cooperatively
upregulate the expression of GATA-3, a master wqulof Th2 differentiation
(Zheng & Flavell, 1997). GATA-3 enhances its ownpession, and drives
epigenetic changes in the Th2 cytokine gene cly#eriL-4, IL-5 and IL-13).
Meanwhile, GATA-3 suppresses the dominant factans Thl polarization,
including IL-12R32 and STAT4 to block Thl development (Ouyang et al.
1998). Furthermore, IL-4 is a negative regulator Th17 effector cells
(Harrington et al., 2005). Usually, the cytokinesquced by a given Th lineage
often act as potent self inducers of their owndoge as well as inhibitors of
other Th lineages. Thus, IL-4 produced by maturg €alls can reinforce Th2
development and inhibit Thl and Th1l7 developmehtsuigh positive and

negative feedback loops.

Appropriate induction of Th2 effector cells promoteumoral immunity that is

crucial for controlling infections by extracellulgrathogens (Reiner, 2001).
Furthermore, Th2 responses can down-regulate aotoima diseases. It has been
shown that IL-4 delays the onset of CIA, reduces sgmptoms severity and
prevents joints damage and bone erosion (Horstadll.e 1997; Joosten et al.,
1997). However, inappropriate action of Th2 cels cause allergic reactions,

such as asthma (Abbas, et al., 1996).
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1.1.3Th1 cells

In contrast to Th2 cells, Thl cells came to be raefi on the basis of their
production of the signature cytokine, interferofN)-y. IFN-y is important in the
clearance of certain intracellular pathogens awodnpte 1IgG2a class switching in
mice on B cells (reviewed in O’ Garra, et al., 2P00he process of Thl helper
cells differentiation is initiated by TCR signaljnn association with cytokine
receptors via STAT1 (Gubler, et al., 1991; Murplyal., 2000). Type | IFNs,
type Il IFNs and the newly discovered IL-27 caniate STATL, via their
receptors on naive CDA cells. STAT1 signalling sequentially up-regutatbe
expression of the transcription factor T-bet, a terasregulator of Thl
differentiation. T-bet enhances the expressionFM-y and induces the IL-12
receptor 2 chain while suppressing GATA-3 and other Th2 eddhtiation
factors (Kamiya, et al., 2004, Hibbert 2003). Tineluction of IL-12F82 on
developing Thl cells allows IL-12 signaling via STA This in turn leads to the
maturation of Thl effector cells that can produE®&-y. Furthermore, IL-12
induces IL-18 receptor, allowing IL-18 to synergizih IL-12 to enhance IFIy-
production from Thl effector cells (Yoshimoto et, dl998). It also has been
revealed that IL-23 preferentially acts on the ifechtion of memory T cells and

the continuation of Thl development (Oppmann, .e2800).

Appropriate induction of Thl cells is required fffective cellular immunity to
clear intracellular pathogens, such kgshmania genus, Mycobacteria and
Salmonella. Overactivation of Thl cells have been thoughtauose autoimmune

inflammatory diseases, including RA, EAE, and darallergic disorders, such
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as delayed-type hypersensitivities (DTH) and cankgpersensitivity (Leonard
et al., 1995; Kageyama et al., 1998; Doing & FIaw€00). However, there is
controversyver the role of Thl cells in the onset phase etimhatoid arthritis
based on the observations that IFMas not always highly expressed in the
lesion (Husby et al., 1985; Kinne et al., 1997)rtkermore, mice deficient in
IFN-y or STAT1 were still susceptible to CIA and EAE (lber et al., 1996;
Mattys 1998; Bettelli et al., 2004). CIA is exacatddd in mice lackindgFN-%
receptors (Manoury-Schwartz et al., 1997; Vermedte al., 1997). These
observations suggested that an additional Thyedl bther than Th1l cells plays a
more important role in these autoimmune diseaskss. ddditional Th cell type

was recently defined as Th17 cells.

1.1.4Th17 cells

1.1.4.1 Introduction

Although the cytokine IL-17 was identified more thk0 years ago, Th17 cells as
a new subset of CDZ cells was proposed from the recent observationis. <3
and IL-12 deficient mice. It was demonstrated tha23 rather than IL-12 plays
a critical role in the development of CIA and EAEu@ et al., 2003; Murphy et
al., 2003; Langrish et al., 2005; Chen et al., 20@6 gene expression profiles
analysis, IL-23-cultured T cells preferentially eags chronic inflammatory
cytokines including IL-17, IL-6, and TNE&; unlike that of IL-12-cultured Thl
cells. Furthermore, Langrish, et al. (2005) demmastl that mice induced a more
severe EAE upon the transfer of IL-17-producing CD4cells pre-cultured by

IL-23, while mice did not induce severe EAE upoe thansfer of Thl cells.
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Thus, IL-17-producing CD4T cells are distinct from Thl cells. It was also
recognized that Thl signaling (STAT1, T-Bet, STAT4nd Th2 signaling
(STAT®6) are not required by Th17 development (Hgton et al., 2005; Park et
al., 2005) In contrast, IFN-and IL-4 actively suppress Th17 development, and
neutralization of IFNy and IL-4 is important for Th17 development (Hagtion

et al., 2005; Park et al., 2005). Therefore, Thédllsaepresent a distinct lineage

of CD4' T cells.

1.1.4.2 Characteristics of Th17 cells

Th17 cells are characterized by their productioa distinct profile of cytokines,
including IL-17 (or IL-17A) and IL-17F. Recentlylitas been shown that IL-21, a
member of the common gamma chain family of cyto&ine secreted by Th1l7
cells in mouse (Korn et al., 2007; Nurieva et 2007). Instead of IL-21, human
Th17 cells express IL-22 and IL-26; both belongtogIL-10 cytokine family

(Acosta-Rodriguez et al., 2007; Wilson et al., 2007

1.1.4.2.1 IL-17

IL-17, which was originally named as cytotoxic Trighocyte-associated factor 8
(CTLAS8), is a signature cytokine of Thl7 lineagestf described as a gene
product without clear functions by Rouvier et all®93. IL-17 gene is located in
chromosome 6pl12, and shows 58% homology with an ogading frame of the
T lymphotrophic herpesvirus Saimiri gene 13. IL-i¥ a disulfide-linked

homodimeric glycoprotein consisting of 155 aminadac(Yao et al., 1995).
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Human IL-17 displays close structural homology witbuse and rat IL-17, and
they all have remarkably conserved glycosylatidessiYao et al., 1995(2)).
Besides being produced by Th17 cells, IL-17 is &spressed by CDST cells,

yo T cells, NK cells, eosinophils and neutrophilsngsoarized by Kawaguchi et

al., 2004).

IL-17, also termed IL-17A, is a member of a newdyntified cytokine family
which comprises of six members. Five additionallileytokine family members
have been identified and designated IL-17B, IL-1I€17D, IL-17E (termed IL-
25), and IL-17F. (Li et al., 2000; Lee et al., 20Blymowitz et al., 2001). The
IL-17s are all expressed as homodimers with didelfiridge link, except IL-17
B is expressed as a non-covalent dimer. IL-17 ¢gwokamily members have a
similar C-terminal region, with five well conservesgsteine residues accounting
for a characteristic cysteine-knot formation. IL-family shows no resemblance
with other known cytokines, thus it is a uniqueogyte family. IL-17 B, C, D
and E have low homology with IL-17A. In contrast-17F has nearly 50%
identity to IL-17A at the amino acid level (Moseleyal., 2003)IL-17F gene is
located closely tdL-17A in all species (Moseley et al., 2003). Probable tw

their close location, IL-17A and IL-17F are bottpeassed by Th17 cells.

Like other known cytokines, the biological activid§ IL-17 is dependent on its
receptors. There have been five IL-17 receptorsries] to date: IL-17RA, IL-
17RB, IL-17RC, IL-17RD, and IL-17RE (Weaver et &007). Despite extensive

studies on IL-17, the studies of IL-17 receptor ifgrhave been limited. It has
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been recently reported that IL-17 signaling recgii@ multimeric receptor

complex consisting of IL-17RA and IL-17RC (Toy ét 2006).

IL-17RA, the first identified member of the IL-1'eaeptor family, is a single-
pass transmembrane receptor consisting of an eltrler amino acid domain
and a long cytoplasmic tail (Yao et al., 1995) cbmtrast to relatively restricted
expression of IL-17, IL -17RA has been found touiéquitously expressed at
MRNA level in many cell types, including epitheladlls, neutrophils, fibroblasts,
B and T lymphocytes, myelomonocytic cells, marrdmmsal cells and vascular
endothelial cells (Yao et al., 1995; Moseley et 2003). IL-17RA binds both IL-
17 and IL-17F. However, in human, IL-17RA binds Ite17 with 100-fold
higher affinities than it binds to IL-17F (Hymowi& al., 2001; Kuestner et al.,
2007). IL-17RA deficient mice exhibit enhanced smwility to multiple
infectious agents, which is consistent with the ontgnt role for IL-17A and IL-

17F in host defence (Ye et al., 2001).

IL-17RC, also named IL-17RL, is another IL-17R fmmember and has
recently been recognised as an essential componeiht17-mediated signal

transduction (Toy et al., 2006). IL-17 RC mRNA Hseen detected in human
prostate cells, cartilage, heart, kidney, liver andscle cells, and mouse tail
fibroblast cells (Haudenschild et al., 2002; Mogeét al., 2003). It has been
recently reported that human IL-17RC binds to IlAlanhd IL-17F with similar

high affinity, but m IL-17RC only binds m IL-17F (estner et al., 2007). Like
IL-17RA, IL-17RC is also a single-pass transmeméregceptor protein with a

unique, long cytoplasmic tail (Haudenschild et 2002). IL-17RC shows 23%
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homology with IL-17RA. However, IL-17RC has aneattative splice variant,
which leads to over 90 splice isoforms of humarLlRC. Some of the isoforms
are secreted soluble proteins and they retain tigand-binding properties
(Haudenschild et al., 2002; 2006). It has been daetnated that a soluble form of
IL-17RC effectively inhibits the sigaling responst both IL-17A and IL-17F

through blocking their bindings (Kuestner et a0?2).

With co-immunoprecipitation, it was demonstratedtti_-17RA and IL-17RC

have a physical interaction (Toy et al., 2006) 1IRA was recently shown to be
multimeric existing as a preformed complex in thesence of ligand binding,
Upon binding to IL-17A and IL-17F, IL-17RA multimecomplex undergo a
major conformational alternation (Kramer et al.,0@DTherefore, it was
suggested that this conformational alternation magluce a productive,

heterotypic interaction with IL-17RC (Toy et alQdb).

IL-17RA and IL-17RC contain a conserved cytoplasn8&EFIR (similar
expression to fibroblast growth factor (FGF) geresl7 receptors and Toll-IL-
1R) domain (Novatchkova et al., 2003). The SEFIRndm provides an
important interaction for downstream signalling swlles of IL-17. Initial
studies indicated that IL-17 signaling may dependhe activation of mitogen-
activated protein kinases and the transcriptioNBikB, two classical signalling
pathways associated with proinflammatory signalsa(@n-Barak et al., 1998;
Awane et al., 1999). However, the exact intermedpthways between IL-17R
and the downstream signals are still not fully Elated. Recent studies

suggested that the cytoplasmic adaptor protein Ac#l crucial mediator of IL-
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17 signalling (Chang et al., 2006). It seems thettlAdridges IL-17R ligation by
IL-17 and downstream signals. IL-17R-Actl-mediatdnalling pathway is
associated with IL-17- dependent autoimmune andrmhatory diseases in the

intestine and central nervous system respecti@ign et al., 2007).

IL-17, as an important inflammatory cytokine, aots a large variety of cells,
including epithelial cells, endothelial cells, famasts, synoviocytes, and
myeloid cells (Kolls et al., 2004). IL-17 induceshet expression of
proinflammatory cytokines, such as IL-6, TNF, IB;1GM-CSF, and CSF;
chemokines, such as KC, MCP-1, and MCP-2, CXCLH HRr8; and matrix
metalloproteases, which mediate tissue inflammatiigsue infiltration and
destruction. Predominant cytokines and chemokingsukated by IL-17 are
especially involved in the proliferation, maturatjo and chemotaxis of
neutrophils, which features the coordination betwaenate and adaptive

immunity (Kolls et al., 2004).

1.1.4.3 Cytokine Regulation of Th17 differentiation

It was initially thought that IL-23 induces the geation of Th17 cells. However,
three independent groups simultaneously found ih&3 failed to drive the
differentiation of naive CD4T cells to Th17 cells in mice (Veldhoen et al., 800
Mangan et al., 2006; Bettelli et al., 2006). Thasconsistent with the expression
of IL-23R, as IL-23R is not expressed on naive Tsca mice (Parham et al.,
2002). The further study suggested that IL-23 m@ayide a survival signal for

already differentiated Th17 (Veldhoen et al., 200®)bsequently, it has been
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shown that TGH and IL-6 act cooperatively to induce the differation of
Th1l7 commitment in mice. TGB; conventionally regarded as an anti-
inflammatory agent, inhibits the differentiation Bl and Th2 cells (Gorelik et
al., 2000; 2002). Previously it has been reporteat TGFf is an important
factor in inducing Foxp3+ Treg celia vitro (which will be further discussed in
the following Treg cells section). During the geatean of Th17 cells, TGB-is
also identified as a critical factor. The deviatismassociated with the action of
IL-6. TGF{3 alone induces Foxp3+ Treg generation, while tresgmce of IL-6
directs TGFB to drive Th17 cells generation rather than Trdts ¢Bettelli et al.,
2006). Furthermore, it has been reported that dinebination of TGH3 and IL-6
up-regulates the expression of IL-23R on Th17 cdlkereby, the expression of
IL-23R allows IL-23 to amplify and stabilize the Th phenotype (Veldhoen et

al., 2006).

Recent studies have revealed that IL-21 also catraahe generation of Th17
cells in mice (Korn et al., 2007; Nurieva et al00Z; Zhou et al., 2007). They
showed that IL-21, in combination with TG-induces naive CD4T cells to
produce IL-17. The ability of IL-21 to drive Thl2lts is independent of IL-6.
Like IL-6, IL-21 also suppresses the induction @xp3+ Treg by TGH and
upregulates the expression of IL-23R on Th17 @tsompanied by TGB: The
combination of IL-6 and TGRB- can induce Th17 cells to produce IL-21, and
then IL-21 with TGFB can also induce Th17 cells themselves to prodil )
which shows like an autocrine loop to amplify ThEsponse in mice (Zhou et

al., 2007).
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Several other cytokines have been shown to regula¢e development or
proliferation of Th-17 cells. IL-1 and TNF may play role in Thl7 cells
expansionin vitro (Veldhoen et al.,, 2006). Neutralization of IFNand IL-4

increases the expansion of Th17 cells driven bg3L4n addition, type | and li
IFNs, IL-12, and IL-27(which will be discussed ihet following section) can
suppress Thl7 differentiation (Harrington et a0, Murphy et al., 2003;
Batten et al., 2006). IL-2, a cytokine important §yowth and survival of Thl
and Th2 cells, has been found to strongly inhiitlT development in mice

(Laurence et al., 2007).

Surprisingly, the generation of Th17 cells in hunmdifferent from that in mice.
Despite the critical role of TGB-in Thl7 commitment in mice, human Th17
differentiation does not require TG¥-In fact, TGFp inhibits the production of
IL-17 in human (Acosta-Rodriguez et al., 2007; et al., 2007; Chen et al.,
2007). Interestingly, these studies have shown Hibdif is a chief factor in
induction of Th17 cells, and IL-6 acts to enhandelf-induced Th17
differentiation (Acosta-Rodriguez et al., 2007; ¥oih et al., 2007). However,
there is debate about IL-23. The studies from Wiilsbal (2007) and Chen et al
(2007) showed that IL-23 is an effective inducethaman Th17 cells. Acosta-
Rodriguez et al (2007) demonstrated that IL-23 @arlikely to expand Thl17
cells. Moreover, it has been shown that IL-2 playdual role in the regulation of
human Th17 cells. Large doses of IL-2 at the estidge of Th17 differentiation
can downregulate Th17 differentiation, whereasedétiated Th17 cells can be
expanded by IL-2 (Acosta-Rodriguez et al., 2007|s@ri et al., 2007; Amadi-

Obi et al., 2007). In addition, human memory CO4cells can rapidly express
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high levels of IL-17 upon anti-CD3/anti-CD28 stiratibn alone, while human

naive CD4 express low levels of IL-17 (Chen et al., 2007).

Mice
ruman ﬁpc Th17
Th17
IL-1 <:::::> TGF-B
IL-6 IL-6

A

IL-23 IL-21
IL-2
IL-23
IL-17A
IL-17F IL-17A
IL-22 IL-17F
IL-26 IL-21

Figure 1.2Th17 lineage commitments in humans versus miceajfet from

Laurence & J O'Shea, 2007)
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1.1.4.4 Effect of Transcription factors on Th17 diferentiation

1.1.4.4.1 STAT3

The transcription factors STATs family are key @ast during Th effectors
differentiation. As mentioned before, Thl diffeiatibn is through the activation
of STAT1 and STAT4. On the other hand, Th2 difféi@on is via selective
STATG6 activation. It has been shown that Th17 d#f¢iation is unimpaired in
STAT4 or STATG6 deficient mice, which suggested thatse transcription factors
are not involved in the differentiation of Th17 dage ((Harrington et al 2005;
Park et al.,, 2005). Thus, Thl7 differentiation isedwmted by different

transcription factors.

Recent studies have demonstrated that STAT3 isefgential regulator to
mediate Th17 differentiation in mice (Yang et aD07; Nishihara et al., 2007). It
has been observed that Th17 generation is greapgired in STAT3 deficient
cells (Yang et al., 2006). Upon TCR stimulations@land TG rapidly activate

STATS3 to direct the development of Th17 cells (Nisina et al., 2007). It also
has been found that IL-21 drives IL-17 production a STAT3-dependent
pathway (Wei et al.,, 2007). Furthermore, IL-6 arld2l can upregulate
expression of the IL-23R through STAT3 signalingi{ldva et al., 2007; Zhou et

al., 2007).

In contrast to STAT3, STAT1 appears to be a negategulator of Thl7

generation (Harrington et al 2005; Kimura et al002). Similarly, STAT5
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activated by IL-2 inhibits Th17 cell differentiatioin mice (Laurence et al.,
2007). The STATs family in human Th17 cell develgmmnhas not been clearly

elucidated.

1.1.4.4.2 RORt and RORa

It has been identified that every lineage of T<lhs a special key transcription
factor, like T-bet for Thl development, GATA-3 fdh2 development, and
Foxp3 for Treg development. The study by Ivanov hisdcolleages (2006) has
identified the orphan nuclear receptor, retinoiédaelated orphan receptor
(ROR) yt, as a transcription factor for Thl7 lineage d#éfgiation. Recently,
Yang group (2008) has found that R@OK another specific transcription factor

to direct Th17 differentiation.

RORMt is a specific isoform of RORthat belongs to the retinoic acid-related
orphan nuclear hormone receptor family. RO&1d ROR are both encoded by
Rorc locus and differ only in their terminal seqoes through the utilization of
different promoters (Dzhagalov, et al 2004). ROR broadly expressed, while
RORMt is predominantly expressed in populations ofstial lamina propria T
lymphocytes, and many of these cells constitutiexgress IL-17 (Ilvanov et al.,
2006). In contrast, these expressing IL-17+ T calésabsent in RORdeficient
mice. These data proposed a strong correlation degtvRORt and IL-17.In
vitro, under Thl7-polarizing conditions, R@Rleficient T cells showed
impaired Thl1l7 development compared with wild-typentcol T cells.

Importantly, the ROR-deficient mice produce normal (or slightly high&N-y
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under the Thl-polarizing conditions. Forced retnosimediated expression of
RORyt in naive CD4 T cells resulted in the increased expression oL
(lvanov et al., 2006). This strongly indicated ttia differentiation of Th17 cells
requires the induction of RGR Murine CD4 T cells cultured with IL-6 and
TGF{ express RORR to become Th17 cells. It has also been repohadiL-21
with TGF{3 induces the expression of R@RZhou et al., 2007). These data
together established that R@mplays an important role in Th17 differentiation.
In addition, it has been found that Retinoic Acifamin A metabolite, can
reduce the expression of R@Rnduced by TGH and inhibit the differentiation
of Th17 cells (Mucida et al., 2007; Elias et abDP8). In human, the combination
of IL-6 and IL-13 promotes the expression of R@KAcosta-Rodriguez et al.,
2007). Some studies also showed that IL-23 inceeR€2Rt expression (Chen et

al., 2007).

Another member of the ROR family, R@Rhas been found to be preferentially
expressed in Th1l7 cells, but not in Thl and Th&ddang et al., 2008). The
combination of IL-6 and TGPB-are strong inducers of R@RNn CD4 T cells.
Overexpression of RQRcould promote Th17 differentiation and upregulate
17 and IL-17F expression. Furthermore, coexpressibiRORx and RORt
synergistically result in the increased expressbnilL-17, IL-17F and IL-23R
(Yang et al., 2008). Mice doubly deficient in R®@Rnd RORt function were
profoundly impaired in Th17 generation and compepeotected against EAE.

In contrast, mice deficient only in R@Ror ROR#t developed moderate but less
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severe diseases compared to wild-type mice (Yangl.et2008). Therefore,

RORao and RORt together direct Th17 lineage differentiation.

1.1.4.4.3 Interferon-regulatory factor 4 (IRF4)

Interferon-regulatory factor 4 (IRF4) is a membérmmammalian transcription
factors that participate in the production of typénterferon, Toll-like receptor
signalling and the differentiation of T helper sglNegishi et al., 2005; Honda &
Taniguchi 2006). IRF4 was originally known as a kegucer of GATA-3 and
played an essential role in Th2 development (Hal.e2002; Rengarajan et al.,
2002). Recently, a study has identified that theetlgment of Th1l7 cells
requires IRF4 (Brustle et al., 2007)n vitro under the Th17 polarization
condition, T cells from IRF4 deficient mice fail ppoduce IL-171n vivo, IRF4
deficient mice are completely protected from EABia&bly, IRF4 deficient mice
are far more resistant to this disease than theBeieht in ROR¢. Interestingly,
further investigations found that IRF4 deficientcemishowed a defective IL-6
response that was only confined to Th17 developmk+@ decreases the ability
to upregulate the expression of R@BRNd downregulate the expression of Foxp3
for IRF4-deficient T helper cells in Th1l7 conditioollectively, IRF4 is

essential for Th17 development.

1.1.4.5 Role of Th17 in inflammation and autoimmuneliseases

Th17 cells have been implicated to play an imparntale in host defence. IL-17

and IL-17F stimulate cytokines and chemokines, sashG-CSF and IL-8, to
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generate neutrophils and attract these cells tcsites of inflammation, which
might provide the early defence against traumawmatld lead to tissue necrosis
or sepsis (Mckenzie et al., 2006). IL-17 is alswolmed in protection against
several bacteria, such aklebsiella pneumoniae (Happel et al.,, 2005),
Streptococcus pneumoniae (Malley et al., 2006) anbacteroides species (Chung
2003). Th17 cells also are important in protectigeponse against fungus and
yeast infection (Huang et al., 2004; Hohl et a00®&). In addition, Th17 cells
were shown to be indispensable against other pattsog including
Mycobacterium tuberculosis (Khader et al., 2007) oBorrelia burgdorferi

(Burchill et al., 2003).

Apart from the beneficial role of Thl7 in protectioagainst microbes,
dysregulated function of Thl7 cells is clearly ass®d with chronic
inflammatory diseases. The overexpression of ILhdg been detected in sera
and target tissues in various human autoimmuneaskse including multiple
sclerosis (Matusevicius et al., 1999; Lock et &002), systemic lupus
erythematosus, inflammatory bowel diseases, as@nmdarheumatoid arthritis (
summarized by Bettelli et al., 2007). Consistenthwhose observations, Th17
cells play a pivotal role in murine autoimmune dises models, including EAE,

colitis, and CIA (Nakae et al., 2003; Langrish let 2005).

1.1.4. 6 Th17 in Rheumatoid Arthritis

RA is a common systemic autoimmune disease with ravatence of

approximately 1% of the population. The clinicairgytoms are characterized by
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chronic inflammation and cellular proliferation it the synovial lining of
joints which ultimately result in erosive destroctiof cartilage and underlying
bones. Although there are various studies done Ay #Re aetiology and
pathogenesis of the diseases remain poorly unaerstdthough macrophages,
B cells, mast cells, DCs, and fibroblast-like syioaytes are involved in RA, the

role of T cells infiltrating the synovium in RA hdgen emphasized.

RA was previously considered a Thl mediated autainerdisease because of a
relative predominance of Thl cells and I¥MN+ RA joints (Miltenburg et al.,
1992; Dolhain et al., 1996; Smolen et al., 1996)e Tconsequence of Thl
predominant response has been shown to contributeltiction and progression
of chronicity. However, recent studies demonstraked Th17 but not Thl cells
played a predominant pathogenic role in RA. Eleddteels of IL-17 expression
have been detected in the synovial fluid from nf®At patients (Kotake et al.,
1999; Hwang et al., 2004; Hwang & Kim 2005). ThENxwere found in T cell
rich area of synovial tissue in RA patients (Chabatal., 1999). Then, T cell
clones developed from RA patients were found teast IL-17 (Aarak et al.,
1999). Furthermore, it has been reported that hur#ai cells secreted IL-17 in
response to IL-15, which can be found at a higlell@v the inflamed synovium

(Ziolkowska et al., 2000).

Th17 promotes inflammation through enhancing th@ression of TNE and IL-
1B by human macrophages (Jovanovic et al., 1998).aTdRd IL-13 have been
demonstrated to be important mediators of RA. ILhAE synergistic effects on

TNFa on inducing IL-1, IL-6, and IL-8 synthesis in tlsgnovial fibroblasts
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(Katz et al., 2001). IL-17 also enhances the Ilnddced synthesis of IL-6,
leukaemia inhibitory factor (LIF) and MIP-3a by R#Anoviocytes (Chabaud et
al., 1998). IL-6 and LIF may contribute to cartéagestruction, while MIP-3a
may recruit dendritic cells and T cells. IL-17 has direct role in joint
inflammation, cartilage damage, and bone erosiare(iders et al., 2006). IL-17
stimulates IL-6 and IL-8 secretion in fibroblastésidothelial and epithelial cells
(Fossiez et al., 1996). IL-17 also induces CXC ablkdnes in the inflamed joint,
which may attract neutrophils. Futhermore, IL-1@uees proteoglycan synthesis
and enhances collagen destruction in bone explaudsberts et al., 2000). In
addition, IL-17 induces RANKL expression, which igssential for
osteoclastogenesis and bone resorption (Kotaké.,e1399). Recently, it was
found that Thl7 cells express membrane bound RAN&id stimulate
osteoclastogenesis (Sato et al, 2006). These daigers mplicated that Th17
cells possibly play an important role in the bonestduction phase of

autoimmune arthritis.

Further evidence of Thl7 involvement in the patmeges of RA came from
animal studies. It has been shown that intraadicirjection of IL-17 in mice
resulted in joint inflammation and cartilage destien (Chabaud et al., 2001).
Similarly, systemic as well as local overexpressidriL-17 via an adenoviral
vector in the course of CIA was shown to accelesgteovial inflammation and
joint destruction (Lubberts et al., 2002). In casty IL-17 deficient mice are
resistant to CIA development (Nakae et al., 20G3)as also been reported that
neutralization of endogenous IL-17 during the aliphase of arthritis suppressed

the onset of experimental arthritis (Lubberts et, @001). Moreover,
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neutralization of IL-17 in the established CIA cdecrease the severity of CIA
(Lubberts et al.,, 2004). These results suggestad Tthl7 is a potential novel

target for the treatment of destructive arthritis.

1.1.5 Regulatory T cells

1.1.5.1 Introduction

The immune system is tightly regulated in respdonsself and non-self antigens.
The fundamental mechanism of self-tolerance and hawimmune diseases
occur became a growing interest with the discowaryegulatory T cells. In
1995, Sakaguchi et al. identified and characteri&edturally occurring subset of
CD4'CD25 regulatory T cells, which are found to suppress dbtivation and
expansion of self-active T cells, thereby contnglithe development of
autoimmune diseases. In contrast with naturally uoong CD4CD25
regulatory T cells, inducible CD4Treg cells developed from conventional
CD4'CD25 T cells were identified. There are two well delsed types of
inducible CD4 Treg cells: IL-10-secreting T regulatory type 1I€Trl) and
TGF{3—secreting T helper type 3 cells (Th3) (Groux et 8997; Chen et al.,
2003). Trl cells were shown to be effective at ahihg chronic intestinal
inflammation, and Th3 cells were shown to mainttia tolerance of dietary
antigen. Naturally Treg cells, Trl cells, and TlBscmay cooperate to prevent

autoimmune diseas@svivo.
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1.1.5.2 Naturally CD4CD25 regulatory T cells (nTreg)

nTreg cells are produced in the thymus during oenggand constitute 5-10% of
the total peripheral CO4T cell population in normal human and mouse.
Disruption of the thymic maturation or peripherahintenance of nTreg cells
results in severe autoimmune diseases (reviewe8akaguchi et al., 2004).
nTreg cells are capable of suppressing a wide tyaneimmune cells from both
the innate and adaptive immune systems, includifegter CD4CD25 T cells
(reviewed in Mills 2004; Von Boehmer 2005), CDB cells (Trzonkowski et al.,
2004), NK cell{Azumaet al., 2003; reviewed in Ralainirina et al., 20 cells

(Lim et al., 2005), or macrophages (Taams et AD52

nTreg cells are anergic, and they poorly proliferand produce cytokines in
response to TCR stimulation. However, this anergy be reversed by the
addition of IL-2 (Fontenot et al., 2005). nTreglseqdroliferate in the presence of
higher than physiologically normal concentrationlo®, and high concentration
of IL-2 also abrogates the suppressive capacitylogég cells on the proliferation
of effector CD4CD25 T cellsin vitro. In contrast, the population of nTreg cells
in the peripheral circulation is reduced in IL-P;2Ra, or IL-2Rp deficient mice
(Papiernik et al., 1998; Furtado et al., 2002; Abhaeet al., 2002; Bayer et al.,
2005). These deficient mice died early due to sewemphoproliferation and
autoimmune diseases (Sadlack et al., 1993; Suztw#Hi,€1995; Willerford et al.,
1995). Correction or restoration of the productminnTreg cells can prevent

lethal autoimmunity in these deficient mice (Wotf a., 2001; Malek et al.,
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2002). These results suggest that IL-2/IL-2R pathvi& important in the

development, expansion, and function of nTreg ¢elsvo.

Various studies have been concentrated on idemgfyspecific markers
exclusively expressed by nTreg cells. Although rbritive markers have yet to
be identified to date, the nTreg cells are curgentharacterized by the
constitutive expression of several markers. The tnmadely recognized and
useful marker is CD25, a component of the IL-2 pgge CD25 is a highly
specific marker constitutively expressed on thdaser of nTreg cells. Depletion
of CD4CD25 T cells results in spontaneous development of ouari
autoimmune diseases, and reconstitution of norri CD25" T cells prevents
these disorders (Sakaguchi et al., 1995; SingH.e2@01). Although CD25 is
also expressed on activated T cells, the induafod®D25 on CDACD25 T cells
appears to have no suppressive function (Shevaah, @000). Thus, CD25 is a
useful marker for separating nTreg cells from na\@f CD25 T cells. Besides
CD25, there are other cell surface markers foundndreg cells, including
cytotoxic T lymphocyte-associated antigen (CTLA-@Nd glucocortioid-induced
tumor necrosis factor receptor family related géGéTR), CD40, CD28 and
0OX40 (Reviewed in Yong et al., 2007). Furthermahere are increasingly more
findings on new molecule markers, like lymphocyttivation gene-3 (LAG-3),
and programmed death receptor 1(reviewed in Liu &urg 2006). These

markers all may play a role in nTreg cells —mediaeppression.

The key finding that elucidates nTreg cells asséirdit lineage from other T cells

Is the specific transcription factor Foxp3, a mendfehe forkhead/winged-helix
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family. The gene Foxp3 was identified from a lethal X-linked
lymphoproliferative disorder of the scurfy mouseast and human disorder
IPEX syndrome (immune dysregulation, polyendocratbg, X-linked
syndrome), in whichFoxp3 gene is mutated (Lyon et al., 1990; Fontenot gt al
2003; Bennett et al.,, 2001). Foxp3 is required tfeg function of nTreg cells
(Fontenot et al., 2003). Foxp3 is predominantlyregped within the CDOED25

T cells population in both thymus and peripheryevdas activated CD&D25

T cells, Thl cells, Th2 cells, and Th17 cells do express Foxp3 (Yagi et al.,
2004; Sakaguchi et al.,, 2006). Forced expressionFatp3 can convert
CD4'CD25 T cells to CDACD25 T cells with a similar phenotype and function
of nTreg cells (Fontenot et al., 2003; Hori et &003). For example, Foxp3
transduction induces the expression of CD25, CTL.AATR, and CD103,
which are comparable with those found in nTregsc@lori et al., 2003). Foxp3-
transduced CDLD25 T cells are able to suppress the proliferation thfeo
responder T cellm vitro and inhibit the development of autoimmune diseases
vivo (Hori et al., 2003). It has been shown that Foip8n indispensable factor
for the development of nTreg cells. Analysis of p8transgenic mice revealed
the increased number of CI@D25 T cells (Khattri et al., 2003). On the
contrary, Foxp3-deficient mice exhibited reducednbar of CD4CD25 T cells
(Fontenot et al., 2003). However, a recent study reported that only the
function of nTreg cells is required for the expressof functional Foxp3 protein,
but the expression of Foxp3 is not indispensabtenfreg cells development

(Lin et al., 2007).

48



1.1.5.3 Trl cells

The definition of Tr1 cells refers to the IL-10 precing CD4 T cells population
with regulatory function (Groux et al., 1997; Assanet al., 1999). Trl cells are
inducible cells, and they can be generated fromenpiecursors stimulated with
antigen in the presence of IL-10. It has also begorted that Trl cells can be
generated from fully differentiated Thl and Th2lselnder specific repeated
stimulation (Hawrylowicz et al., 2005). Upon actiea, Trl cells produce high
levels of IL-10, moderate amounts of IL-5, low lesvef IFN-y and IL-2, but no
detectable IL-4 levels (Wu et al., 2007). In somal®s, Trl cells have also been
shown to produce TGPB: In contrast to nTreg cells, Trl cells do not egsr
Foxp3 (Wakkach et al., 2003; Vieira et al., 2001 cells can suppress the
proliferation and cytokine production of naive CB®25 T cells, Thl and Th2
cells (Roncarolo et al., 2001). This regulatoryiwaist of Trl cells can be
reversed by neutralizing anti-IL-10 antibody or/aantti-TGFf antibody, which

indicated that Trl-mediated suppression is maimgugh the secretion of IL-10.

1.1.5.4 Th3 cells

Th3 cells are characterized by TBF-Th3 cells can be induced from naive
precursors under the influence of TBKChen et al., 2003; Fantini et al., 2004).
In an autoregulatory loop, induced Th3 can trigiper secretion of TGIB- Like

nTreg cells, the expression of Foxp3 and CD25 ieguydated on induced Th3

cells (reviewed in Weiner 2001). Th3 cells can sapp both Thl and Th2 cells
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responses, and the suppressive mechanism is ni@ipgndent on the production

of TGF{3 (Fantini et al., 2004).

However, TGF is a critical factor for Th17 developmeit.vitro studies have
shown that the addition of IL-6 suppressed Tgkduced Th3 cells, while
reciprocally promoting the generation of Thl7 celBettelli et al., 2006).
Therefore, the cytokine environment may control deselopment of Th3 cells

and Th17 cell, thereby balancing the host defendeaaitoimmunity.

1.1.5.5 Role of Regulatory T cells in rheumatoid dhnritis (RA)

Regulatory T cells play a critical role in selféchnce and autoimmune diseases.
Autoimmune disorders are characterized by a breamkda the mechanisms of
tolerance to self-antigens. It has been showndbptetion of regulatory T cells
in murine models leads to the spontaneous developai@utoimmune diseases,
such as colitis, gastritis, insulin-dependent antoune diabetes, and thyroiditis
(Sakaguchi et al., 1995; Groux et al., 1991tHugh & Shevach 2002; Mottet et
al., 2003). In contrast, CD@D25" T cells could prevent or ameliorate the
development of experimentally induced autoimmurseases (Sakaguchi et al.,
1995; Kohm et al., 2002; Dipaolo et al., 2005). Hunstudies have shown that
patients with autoimmune diseases have lower regylal cells counts or

defective regulatory T cells (reviewed in Lan ef a005).

The role of regulatory T cells in RA has been apatlyin a series of reports using

animal models of induced arthritis (Morgan et 2003; 2004; 2005; Frey et al.,

50



2005; Loughry et al., 2005; Kelchtermans et al2W0guyen et al., 2007). In all
the cases, depletion of CB&D25" T cells resulted in significantly increased
incidence of arthritis diseases, worse severityhsas paw swelling, and
increased antigen (Cll)-specific proliferation oplenocytesin vitro. These
effects were reversed by adoptively transferringd@ID25 T cells isolated
from syngeneic naive mice (Morgan et al., 2005yFeeal., 2005). However,
there is controversy in human RA studies. One shaly/shown that there were
no significant difference in the frequency of regaly T cells, between RA
patients and normal controls (Ehrenstein et al0420In contrast, another study
has shown that the percentage of QD@25 T cells in the synovial fluid of RA
patients was significantly higher than that of nalrwontrols (Van Amelsfort et
al., 2004). Furthermore, it appears that the nurobeggulatory T cells present in
the inflamed synovial tissue of patients with RAn®re than the number of
regulatory T cells in their peripheral circulatigGao et al., 2004). It has also
been found that synovial regulatory T cells have tlapacity to suppress the
proliferation of autologous CD€D25 responder T cells (Cao et al., 2004; Van
Amelsfort et al., 2004). Of interest, another sthdg shown that CD&D25high

T cells isolated from patients with active RA, altigh anergic, were unable to
regulate pro-inflammatory cytokines released byatfir T cells and monocytes
in vitro, when compared to cells isolated from healthyviallials (Ehrenstein et

al., 2004).
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1.2 Murine Collagen-Induced Arthritis (CIA) as a model for RA

Animal models of RA have provided basic pathogenesthe disease as well as
provided valuable research tools for testing nesvapies. Among the variety of
models reported, Collagen-induced arthritis (Cl&\the most commonly studied
autoimmune models of RA. CIA shares many pathokdgiand clinical
characteristics of human RA. Like RA, CIA is chaeized by mononuclear cell

infiltration, synovial hyperplasia, and cartilagegdadation.

CIA was first observed in rats following the immaation with type Il collagen
(Trentham et al., 1977), and further studies haumd that a similar pathology
could also be induced in primates and susceptibdéns of mice (Courtenay et
al., 1980). Of the susceptible strains of mice, DBice are the standard mouse
strain. The susceptibility of DBA/ 1 mouse to CIl#& associated with specific
major histocompatiblity complex (MHC) class |l gsneespecially H-2
Interestingly, male mice are more susceptible t& @lan female mice, which
may be partly related to sex hormone. Another faaffecting the development
of CIA is the age of mice. Mice are not susceptible€CIA until they reach 6-7
weeks old, and they become increasingly suscepib{@A with the increasing

age (Holmdahl et al., 2002).

CIA is induced in DBA/1 mice after the immunizatiof heterologous type I
collagen (C II) with complete Freund’s adjuvant &FCII is a major protein in
cartilage. Although the precise mechanisms howagelh Il in CFA leads to
chronic arthritis are not known, the developmentCdA is dependent on both

cellular and humoral responses in response togmildl (Holmdahl et al., 2002).
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Thus, both B cells and T cells play important rale€IA. The major role of B
cells is to produce anti-Cll antibodies, which tsawith CII in cartilage and
induces arthritis (Terato et al., 1992). The rofeTocells is to help B cells
produce anti-Cll antibodies (Corthay et al., 1998)so, T cells themselves
probably play a role in joint inflammation. Furth@sre, various cytokines are
found to play crucial roles in the pathogenesisugh the activation of immune

system (Feldmann et al., 1996).

Following immunization, a moderate inflammatory aan started at the
injection site and lasted 1-2 weeks. The first sigh arthritis development in
DBA/1 mice are visible around day 21 after immutiaa and the disease
became progressively worse for approximately 2-4eksebefore the slow

resolution phase (Holmdahl et al., 2002).

Although CIA is widely accepted as an experimemtaldel for RA, there are
some differences between CIA and human RA. For el@nmycobacteria used
in CIA results in a dominant type | immune resportdewever, it is unknown
whether RA is induced by an exogenous pathogenspoataneous autoimmune

disease (Holmdahl et al., 2002).
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1.3 IL-12 cytokine family

1.3.1 Introduction

Cytokines are small, secreted proteins releasaddny cells that can regulate an
array of cellular processes, including altering tiedaviour or properties of the
cells and mediating the immune response to infeativinjury (Nicola 1994).
Cytokine environment present at the earliest stdge cell priming can control
the Th cell differentiation program. IL-4 appeavsoe a predominant early factor
for determining the development of Th2 effectodc@Paul, 1997). In contrast,
the dominant factor that drives the developmentTbflL helper cells was
identified as IL-12 (Murphy, et al., 2000). For nyayears, IL-12 was the only
known heterodimeric cytokine before the discoveryie23. Later, on the basis
of the advence of genomics and the developmenbaifbrmatics, IL-27 and IL-
35 (EBI3/p35) have been identified. IL-12 familytakines started to receive

attention.

Cytokines play a central role in regulating T aetpansion and differentiation.
Cytokines also organize the balance between proteeind immunopathology
after infection. The etiology of RA is unknown, huiinflammatory cytokines
play an important role in the pathogenesis of R&utxalizing Abs against the
proinflammatory cytokines, including TNé IL-1 and IL-6, have been shown to
successfully suppress the joint inflammation (Kagarl., 2002). Therefore, an
understanding of the regulation of new cytokines/ e@ad to novel therapeutic
strategies. Initially, it was found that IL-12 p&y an important role in

autoimmune diseases. Recently, IL-23 has been ftmbé more important than
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IL-12 in the progression of T-cell dependent autoinme diseases. However, the
function of IL-27 and IL-35 remained unclear whestarted the project. | was
interested in how IL-27 and IL-35 can potentialhgulate the autoinflammatory

diseases, particularly in the CIA model.

IL-12 IL-23 IL-27 IL-35

p40 EBI3
EBI3

p35 p35

| UE
s 3

$ 5 3

IL-12RB1 IL-12RB2  IL-12RPB1 IL-23R GP130 WSX-1/TCCR ? ?
Jaks Jak2,Tyk2 Jak2,Tyk2 Jakl ?
Stats 1,345 1,3,4,5 1,345

Figure 1.3The structures of IL-12 family members and theaegdors.
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1.3.21L-12

IL-12 is the major cytokine that regulates the afiintiation of naive CD4T

cells to mature Th1l effector cells. IL-12 is seeceby a variety of cells, but most
importantly by antigen presenting cells such as oogtes, macrophages,
dendritic cells (DCs) and neutrophils. Numeroushpgénic organisms induce

IL-12, including bacteria, parasites, viruses, amji (Ma & Trinchieri, 2001).

IL-12 is a heterodimeric 70-kDa glycoprotein corspd of two disulfide-linked

subunits designated p40 and p35. p35 shares hoynalitly IL-6, granulocyte-

specific colony-stimulating factor (GCSF), andimitar to other cytokines in the
same class (Merberg, et al., 1992). p40 is homeoisd¢o the extracellular domain
of the subunit of IL-6 receptor (Gearing & Coasma®91). The gene encoding
p35 maps to chromosome 3 in human and chromosomertice, whereas the
gene encoding p40 is located on chromosome 5 imhuand chromosome 11 in
mice (Sieburth, et al., 1992; Holscher, 2004). €fae, the expression of the
two genes is regulated independently. The p35 stuisuexpressed in many cell
types at constitutively low levels, while the p4Q0banit expression is more
limited but with higher levels (Agnello, et al., @). Also, free p35 is not
secreted on its own, but p40 can be secreted wet honomer or homodimer
(p4Q) (Watford, et al.,, 2003). The IL-12p40 homodimérows antagonistic

activity to 1L-12, but does not mediate biologigalsponses (Merberg, et al.,
1992). The bioactive IL-12p70 is generated only mwitee two subunits are

coexpressed in one cell (Gubler, et al., 1991).
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The activities of IL-12 are mediated by a high+atly receptor (IL-12R)
consisting of two receptor subunifsl andf32. Both31 andp2 are structurally
related to the class | cytokine receptor superfaraild have strong homology
with glycoprotein gpl130 and leukaemia-inhibitoryctiar receptor (LIFR)

(Presky, et al., 1996; Chua et al., 1994). It hesnbidentified that IL-12 receptor
subunitsBl andp2 have differing affinities for IL-12 in humans amdice. In
humans, the individual binding affinity of IL-1PR and IL-1282 for IL-12 is
low, however, the co-expression [@f and32 generate high-affinity binding of
IL-12. In contrast, IL-12R1 in mice mediates both high and low affinity bimgli
of IL-12 and IL-12K82 only has limited capacity for binding to IL-12réB3ky, et

al., 1996).

The IL-12R[31 andf32 complex is expressed on activated T cells, NKscahd
DCs. Resting T cells do not expréslsor 32, but the expression @8fL andp2 are
induced upon T cell activation. Following differextton, Thl cells expres3l
and 32 subunits, but Th2 cells only expre8$, not32 (Rogge, et al., 1999).
Therefore, IL-12B2 expression is highly controlled on Th1l cells, #melcontrol
of IL-12RB2 expression is thought to regulate IL-12 respomasel Thl
phenotype. IFN¢induces the expression of T-bet in Thl cells, Whicturn up-
regulates IL-12R32 expression. Whereas, IL-4 downregulates the sz of

IL-12R 32 (Szabo, et al., 1997; Afkarian, et al., 2002).

The biological activity of IL-12 requires the indetion of IL-12p40 with IL-

12RB1 and the interaction of IL-12p35 with IL-1BR. The interaction of IL-12
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with the IL-12 receptor complex initiates the siljng pathway through tyrosine
phosphorylation of the Janus Kinase (JAKs), TYK# dAK2 and the activation
of STATs, 1,3, 4 and 5 (Bacon, et al., 1995). Hosve\6TAT4 is the major
specific mediator for IL-12 signalling (Bacon, ét 4995; Kaplan, et al., 1996).
IL-12RB2 subunit binds to STAT-4 to initiate IL-12 signablnsduction. In

contrast, IL-12B1 has no STAT4 binding site and no reported sigrakbility,

but it is responsible for ligand binding (Wu, et 2000).

IL-12 is an especially important factor that plagscentral role in regulating
innate and adaptive immune response (reviewed imcfieri 2003). It acts on
naive CD4T cells to induce their proliferation and differiation to Th1l cells,
which produce IFN¢and promote adaptive immune responses. In conttas
combination with IFNy antagonizes Th2 differentiation and downregulaies
production of IL-4, IL-5, and IL-13 (Watford, et.aP003). IL-12 induces IFN¢
production in T and NK cells (Trinchieri 1994). Theroduction of IFNy
stimulates bactericidal activity to phagocytic selhind enhances the innate
immune response. Furthermore, IL-12 induces theesspon of IL-18 receptor,
and IL-18 synergizes with IL-12 to enhance the potidn of IFN-y in a TCR
independent pathway (Trinchieri 1994; 2003). In12-deficient mice, Thl
differentiation and IFNy secretion are impaired. In contrast, Th2 develagme
and IL-4 production appear to be enhanced (Mateteal|., 1996, Magram, et al.,
1996, Wu, et al., 1997; 2000). However, upon antggemulation, these deficient
mice showed Th1l polarization and residual Nrproduction. Therefore, IL-12 is
not absolutely required for Thl development. Rdgemivo new IL-12 family

members, IL-23 and IL-27 have been discovered,bmtd IL-23 and IL-27 can
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exert immunoregulatory effects on Thl immune resporiBrombacher, et al.,

2003; Watford, et al., 2003).

Uncontrolled self-reactive effector CDZ cells results in a number of chronic
inflammatory diseases. For many years, the IL-lJ2ddent Thl cells were
considered to be essential for the induction obiaunune diseases, including
collagen-induced arthritis (CIA), experimental aontmune encephalitis (EAE),
inflammatory colitis, and autoimmune uveitis (Lemhaet al., 1995;
Constaninescu et al., 1998; Segal et al., 1998sdopinions have been based
on a number of studies, in which autoimmune diseaseablated in mice treated
with neutralizing antibodies specific for IL-12p40 mice deficient in the IL-
12p40 subunit. Although IL-12 inducing IFN-was characterized in these
autoimmune diseases, the discrepancy was that aeit@ent in IFNy or IFN-
yreceptors were found still susceptible to EAE ard (Ferber et al., 1996;
Mattys 1998). Furthermore, a later study found thate lacking IL-12 receptor
complex are not resistant to EAE (Zhang et al.,.330W/ith the discovery of IL-
23 sharing the p40 subunit of IL-12, it is suggeéstieat IL-23, not IL-12, is

critically associated with autoimmunity in thesedats.

1.3.3 IL-23

Oppmann et al. (2000) discovered that p40 can dmmernith pl9, a novel
protein identified by sequence database searchdorm a disulfide-linked
herterodimeric cytokine designated IL-23. The dtrte of I1L-23 pl19 is closely

related to IL-12p35 subunit. Like IL-12p35, IL-23pis expressed ubiquitously
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and constitutively, but is not secreted by its8imilar to IL-12, coexpression of
pl9 and p40 within the same cell is required tanfdnologically active IL-23.
Like IL-12, IL-23 is also produced by activated ABGch as DCs and phagocytic

cells (Oppmann, et al., 2000).

As IL-23 shares the same IL-12p40 subunit, IL-280abinds to IL-12R1.
However, it does not bind to IL-1R, but instead bind to IL-23R, a member of
the hemopoietin receptor superfamily (Parham, .e802). IL-23R shows 70%
homology between human and mice, and the structule-23R is very similar
to IL-12R 32 and gp130. In mice, IL-23R is expressed by menocglls, bone
marrow macrophages, and LPS activated macrophagdsumans, IL-23R is
detected on activated naive T cells and memoryll§,ddK cells, and is also
expressed at low levels on macrophages, monocyed, DCs. Only co-
expression of IL-12R31 and IL-23R on cells can confer IL-23 responsigsne
(Parham, et al., 2002). Similar to IL-12 signallinige binding of IL-23 to IL-23
receptor complex results in the activation of Ty&ak2 and STATL, 3, 4, and 5.
STAT4 activation is much weaker in response to 8.-&hen compared to the
IL-12 response. Instead, STAT3 is dominant in theé?3 signal-transduction

cascade (Lankford & Frucht 2003, Watford, et d0042).

As a consequence of the structural similarity, B.v#Zas predicted to have similar
functions as IL-12. Initial studies have demonswahat IL-23 stimulated IFN-
production preferentially on memory/effector CDR cells and maintains Thl
development; while IL-12 is important for Th1l diféatiation of naive CD4T

cells (Oppmann, et al., 2000). Surprisingly, enmgggstudies have shown that IL-
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23 plays an important role in Th17 cells, whicldistinct from the role of IL-12
in T cell regulations. Aggarwal, et al. (2003) pidad the first evidence that the
addition of IL-23 in murine memory T cell culturgenerated IL-17+ producing
cells. Subsequennh vivo studies have shown a defect in Th17 subsets 23IL-
deficient mice (Cua et al., 2003; Langrish et 2005). Although it was thought
that IL-23 was an important cytokine for the diffatiation of Th17 cell, IL-23 is
not required for the initial Th1l7 differentiatiomom naive T cells in mice
(Veldhoen et al., 2006; Bettelli et al., 2006). fect, 1L-23 is important to
maintain and expand Th17 phenotype (Aggarwal ¢t28103; Langrish et al.,

2005; Veldhoen et al., 2006).

The clear differences between IL-12 and IL-23 hbhgen supported using gene
disrupted mice models: p19-/-, p40-/- and p35-6dknout mice (Cua et al. 2003;
Murphy, et al., 2003). IL-23 p19-/ and p40-/- dedit mice are resistant to EAE
and CIA, while I1L-12p35-/- mice are highly suscéjdito EAE and CIA. Thus,
IL-23 rather than IL-12, is the critical cytokinea inflammatory autoimmune
responses. Evidence of neutralizing antibodies nagailL-23 effectively
inhibiting the diseases process of EAE has agamwgat that IL-23 is associated

with autoimmunity (Chen et al., 2006)

1.3.41L-27

1.3.4.1 Historical perspective

In 1996, Epstein Barr virus-induced gene 3 (EBlaswdentified as an IL-12p40

homologue induced by EBV infection in B lymphocy{&severgne et al., 1996).
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In 1998, advances in the ability to search sequdatabases with structure based
alignment tools had led to the identification ofgpl30-like protein, WSX-1
(named after the WSXWS protein motif that is foumdhe carboxyl terminus of
many type | cytokine receptors), also called TC@Rjch is described as an
orphan receptor expressed on NK cells and T c8lgecher et al.,, 1998). In
2002, in search of proteins homologous to IL-12@Bl IL-6, Pflanz et al.
(2002) group discovered p28 subunit, which can @astner with EBI3 to form

a stable heterodimeric protein complex. This protgimplex was designated IL-
27, as a new member of the IL-12 family. Subsedyeittwas established that
WSX-1 partnered with gp130 to form heterodimericeggors for IL-27 (Pflanz

et al., 2004).

1.3.4.2 Characteristics of IL-27

Similar to other members of IL-12 family, IL-27 & heterodimeric cytokine
composed of two subunits: EBI3 and p28. EBI3, eslatio 1L-12p40, lacks a
membrane-anchoring motif and resembles a solulitkitye receptor (Devergne
et al., 1996). Human p28 gene is located on chromesl6pll, and encodes a
243 amino acid polypeptide. Murine p28 gene encoae®34 amino acid
polypeptide, which is 78% identical to human p2&ellL-12p35 and IL-23p19,
IL-27p28 subunit is a member of the long-chain fbalical bundle cytokines.
Interestingly, IL-27p28 displays a unique stret¢hl8 glutamic acid residues,
which has not been displayed in other helical beirditokines (Pflanz et al.,
2002). EBI3 is secreted by itself; whereas p28oisrly secreted by itself unless

co-expressed with the partner EBI3. Although ILst¥ares a similar structural
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makeup with IL-12 and IL-23, the subunits of IL-Afe linked by a covalent
bond not a disulfide bond. Like IL-12 and IL-23gtbiological activity IL-27

requires the expression of both EBI3 and p28 indhme cell (Pflanz, et al.,
2002). The expression of IL-27 has been detecteshonocytes, DCs derived
from monocytes, endothelial cells, and trophobtetls in human (Pflanz et al.,
2002; Larousserie et al., 2004; 2006; Coulomb-LiHene et al., 2007). The
expression of murine IL-27 has been detected iivated macrophages and

microglia cells (Pflanz et al., 2002; Sonobe etZ005).

1.3.4.3 Regulation of IL-27

Examination of cDNA libraries has indicated thattbbuman and murine IL-27
are highly induced in activated antigen-presentietis (Pflanz, et al., 2002).
Although there are no sufficient studies in theutagion of IL-27 expression, it
has been demonstrated that non-pathogenic Gramiedeacteria, not Gram-
positive bacteria, promotes a strong IL-27 expaesslit is clear that LPS is the
main immunostimulatory component within the cell lwaf Gram-negative
bacteria, and the effect of LPS is mediated throwdHike receptor 4 (TLR4).
Thus, signalling via TLR4 activated by LPS is theykinducer of IL-27
(Schuetze et al., 2005; Schnurr et al., 2005).d&ssTLR4, many other microbes
via other TLRs can trigger the expression of IL-2dch as the engagement of
TLR3 with polyinosinic-polycytidylic acid [Poly (C)], and ligation of TLR9
with double strand DNA. TLR7/8 ligand is also aosiy inducer of IL-27
(Pirhonen et al., 2007). Furthermore, a variethadt derived factors, including

CDA40L, IL-13, IFN-a, IFN-B and IFNy can upregulate the expression of I1L-27
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(reviewed in Villarino et al., 2004; Pirhonen et,a007). Conversely, the
nucleotide ATP is the negative regulator of IL-2¢eession (Schnurr et al.,

2005).

When LPS stimulates monocyte-derived DCs, mRNA I I1L-27p28 are
induced rapidly and peak after 3 to 6 hr, thenidedo the background levels
after 24hr, whereas mRNA levels of EBI3 are induceare slowly and peak
after 12 to 24hrs, and then drop but not reactbdiekground levels even after 72
hr (Pflanz, et al., 2002). These observations atéit that different signalling
pathways control the expression of EB3 and p28 mitdbuwespectively. TLRs
dependent EBI3 expression was shown to be inducBs via activation of the
transcription factors NikB and PU-1(Wirtz et al., 2005).Toll/IL-1R-contaigin
adaptor inducing IFNg (TRIF) and its associated IFN regulatory fact&®K)3
transcription factor are involved in TLR-inducibéxpression of human IL-27

p28 (Molle et al., 2007).

1.3.4.4 IL-27 Receptors

The IL-27 receptor is a heterodimer composed of WISKCCR, IL-27Ra) and a
common gpl30 chain (Pflanz et al., 2004). WSX-4 type | cytokine receptor
with four conserved cysteine residues and a WSXW@&em motif in the
carboxyl terminus (Sprecher et al., 1998; Chenalgt2000). WSX-1 shows
homology to members of the IL-6 superfamily receptocluding the IL-12R2
subunit, LIFR and gp130. WSX-1 is expressed mamlymphocytes (Pflanz, et

al., 2004). Interestingly, naive CDZ cells and NK cells appear to express the
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highest levels of WSX-1, but differentiated Thl amtd2 cells show low
expression of WSX-1(Pflanz, et al., 2004). gp13@ ishared receptor for IL-6
and other IL-6 family cytokines, and is widely egpsed by a range of immune

and non-immune cells ( Reviewed in Taga & Kishimb®97).

WSX-1 is capable of binding to IL-27 with high afiiy in the absence of gp130
(Pflanz et al., 2002), but WSX-1 requires gpl3@oion IL-27 receptor complex
that is responsible for IL-27 signal transducti®fignz, et al., 2004). In addition,
gp130 does not bind to IL-27 alone (Schellel et 2005). WSX-1 and gp130
appear to be coexpressed on a variety of immureygas, including CD4 T
cells, CD8 T cells, NK cells, monocytes, mast cells, neutilsphnd B cells

(Pflanz, et al., 2004; reviewed in Batten & Ghiig2607).

1.3.4.5 Signalling through IL-27 receptors

The engagement of I1L-27 with WSX-1/gp130 inducesdhtivation of JAK1 and
2, Tyrosine kinase-2 (TYK2), STATL, 2, 3, 4, anth®aive CD4 T cells (Lucas
et al., 2003). Furthermore, the activation of WS¥ré&ferentially phosphorylates
STAT1, while gpl30 activation mainly contributes @aostrong activation of
STAT3 (Pflanz, et al., 2004; Kamiya, et al., 20(R&cently, it has been reported
that IL-27 preferentially induces STATS3 in fully taated CD4 T cells, while
both STAT1 and STAT3 are activated in early acadafl cells upon IL-27

stimulation (Yoshimura et al., 2006).
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1.3.4.6 The role of IL-27 in promoting Thl response

Based on sequence and structure homology betweet¥ land IL-12, the
function of IL-27 was initially investigated on Thxhmune response. As IL-27 is
an early product of activated APCs, IL-27 drivegidaclonal expansion of naive
CD4" T cells and augments the secretion of NFNy these CD4T cells under
non-polarizing culture conditions (Pflanz et al.002). Correspondingly,
unpolarized naive CD4T cells from WSX-1 deficient mice produce less N
than wild-type counterparts (Chen et al., 2000;hads et al., 2001). Also, IL-27
synergizes with 1L-12 to trigger IFMproduction of naive CD4T cells and NK
cells (Pflanz et al., 2002). However, in the preseof high levels of IL-12, IL-27
is not able to further enhance Thl development (@wet al., 2005).
Accordingly, fully differentiated WSX-1-/- Thl csllproduce similiar levels of
IFN-y upon second stimulation compared to wild-type Thlls. Taken together,

IL-27 is important for early initiation of Th1 respse.

In agreement with the expected role of IL-27 in T&lelopmentn vitro, WSX-

1 deficient mice showed an impaired Thl responskisteria monocytogenes
and the early phase ofeishmania major (Chen et al.,, 2000; Yoshida, et al.,
2001). Notably, normal Thl response and NpNroduction in WSX-1 deficient
mice have been demonstrated at the late stageigifmania major (Yoshida, et
al., 2001) These data supported that IL-27 is involved inghdy phase of Thl
differentiation. In addition, EBI3 deficient micasg@lay enhanced susceptibility

to Leishmania major infection with defects in IFN~production in the early phase
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compared to wild-type mice, emphasizing the impuar¢aof IL-27 at the initial

stage of Th1l differentiation (Zahn et al., 2005).

Then, the molecular basis for IL-27 initiating Tresponses has been elucidated.
Upon IL-27 stimulation, WSX-1 activates the dowaatn of STAT1, leading to
the induction of T-bet. T-bet enhancing the expogssf IL-12RB32 is one of the
critical events for Thl differentiation (Lucas ét, 2003; Kamiya et al., 2004).
Interestingly, it has also been found that IL-2duoes T-bet and IL-17R at
MRNA levels in a STAT-1- independent pathway (Luedsal., 2003). More
recently, it has been demonstrated that IL-27 catude Thl differentiation
through ICAM-1/LFA-1 interaction in a STAT-1-depeard, but T-bet
independent mechanism. Furthermore, IL-27 couldudcedanother pathway,
which is p38MARK /T-bet —dependent and STAT-1-ineleggent pathway, and

IL-12R[32 was shown to be upregulated in both pathways kDetaal., 2006).

In contrast to the early characterization of IL-&¥ a pro-inflammatory cytokine
that contributes to Thl development, recently ILi2@lso recognized as an anti-

inflammatory cytokine that limits immune responses.

1.3.4.7 IL-27 inhibits Thl responses

Although IL-27 has been described to promote Thepoase, IL-27 also has
effects in suppression of Thl responses. The afidmnmatory role of IL-27 has
been clearly shown in several reports. WSX-1 deficimice infected with

Toxoplasma gondii remarkably develop a lethal CD4T cell-dependent
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inflammatory disease after two weeks of infectidratt displays enhanced
proliferation of CD4 and CD8 T cells and excessive production of IfN-
(Villarino et al., 2003). The involvement of IL-Zignaling in the induction of
Th1l immune responses to reduce parasite burdebd®as further supported by
WSX-1-/- mice infected withTrypanosoma cruzii or Leishmania donovani
(Hamano et al.,, 2003; Rosas et al., 2006). InfedéSX-1 deficient mice
showed higher sensitivity to infection and leddthbl liver necrosis compared to
wild-type mice. Immune cells from infected WSX-1 K@ice produced more
IFN-y and other cytokines such as TWFompared to immune cells from
infected wild-type mice. Likewise, in Con A-inducéepatitis model, WSX-1
deficient mice displayed enhanced liver diseasepled with the elevated levels

of IFN-y and other inflammatory cytokines (Yamanaka et24lQ4).

Consistent with the observations above fromvivo work, CD4 T cells from
WSX-1 -/- mice produce more IF-than wild-type counterparts when
stimulated with low doses of antigen in the preseotIL-12 (Villarino et al.,
2003). IL-27 suppresses IFNand other pro-inflammatory cytokine production
from activated CD4T cells in vitro (Yoshimura et al., 2006). However, the
molecular basis for the negative effect of IL-27Tdrl response remains unclear.
IL-27 suppresses IL-2 expression on COicells (Villarino et al., 2006). IL-2 is
a potent growth factor for T cell development. Theppression of IL-2

expression by IL-27 may result in the regulatiorexéessive Thl cell activation.
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1.3.4.8 The role of IL-27 in suppressing Th2 respGe

It was originally thought that IL-27 promotes IRNproduction, which could
inhibit the development of Th2 cells. The firstduwvhich indicated that IL-27
has direct suppressive effects on Th2 responsesthasn that IL-27 inhibits
CD4" T cell expression of GATA3 via STAT1-dependenthwaty (Lucas et al.,
2003). Subsequently, there has been increasingmsedof increased Th2 cell
responses in IL-27 receptor deficient mice modelparticular, studies of WSX-
1 deficient mice infected with the gastrointestinamatodelrichuris muris, a
well-characterized helminth removed by Th2-mediaietmune responses,
showed that these mice are resistant to infectAmis( et al., 2004). During
infection, WSX-1 deficient mice displayed acceledcatTh2 cell dependent
intestinal goblet cell hyperplasia, mastocytosig] produce more IL-5 and IL-13
compared to the wild-type counterparts. Furthermitrbas been reported that
WSX-1-/- mice exhibited exacerbation of allergicthmsatic phenotypes,
including airway hyper-responsiveness (AHR), egghilic infiltration, and

mucus overproduction in response to OVA challemdigdzaki et al., 2005).

Recent studies have revealed that IL-27 can dyrédtiibit Th2 cell polarization,
and simultaneously IL-27 induces Th1 cell differation in the absence of IFiX-
and IL-12in vitro (Yoshimoto et al., 2007). Consistent with vitro results
demonstrating the ability of IL-27 to suppress TieBponsejn vivo studies
showed that daily treatment with IL-27 for the fivgeek after_eishmania major
infection significantly decreased footpad swelliagd parasite burden via the

inhibition of Th2 cell development and induction ®h1 cell development.
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Furthermore, IL-27 transgenic mice are not capalblenounting Th2 response
againstStrongyloides venezuelensis infection. The molecular mechanism has
been explained that IL-27 downregulates GATA-3 egpion and upregulates T-

bet expression.

Remarkably, IL-27 can inhibit already differentidt&h2 cells to produce IL-5
and IL-13 via the activation of both STAT1 and STA{Yoshimoto et al., 2007).
In contrast, IFNy fails to suppress the production of IL-5 and ILfidn already
differentiated Th2 cells. Consistent with thege vitro results, intranasal
administration of IL-27 decreases OVA-induced ayvwgperresponsiveness and
inflammation in OVA-sensitized micen vivo. Therefore, IL-27 is a critical
cytokine involved in the down-regulation of Th2 peases independently of IL-

12 and IFNy.

1.3.4.9 The role of IL-27 in suppressing Th17 respse

Early studies showed that IL-27 neutralization endéficial in autoimmune
diseases, including adjuvant-induced arthritis iatsr and experimental
autoimmune encephalomyelitis (EAE) (Goldberg et 2004). However, those
claims are contradicted with the intriguing evidenaf IL-27 mediated Th17
suppression. Stumhofer et al. (2006) showed thatX\M/Sdeficient mice

chronically infected with Toxoplasma gondii developed severe CNS
inflammation associated with augmented Th17 resgmnBatten et al. (2006)
showed that WSX-1 deficient mice were hypersusbéptio EAE induced by

immunization with myelin oligodendrocyte glycoprotgMOG) in CFA, and
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generated more Thl1l7 cells. Consistent with ithevivo results, both groups
demonstrated that IL-27 suppresses the developafiérttl7 driven by IL-6 and
TGF{ in vitro. Furthermore, IL-27 inhibits IL-23-induced IL-17/h cactivated

CD4" T cells (Yoshimura et al., 2006). Thus, IL-27 ni@ya potential target for
treating inflammatory diseases and autoimmune séseanediated by Thl7.
More recent studies have found the enhanced expnes§ IL-27 in the target
tissues of autoimmune diseases, including CNS at dffector phases of
relapsing-remitting EAE (Fitzgerald et al., 200@nd retinal ganglion and
photoreceptor cells of uveitis and scleritis (Am@&xdii et al., 2007). Mice treated
with exogenous IL-27 had reduced CNS inflammataorfyitiation and a lower

proportion of Th17 cells (Fitzgerald et al., 2007).

The molecular mechanism for IL-27-mediated Thl7hition is still not clear.
Considering IL-6 as an important factor for the elepment of Th17 cells, and
the fact that IL-6 and IL-27 share the common rémegpl130, it was speculated
that IL-27 may compete with IL-6 for receptor bingj which may result in the
inhibition of Thl17 cells. However, IL-27 appears forther reduce IL-17
production in the absence of IL-6, which indicatiedt IL-27 exerts its inhibitory
effects beyond simply antagonizing IL-6-mediateghsiling (Stumhofer et al.,
2006). Based on STAT-1 deficient mice, it was dsthbd that the suppression
of Th17 development by IL-27 is dependent on STAathway. T-bet has been
found to be a negative regulator of Th1l7 cells, hu27 does not reduce the
inhibition of Th17 cells in T-bet deficient cellfhese data indicated that T-bet is
not required for IL-27 mediated Th17 inhibition {8thofer et al., 2006). In

addition, SOCS-3, an important regulator of Thlregation, can be induced by

71



IL-27. Although it has been proposed that SOCS-¥ madiate the inhibitory
effects of IL-27 in Th17 cells, studies have shaiwvat Th17 generation using
SOCS-3 deficient T cells was still suppressed bR T(Stumhofer et al., 2006).
Therefore, IL-27 is an effective suppressor of ThiEvelopment via a STAT1

dependent process, and the exact pathways rembeitntified.

1.3.4.10 IL-27 inhibits the development of TGH3-induced Foxp3+ Treg cells

(Th3), but induces IL-10-producing Trl cells

TGF{3 can induce naive T cells to Treg cells with thghhexpression of Foxp3.
Recent studies have found that IL-27 inhibited thevelopment of Tregs
generated by TGB-(Neufert et al., 2007; Huber et al., 2008). Intcast to these
inducible Treg cells, IL-27 has not been found t@vé effect on naturally
occurring Foxp3+ Tregs (Neufert et al., 2007).IL2ippressed TGB-mediated
Treg cells phenotype at the levels of Foxp3, CDBH &TLA-4 expression
(Huber et al., 2007). This inhibitory effect of B# on the inducible Treg cells is
dependent of STATS3 signaling, but independent oABI signaling (Neufert et

al., 2007; Huber et al., 2007).

Trl cells are another type of induced Treg thatulet@ T cell function by
producing IL-10, but lack the expression of FoxpRhough IL-27 inhibits the
development ofTGF-induced Foxp3+ Treg cells, recent studies haveveho
that IL-27 induced naive CDA4T cells into IL-10-producing cells, and TGF-
further enhanced the generation of induced IL-16tCElls by IL-27 (Awasthi et

al., 2007; Fitzgerald et al., 2007 (2); Stumhoférak, 2007). These IL-10-
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producing cells are Foxp3 negative. Furthermoreag found that IL-27 induces
IL-10 in Thl and Th2 but not Th17 conditions. Ndyalthe ability of IL-27 to

induce IL-10 requires both STAT1 and STAT3 (Stunangadt al., 2007).

1.3.4.11 The role of IL-27 on other cells

Besides the effects of IL-27 on CD® cells, the immunosuppressive effects of
IL-27 also extend to other lymphocytes. IL-27 stiates CD8 T cells and
enhances cytotoxic activity, which plays an impotteole for protection against
viral infection and cancer (Salcedo et al., 20@&¥jewed in Shimizu et al., 2006).
IL-27 enhances the proliferation of B cells anduoels IgG2a class switchimg
vitro (Yamanaka et al., 2004). Although IL-27 acts sgrstically with IL-2 and
IL-12 to promote proliferation of NK cells and emicas the production of IFN-
from these cellsn vitro (Pflanz et al., 2002), NK cells from WSX-1-/- mice
produced more IFN-and IL-4 compared to wild-type mice in responsedo A
stimulation (Yamanaka et al., 2004). These datagestgd that IL-27 has a
regulatory role in NK cell function. IL-27 also itlfits macrophages to produce
cytokines, including IL-12 and TNE&-(Holscher et al., 2005). Furthermore, IL-
27 can suppress endotoxin-induced production dftirea oxygen mediated by
granulocytes and macrophages (Wirtz et al., 2006).turn, lethal septic
peritonitis was protected by the neutralization Ibf27. IL-27 also induces
STAT1 and STATS3 in osteoblasts, but its effectsehawt been identified. This
indicated that IL-27 may protect against bone desire autoimmune diseases

(Kamiya et al., 2007). Thus, IL-27 has broad immsuppressive effects in
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immune

responses,

although

the

iImmunosuppressive function are not fully understood

underlying mechanisfhor

this

1.3.4.12 The studies of IL-27 signaling deficient e to immunological

challenge
MelEE Challenge 7 ImEEes Outcome Reference
genotype response
EBI3- Leishmania Early Thl Delayed but Zahn et al.,
major defect effective response 2005
Yoshida et
WSX-1"- Leishmania Early Thl Delayed but al., 2001
major defect effective response Atis et al..
2004
effecive responss,  Yoshidaet
WSX-1" Mycobacteria Early Thl increased PONSE.  al., 2001
bovisBCG defect |
granuloma numbe
and size
WSX-1"- Mycobacterlu Thl Enhanced Pearl et al.,
. reduced bacterial clearance 2004
tuberculosis
. Enhanced
WSX-1"- Mycobacterlu Thl bacterial Holscher et
tuberculosis enhanced f:learance, lung al., 2005
immunopathology
Increased
WSX-1~" Trypanosoma Th2 parasitemia, Hamano et
cruz enhanced hepatic al., 2003
immunopathology
Enhanced
WSX-17- Leishmania Thl bacterial Rosas et al.
donovani enhanced clearance, hepatic 2006
immunopathology
Acute Highly effective _—
WSX-17" Toxoplasma No defect response, hepatic Villarino et
" ) al., 2003
gondii immunopathology
Chronic
" . Th17 Exacerbated Stumhofer e
WSX-1 toxoplasm!c enhanced encephalitis al., 2006
encephalitis
Artis et al.,
WSX-1" Trichuris Th2 Enhanced 2004;
muris enhanced helminth clearance Bancroft et
al., 2004
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Mouse

T helper

Challenge Outcome Reference
genotype response
- Cc_)ncanavalm Th1,Th2 Exacerbated
WSX-1 A-induced h d h "
hepatitis enhance epatitis Yamanaka
et al., 2004
Resistant to
ConA- o .
EBI3- induced Thl hepatitis Siebler et
. reduced al., 2007
hepatitis
WSX-1" DSS-induced Thl Resistance to Honda et al.
colitis reduced colitis 2005
EBI3- 33%2';“6' Th2 Resistance to ThZ- Nieuwenhui
o reduced mediated colitis s etal., 2002
colitis
Trinitrobenze Normal
EBI3- ne sulfonic Thl development of Nieuwenhui
acid-induced unaffected Thl-mediated s etal., 2002
colitis colitis
Caecal
e ramlooytos Wirtz etal.
EBI3™ (CLP) i ability to bacterial| ~ 209°
) nown
induced clearance,
septic resistance to sepsis
peritonitis
- Thl7 Exacerbated Batten et al.
WSX-1 EAE enhanced encephalitis 2006
WSX-17- Allergic Th2 Exacerbated Miyazaki et
asthma enhanced disease al., 2005
Proteoglycan gﬁ:}%i‘i‘d n
- induced Thl Cao etal.,
WSX-1 - development and
arthritis reduced reduced diseases 2007)
(PGIA) |

severity

Table 1.1List of the studies with IL-27 signaling deficiemice (adapted from

Batten & Chilardi 2007)
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1.3. 5 IL-35 (EBI3/p35)

EBI3 was originally identified as a transcriptionallgti@ated gene in Epstein-
Barr virus-infected human B lymphocytes. EBI3 ereoa 34-Da glycoprotein
that lacks a membrane anchored motif. Structur&Bi3 bears 27% homology
to the subunit IL-12p40 at the amino acid sequéene (Devergne, et al., 1996).
EBI3 can form heterodimers with IL-27 p28 subunitowever, EBI3 is
expressed much more widely than p28. EBI3 is esgesby human B
lymphoblast cell lines, macrophage like cells ia thmina propria of the human
colon in patients with ulterative colitis (Chris®98), human colon epithelial cell
lines, and by placental syncytiotrophoblasts ay \vegh levels (Devergne, et al.,
2001). It raises possibility that EBI3 might assbeiwith other partners and have
functions other than IL-27. IL-12 was identified dampurified from culture
supernatant of EBV-transformed B cell lines andeigpected to be closely
associated with EBI3. IL-12 p35 is ubiquitously eegsed whereas IL-12 p40
expression is inducible. The dissociation betwegh and p40 gene regulation
suggests that either subunit may be associatedothtér partners. p40 associates
with p19 to form IL-23. It has been demonstratedt tBBI3 associates non-
covalently with 1L-12p35 to form a novel heterodimeecytokine (Devergne, et
al., 1997). Notably, coexpression of EBI3 and pab6ilitates their secretion,
where they are not efficiently secreted when exggésalone. The expression of
p35 was detected in the entire cell types posifivethe expression of EBI3 in
placental tissues (Devergne 2004dditionally, intestinal epithelial cells were
also shown to express EBI3 and p35 together (Mastat., 2004). Thus, EBI3-
p35 heterodimer may represent a novel cytokinehef iL-12 family. This

heterodimeric cytokine has been called IL-35 by thernational Union of
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Immunological Societies (IUIS) subcommittee on tleekin Nomenclature and

the HUGO Gene Nomenclature Committee (Schrader)2002

IL-12p40 can form homodimers to compete with ILd&d through binding to
IL-12 receptors, and IL-23 receptors shafgssubunit of IL-12 receptors.
However, unlike 1L-12p40 homodimer and IL-23, IL-8®es not bind to IL-
1231 and B2receptor (Devergne, et al., 1997). Therefore, ILfBEht have
different receptor complex. It is known that EBIthds to gpl30, but it is

uncertain whether IL-35 interacts with gp130 toedat

As the survival of EBV-infected B lymphocytes anghsytial trophoblasts needs
an effective NK and T cells response, it is likétat IL-35 might have an effect
on NK and T cells, and downregulate the biologietiects of IL-12. It was
speculated that the association of EBI3 with p3ghhinhibit the expression of
IL-12 (Devergne, et al., 1997). However, little wiasown about the biological
role of IL-35 in immune responses since this cytekhas been found. Although
neither EBI3-/- or IL-12p35-/- mice displayed ovartttoimmune diseases, EBI3-
/- mice are more susceptible to leishmaniasis (&lal., 2005), and IL-12p35-/-
mice are more susceptible lt@shmania major infection (Mattner et al., 1996),
EAE and CIA (Gran et al., 2002; Murphy et al., 2p0Bhese phenomenon were
always interpreted as a lack of IL-27 and IL-12slIpossible that the lack of IL-
35 function was involved in the EBI3-/- and IL-1ZpB8 mice. A very recent
study has demonstrated that bdiBI3 and IL-12p35 genes were highly
expressed by mouse Foxp3+Treg cells, but not byngesr activated effector

CD4" T cells (Collison et al., 2007). IL-35 heterodimer preferentially
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constitutively secreted by Treg cells but not effecT cells. It also has been
shown thatEBI3 is a downstream target of Foxp3, indicating IL-8Bght
regulate function of Treg. EBI3-/- and IL-12p35-Freg cells showed
significantly reduced abilities to suppress thelifaxation of effector T cellsn
vitro compared to wild-type Treg cells. Furthermore, Bl and IL-12p35-/-
Treg cells failed to cure inflammatory bowel dissmsompared to wild-type
Treg cellsin vivo (Collison et al., 2007). Therefore, I1L-35 is requi by Treg

cells for maximal regulatory function.
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1.4 Specific aims of this thesis

Cytokines play a central role in regulating T aetpansion and differentiation,

and an understanding of cytokines may lead to nitneghpeutic strategies.

IL-27 initially has been characterized as a cytekin the initiation of Thl

responses; however, subsequent work has providddree that IL-27 has broad
anti-inflammatory effects on Thl, Th2, and Thl7 satb. My hypothesis was
that IL-27 might play an anti-inflammatory role RA since Th1l7 has been
shown to be involved in the pathogenesis of RA.s[hane part of this project
was designed to elucidate the function of IL-27GM, a model that closely

resembles human RA.

IL-35 (EBI3/p35) is a naturally occurring herterodiric cytokine, but the
biological role of IL-35 was unknown when | starti@ project. The expression
of EBI3 and p35 has been highly detected in pladetdsues and intestinal
epithelial cells. This indicated that IL-35 mayibgortant in immune regulation.
A very recent study has demonstrated that IL-3Eecuiired for the regulatory
function of Treg cells, which highlighted that Il53nay be a inhibitory cytokine.
Thereby, one part of this project was designeduoidate the biological role of
IL-35 in immune responses, and the possibility sihg IL-35 as a therapeutic

agent in inflammatory diseases, like CIA.

The objectives of this project were to solve thgsestions:
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1. To clone and express murine IL-27 and IL-35 in ortte provide enough
materials for murinan vitro andin vivo study. In addition, to clone and
express human recombinant IL-35 for the future hustadies.

2. To investigate the potential role for recombindn2V in murine model of
inflammatory arthritis, CIA.

3. To characterize the role of recombinant IL-35 iffedent subsets of CD4T
cellsin vitro, and study the effects of IL-35 in inflammatorgpensean vivo,

using murine CIA model.

I will employ a range oin vitro andin vivo techniques to address the above
guestions. The project will not only provide dynanmaind advanced training in
immunology for a PhD program, but the results stialso provide important
information on the crucial area of immune regulatlwy cytokines, leading to

potential cytokine therapeutic approaches to agarignflammatory diseases.
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Chapter 2

Material & Methods
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2.1 Molecular Cloning

2.1.1 Generation and culture of Dendritic cells (D)

Human EBI3 mRNA and p35 mRNA were expressed by DCs were
generated from isolated Peripheral blood mononuctedls (PBMC) from
healthy volunteers. PBMC were incubated with RPM&omplete medium
(supplemented 2mM L-glutamine, 100U/ml penicillinl®@0ug/ml streptomycin,
10% foetal calf serum (FCS), and 50 nfiMVercaptoethanol) (Invitrogen) in 25
cn¥ flasks at 3%C in a humidified incubator with 5% G@or 2 h to adhere to the
flask. Then the supernatant including non-adheceits was removed, and the
remaining adherent cells were cultured with RPM@O.éémplete medium in the
presence of 10 ng/ml IL.-4 (R & D Systems) and 5migGM-CSF (R & D
Systems) for 6 days (Ranieri 1999), thus, monocytese differentiated into
mature DCs. The DCs were stimulated with 100 ndimolpolysaccharide (LPS)
(Sigma) and 100 ng/ml of interferon (IFM){R&D Systems). After 7 h
incubation, the DCs were harvested (Johansson 20@R}he pelleted cells were
lysed in buffer RLT (Qiagen) with 19-Mercaptoethanol-ME) (Sigma). The

lysates were stored at “fDuntil required.

2.1.2 RNA puirification

Total cellular RNA was extracted from the lysatdémtt were prepared as
described above using the RNeasy Mini Kit (Qiage€iojlowing the

manufacturer’'s protocol. In brief, the lysate sassplvere homogenized using
QIAshredder spin columns. 1 volume of 70% ethan@swadded to the

homogenized lysate and transferred to an RNeasypumn and centrifuged
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for 15 seconds at 10,000 rpm and the flow throughdolumn was discarded.
RW1 buffer (700ul) was added to the column and spun for 15 secand®,000
rpom. The column was washed twice with GHRPE buffer. Finally, RNA was
eluted in40 pl of Rnase-free water. The amount and quality offigd RNA was
determined by measuring the @B and ODg, in GeneQuant (Amersham

pharmacia biotech).

2.1.3 Reverse Transcription Polymerase Chain Reaot (RT-PCR)

Cloned DNA (cDNA) was generated from the RNA prepbas described above
using the superscript Il RT system (Invitrogen)p fig of RNA in a volume of
<11 pyl was added to ul of Random Primer (RP) (50 nd) (Roche), and the
total volume was made up to 12 with Rnase-free water. The mixture was
heated at 7AT for 10 minutes and then placed on ice for attl#aminute. During
this time, a mixture of 4l 5 x first strand buffer, il 0.1M DTT, and 1 ul 10
mM dNTP was prepared. This mixture |{lj was added into the tube containing
the RNA and RP mixture. ful of Superscript Il (200 ud) was added to the
sample and reverse transcribed using the followdngditions: 28C for 10
minutes, 42C for 50 minutes, and 70 for 15 minutes in the Mastercycler

gradient (Eppendorf).

2.1.4 Polymerase Chain Reaction (PCR)

The cDNA obtained above was used as a templatelisesjuent PCR reactions.
All the primer- oligonucleotides (listed in tablelZbelow) were designed using

Primer Express'v1.0 program (PE biosystems) and purchased from&ig.ul
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cDNA was mixed with ul 10 x Pfu Buffer (Invitrogen), 1ul 10 mM dNTP, and
2.5 ul specific 5 and 3’ primer- oligonucleotides (0.Q4/ul). 1ul of Pfu DNA
polymerase (5 unit/ pl) (Invitrogen) was added and the volume adjuste8Gpl
with DEPC HO. The mixed sample was amplified in a thermo-ay¢&gma)
under following reaction conditions: 35 cycles andturating at 9& for 1
minute, annealing at 86 for 2 minutes, and extending at°@2for 3 minutes,
followed by a final extension step of ‘@for 10 minutes. After the reaction, the

PCR samples were cooled 8C4
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Table 2.1 List of PCR Primer- oligonucleotides used for ahan

Oligonucleotide

DNA sequences (5'-3)

Location

hEBI3-5’ ATGACCCCGCAGCTTCT Human EBI3-cDNA
CCTGGCCCTTGTCCT

hEBI3-3’ TTGCTACTTGCCCAGGC Human EBI3-cDNA
TCATTGTGGCAGTGG

hEBI3-SMP-1 GAAATCTTCTCACTGAA Human EBI3-cDNA
GTACTGGATCC in TA vector

hEBI3-SMP-2 GATTTCTGGGAAGGGC Human EBI3-cDNA
CAGGACCCGGGA in TA vector

hEBI3-5-Bgl Il TCTGAGATCTCTGCCCG Human EBI3-cDNA
CCCTGCAGTGGAAGG

hEBI3-3'-Bgl Il CTTGAGATCTGCCCAGG Human EBI3-cDNA
CTCATTGTGGCAGTG

Hp35-5'-NP1 AGCAAGAGACCAGAGT Human p35-cDNA
CCCGGGAAAGTCCT

Hp35-3'-NP2 CCTAGTTCTTAATCCAC Human p35-cDNA
ATCCTATCAAAGT

Hp35-5’ CCTCGGGACAATTATA Human p35-cDNA
AAAATGTGGCCCCCTG

Hp35-3’ GACAACGGTTTGGAGG Human p35-cDNA
GACCTCGCTTTTTAGG

Hp35-SMP-P1 CAAATCTTTCTAGATCA Human p35-cDNA
AAACATGCTGG in TA vector

Hp35-SMP-P2 GATTTGCCTCTTAGGAT Human p35-cDNA
CCATCAGAAGC in TA vector

Hp35-Not I-P1 TTTGCGGCCGCACCTCC Human p35-cDNA
CCGTGGCCACTCCAG

Hp35-Not I-P2 TTTTGCGGCCGCATTCA Human p35-cDNA
GATAGCTCATCACTCT

McsP1-Bgl Il AGCTTAGATCTG pEE14.4 vector

McsP2 -Bgl Il AATTCAGATCTA pEE14.4 vector

Psec-P1-Bgl II GCTAAGATCTATGGAG pSec-Linker-Fc
ACAGACACACTCCTGC vector

PFc-P2-Bgl Il CAAGATCTCTATTATTT pSec-Linker-Fc

ACCCGGGGACAGGAA

vector
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2.1.5 Agarose Gel Electrophoresis

Agarose gel electrophoresis was used to analyssomiirm the size of DNA
fragments from PCR or restriction endonucleasediiigge. Agarose gel (1%) was
made with 1 g agarose (Sigma) into 100 ml 0.5 x TBEer (100 mM Tris.HCI,
pH 8.0, 450 mM boric acid, and 12.5 mM EDTA), anthiium bromide
(Sigma) was added at a final concentration of @nhgrhe DNA products were
mixed 1:5 with 5 x loading buffer (0.25% BromophtBtue, 80% Glycerol, 10
mM Tris.HCI pH 7.4, and 1 mM EDTA) and loaded ottte gel which was then

electrophoresed at 1-5 V/cm and visualised undes-ulolet (UV) light.

2.1.6 PCR Fragment Purification

PCR products were purified using the Qiagen Gelaekibn kit (Giagen). The
bands of interest visualized under UV light weré ftam the gel with a sterile
scalpel blade, and purified from the agarose falhgwthe Gel extraction kit
protocol. The concentration of the purified DNA draent was measured with

GeneQuant.

2.1.7 Addition of 3' A-overhangs on PCR products byfu polymerases

DNA amplified products byPfu polymerases were blunt ended fragments. In
order to ligate into the pCR 2.1 vector (Invitroyjetine purified DNA products
were incubated witifaq polymerase (Invitrogen). 40ul of the purified DNA
fragments were mixed with il dNTP, 5ul PCR buffer (10 x) (200 mM Tris
HCIl pH 8.4 and 500 mM KCI), @ 50 mM MgCl, 1 ul Tag polymerase

(Invitrogen) and 2ul DEPC HO. The reaction mixture was incubated &7 for
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10 minutes, and placed on ice for at least 1 minTiten the DNA product was

gel purified as described in section 2.1.6.

2.1.8 Restriction Endonuclease Digestion

Most of the enzymes used were purchased from R&ibehemicals unless
specified. Restriction endonuclease digestion weis g according to the
manufacturer’s protocols. Typically,lg of DNA was digested using 20 units of
enzyme and adjusted to a total volume ofi2th a recommended salt condition.
The digests were incubated afG7or at least 1 h and analysed by agarose gel

electrophoresis (see section 2.1.5).

2.1.9 Dephosphorylation of linearised plasmid DNA

To clone the DNA fragments into a selected plaswveictor, the vector DNA was
cut by restriction endonuclease (see section 2. I@prevent self-ligation of the
plasmid, the digested vector was incubated withf edialine phosphatase

(Roche) following the manufacturer’s instructiondahen gel purified.

2.1.10 Ligation of DNA fragments into plasmid DNA ector

Before ligation, the amount of vector DNA and theAfragment to be inserted
were analyzed. Equal molar ratio of the insert DEAd vector DNA, were
ligated with T4 ligase (Invitrogen) (50 ng DNA vect5 units ligase) according
to the manufacturer’s protocol. The ligation reawctiwas incubated at room

temperature for a minimum of 30 minutes, and timenlated at & overnight.
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2.1.11 Transformation of DH%x competent cells

An aliquot of 50ul DH5a0 competent cells (Invitrogen) was thawed on ice,
before adding %l of ligation reaction or 1/1000 diluted plasmichél competent
cells were incubated on ice for 30 minutes, and seack treated at 3C for 40
seconds before cooling on ice for another 2 minutasl of sterile 2-YT broth
without ampiciline was added and the cells werailiated at 3°C for 1 h in a
shaking incubator. The cells were spun down at@®yPm for 15 seconds, and
the supernatant was removed. The cells were reeadspl before being plated on
an LB-agar plate containing 1Q@/ml ampiciline. The agar plate was incubated

in 37°C oven overnight to obtain single colonies.

2.1.12 Purification of plasmid DNA

Individual colonies from LB-agar plates were pickexing 100ul size tips, and
cultured in 3 ml of sterile 2-YT broth containin@@ug/ml ampiciline overnight
at 37C with vigorous shaking. Plasmid DNA was purifiesing QIAprep spin
Miniprep Kit (Qiagen) according to the instructionBositive clones were
identified by restriction endonuclease digestioge(section 2.1.8). If necessary,
10 yl of DNA from a positive clone was sent to DNASHEFompany for
sequencing. The rest was stored in’€Qntil required.

2.2 Expression of recombinant proteins with Glutame Synthetase (GS)
system

The Lonza Biologics’ Glutamine Synthetase (GS) gexg@ression system

produces high protein expression levels from Claneamster Ovary cells

88



(CHO). The following procedures were carried outaading to the Lonza

Biologics’ operating procedures for use with the@H1 cell line. In brief:

2.2.1 Preparation of constructs

The constructs were prepared using methods dedciibabove sections. The

pPEE 14.4 vector was obtained from Lonza Biologics.

2.2.2 Cell culture

CHO-K1 (Lonza Biologics) were grown in glutaminedr Dulbecco’s Modified
Eagle’s Medium (DME) (JRH Biosciences) which con&l 10% dialysed Foetal
Bovine Serum (dFCS) (Invitrogen), 100 U/ml peninill& 100 pg/ml
streptomycin, and 10 ml GS supplement (JRH Biosasr), called GS medium.

The cells were sub-cultured every 3-4 days.

2.2.3 Transfection

The construct was transfected into CHO-K1 cells)\gisbenejuice Transfection
Reagent (Novagen). The day before transfectio,( @ HO-K1 cells per 10 cm
Petri dish in GS medium were incubated #CG3@nd 5% C@overnight to reach
50-80% confluency before transfection. Genejuicglf9vas added to 100l of
serum free medium Dulbecco’s Modified Eagle’s Madi(DMEM) (Invitrogen)
and mixed thoroughly by vortexing. The mixture whasn incubated at room
temperature for 5 minutes. Thenu8 DNA was added to the Genejuice / serum
free medium mixture, and shaken gently before iating at room temperature

for 10 minutes. The entire volume of the mixturesvealded onto the surface of
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dish in a drop-wise manner. The cells were incubdite 5 h at 37C before

replacing the medium with fresh GS medium.

2.2.4 Selection of GS-CHO transfectants

The high expressing cell lines were selected byhMaine sulphoximine (MSX)
(Sigma). 24 h following transfection, a 28 final concentration of MSX was
added to the dish. Colonies appeared about two svaékr transfection, and
individual colonies were picked and grown in 964weates. The colonies with
high protein expression levels were identified gsELISA (see section 2.4.1)
and expanded with increasing concentrations of M®k 50 uM to 500uM to

generate a cell line with a high protein expressewel.

2.3 Purification of recombinant Fc-fusion proteins

2.3.1 Production of recombinant Fc- fusion proteins

The recombinant Fc proteins were expressed by rhwesfected cells. The
established transfected cells were expanded fraen26ncnf flask to ten 75 ch
flasks with DMEM medium containing 10% FCS (Invigen) and 100 U
Penicillin & 100 pg/ml streptomycin, and 2 mM L-glutamine culture noeal.
Then, the cells were passaged into ten 175ftasks and cultured with DMEM
medium containing 10% low IgG FCS (Invitrogen), 100m! penicillin & 100
ug/ml streptomycin, and 2 mM L-glutamine. The supg¢ants were harvested

after the cells were grown for 2 weeks.
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2.3.2 Purification of recombinant Fc fusion proteirs

The recombinant Fc fusion proteins were purifiechgisEcono-Pac protein A
cartridge (Bio-RAD) following the manufacturer’'sidalines. The supernatants
were spun down at 5000 rpm for 30 minutes’a % remove cell debris before
being loaded onto an Econo-Pac protein A cartrigigd’C. The cartridge was
washed with 20-30 ml Binding Buffer (20 mM Sodiurhd3phate Buffer PH7.0)
at room temperature to remove non-specific protéihe recombinant Fc fusion
protein was eluted with Elution buffer (0.1 M Glgei HCI pH 3.0) and 1 ml was
collected for each fraction and neutralised immietija with 25 pl of
Neutralisation Buffer (1 M Tris. HCI pH 9.0). Theattions containing the
proteins required were identified using LP Dataw/igrogram (Bio-RAD), and
the purified recombinant protein was dialysed ialyHis buffer (2% Nacl, 0.02%
KCl, 0.024% KHPQO; and 0.144% N#&IPQ;) overnight at AC. The protein
concentration of each aliquot was estimated udiegGoomassie Protein Assay

(Pierce).

2.4 Protein Analysis and Detection

2.4.1 Enzyme linked immunosorbent assay (ELISA)

The Fc fusion protein expression levels of the dfacted CHO cells were
identified using the human IgG Fc antibody (CALTAQP well plates (Dynex
Technologies) were coated overnight &CAwith the appropriate concentrations
of capture antibody, anti-HIgG purified antibody.1Q00 dilution) in 0.1 M
NaHCO3, pH 8.2. The working volume was EDper well. The plates were

washed twice with 1 x PBS containing 0.05% Tween(\#8shing buffer), and
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blocked for 2 h at € with 100pl/well of 10% FCS in PBS (ELISA buffer).
After washing four times with washing buffer, %0 samples were added in
triplicate to the plate. Serial double dilutionshd§G in triplicate were also added
as standards. The plates were then incubated fom237C to allow binding
between cytokine and antibody. fDof detection antibody (biotin anti-hlgGFc
1:1000 dilution) (CALTAC) in ELISA buffer was addexdter six washes, and the
plate was incubated at %7. After 1 h incubation, the plate was washed G$m
before adding 5@l of 1:1000 dilution of ExtrAvidin (Sigma) in ELISAuffer in
each well. The plate was incubated for another bb@7?C and washed 8 times.
Finally, 100 ul/well of Microwell Peroxidase Substratevas added and the
reaction was allowed to develop at room temperatutiee dark until a sufficient
colour product was visibléTMB, Gaitherburg. The plate was then read at 630

nm on aMRX Il microplate reader (Dynex Technologies) reade

2.4.2 SDS- PAGE

The purity of the recombinant protein was analyzg@&DS-PAGE following the
manufacturer’s protocol. In brief, the protein waenatured by heating to D
for 10 minutes and loaded onto a NUPAGE 4-12% Bis-Gel (Invitrogen). The
gel was electrophoresed at 200 V, 400 mA untildize front was close to the
bottom, and the gel was rinsed in sterilized wéifore staining with Bio-safe
Coomassie staining (BIO-RAD). After 1 h staininge tgel was destained with

sterilized water until the band of the interest wigsrly visible.
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2.4.3 Western blot analysis of proteins

After running the SDS-PAGE (see section 2.4.2)ead of staining, the gel was
transferred to a nitrocellulose membrane (Trang;BRIO-RAD) in transfer
buffer (20 mM Tris, 40 mM glycine, and 20% v/v matiol) for 1 h at 30V, 400
mA. The transferred membrane was incubated in blgckuffer (5% non-fat
milk in PBS) for 2 h with shaking at room temperatibefore the primary
antibody a-HIgG purified antibody (1:2000 dilution in bloclgnbuffer) was
added. After 1 h incubation with the primary andip the membrane was
washed 3 times in washing buffer, and was incubisitéxdiocking buffer with the
DONKEY anti-goat IgG-HRP conjugate (1:4000 dilutiam Blocking buffer)
(Sigma) for 1 h. The membrane was washed 3 tim#swashing buffer before
being developed by enhanced chemiluminescence (&ive® Pharmacia

Biotech) and visualised by exposing to X-ray filkoflak).

2.51n vitro studies

25.1 Cells

In all thein vitro studies described below, the mouse cells wereestad from
female BALB/c (H-2% 1gM® mice, which were purchased from Harlan Olac.
All mice were housed and treated in the Biologi&arvice facilities in the
University of Glasgow according to the local UK hemffice guidelines under

specific pathogens free condition.
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2.5.2 Regents

Table 2.2List of cytokines used fain vitro culture

Cytokines Source Source Concentration Usage
IL-27 R&D Systems murine 10 ng/mi cell
to culture
100 ng/ml
IL-23 R&D Systems murine 20 ng/ml cell
culture
IL-6 R&D Systems murine 20 ng/mi cell
culture
TGFf R&D Systems murine 1 ng/ml cell
culture
IL-18 BD Bioscience murine 10 ng/ml cell
culture
IL-2 GlaxoSmithKline human 10 ng/mi cell
culture
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Table2.3List of antibodies used fon vitro culture and FACS analysis

Antibodies Source Isotype Concentration Usage
(Clone No.)
CD3(145-2C11) BD Hamster 1 pg/ml (soluble) T cells
Bioscience IgG1 2.5ug/ml (plate- activations
bound)
CD28 BD Syrian 1 pg/ml Co-stimulatory
(37.51) Bioscience Hamster signal for T cell
1gG2 activations
IL-4 R&D Rat IgG1 10 pg/ml Cell culture
(30340.11) Systems
IL-2 R&D Rat 1gG2a 10 pg/ml Cell culture
Systems
IFN-y BD Rat 1gG1 10 pg/ml Cell culture
(XMG1.2) Bioscience
CD16/32 BD Rat IgG2b 0.5pg/10Qul Fc receptor
(2.4G2) Bioscience blocking
FITC CD4 BD Rat I9G2a 0.5ug/100ul FACS
(RM4-4/5) Bioscience
PE-CD25 BD Rat 1gG2b 3.6ug/10 cells T cell
(PC61/7D4) Bioscience separation
FACS
Alexa Fluor- e Bioscience Rat 1gG1 0.5 ug/1Ccells FACS
IL-17
PE-IL-17A e Bioscience Rat IgG2a 0.5 pg/1CPcells FACS
PE-Foxp3 e Biosciencg Rat IgG2a 1 pg/1CPcells FACS
PE-IFNy BD Rat IgG1 0.5 ug/1Ccells FACS
Bioscience
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Antibodies Source Isotype Concentration Usage
(Clone No.)

FITC BD Rat IgG2a 0.5pg/100ul FACS
Rat 1gG2a Bioscience

PE BD Rat 19G2b 3.6pg/10 cells FACS
Rat 1gG2b Bioscience

Alexa Fluor- e Bioscience Rat IgG1 0.5 pg/1CPcells FACS
Rat IgG1

PE e Bioscience Rat IgG2a 0.5 pg/1CPcells FACS
Rat 1IgG2a

PE BD Rat IgG1 0.5 ug/1Ccells FACS
Rat 1IgG1 Bioscience
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2.5.3 Preparation of Lymphocytes

Single cell suspensions were obtained by forcingimeulymph nodes and
spleens that were prepared in cold RPMI1640 mediurough sterile Nitex
(Cadisch & Sons). The cell suspensions were cagated at 400 g for 5 minutes
and resuspended in 1 ml red cell lysis buffer (Sipfor exactly 1 minute, 20 ml
cold RPMI 1640 containing 100 U/ml penicillin & 1Q®/ml streptomycin was
added to inhibit the lysis. The cell suspensiongewwashed 3 times with

centrifugation, before being resuspended in RPMIO16omplete Medium.

2.5.4 T cell separation —autoMACS (Miltenyi Biotech

2.5.4.1 Negative selection of CDA cells

The cell suspensions (see section 2.5.3) in RPMDXBomplete Medium were
incubated in 75 chflasks at 39C in a humidified incubator with 5% GQor 1
h, which allowed adherent cells to adhere to thekil Then, non-adherent cells
including the supernatant were collected and deged at 400 g for 5 minutes
and re-suspended in 20 ml cold MACS Buffer (1 x PBfhout Calcium,
Magnesium, Invitrogen, 2% FCS, 100 U/ml penicilli& 2100 pg/ml
streptomycin). 10ul of cells were counted with a Neubauer haemocyteme
(Weber Scientific International) by diluting in 10 of a cell counting fluid (0.01
M acetic acid, 0.1% trypan blue in PBS). The renmgrcells were centrifuged at
400g for 5 minutes and incubated with the cock @il biotin-conjugated
monoclonal antibodies [against CD8a (Ly-2, Rat 1gi2ZD11b (Mac-1, Rat

IgG2b), CD45R (B220, Rat 1gG2a), DX5 (Rat IgM) andr-119 (Rat 1gG2b)]
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(Miltenyi Biotech), at a concentration of 10 antibody per 10total cells in 40

ul MACS Buffer for 15 minutes at 2C. Anti-biotin microbeads (2@ per 10
cells in 80ul MACS Buffer) were added to the cells and inculldte another 15
minutes. The cells were then washed with 40 ml MA&Sfer, centrifuged at
300g for 10 minutes, and re-suspend in 6 ml MACHduCD4 T cells were
then negatively selected by an AutoMACS machine@log to Manufacture’s
protocol. The purity of CD4T cells was determined by Flow Cytometry (see

section 2.5. 6). Routinely the purity of CD% cells was=95%.

2.5.4.2 Positive selection of CDED25" T cells and negative selection of

CD4'CD25 T cells

The selected CO4T (see section 2.5.4.1) were incubated with PE&D2
antibody (3.6ug per 16 cells) in 1 ml MACS Buffer at % in the dark for 15
minutes, and then washed twice with 20 ml MACS BufiThe cells were then
incubated with anti-PE microbeads (@6per 16 cells) in 1 ml MACS buffer at
4°C in the dark for another 15 minutes. Cells werelvea by centrifugation at
300g for 10minutes and re-suspend in 4 ml MACS &ufMagnetically labelled
CD4'CD25 T cells were sorted on AutoMACS by positive setectaccording
to Manufacture’s protocol. The depleted cells we@4'CD25 T cells. The
purity of CD4CD25 T cells were analysed by Flow Cytometry (see eac.5.

6), routinely= 90%.
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2.5.5 Culture and stimulation of murine CD4, CD4'CD25" and CD4'CD25

T cells

2.5.5.1 T cells were cultured in two culture condibns

1). In U-bottom 96 well plates (Nunc), 3 x “@f CD4, CD4'CD25 or
CD4'CD25T cells per well were cultured in triplicate with aquivalent number
of mitomycin C (5Qug/ml Sigma) treated APC in 2Q0 of RPMI1640 complete
medium in the presence of dg/ml of anti-CD3. Various concentrations of

murine cytokines were added to cell culture asciaueid in the text.

2). 1 x1¢ CD4", CD4'CD25 or CD4CD25 T cells per well were cultured in
triplicate in anti-CD3 (2.5ug/ml) coated 96-well flat bottom plates in 2QDof

RPMI1640 complete medium in the presence @igiml of anti-CD28. Various
concentrations of murine cytokines were added loco#ture as indicated in the

text.

2.5.5.2 Established Th17 cell culture

CD4'CD25 T cells (3x 10 cells/well) were cultured with anti-CD3 (@g/ml)

and mitomycin C (5Qug/ml)-treated APC (3x Ttcells/well) under optimal Th17
culture conditions: IL-6 (20 ng/ml), ILA (10 ng/ml) and TG (1 ng/ml), and
the neutralizing antibodies anti-IL-4 (3@/ml), anti-IFNy (10 ug/ml) and anti-
IL-2 (10 pug/ml). After 4 days, activated cells were washed @mstimulated with

anti-CD3 (1Lpg/ml) and APC (3x 1Dcells/well) in the presence of IL-23 (20
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ng/ml) for another 3 days. Various concentratioh$Le?27 were added to cell

culture as indicated in the text.

2.5.5. 3 Regulatory T cell suppressive function a&g

Regulatory T cell suppressive function assays wgeteup in 96-well U-bottom
plates. In brief, CDZCD25 T cells (3x 10 cells/well used as responders) were
co-cultured with an equivalent number of freshlyrifjed or activated
CD4'CD25 T cells as regulatory T cells in the presencent@D3 (1 pg/ml)

and APC (3x 1Bcells/well) in 200ul of RPMI1640 complete medium.

2.5.6 Proliferation Assay

Proliferation assay was performed in 96-well U-bottor 96-well flat bottom

plates. Generally, after 3- 4 days cell cultureQ 0well of supernatant was
harvested and 10Ql/ well of 1 uCi of [*H]-thymidin (Amersham Pharmacia
Biotech) was added and cultured for 8-12 hoursteRlavere harvested onto a
glass fibre filter mat (Packard) using a Microma86 Harvester (Packard) and

®H -TdR uptake was counted on a Betaplate counteil&).

2.5.7 Flow Cytometry

2.5.7.1 CFSE staining

Before setting up cell culture, CD@D25 T cells were incubated in PBS

containing 2uM CFSE (Sigma) for 15 minutes at°87in the dark. The cells
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were then washed twice with RPMI1640 complete madand pelleted by
centrifugation at 400 x g for 5 minutes and re-susied in a volume of 20d 1
x PBS Buffer (Invitrogen) containing 2% FCS and10®enicillin & 100ug/ml
streptomycin. The cells were checked for cell cycley Flow Cytometry
(FACScan, BD Bioscience) and analyzed using Cefigusoftware (BD

Bioscience).

2.5.7.2Surface staining

Cell surface markers were performed by surfacenistgi The cells were
transferred to FACS Tube (BD Bioscience) and wadhetMACS Buffer. After
centrifugation (300 g, 5 minutes), the cells wereubated with anti-CD16/CD32
antibody (0.5ug/100 ul) for 15 minutes to block Fc receptors and nonrcgje
binding. Then, the appropriate antibodies were dddeindicated in the text and
incubated for 20 minutes af@ in the dark. The cells were then washed twice
with MACS Buffer, re-suspended in 2Q0 of MACS buffer and analyzed by

Flow Cytometry.

2.5.7.3 Intracelluar Cytokine Staining

IL-17-producing cells, IFNrproducing cells and Foxp3 expressing cells were
determined by intracellular sytokine staining. lengral, cells were stimulated
for 5 hours with phorbol myistate acetate (BD Bieace) and ionomycin (BD
Bioscience) with Golgistop (BD Bioscience) addetemfLhr. Cell stimulation

was terminated by fixing in freshly prepared FigafPermeadbilization working
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solution (BD Bioscience). Fixed cells were staiveith fluorescent-conjugated
antibodies in Permeabilization Buffer for 20minute®C, Dark), and then

washed, and analyzed with Flow Cytometry.

2.5.8 Measurement of Cytokine Production

Cytokine production was measured by ELISA as deedrin section 2.4.1. Most
of the paired capture and biotinylated detectiotibadies were purchased from
BD Bioscience unless specified. Details of the emtiations of antibody used
and the lower limit of detection for each assay @giken in Table 2.4. IL-1Ra
production was measured using Quantikine IL-1Ra umoassay Kit (R&D

Systems) according to the manufacturer’s protocol.

Table 2.4List of cytokine antibodies used for ELISA

Cytokine Capture Detection Lower Limit of
Antibody Antibody Detection of
(ng/ml) (ng/ml) Assay (pg/ml)
IL-2 1 1 10
IFN-y 1 0.5 40
IL-17 0.5 0.5 10
IL-6 0.5 0.5 10
IL-4 1 1 10
IL-10 1.25 0.06 10
(Biosource)
IL-12 2 0.5 20
TNF-a 1:250 1:250 5
(Volume) (Volume)
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2.5.9 Real-Time PCR

To quantify message levels, Real-time PCR was padd using an ABI prism
7700 sequence detector (Applied Biosystems) acegrth the manufacturer’s
instruction. All the primers and probes were pusgthfrom Applied Biosystems

(Listed in the table 2.5).

1 ul cDNA template converted from mRNA was mixed WitR.5ul Master mix
(10 mM dNTP mix, 5 mM MgGl 0.625 U AmpliTaqGolt", 0.25 U AmErase
N-Glycosylase, 10 x qPCH buffers), 1pl probe, and 0.7%1 of each of the
primers. The total volume of each sample was aeljuti 25ul with DEPC HO.
The mixed sample was loaded to a Thermo-Fast 96-dar plate (ABgene)
and amplified on an ABI prism 7700 sequence detagtder following reaction
cycles: the first cycle was 8D for 2 minutes and followed at %5 for 10
minutes, and the remaining 45 cycles werd®%or 15 seconds and 60 for 1
minute. Data analysis was performed using Sequertector Software (Applied
Biosystems). The cDNA levels during the liner phadeamplification were
normalized with respect to the levels of ‘housekegpgene encoding HPRT
(hypoxanthine phosphorbosyltransferase). The esudtre presented as relative

MRNA expression level.
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Table 2.5 List of Primers and Probes used for Real time PCR

Gene Forward Primer Reverse Primer Probe ( 5’-FAM&3-
TAMRA)
Foxp3 5-CCCAGGAAAG 5-TTCTCACAAC 5-ATCCTACCCACTGC
ACAGCAACCTT-3 CAGGCCACTTG-3 TGGCAAATGGAGT-3
HPRT 5'-GCAGTACAGC 5-AACAAAGTCTGG 5- TAAGTTGCAAGCT
CCCAAAATGG-3’ CCTGTATCCAA-3’ TGCTGGTGAAAAGGA
-3’
T-bet 5'-GCCAGGGAACC 5-AACTTCCTGGCG 5-CCCAGACTCCCCC
GCTTATATG-3 CATCCA-3’ AACACCGGA-3
GATA-3 5-TCCTCCTCTACG 5-ACACTGATTCCT 5-TCGTGATCGGAAG

CTCCTTGCTA-3’

TGGCGCTC-3’

AGCAACCGTCTC-3
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2. 6 In Vivo studies: Collagen- induced Arthritis (CIA)

2.6.1 Animal

All the in vivo studies described below were carried out undemopeq licence

provided by UK home office and was performed torads scientific questions
that could not be investigated byvitro studies alone. The mice used were male
DBA/1 mice purchased from Harlan Olac. All mice wdsept in the Biological
Service facilities in the University of Glasgow aotding to the local UK home

office guidelines under specific pathogens freedaom.

2.6.2 Induction and treatment of CIA

CIA was induced in mice as previously describedctiRiz 1998). Briefly, male
DBA/1 mice (6-8 weeks) were immunised withOO ug of Bovine type I

collagen (MD Bioscience) in Freund’s complete adptv(MD Bioscience) by
intradermal injection (day 0), and boosted intrapaeally (i.p.) on day 21 with
collagen 1l (100ug in PBS). Dalily injections of IL-27-Fc (@g/mouse/day), IL-
35-Fc (2 or 1 pg/mousel/day), IL-23-Fc (2ug/mouse/day), EBI3-Fc (2
ug/mouse/day) or PBS were administered i.p. for &@sdstarting at different

time points (day 21 or 27) as indicated in the.text

2.6.3 Clinical assessment of CIA

Mice were monitored every other day for signs ahmtis, and the disease

severity was recorded following a scoring systemefach limb: 0 = normal, 1 =
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erythema, 2 = erythema plus swelliBgz extension/loss function and total score

= sum of four limbs. Paw thickness was measureld avdial-caliper (Kroeplin).

2.6.4 Histological assessment

Mice were sacrificed and the hind limbs removexredi in 10% formalin for 3
weeks, and decalcified with 35% (v/v) formic acrtlal3% (w/v) sodium citrate
for another 2-3 weeks. Then, the tissues were firegax and cut in to fm

sections and stained with haematoxylin and eosuangfication of arthritis in
each joint were scored blindly, based on the degfeaflammation, synovial

hyperplasia and erosion as described previousbs{éa 1997).

2.6.5Ex Vivo cell culture

Splenocyte were harvested from immunized mice atitidicated time-points,
and single suspension of spleen cells were pre@ereescribed in section 2.5.3).
Spleen cells were cultured at 2 f&@lls per ml for up to 96 hours in RPMI 1640
Complete Medium with graded concentrations of tiipmollagen at 37°C in 5%
CO,. Proliferation assays were performed in triplicat&ibottom 96-well plates
as previously described in section 2.5.6. Supentsfeom parallel triplicate

cultures were estimated for cytokine contents biSAL

2.6.6 Serum anti-Collagen Antibodies ELISA

Anti-collagen Abs titers in serum obtained at the ef treatment of immunized
mice were measured by ELISA. Briefly, 96-well pratynex Technologies)

were coated overnight a@ with 4 pg/ml bovine type Il collagen in 0.1M
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NaHCO3, pH8.2, blocked, and serially-diluted semiere added. Total IgG was
detected with horseradistperoxidase-conjugated goat anti-mouse IgG
(Genzyme), and biotin-conjugatedti-mouse IgG1 and IgG2a (BD Bioscience).

The plates were developed as described in sectdbh &nd read at 630nm.

2.6.7 Multiplex Bead Assay-10 plex luminex

Serum cytokine production was also analysed by iplakt Bead Assay
(Biosource) according to the manufacturer’'s indtams. The Assay contained
10 cytokines: GM-CSF, IFN; IL-1[3, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p40
and TNFea. The principle of this method is a sandwich immassay where
specific antibodies have already been coated tostiréace of fluorescently
encoded microspheres. Each microsphere is labeligd a distinguishable
fluorphore that allows it to be assigned or gatedatparticular region by the
scanner. Briefly, cytokine capture microspheresewfest incubated with serum
samples and followed by biotinylated detection l@dies. Relevant standards
used for quantitative analysis were added at timestime as serum samples.
Finally, streptavidin-RPE was added and the flumgase bound to the
microspheres was analysed using Luminex XNMABystem. The fluorescence
intensity was proportional to the concentration aytokines present in the

samples.
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2.7 Statistical analysis

Data are presented as the mean + standard ertbe oghean (SEM). Statistical
analysis was performed using Student’s Test, or riviaiitney U test as
indicated in the text. Statistical significance wesefined as *p<0.05, or

*#*p<0.01.

2.8 List of plasmid vectors

Plasmid vectors used for cloning, transfection mpression of recombinant

proteins are listed in Figure 2.1.
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Figure 2.1 List of Plasmid vectors

pCR2.1 vecto

pSecTag2A
EcoRl,
Balll;
pEE14.4-1
-
“wo pEE14.4-1 = "%
10096 bps

8000 4200

GS min
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Table 2.6List of suppliers’ details

Company Address

ABgene Ltd Abgene House, Blenheim Road, Eps
KT19 9AP, UK

Amsersham Pharmacia Biotech Ltd Amersham Place, tleLit Chalfont,

Buckinghamsire HP7 9NA, UK

Applied Biosystems

850 Lincoln Centre Drive, Fos@ity, CA

94404, USA

BD Bioscience Ltd

21 Between Town Road, Cowley, dbdf

OX4 3LY,UK

- ™
BioSource

Rue de L'industrie, 8B-1400 Nivelle

Belgium

Bio-RAD Labtoratories

Bio-Rad House, Maxted Road.entél

Hempstead, Hertfordshire HP2 7DX

Carisch & Sons company

745 High Rd, LondNd2 OBP UK

Chondrex Inc

C/o MD Biosciences

Morwell Diagnostics GmbH
Gewerbestrasse 9, Postfach 8132, Zur

Switzerland

ich

DNASHEF Technologies

Edinburgh Royal Infirmary, Zlauriston

Place, Edinburgh EH3 9YW, UK

Dynex Technologies

Columbia House, Columbia Dri

Worthing, West Sussex, BN13 3HD, UK

ve,

eBiosciences C/o Insight Biotechnology Ltd

Wemblégmmercial Centre, East Lan

Wembley HA9 7XX

Eppendorf UK Ltd

c/o Helena Biosciences Europe Ltd

Queensway South, Team Valley Tradi
Estate, Gateshead, Tyne & Wear NE11 O

UK

Genzyme Itd

12 Rookwood Way, Haverhill, Suffolk, €

8PU, UK

110



Company

Address

Harlan Olac

Shaw's Farm, Bicester, Oxon Ox25 1T

UK

Invitrogen Life Technologies

3 Fountain Drive, Imufian Business Park

Paisley, UK

JRH Biosciences

West Portway Industrial Estate, oded,

Hempshire, SP10 3LF

Kodak Ltd

Kodak House, Sation Road, Hem

Hempstead, Hertfordshire, HP 1 1JU,UK

el

Lonza Biologics Ltd

228 Bath Road, Slough, BerkshiSL1

4DX, UK

Miltenyi Biotec Ltd

Almac House, Church Lane, BigleSurrey

GU24 9DR

Novagen

Merck Biosciences Ltd

Boulevard Industrial Park, Padge Road,

Beeston, Nottingham, NG9 2JR

Packard Instrument Company

800 Research ParkwajdéterCT 06450

USA

Pierce

c/o Perbio Science UK Ltd

Unit 9, Atley Way, North Nelson Industria
Estate Cramlington, Northumberland NE2

WA

al

Qiagen Ltd

QIAGEN House, Fleming Way, Crawle

West Sussex, RH10 9NQ, UK

Roche Diagnostics Ltd

Bell Lane, Lewes, East Suf3RX 1LG,

UK

R&D Systems Europe Ltd

19 Barton Lane, AbingdoneSceé Park

Abingdon, Oxon OX14 3NB
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Company

Address

Sigma-Aldrich Company Ltd

Fancy Road, Poole, DoBid12 4QH

VWR International Ltd

Haasrode Researchpark Zone

Geldenaaksebaan 464 Leuven B309

Wallac Oy

Mustionkatu 6, 20101 Turku, Finland
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Chapter 3
Cloning and expression of murine IL-27-Fc, IL-35-Fcand human

IL-35-Fc with GS system
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3.1 Cloning and expression of murine IL-27-Fc anduU-35-Fc with GS system

3.1.1 Introduction

The murine cDNA encoding IL-27-Fc and IL-35-Fc werecessfully cloned in
our lab and constructed into pSecTag2A vector {togen). Schematic
representation of recombinant murine IL-27-Fc dn@3%-Fc are shown in Figure
3.1. However, the production of these recombinaateins expressed from that
vector was low. In order to produce large quargitéIL-27-Fc and IL-35-Fc for
in vivo studies, it was necessary to choose a new mammeat@aression system.
GS system, as described in previous material antiadeis ahighly efficient
mammalian expression system, and provides a wagrdaduce recombinant
proteins in high quantities. Therefore, the genepproach underlying the
cloning of IL-27-Fc and IL-35-Fc from the previoegpression vector into GS
vector was to get the higher amount of the expoessf recombinant proteins
with GS system. As a comparison, IL-12-Fc and ILF23previously constructed

in pSecTag2A vector were also transferred into &Fes.
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Murine IL-27-Fc

EBI3 p28 Fc

Murine IL-35-Fc

EBI3 p35 Fc —

Murine IL-12-Fc

p40 p35 Fc

Murine IL-23-Fc

pi0 oto e |

Figure 3.1 Schematic representation of recombinant murin@7tkc, 1L-35-Fc,

IL-12-Fc, and IL-23-Fc.

The fusion protein includes the leader sequence/TRr rich regions of the

native IL-12p40, IL-27 EBI3, linker, Pro/Thr regiaf I1L-12p35, IL-23p19, IL-

27p28, and the Fc part of human IgG1 at their Gyitens.
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3.1.2 Cloning of the cDNA insert encoding IL-27-FdL-35-Fc, IL-12-Fc, and

IL-23-Fc

PCR amplification, using the pSecTag2A vectors dmmp IL-27-Fc, 1L-35-Fc,

IL-12-Fc and IL-23-Fc as templates respectivehsuled in around 2200 bp
PCR fragments containing the cDNA encoding IL-35-R¢12-Fc, IL-27-Fc,

and IL-23-Fc with the Bgl Il site insertion on bo#émds (Figure 3.2 A). These
above 2200 bp PCR fragments were cloned into tHelRE-1 GS vector via the
Bgl Il site in the polylinker respectively. The sexpce identities of these cloned
products were confirmed by restriction enzyme miagpespectively (Figure 3.2

B, C, D).
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M IL-12-Fc IL-23-Fc IL-27-Fc IL-35-Fc

2200——

M IL-35

M IL-12
2035bp-

630bp -

2035-

el -2063bp

2035bp

943bp - - 630bp

Figure 3.2 Cloning of the cDNA insert encoding murine IL-12;FL-23-Fc, IL-
27-Fc and IL-35-Fc.

(A) PCR was performed on pSecTag2A vector withrege inserts to obtain
PCR fragments encoding murine IL-12-Fc, IL-23-Hg;27-Fc, and 1L-35-Fc,
and a Bgl Il site was inserted at both ends ofgheagments. (B) BamH |
digestion of mIL-12-pEE14.4 cDNA resulted in 203p, 943 bp, and 273 bp
fragments, but 273 bp fragment was too small teibealized on gel. (C) BamH
| digested mIL-23-pEE14.4 cDNA (1) and mIL-27-pEEL4DNA (2) to obtain
2035 bp and 943 bp, 2063 bp and 630 bp fragmeDjsB&mH | digestion of m
IL-35-Fc-pEE14.4 DNA resulted in 2035 bp and 630flggments. (The ladder

used is 1kb+ DNA ladder)
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3.1.3 Expression of IL-27-Fc, IL-35-Fc, IL-12-Fc ad IL-23-Fc with GS

system

These constructs of IL-27-Fc, IL-35-Fc, IL-12-Fdadh-23-Fc within GS vector

were transfected into CHO-K1 cells, expression m@® were selected out by
detecting the Fc fusion part from the cell cultgigernatants using hlgG Fc
ELISA, which is described in material and method¥ith the increasing

concentrations of MSX, the expressing cell linesensxlucated to produce higher
and stable recombinant protein production. The esgion level in the culture
supernatants from GS system was 10 times highepamd to the expression
level from the previous cloning (Figure 3.3). Howe the protein expression
from IL-27-Fc and IL-35-Fc colonies was still mutdwer than the expression
from IL-12-Fc and IL-23-Fc colonies. The expressigjls were washed and
lysated, and the lysates proteins were checketévets of recombinant proteins
which were maintained inside the cells by westdoh. As shown in Figure 3.4,

there were no proteins recognized by human IgGadyi. This indicated that the

recombinant proteins with Fc fusion part were atireted outside CHO-K1 cells.

The recombinant fusion proteins IL-23-Fc, IL-27-Rt;35-Fc were purified

using Econo-Pac protein A cartridge. The puritytloé recombinant proteins
were analysed by SDS-PAGE (Figure 3.5). The redoamb proteins were also
analysed by western blot. Monoclonal antibody dedcagainst human 1gG
resulted in IL-23-Fc band of 87.3 kd, IL-27-Fc &.8 kd, I1L-35-Fc band of 80
kd, and IL-12 band of 88.9 kd (Figure 3.6). Monaabantibody against murine

IL-12 p40 recognized the same protein bands ofatFt and IL-23-Fc, but not
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IL-27-Fc and IL-35-Fc (Figure 3.6). No additionarals were visible using these

two detection systems.

m pSecTag2A
o pEE14.4-1

800 1
600 -

400

200 A |:|
0 -

IL-12-Fc  IL-23-Fc IL-27-Fc  IL-35-Fc

Human IgG Fc (ng/ml)

Figure 3.3 Comparison of the levels of Fc fusion proteins egpron from

pSecTag2A vector and pEE14.4-1 vector.

The selected stable high-yielding IL-12-Fc, IL-28-H_-27-Fc and IL-35-Fc cell
lines from pSecTag2A vector and pEE14.4-1 vectaeveeltured in the 175 ¢m
size of flasks for 5 days, and 1pDof supernatants were removed and analyzed
for Fc fusion protein expression by human IgG FclFA. The cell line
transfected with pEE14.4-1 vector encoding theringenes yielded 10 times
high levels of Fc fusion protein compared with el line transfected with

pSecTag2A vector encoding the insert genes.
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IL-27 IL-35 IL-27-Fc

cell lystaes Cell lyates

= -78.8kd

Figure 3.4Western Blot analysis of cell lysates.

CHO-K1 cells respectively expressing IL-27-Fc ahd3b-Fc were harvested,
washed and lysated. Cell lysates were detectedifmah IgG-Fc antibody. There
were no proteins recognized by human IgG antibddys indicated that the
recombinant proteins with Fc fusion part were atireted outside CHO-K1 cells.

IL-27-Fc protein was used as a positive control.
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m IL-12-Fc m IL-27-Fc
20pg 10ug 5pg  2.5pg 20pg 10pg 5pg 2.5ug
[ | | [ | | [ o
88.9kd- . W W -98kd
~— -78.8 kd
-62kd
IL-35-Fc IL-23-Fc
30pg 15ug 7.5pg 3.7ug 2pg  20pg 10pug  5pg 2.5ug
| | | I I | | | |
98kd- s -87.3 kd
80 kd- - —
62kd-

Figure 3.5 SDS-PAGE analysis of purified recombinant proteins.

Various amounts of purified recombinant proteinslR-Fc, IL-27-Fc, I1L-35-Fc
and IL-23-Fc were run on SDS-PAGE, and stained W@titomassie blue to
demonstrate their purities. The molecular weightshese products were the

same as they were designed (The ladder used idugeBBIS2 from Invitrogen).
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Anti-hlgG o e ioare IL-27-Fc  IL-35-Fc

88.0kd- M g |-873kd  78.8kd- - s -80kd

. IL-27-Fc IL-12-Fc IL-23-Fc IL-12-Fc  IL-35-Fc
Anti-IL-12p40

88.9kd- S | 873k 88.9kd- M-

Figure 3.6 Western blot analyses of purified recombinant pnste

The purified recombinant proteins miL-12-Fc, m 15-Bc, mIL-27-Fc and miL-

23-Fc were demonstrated in western blot by twoatietg antibodies: anti-higG
and anti-IL-12p40. Both antibodies detected theespmatein bands of 88.9 kd of
mIL-12-Fc and 87.3 kd of mIL-23-Fc. 78.8 kd sizenofiL-27-Fc and 80 kd size

of IL-35-Fc were only detected by anti-hilgG.
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3.1.4 Bioactivity of the recombinant proteins IL-27Fc, IL-35-Fc, IL-12-Fc

and IL-23-Fc

The recombinant proteins IL-27-Fc, IL-35-Fc, IL-E2- and IL-23-Fc were
assessed for their biological activitiés vitro. CD4 T cells isolated from
BALB/c mice were stimulated with plate-bound an®& and soluble anti-
CD28, and the increasing concentrations of recoantiproteins IL-35-Fc, IL-
27-Fc, IL-12-Fc and IL-23-Fc were added to the beijig cell culture. After 72
h, the culture supernatants were harvested angzatafor IFNy by ELISA. As
expected, IL-12-Fc and IL-27-Fc stimulated the picitbn of IFNy from CD4

T cells in a dose dependent manner (Figure 3. Bo,AL-35-Fc stimulated
CD4" T cells to produce IFN-in a dose dependent manner (Figure 3.7), which
will be discussed in chapter 5. IgG Fc did not iceluFNy on CD4 T cells,
which indicated that the Fc part on the recombimaoteins did not play any role
to affect the biological function of these recondmhproteins. As expected, IL-
23-Fc did not enhance the production of lifNbecause IL-23 does not act on
naive murine CD4T cells to induce IFNr (Figure 3.7 A). To further test the
activity of IL-23, the culture supernatants weralgmed for IL-17 by ELISA. IL-

23 enhanced the secretion of IL-17Figure 3.7 B .
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Figure 3.7 Effect of purified recombinant proteins on CDBcells.

1 x10 CD4' T cells isolated from BALB/c mice were stimulateith plated-

bound anti-CD3 (qug/ml) and soluble anti-CD28 (jig/ml), and the increasing
concentrations of recombinant proteins IL-35-F¢1R-Fc, IL-27-Fc, and IL-23-

Fc (0.05, 0.5, 5, 50 ng/ml) were added to the adlure. After 72 h, the culture

supernatants were harvested and analyzed forylgkN} and IL-17 (B) by

ELISA. Data are Mean = SD, ** p< 0.01, *p< 0.05 qoaned to control, by

student’'s test.
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3.2 Cloning and expression of human IL-35-Fc

3.2.1 Introduction

The biological role in mice might be different fraire biological role in humans.
The human recombinant IL-35-Fc fusion protein wasighed to investigate the
biological effects of the human IL-35 heterodimerhumans. The cloning and
construction of the IL-35-Fc gene was to expregstio soluble fragments of
EBI3 and p35 fused with a flexible linker and taggeith human IgG-hinge Fc

(Figure 3.8).

EBI3 D3E Fc

Figure 3.8 Schematic representation of recombinant human HEQ5

This recombinant protein includes the leading segegencoding the protein

rich region of EBI3 and p35 linked with a flexibli@eker sequence, and the Fc

part of human IgG at the C-terminus.
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3.2.2 Cloning of the cDNA insert encoding human IL35-Fc

Human cDNA encoding EBI3 was prepared by RT-PCRhfraRNA that was
extracted from LPS and IFN-stimulated human DCs. Using specific primers,
PCR amplification resulted in a PCR product of 680 Figure 3.9 A). This band
was extracted from the gel and subsequently clomedthe pCR2.1 TA vector
(Figure 3.9 B). A Bgl Il site silent mutation wastioduced into the TA vector
carrying the EBI3 insert by PCR. The template veatithout the silent mutation
site was digested by Dpn I, and the remaining dmgliDNA vector was
sequenced using M13R and T7 primers to confirm dbguence with silent
mutation (Figure 3.10). Then, using this DNA vedsera template, another round
of PCR amplification was performed to yield a 6@bflagment with a Bgl |l site
insertion on both ends (Figure 3.9 C). This producoding EBI3 with the Bgl
Il enzyme site on both ends was transfered into BhenH | site of vector
pSecTag2A containing the insert of Fc and a flexilmhker (named as vector
pSec-Linker-Fc). This was confirmed by restrictienzymes mapping (Figure

3.9D, E).
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Figure 3.9Cloning of the cDNA encoding human EBI3.

cDNA encoding EBI3 derived from DC was obtained®il+PCR (A). The PCR
fragment encoding EBI3 was cloned into the TA paRZctor (B). The PCR
fragment was amplified from cloned EBI3 TA vectoontaining the silent
mutation, and a Bgl Il site was introduced at berlds (C). Pst | digested vector
pSec-Linker-Fc inserted with EBI3-Fc to obtain & %p fragment (D). Bam HI
and Hind Il digested pSec-Linker-Fc vector insdrt@ith DNA fragment
encoding EBI3 to obtain a 479 bp fragment, and Nahd Hind Il together
digested pSecTag2A vector inserted with EBI3 tawba 774 bp fragment (E).

(The ladder used is 1kb+ DNA ladder).
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Cloning
ATGACCCCGCAGCTTCTCCTGGCCCTTGTCCTCTGGGCCAGCTGCCCGUMTAGTG
ATGACCCCGCAGCTTCTCCTGGCCCTTGTCCTCTGGGCCAGCTGCCCGUMTAGTG
Genebank
GAAGGAAAGGGCCCCCAGCAGCTCTGACACTGCCCCGGGTGCAATGCCGAETCTC
GAAGGAAAGGGCCCCCAGCAGCTCTGACACTGCCCCGGGTGCAATGCCGAETCTC

GGTACCCGATCGCCGTGGATTGCTCCTGGACCCTGCCGCCTGCTCCAAACTACCA
GGTACCCGATCGCCGTGGATTGCTCCTGGACCCTGCCGCCTGCTCCAAACTACCA

GCCCCGTGTCCTTCATTGCCACGTACAGGCTCGGCATGGCTGCCCGGGGIAGCT
GCCCCGTGTCCTTCATTGCCACGTACAGGCTCGGCATGGCTGCCCGGGGIAGCT

GGCCCTGCCTGCAGCAGACGCCAACGTCCACCAGCTGCACCATCACGGATGCAGC
GGCCCTGCCTGCAGCAGACGCCAACGTCCACCAGCTGCACCATCACGGATGCAGC

TGTTCTCCATGGCTCCCTACGTGCTCAATGTCACCGCCGTCCACCCCTGGGTCCAG
TGTTCTCCATGGCTCCCTACGTGCTCAATGTCACCGCCGTCCACCCCTGGGTCCAG

CAGCAGCTTCGTGCCTTTCATAACAGAGCACATCATCAAGCCCGACCCTCARGAAGG
CAGCAGCTTCGTGCCTTTCATAACAGAGCACATCATCAAGCCCGACCCTCRGAAGG

CGTGCGCCTAAGCCCCCTCGCTGAGCGCCAGCTACAGGTGCAGTGGGAGOTCCGG
CGTGCGCCTAAGCCCCCTCGCTGAGCGCCAGCTACAGGTGCAGTGGGAGOTCCGG

GTCCTGGCCCTTCCCAGAATCTTCTCACTGAAGTACTGGATCCGTTACAAGCGTCAG
GTCCTGGCCCTTCCCAGSATCTTCTCACTGAAGTACTGGATCCGTTACAAGCGTCAG

GGAGCTGCGCGCTTCCACCGGGTGGGGCCCATTGAAGCCACGTCCTTCATTCAGG
GGAGCTGCGCGCTTCCACCGGGTGGGGCCCATTGAAGCCACGTCCTTCATTCAGG

GCTGTGCGGCCCCGAGCCAGGTACTACGTCCAAGTGGCGGCTCAGGACCACAGAC
GCTGTGCGGCCCCGAGCCAGGTACTACGTCCAAGTGGCGGCTCAGGACCACAGAC

TACGGGGAACTGAGTGACTGGAGTCTCCCCGCCACTGCCACAATGAGCCTasCAAG
TACGGGGAACTGAGTGACTGGAGTCTCCCCGCCACTGCCACAATGAGCCTasCAAG

TAG
TAG

Figure 3.10Comparison oNucleotide sequence of EBI3 from cloning and gene

bank.

The upper sequence was obtained from cloning, hadidwer sequence was

from genebank. The highlighted point indicatesditent mutation.
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The cDNA encoding human p35 fragment was clonedguainested PCR. The
first amplification round products were used asemplate in a second PCR
reaction, which resulted in a PCR product of 76figure 3.11 A). This PCR
fragment was cloned into the pCR2.1 TA vector (feg8.11 B), and site directed
mutagenesis was performed to insert the Bgl llslent mutation into TA vector
carrying p35 fragment part. The template vectohaut the silent mutation site
was digested by Dpn I, and the remaining amplift¥dA vector with silent
mutation was confirmed by sequencing using M13R @&ddprimers (Figure
3.12). Then, using this DNA vector as a templat@tteer round of amplification
was performed with the insertion of a Not | sitdath ends of the PCR fragment
(Figure 3.11 C). This PCR product encoding p35 wiith Not | on both ends
were transfered into the Not | site of vector p&eiker-Fc, already containing

the cDNA encoding EBI3 (Figure 3.11 D, E).
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762bp-

Figure 3.11Cloning of the cDNA encoding human p35.

cDNA encoding p35 derived from DC was obtained ByACR (A). The PCR
fragments encoding p35 was cloned into the TA pCR2ctor (B). The PCR
fragment was amplified from cloned p35 TA vectontining silent mutation,
and a Not | site was introduced at both ends (9. It fragment encoding p35
was cloned into the vector pSec-L-Fc containingeB¢3 fragment (D). Hind 11l
digestion of this construct resulted in an 1110rbgment, and BamH | digestion
of this construct resulted in a 642 bp fragment (Ehe ladder used is 1kb+

DNA ladder).
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Cloning
ATGTGGCCCCCTGGGTCAGCCTCCCAGCCACCGCCCTCACCTGCCGCGH@AGGT
ATGTGGCCCCCTGGGTCAGCCTCCCAGCCACCGCCCTCACCTGCCGCGHTAGGT
Genebank
CTGCATCCAGCGGCTCGCCCTGTGTCCCTGCAGTGCCGGCTCAGCATGTIAGCGC
CTGCATCCAGCGGCTCGCCCTGTGTCCCTGCAGTGCCGGCTCAGCATGTIAGCGC
GCAGCCTCCTCCTTGTGGCTACCCTGGTCCTCCTGGACCACCTCAGTTTGGAGAAA
GCAGCCTCCTCCTTGTGGCTACCCTGGTCCTCCTGGACCACCTCAGTTTGGAGAAA

CCTCCCCGTGGCCACTCCAGACCCAGGAATGTTCCCATGCCTTCACCACTCAAAAC
CCTCCCCGTGGCCACTCCAGACCCAGGAATGTTCCCATGCCTTCACCACTCAAAAC

CTGCTGAGGGCCGTCAGCAACATGCTCCAGAAGGCCAGACAAACTCTAGAARTTTAC
CTGCTGAGGGCCGTCAGCAACATGCTCCAGAAGGCCAGACAAACTCTAGAARTTTAC

CCTTGCACTTCTGAAGAGATTGATCATGAAGATATCACAAAAGATAAAACCAGCAC
CCTTGCACTTCTGAAGAGATTGATCATGAAGATATCACAAAAGATAAAACCAGCAC
AGTGGAGGCCTGTTTACCATTGGAATTAACCAAGAATGAGAGTTGCCTAAATTCCAG
AGTGGAGGCCTGTTTACCATTGGAATTAACCAAGAATGAGAGTTGCCTAAATTCCAG

AGAGACCTCTTTCATAACTAATGGGAGTTGCCTGGCCTC CAGAAAGACCTTTTTAT
AGAGACCTCTTTCATAACTAATGGGAGTTGCCTGGCCTC CAGAAAGACCTTTTTAT

GATGGCCCTGTGCCTTAGTAGTATTTATGAAGACTTGAAGATGTACCAGGGGAGTT
GATGGCCCTGTGCCTTAGTAGTATTTATGAAGACTTGAAGATGTACCAGGGGAGTT

CAAGACCATGAATGCAAAGCTTCTGATGGATCCTAAGAAGCAGATCTTTCTAGATCA
CAAGACCATGAATGCAAAGCTTCTGATGGATCCTAAGAGGCAGATCTTTCTAGATCA

AAACATGCTGGCAGTTATTGATGAGCTGATGCAGGCCCTGAATTTCAACAT GAGA
AAACATGCTGGCAGTTATTGATGAGCTGATGCAGGCCCTGAATTTCAACAT GAGA

CTGTGCCACAAAAATCCTCCCTTGAAGAACCGGATTTTTATAAAACTAAAATCAAGC
CTGTGCCACAAAAATCCTCCCTTGAAGAACCGGATTTTTATAAAACTAAAATCAAGC

TCTGCATACTTCTTCATGCTTTCAGAATTCGGGCAGTGACTATTGATAGAG GATGAG
TCTGCATACTTCTTCATGCTTTCAGAATTCGGGCAGTGACTATTGATAGAG GATGAG

CTATCTGAATGCT TCCT AA
CTATCTGAATGCT TCCT AA

Figure 3.12 Comparison of Nucleotide sequence of p35 frominlpmand gene

bank.

The upper sequence was obtained from cloning, hadidwer sequence was

from genebank. The highlighted point indicatesditent mutation.

131



PCR amplification, using the pSec- EBI3-linker-pgB&-as a template, resulted in
a 2270 bp PCR fragment containing the cDNA enco@B¢3, p35 and the hinge
IgG Fc with the Bgl Il site insertion on both en@gure 3.13 A). This PCR
product was cloned into the PEE14.4 GS vector ki@ Bgl Il site in the

polylinker (Figure 3.13 B). The reading frame of IB®35-Fc was sent for
sequenceing to confirm the correct identity. Aldze sequence identity of the

cloned product was confirmed by restriction enzynapping (Figure 3.13 C, D).
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1607bp-
642bp-

Figure 3.13Cloning of human EBI3-L-p35-Fc cDNA into pEE14 dctor.

PCR was performed on the pSec-EBI3-L-p35-Fc coostta obtain a PCR
fragment encoding EBI3-Linker-p35-Fc, with a Bglsite inserted at both ends
of the fragment (A). This 2270bp PCR fragment wlased into pEE14.4 vector
(B). The enzyme digest was to confirm the corresertion. Hind 11l digestion of
the pEE14.4 vector construct confirmed the presehem 1110 bp fragment (C).
BamH | digestion of this construct resulted in tiregments: 642 bp and 1607 bp

(D). (The ladder used is 1kb+ DNA ladder).
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3.2.3 Expression of human IL-35-Fc in CHO-K1 cells

The PEE14.4 vector carrying the cDNA insert encodi|3-linker-p35-Fc was
transfected into CHO-K1 cells, and the expressialpries were detected by
higG Fc ELISA. With the gradually increasing conicetion of MSX from 50
UM to 500 uM, the highest stable expressing colonies werectaleout and
analyzed by hlgG Fc ELISA (3.14 A)and confirmed by IL-12 p35/ IgG Fc
ELISA (3.14 B) which is described in material andthod. Then, a large-scale
of cell colonies with the highest protein expressiere cultured, and the
supernatants were harvested. Using Protein A #ffirpurification, the
recombinant fusion proteins of human IL-35-Fc weueified. The purity of the
recombinant proteins were analysed by SDS-PAGHI(EI§.15) and detected by

western blot with anti-human 1gG (Figure 3.16)
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supernatants from human IL-35-Fc colonies

Figure 3.14The levels of recombinant human IL-35-Fc proteipression.
Two highest stable expressing colonies were seleots, cultured in 24 well

plates for 48 hours, and the supernatants weneestad, analyzed by hlgG Fc

ELISA (A), and confirmed by IL-12 p35/ 19G Fc ELISA (B).
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Figure 3.15 SDS-PAGE analysis of purified recombinant proteirman IL-35-

Fc.

Various amounts of purified recombinant protein lammL-35-Fc were run on
SDS-PAGE, and stained with Coomassie blue to detratastheir purities. The
molecular weight was the same as it was desigrida: harker used is SeeBlue

Plus2 protein marker).

136



80kd- o —

Figure 3.16 Western blot analyses of purified recombinantgirohuman IL-35-

Fc.

The purified recombinant protein human IL-35-Fc wda@snonstrated in western

blot by anti-hlgG.
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3.3 Summary

The murine cDNA encoding IL-27-FC, IL-35-Fc, IL-EX and IL-23-Fc were
constructed from pSecTag2A vector to PEE14.4-1 &8ov, and expressed in
GS system. Using elevated levels of MSX, GS vecipy numbers were
amplified multiple numbers, which resulted in atifies higher production of
recombinant proteins than the previous vector p&g2A. Also, the recombinant

proteins retained the expected bioactivities.

The human cDNA fragments encoding EBI3 and p35 wé#reed from human
DC by RT-PCR. The cloned cDNA EBI3 and p35 havengjeaed together by a
flexible linker, and linked to the cDNA fragmentaading human IgG Fc. The
resulting cDNA construct was cloned into PEE14.451Gctor and used to
express human IL-35-Fc in CHO cells. The recombipaotein has a molecular
weight of 80 kd and could be detected by antibaglgirsst human 1gG, and the

purity could be found in SDS-PAGE coomassie blastg.
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Chapter 4

IL-27 and Collagen-induced arthritis

(Some of results in this chapter already have beegpublication as shown in

Appendix 1)
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4.1 Introduction

Rheumatoid arthritis (RA) is an inflammatory autaieme disease characterized
by chronic inflammation of the synovial tissues nmultiple joints and by
subsequent progressive destruction of articulatgojFirestein & Zvaifler, 1991;
Kouskoff, et al., 1996). Although it has been wadiscribed that synoviocytes,
macrophages, DCs, and B cells contributed to RA&, phominent T cells
infiltration suggested that RA is a T cell mediatiidease (Van Boxel & Paget
1975; Yocum 1999). During the previous decade, Ré&swonsidered as a
systemic Thl-driven disease with a relative predamce of IFNy production
and a lack of Th2 cytokines (Miltenburg et al., 29®olhain et al., 1996;
Feldmann et al., 1996). However, recent studiesodstrated that Th17 cells
played a predominant pathogenic role in RA (Lulkbeitt al., 2005, Chu et al.,
2006). CD4 T cell- produced IL-17 promotes inflammation thgbuenhancing
the expression of TNE-and IL-13 by monocytes. IL-17 has a synergistic effect
on TNF< inducing IL-1, IL-6, and IL-8 in the skin and synal fibroblasts. IL-
17 also enhances the IL-1-induced synthesis of #nd LIF by RA synoviocytes
(Jovanovic et al., 1998, Katz et al., 2001). Furti@e, IL-17 has a direct role in
joint inflammation, cartilage damage, and bone ierogLubberts et al., 2001,
Cai et al.,, 2001). It has been demonstrated that7lLneutralization could
suppress arthritis in several experimental animatiels (Nakae et al.,, 2003,

Lubberts et al., 2005).

Although the etiology and pathogenesis of RA has heen completely
elucidated, neutralizing Abs against the inflammatcomponents, particularly

TNF-a, IL-1, and IL-6 have been shown to successfullyppsass joint
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inflammation, reduce the relapse rate and delagadis onset in RA patients
(Kagari et al., 2002). Therefore, the expressioth @gulation of cytokines that
are produced during the disease progression hage thee major interest in

therapeutic studies.

To understand the immune mediated events in RApwsirdisease models have
been established. Collagen induced arthritis (G$A9ne of the well-developed
models and closely resembles the features of huRAa(iTrentham et al., 1977).
The progression of CIA is relatively dependent anthbcellular and humoral
immune response to collagen type Il (Cll), and masi cytokines are involved in

the pathogenesis of the disease development (Feldptaal., 1996).

The heterodimeric cytokine IL-27a member of the IL-12 family, is comprised
of an IL-12p40 related protein, EBI3 and a uniquel2p35 like protein p28
(Pflanz et al., 2002). Currently, the role of IL-2Y the regulation of immune
responses is quite controversial. Some studies lklaweonstrated that IL-27
promotes naive T cells proliferation and initialdsl immune responses (Pflanz
et al.,, 2002; Chen et al., 2000). However, othadiss have shown that IL-27
suppresses the expansion of effector and memorgll$ and inhibits several
different cytokines including IL-2, IL-4, IFN-and IL-17 suggesting anti-
inflammatory functions of IL-27 (Artis et al., 200Batten et al., 2006; Villarino
et al., 2006). The dual role of IL-27 vitro has also been demonstratedion
vivo infectious and autoimmune inflammatory models. 2IL-neutralization
suppressed inflammation in rodent adjuvant arth@oldberg et al., 2004). In

contrast, IL-27R knockout mice displayed enhanceSGNflammation when
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infected with Toxoplasma gondii, or are hypersusbépto EAE (Batten et al.,
2006, Stumhofer et al., 2006). However, at the gmwesmoment, our
understanding of the role of IL-27 in RA is limitdtl was therefore the objective

of this chapter to explore the role of IL-27 in RA.

In this study, we found that IL-27 was able to mit®e CIA when administrated
at the onset of disease. Reduced disease developrasrassociated with down
regulation of IL-17 and IL-6 productions. In corgta when IL-27 was
administered late in disease development, it ekated disease progression.
Disease exacerbation was accompanied by elevatég Bnd IL-6 production.
Consistent with this, we observed thatvitro IL-27 was able to inhibit Th17
differentiation from naive CD4T cells, but had little or no effect on IL-17

production by polarised Th17 cells.

4.2 Results

4.2.1 Administration of IL-27 prevents the developrant of CIA at the early
stage of disease

Since the immunopathogensis of CIA closely resemBRA, the effect of IL-27

administration on CIA in susceptible male DBA/I migvas monitored. Mice
immunized by intradermal injection of type Il cakn in Freund’'s complete
adjuvant began to show clinical sign of arthrititeechallenge i.p. with collagen
I on day 21. Mice were given 10 daily i.p. injemts of IL-27 (2ug/dose), IL-23

(2 pg/dose) or PBS starting on day 21 (Figure 4.1)edsected, IL-23 group and
PBS control group developed severe arthritis. imrast, mice treated with IL-27

developed significantly attenuated disease in tearmmumber of arthritic paws
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(Figure 4.2A) and mean clinical score (Figure 4.28%0, mice treated with IL-
27 had much reduced incidence of developing aithtiseases compared to PBS
control goup and IL-23 treated mice group (Figu2C). Mean paw thickness of
mice treated with IL-27 was lower compared to PB8tml group (Figure 4.2D).
In contrast, I1L-23 treated mice developed significhigher mean paw thickness
compared to PBS control mice and IL-27 treated r(fiogure 4.2D). To examine
whether IL-27 administration modified articular ttestion, cartilage and bone
integrity were evaluated histologically. Histologyxamination of the hind limb
joints from IL-23 and PBS control treated mice i@ee massive cell infiltration
of the joint compartment with synovial hyperplasiad bone erosion (Figure
4.3A, Figure 4.3B). Administration of IL-27 markgdéuppressed each of these
parameters (Figure 4.3 C). The histological scevese summarized in Figure
4.3D. Together these data clearly indicated thaR7dLpotently suppressed the

development of CIA.

143



1.PBS
2.1L-27 2 pg/mousef/time

3. 1L-23 2 pg/mouse/time
IP injection

bbbl

|

Day 0
Prime
Intradermal
Cll + CFA

Day ZZIl. 22 23 24 25 26 27 28 29 30

Day 21 Day 33
Boost Cull
Intraperitoneal
Cllin PBS

Normal paws Arthritic paws

Figure 4.1 The schedule of Collagen-induced arthritis.
DBA/1 mice were primed intraermally with 1Q@ of bovine collagen type I
(CIl) in complete Freund’s adjuvant (CFA) at theséeof tail on day 0, and
boosted intraperitoneally with 1@ of Cll in PBS on day 21. 10 times of 200
ul PBS, 2ug/ 200pl of IL-27, 2 ug/ 200ul of IL-23 were given i.p. starting on
day 21 (A). The mice were observed for clinicalnsigf arthritis (B), and the

footpads were measured by callipers every other Biage were culled on day
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Figure 4.21L-27 inhibited the development of CIA.

Collagen-primed DBA/I mice were randomly dividedtangroups of 10,
challenged on day 21, and given 10 daily i.p. iges of 2ug/200ul of IL-27,

2 ug /200pl of IL-23, or 200ul of PBS starting on day 21. Mice were monitored
for disease progression as indicated by (A) Meambuer of arthritic paws, (B)
Mean clinical score, (C) incidence, and (D) MeanvFdickness (mm). Values
are mean + SEM.*, p< 0.05. IL-27 treated mice depetl significantly less

severe disease compared with IL-23 treated micecanttol PBS group.
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Figure 4.3 Administration of IL-27 significantly reduced joipathology.

On day 33, mice were administrated with 10 timeHd_e27, IL-23, or PBS were

culled. Hind limbs (five mice /group) were remoyé&armalin-fixed, decalcified,

and stained with H&E. Profound cartilage and bonesien, hyperplasia and
cellular infiltration were observed in the contRBS group (A) and IL-23-treated
mice goup (B). IL-27-treated mice exhibited redudestological evidence of
destruction (C)Histological appearances were scored (0-3) forpiesence of
bone erosion, synovial hyperplasia, and celluléltiation (D). Data are mean *
SEM.*, p< 0.05, compared to PBS control group, aridinal magnification (A,

B, and C) is x 50.
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4.2.2 Serum cytokinesin vivo

To gain insight into the mechanism of how IL-27 Icbwsuppress articular
inflammation, serum samples in the arthritic micerevtaken on day 33 when
they were culled, and serum cytokines were analygechultiple bead assay-10
plex luminex or ELISA. Since the role of IL-23 inlAC has been published
(Murphy et al., 2003), the following studies wenkidsed on the mice treated
with IL-27 comparing with control mice treated wi®BS. Although IL-B, IL-4,
IL-5, and GM-CSF were undetectable in serum frothd@BS treatment group
and IL-27 treatment group, TN IL-10, IL-2 and IFNy levels were similarly
low in both groups (Figure 4.4.A). There was nofetdnce in IL-12 level
between PBS treatment group and IL-27 treatmenupyr@Figure 4.4 A);
however, IL-6 (Figure 4.4 B) and IL-17 (Figure 424 levels were significantly
reduced in the mice treated with IL-27 when comg@asgth mice treated with
PBS. Interestingly, sera from mice treated with2ll.contained slightly higher

IL-1Ra than those from control mice (Figure 4.4 A).
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Figure 4.4Serum cytokinetevels of IL-27 and PBS treated mice.

DBA/1 mice treated with either IL-27 or PBS controlce were sacrificed on
day 33 and serum was collected from seven micach group. Levels of TNF-
a, IL-10, IL-2, IFN+y, IL-12, IL-1Ra (A), IL-6 (B), and IL-17 (C) were
determined by ELISA of individual samples. Data amean + SEM.
representative of 2 experiments. There was no fgignt difference in TNF,
IL-10, IL-2, IFN-y, IL-12, and IL-1Rx between two groups, but IL-6 and IL-17
were significantly reduced in the IL-27-treated eniccach dot represents an
individual mouse, and representative of 2 experisien p< 0.05, **, p< 0.01

compared to PBS control group.
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4.2.3 IL-27 treated mice showed reduced anti-collagen Aproduction

Because Ab levels against Collagen Il correlatel weh the development of
arthritis, Cll specific antibodies IgG1 and IgG2aéls were measured by ELISA
(Figure 4.5). Collagen-specific IgG2a levels inaséom the mice receiving IL-
27 were significantly lower than control mice, bigiG1l antibody was not

different between two groups.
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Figure 4.5 Assessment of serum anti-collagen Ab responsek-ivland PBS

treated mice.

At the end of treatment with IL-27 or PBS, seruneevcollected on day 33 and
collagen specific antibodies IgG1 (A) and IgG2a (Bkerum were determined
by ELISA. IL-27-treated mice produced significantbwer IgG2a but not IgG1

antibody. Serum samples were diluted 4000-fold. hEdot represents an
individual mouse, and data are expressed as meanba@mnce (OD 630). n=7 and

are representative of 2 experiments; **, p< 0.@linpared to PBS control group.
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4.2.4 1L-27 suppresses Cll-specific proinflammatory immure responseex

Vivo

To further explore the effect of IL-27 mediated grgssion during CIA
development, CIA was induced in mice and the adstiation of PBS or IL-27
was exactly the same as previously described iar€ig.1. However, mice were
culled at two different time points (as shown irgle 4.6) to examine ClII-

specific T cell immune responses.

Spleen cells from mice that had been treated WitR7 or control PBS were
harvested after 6 times of treatment (day 27) &eg were cultured with type Il
collagenin vitro. Cells from the IL-27 treated mice produced sigaifitly less
IL-17 (Figure 4.7) compared with parallel culturem control PBS group,
which indicated a suppression of Th-17 responsevener, T cell proliferation,
IL-6, TNF-a, IFN-y, and IL-1Rx production remained similar between the two

groups (Figure 4.7).

The above observations from the first time poirsty(@7) were supported by the
second time point, in which inguinal lymph noded apleen cells from mice that
had been treated with IL-27 or control PBS werevésted after 10 times
treatment (day 33). Inguinal lymph nodes and splasis were stimulated with
PMA and ionomycin and analysed by intracellulamsta. Control mice induced
higher proportion of IL-17 and IFN—producing spleen cells and lymph nodes
cells compared with IL-27 treated mice (Figure 48)e remaining spleen cells

were cultured with type Il collageim vitro. Cells from the IL-27 treated mice
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produced significantly less IL-17 than cells froomtrol PBS group (Figure 4.9),
while other cytokines production showed no diffeerbetween two groups
(Figure 4.9). Furthermore, the T cell mitogen, Comsfimulated equally high
levels of IL-17, IL-6, TNFe, and IFNy by spleen cells from both groups of
mice, indicating that IL-17 suppression of the immauesponse was Ag-specific

(Figure 4.10).
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Figure 4.6 The schedule of Collagen-induced arthritis.

DBA/1 mice were primed intraermally with 1Q@y of bovine collagen type Il
(CIl) in complete Freund's adjuvant (CFA) at theséeof tail on day 0, and
boosted intraperitoneally with 1Q@y of Cll in PBS on day 21. 10 times of 200
pl PBS, 2ug/ 200pl of IL-27 were given i.p. starting on day 21. Timéce were
observed for clinical sign of arthritis, and theotipads were measured by
callipers every other day. Mice were culled at tiwmee points on day 27 and day

33.
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Figure 4.7 Assessment afn vitro responses against collagen from mice treated

with IL-27 or PBS.

Spleen cells (pooled from 4 mice per group) welkected from IL-27 treated or
PBS treated mice after 6 times of injections (d&y &d cultured with titrated
concentrations of collagen for 96 h. T cell prakion (A) was determined by
[*H] thymidine uptake. Supernatants from parallekunals were collected after
72 h. IL-17, IL-6, TNFe, IL-1Ra, and IFNy levels were measure by ELISA.
There was no significant difference in T cell piedation, IL-6, TNFe, IL-1Raq,
and IFNy concentrations between two groups, but cells ftbenlL-27- treated

mice produced significantly less IL-17. Data argressed as mean £ SEM of

triplicate cultures. **, p< 0.01, compared to PBS$itrol group.
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Figure 4.8Intracelluar cytokine analysis of IFiand IL-17 secretion.

Spleen cells and LN cells were harvested (n=6) froice treated with IL-27 or
PBS on day 33, stimulated with PMA and ionomycinl atained intracellularly
for IL-17 and INFy. The percent of IL-17and IFNy" cells were reduced by IL-

27 treatment. The number in quadrants represemdieentage of IL-17- or IFN-

y expressing cells.
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Figure 4.9 Assessment afn vitro responses against collagen from mice treated

with IL-27 or PBS.

Spleen cells (pooled from 6 mice per group) wedected from IL-27 treated

or PBS treated mice after 10 times injections (8@)yand cultured with collagen
as described before. Supernatants from parallaires were collected after 72 h.
IL-17, IL-6, TNF-a, IL-1Ra, and IFNy levels were measure by ELISA. Cells
from the IL-27- treated mice produced significarldgs IL-17, but there was no
significant difference in IL-6, TNF, IL-1Ra, and IFNy concentrations between
two groups. Data are expressed as mean = SEM aniddof triplicate cultures.

*, p< 0.05, compared to PBS control group.
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Figure 4.10 Stimulation of spleen cells with ConA from IL-27e&ted or PBS

treated mice.

Spleen cells (pooled from 6 mice per group) from2I treated mice or PBS
treated mice were cultured with con Apffml) for 96 h. Supernatants from
cultures were collected, and IL-17, IL-6, TNf--and IFNy levels were measure
by ELISA. Equally high levels of IL-17, IL-6, TNE; and IFNy production

were produced between two groups. Data are exgressmean + SEM. There is

no statistical difference between PBS control naied IL-27 treated mice.
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4.2.5 Administration of IL-27 at the later stage ofCIA enhances the disease

expression

To determine the role of IL-27 during joint inflanation and tissue destruction at
a later stage of CIA, administration of IL-27 waarged on day 27 after CII
immunization. On day 27, about 50% of CIA mice pawgan to show clinical
sign of arthritis. Mice were injected i.p. daily thilL-27 (2 pg/dose) or PBS
from days 27 to 36, for a total of ten administrati. Surprisingly, mice treated
with IL-27 developed significantly more severe dises in the mean paw
thickness compared to PBS control CIA mice (FigdrelA). However, there
was no difference in the mean number of arthritievg; arthritic incidence and
mean clinical score (Figure 4.11 B C). Similarlzete was no difference in
serum cytokines between PBS and IL-27 treated gritigure 4.12). This
observation was also reflected in immune respoimsds o (Figure 4.13). Spleen
cells from IL-27 recipients produced slightly highencentrations of IL-6 and
IFN-y, and slightly lower concentrations of TNF-and IL-17, in response to
collagen compared to spleen cells from control growhile there is no

significant difference between the two groups.
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Figure 4.111L-27 enhanced the development of CIA at the latage.

Collagen-primed DBA/1 mice were randomly dividedtoingroups of 10,
challenged on day 21, and given 10 daily i.p. iges of 2ug/200ul of IL-27,

or 200 pl of PBS starting on day 27. Mice were monitored ftisease
progression as indicated by (A) Mean paw thicknass, (B) Mean Number of
Arthritic Paws, (C) incidence and (D) Mean Clinictore. Values are mean *
SEM.*, p< 0.05. IL-27 treated mice developed mareese disease compared to

control PBS group.
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Figure 4.12Serum cytokine levels of IL-27 and PBS treated mice

DBA/1 mice treated with either IL-27 or PBS contmice (n=5 in each group)
were sacrificed on day 36 and serum was colledtedels of IL-6 and IL-17
were determined by ELISA of individual samples. feh#&vas no difference in
serum cytokines between two groups. Data are me&BEM. There is no

statistical difference between two groups.
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Figure 4.13 Assessment dh vitro responses against collagen from mice treated

with IL-27 or PBS.

Spleen cells (pooled from 5 mice per group) welkected from IL-27 treated or
PBS treated mice after 10 times injections (daye8t) cultured with collagen as
described before. T cell proliferation (A), whichasv determined by [3H]
thymidine uptake, is expressed as mean stimulatidax + SEM of triplicate
cultures. Supernatants from parallel cultures wetkected after 72 h. IL-17, IL-
6, TNF-a, and IFNy levels were measure by ELISA and expressed as tean
SEM. There were no significant differences in gqalbliferations, IL-17, IL-6,

TNF-a, and IFNy concentrations between two groups.
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4.2.6 IL-27 suppresses the development of Th17 cell

Because of the critical importance of IL-17 in fhethogenesis of CIA, and the
above data suggested that IL-27 down-regulated7lindvivo, it is important to
determine the direct effect of IL-27 in the Th-18lldifferentiation pathwayni
vitro. When CD4 T cells isolated from the spleens of wild-type DBAnice
were activated with immobilized anti-CD3 plus aBG28, moderate amount of
IL-17 were produced; and the addition of IL-27 iniked the production of IL-17
(Figure 4.14 A). Also, according to Figure 4.14Awas found that 25 ng/ml of
IL-27 was the optimal concentration to inhibit IlZ-production. Therefore, the
following experiments were done using 25 ng/ml bf2lF. According to the
published reports (Veldhoen et al., 2006, Mangaal.e006), the efficiency of
in vitro IL-17 production requires the combination of TEFIL-1p and IL-6.
When the cell culture medium was supplemented W3, IL-13 and IL-6,
robust secretion of IL-17 occurred, but IL-27 séfficiently suppressed IL-17
production (Figure 4.14 B). Furthermore, to excluddificially skewed
development towards Th1l or Th2 helper lineagenthéralizing antibodies anti-
IL-4, anti-IFN-y, and anti-IL-2 were added to the above cell celthigh amount
of IL-17 was produced. The presence of IL-27 #fficiently suppresses Th17

cells differentiation (Figure 4.14 C).

Similar results were obtained with CDZ cells isolated from BALB/c mice.
CD4" T cells from BALB/c mice, labelled with CFSE, weeeltured with APC,
anti-CD3, and the combination of TGF-L-1p and IL-6. In the presence of IL-
27, CD4 T cells stained much less positive for IL-17 congplawith the CD4 T

cells without the presence of IL-27 (Figure 4.15).A@his reduction was
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supported by the paralleled ELISA results (Figur@54Ab). This generally
confirmed those results in the published reportsir{hofer et al., 2006). IL-27
can trigger signalling in a variety of cell typekerefore, the experiments were
repeated using CDED25 T cells and CDACD25 T cell from BALB/c mice,
treatment with IL-27 markedly reduced Th17 cellselepment (Figure 4.15 B,
C). Meanwhile, IL-27 had no effect on T cell preli&tion (Figure Figure 4.15

Aa) or the percent of FoxpJreg cells (Figure 4.15 Ca).
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Figure 4.14I1L-27 suppression of IL-17 production by CD# cells.

CD4" T cells from DBA/I mice were stimulated with pléteund anti-CD3 Ab
plus soluble anti-CD28 Ab in the presence of graclmtcentrations of IL-27 for
3 days, and then the culture supernatants wergzathafor IL-17 by ELISA (A).
CD4" T cells from DBA/I mice were stimulated with pléteund anti-CD3 Ab
plus soluble anti-CD28 Ab, and TQgk-IL-13 and IL-6, in the absence or
presence of IL-27 (25 ng/ml) for 3 days, and thes ¢ulture supernatants were
analyzed for IL-17 by ELISA (B). CD4T cells from DBA/I mice were
stimulated with plate-bound anti-CD3 Ab plus sotbhti-CD28 Ab, and TGF-
B, IL-1B, IL-6, anti- IL-4, anti- IFNy, and anti-IL-2, in the absence or presence
of IL-27 (25 ng/ml) for 3 days, and then the cultiwupernatants were analyzed
for IL-17 by ELISA (C). IL-27 efficiently suppresselrh-17 cells differentiation
in all A, B and C conditions. Data are expressedhaan = SEM, representative

of 3 experiments, *, p< 0.05 compared to control.
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Figure 4.15IL-27 mediated the inhibition of Th-17 development.

CD4" T cells (A), CDACD25 T cells (B) and CD4CD25 T cell (C) were
isolated from BALB/c mice, and the CD7 cells were labeled with CFSE, then
the three groups of cells respectively were aawawvith APC, anti-CD3, and
TGF, IL-1B and IL-6, in the absence or presence of IL-27 r{@fnl) for 3
days. After that, the cells, respectively, werenstated with 4 h with PMA and
ionomycin, stained for intracellular IL-17 (Aa, B&a), or Foxp3 ( Ba, Ca) and
analyzed on flow cytometry. The parallel cultur@eunatants were analyzed for
IL-17 by ELISA (Ab, Bb, and Cb). IL-27 had no effean cell proliferation
(CFSE) or Foxp3 expression but significantly redutee expression of IL-17.
Data are representative of three independent erpats. Plots are gated on T
cells; numbers in quadrants indicate the frequariaells each. ELISA data are

expressed as mean £ SEM, *, p< 0.05 compared toat@roup.
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4.2.7 IL-27 does not suppress IL-17 production onsgablished Th-17 cells

Those above data presented has demonstrated tB@triegatively regulates Th-
17 cell development. It is also important to exanihe effect of IL-27 on
established Th-17 producing cells. CD% cells isolated from BALB/c mice
were cultured with APC, anti-CD3, the combinatidnTGF{3, IL-13 and IL-6,
and the neutralizing antibodies anti-IL-4, anti-HyNand anti-IL-2. Under the
optimal Th-17 inducing condition, naive CDZ cells were polarized to Th-17
cells. After 4 days of cell culture, cells were Wwad and re-stimulated with APC
and anti-CD3, in the presence of IL-23 which isimportant factor to maintain
established Th-17 cells. The established Th-13 getdduced high amount of IL-
17" cells, but the addition of IL-27 showed no suppres effect on IL-17 cells
(Figure 4.16A). It was further confirmed by the gdbel ELISA result (Figure
4.16B). Similar results were also observed on TBPR5 T cells and

CD4'CD25 T cell by ELISA (Figure 4.16C, D).
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Figure 4.161L-27 does not suppress IL-17 production on essaklil Th17 cells.
CD4' T cells, CD4CD25 T cells and CDACD25 T cell isolated from BAB/c
mice were respectively cultured for 4 days under dptimal Th17 inducing
condition, washed and restimulated with APC, ardidGnd IL-23, in the graded
concentrations of IL-27 for 3 days. The re-stimethh17 cells generated from
CD4" T cells were analyzed for intracellular IL-17 siag by flow cytometry
(A). The established Th17 cells produced high arhofitL-17" cells, but IL-27
showed no suppressive effect on IL-1dells. The culture supernatants from
restimulated Th17 cells generated from CO4cells, CD4CD25" T cells and
CD4'CD25 T cell, respectively were analyzed for IL-17 protion by ELISA
(B, C, and D). Again, IL-27 showed no effect on 1EZ-production. Data are
representative of three independent experimenists Rire gated on T cells;
numbers in quadrants indicate the frequency ofscelich. ELISA data are

expressed as mean + SEM, and there is no stalisigraficance among them.

167



4.3 Conclusion and discussion

The data presented in this chapter demonstratdli#it can play a dual role in
murine model of CIA. The administration of IL-27 #be onset of CIA
dramatically attenuated disease severity, but thuirgstration of IL-27 at the
later stage of CIA did not inhibit the disease depment, but even exacerbated

the disease severity.

A short term administration of IL-27 at the onsdttbe disease markedly
suppressed the disease development compared witkated PBS controls
(Figure 4.2). Histological examination revealed tthwhile untreated mice
developed severe cellular infiltration in the j@insynovial hyperplasia and joint
erosion, this pathology was profoundly reducedLi2T-treated animals (Figure
4.3). Treatment of mice with IL-27 also decreadwssl amounts of serum IL-17,
IL-6 and collagen-specific IgG2a (Figure 4.4B, 4 B)ere were lower frequency
of IFN-y" and IL-17 expressing cells from spleen and lymph nodesefltH27-
treated mice compared with the control mice (Figli&. Also, the spleen and
lymph node cells from the IL-27-treated mice praetlitess IL-17 compared with
cells from the control mice when cultured with egienin vitro (Figure 4.7, 4.9).
These results indicated that the effect of IL-27drmted inhibition of disease
development was probably mainly due to the intobitof IL-17 production.
Consistent with then vivo finding, in vitro data presented that IL-27 markedly
inhibited the differentiation of Th-17 from naiveD&, CD4CD25 and
CD4'CD25 three T cells populations under different Th-1d@ucing conditions
(Figure 4.14, 4.15). These results confirmed previobservations that IL-27 can

suppress the development of Th-17, thatsenuating the development of
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autoimmune inflammation, such as experimental autoine encephalomyelitis,
chronic neuroinflammation, anlduman uveitis and scleritisy ¢shimura et al.,
2006; Batten et al., 2006; Stumhofer et al., 200®adi-Obi et al., 2007)The
mechanism in which IL-27 inhibits the generation W17 has been mainly
implicated through a STAT-1-dependent pathwgt{en et al., 2006; Stumhofer
et al., 2005 and STAT-3 signalling has also been considecetba partially
involved (Yoshimura et al., 2006 However, it is unclear whether STAT-1 and
STAT-3 signalling are involved in IL-27 inhibitedhé production of IL-17 in
CIA here. Further investigations would elucidate gotential pathways involved
in the regulatory role of IL-27 on Th-17 developmeturing CIA diseases

process.

Currently, the role of IL-27 in various models oflammatory diseases is still
controversial. In some disease models IL-27 hach Heand to suppress the
inflammation as mentioned above, but in other disgaodels, IL-27 was found
to exacerbate inflammation (Goldberg et al., 202204 (2)). This controversy
was also shown in the results in this chapter.oimtrast to the inhibitory role of
IL-27 administrated at the early stage of CIA, [L-@id not inhibit the disease
development, but in fact exacerbated the diseagerise when administered
during the late phase of CIA (Figure 4.11). Thesrawno difference in serum IL-
17 and IL-17 synthesis by the lymphoid cells betwde27-treated mice and
control mice (Figure 4.12, 4.13). This indicatedttfih-17 cells were not affected
by the IL-27 at the later phase of CIA. This caalqably be explained by the fact
that the CIA disease already progressed and Thlis eeere already

differentiated one week after Cll challenge. Theadeere showed that IL-27 had
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little or no effect on pre-polarised Th17 calsvitro (Figure 4.16). Furthermore,
at the advanced disease stage of CIA, the lymple mod spleen cells from the
mice with the administration of IL-27 produced elead IFNy and IL-6
production when cultured with collagen vitro, compared to the cells from
untreated mice. The elevated pro-inflammatory ayte& IL-6 and IFNy
induced by 1l-27 may be a consequence of the diseascerbation. The
inhibitory effect on IL-6 and IFN+synthesis by IL-27 administrated at the early
phase of CIA, and the accelerated effect on thgskines synthesis when IL-27
administrated at the later phase of CIA, demorerétat IL-27 might have the
opposite effect on the inflammatory process dependon the timing of

administration.

Together, these results demonstrated that IL-27dwdll pro-inflammatory and

anti-inflammatory effects. Any potential therapeutise of IL-27 in modulating

inflammatory diseases has to be approached witdfudanalysis.
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Chapter 5

The role of a novel cytokine 1L-35

(Some of results in this chapter already have beegpublication as shown in

Appendix 2)
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5.1 Introduction

Cytokines play pivotal roles in the regulation ahmune response and
inflammation. Epstein-Barr virus-induced gene 3 BB first identified in B
lymphoblastoid cell lines during EBV infection, enles a 34-kDa glycoprotein
with 27% amino acid identity to the IL-12 p40 sulibevergne, 1996). Both
EBI3 and p40 are encoded by mRNAs with a 3’ untedad Alu repeat
sequence, lacking a membrane anchoring motif, emgredicted to be secreted
(Devergne, 1996). IL-12, composed of p40 and pBiusits, was identified and
purified from culture supernatant of EBV-transfodrig cell lines and would be
expected to be closely associated with EBI3 (Schaenet al., 1992). IL-12 p35
is ubiquitously expressed whereas IL-12 p40 expyass inducible (Schoenhaut
et al., 1992). The dissociation between p35 andge#@® regulation suggests that
either subunit may be associated with other pastnérhas been known that p40
associates with p19 to form IL-23 (Oppmann et 2000). Recently discovered
IL-27 is made with EBI3 and p28 protein (Pflanakt 2002). The association of
EBI3 with IL-12 p35 to form a heterodimeric hematggiin was discovered by
Devergne’s group in 1997, and this EBI3-p35 hetiened may represent a novel
cytokine of the IL-6 family which includes IL-12|.423 and IL-27. This novel
heterodimeric cytokine EBI3-p35 has been officiallgsignated interleukin-35

(IL-35) in 2002 (Schrader, 2002).

EBI3 is expressed at a high level in human B lynigst cells, tonsil and spleen
(Devergne, 1996). Notably co-expression of EBI3 a8b facilitates their
secretion. They are not efficiently secreted whepressed alone. It has been

demonstrated that p35 was detected in the entiré8 EBsitive cell types,
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especially in placental tissue throughout pregnaary intestinal epithelial cells
(Devergne, 2001; Masser, 2004). More importantlyegy recent paper found a
high expression oEBI3 andIL-12p35 mRNA in mouse Foxp3Treg cells, but

not in resting or activated effector CD# cells (Collison et al., 2007).

When the project was designed, there has no répsriggest that IL-35 had any
biological functions. To investigate the biologicafffects of IL-35, we
constructed a soluble Fc fusion protein by flexilahking the EBI3 chain to the
p35 polypeptide, as described in the chapter &itchapter, | will present data

from the characterisation of this IL-35-Fc fusiaofgin in the murine model.

5.2 Results

5.2.1 IL-35 induces the proliferation of naive CDACD25 T cells with plate-

bound anti-CD3 and soluble anti-CD28 stimulation

Naive CD4CD25 T cells were purified from spleen and lymph nodds o
BALB/c mice, and the cells were stimulated with iolnlized anti-CD3 for 4
days, and IL-35 was titrated into the beginningunal. T cells proliferation was
dose dependent in response to IL-35 (Figure 5.bjvever, in the absence of
CD3 activation, there was no cell proliferation eb®d. This indicated that IL-
35-induced proliferation was dependent on CD3/TGRdation. In similar
experiments, naive CD&D25 T cells were activated with immobilized anti-
CD3 and soluble anti-CD28 for 4 days, the gradewcentrations of IL-35 or
EBI3-Fc were added in the beginning of the cultdree proliferation of naive

CD4'CD25 T cells driven by IL-35 was profoundly enhancedhus, IL-35-
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mediated proliferation was improved by co-stimutatsignal through CD28.

(Figure 5.1).
HMedium
da-CD3 only
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Figure 5.11L-35 induces CDACD25 T cells proliferation under polyclonal TCR

activation and costimulation.

CD4'CD25 T cells purified from spleen and lymph nodes of LBAc were
stimulated for 4 days in the medium alone, withigleoated anti-CD3 alone, or
plate-coated anti-CD3 plus soluble anti-CD28, ire thresence of graded
concentrations of IL-35 or EBI3-Fc (100ng/ml) or danen alone. Cell
proliferation was determined b§H] thymidine uptake. Data are shown as mean
+ SEM. n=4, and are representative of at leasethmgependent experiments. **,

p< 0.01 compared to control.
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5.2.2 IL-35 triggers naive CD4CD25 T cells to produce IFNy, but not
IL-4
The structure of I1L-35 is closely tied to Thl cyitwk family, IL-12 and IL-27.
Therefore, it was of interest to investigate thieafof IL-35 in IFNy synthesis.
Naive CDACD25 T cells isolated from BALB/c spleen and lymph nedeere
stimulated for 4 days with plate-coated anti-CD&nal or plate-coated anti-CD3
plus soluble anti-CD28. IL-35 itself induced lowéds of IFNy production in
anti-CD3 activated assay. With costimulation ofi-&@®D28, IL-35 alone was
capable of inducing significant amount of IFNFigure 5.2A). EBI3-Fc had no
effect on IFNy synthesis. In contrast, IL-35 had little effect k4 synthesis,
and the slightly enhanced production of IL-4 conagato control was due to the

higher proliferation from IL-35 cultured CD@D25 T cells (Figure 5.2B).Thus,
IL-35 appeared to trigger naive CID25 T cells to produce IFN; but not

IL-4.
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Figure 5.21L-35 induces CDACD25 T cells to produce IFN; but little 1L-4.

Purified CD4CD25 T cells from BALB/c spleen and lymph nodes were
stimulated for 4 days with plate-coated anti-CD@&nal or plate-coated anti-CD3
plus soluble anti-CD28, in the presence of gradewacentrations of IL-35, or
EBI3-Fc (100ng/ml), or medium alone. IRNA) and IL-4 (B) concentrations in
the parallel culture supernatants were measureBlWMA. Data are shown as
mean + SEM. n=4, and are representative of at Itlaste independent

experiments. *, p< 0.05 compared to control by stu@t test.
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5.2.3 IL-35 induces the expression of T-bet

Thl differentiation requires the expression of T-b& master transcription
regulator, by directly activating Th1l associatedaje& process and repressing the
production of Th2 cytokines (Hibbert et al., 2003herefore, these activated
CD4'CD25 T cells from the above costimulation culture coiodis were
analysed for T-bet expression by RT-PCR. IL-35 tiye@nhanced T-bet
expression compared to control (Figure 5.3 A). Asmparison, the effect of IL-
35 on the expression of GATA-3, which is a mastandcription factor for Th2
development, was also examined. As shown in Figud8, GATA-3 mRNA

expression was not affected, but even slightlyesgped by IL-35.
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Figure 5.31L-35 induces the expression of T-bet, but not GATA

Purified CD4CD25 T cells from BALB/c mice were stimulated with pat
bound anti-CD3 and soluble anti-CD28 in the gradexcentrations of IL-35 or
human Fc (100ng/ml). After culture for 48 h, totaRNA were isolated and
analyzed by Tagman-PCR for the mRNA expressiorrasfscription factors T-
bet (A) and GATA-3 (B). Data are represented as pghecentage of HPRT
expression, n=4, and are representative of at tbest independent experiments.

*, p< 0.05 compared to control.
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5.2.4 1L-35 induces expression of STAT-1 phosphorgion

As is known that T-bet is induced early in T cellvdlopment by a STAT-1
dependent mechanism (Hibbert et al., 2003), the erperiment was to check
whether IL-35 was responsible for the induction STAT1. Purified naive
CD4'CD25 T cells were activated with plate-coated anti-Gid3s soluble anti-
CD28 for 24 h, in the presence or absence of ILA3shown in the Figure 5.4,
STAT1 was strongly phosphorylated in response t&@3L This data indicated

that IL-35 might exert its effect on the up-regidatof T-Bet expression through

STAT-1 activation.
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Figure 5.41L-35 induces the expression of STAT-1 phosphdaiyta

Purified naive CD4CD25 T cells from BALB/c mice were activated with plate
coated anti-CD3 plus soluble anti-CD28 for 24 htha absence or presence of
IL-35 (100ng/ml). The cells were then washed arshigd. Total cell lysates
were prepared and subjected to Western Blottingh vaibhtiphosphotyrosine

antibodies.
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5.2.5 IL-35 inhibits the proliferation of naive CD4CD25 T cells with APC

and soluble anti-CD3

The next studies were performed to determine whelthe5 regulates the
proliferation of naive T cells under different ecult condition using mitomycin
C- treated antigen-presenting cells (APCs) froneaplcells and soluble anti-
CD3 antibody. Upon encounter between mitomycinr€ated APC and soluble
anti-CD3, purified CDACD25 T cells became activated and proliferated at a
similar level as when they were activated with @lhbund anti-CD3 and anti-
CD28. It was surprising that IL-35 significantlyppressed the proliferation of

CD4'CD25T cells in a dose dependent manner (Figure 5.5 A).

Furthermore, the supernatants were harvested andytbkines were analysed.
IFN-y (Figure 5.5 B) and IL-4 (Figure 5.5 C) productware markedly inhibited
in the cell culture in the presence of IL-35 congohto the control culture with
human IgGFc. These results therefore demonstraidilt-35 is an inhibitory

cytokine under more “physiological” conditions.
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Figure 5.51L-35 suppresses the proliferation of CIo25 T cells and inhibited

the cytokine productions of CD@D25 T cells.

CD4'CD25 T cells were purified from spleen and lymph nodEBALB/c mice
and cultured for 4 days with mitomycin C- treateB@s and soluble anti-CD3
antibody in the presence of graded concentratidrik-85 or human Fc. 1L-35
markedly suppressed the proliferation (A), IFNB) and IL-4 (C) production of
CD4'CD25 T cells. Cell proliferation was determined Bi] thymidine uptake.
Data are mean + SEM. n=4, and are representativehrefe independent

experiments, *, p< 0.05, **, p< 0.01 compared tocbatrol by student’stest.
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5.2.6 IL-35 expands CDACD25' T cells with co-stimulation

Regulatory T cells mediate significant protectigaiast autoimmune diseases by
suppressing the proliferation of auto-reactive Tsoggakaguchi et al., 2004). To
determine whether IL-35 have effects on Treg c@D4'CD25 T cells were
purified from spleen and lymph nodes of BALB/c mared culturedn vitro with
IL-35 in the presence of plate-bound anti-CD3 ford8ys, and anti-CD28
antibody plus IL-2 were added at 24 h intervalratite start of the culture. Under
these culture conditions, 1L-35 markedly inducedlifgration of CD4CD25 T
cells (Figure 5.6 A), with a significant elevateglvél of IL-10 in the culture
supernatants compared to Fc control (Figure 5.8Bfurther identify the effect
of IL-35 on Treg cells, the characteristics of Toalls were examined when they
were expanded by IL-35. The expression of FoxpgBarescript factor specifically
expressed in Tregs cells, was detected by Tagmainéacellular staining. The
majority of CD4CD25 T cells from wild- type BALB/c mice expressed high
levels of Foxp3. Although there are slightly highevels of Foxp3 mRNA in
CD4'CD25 T cells expanded in the presence of IL-35 compacedontrol
(Figure 5.6.C), no significant difference for Foxp3pression was observed
intracelluarly (Figure 5.6. D). Thus, these datavedd that IL-35 expanded
CD4'CD25 T cells, but did not induce additional Foxp3 exsien of Treg

cells.
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Figure 5.6 IL-35 expands CD4CD25" T cells under polyclonal TCR activation
and co-stimulation.

CD4'CD25 T cells were purified from spleen and lymph nodeBALB/c mice
and culturedwith the different concentrations of IL-35 or hum&oa in the
presence of plate-bound anti-CD3 for 3 days, and@D28 antibody and IL-2
were added at 24 h interval after the start of tudture. IL-35 induced
CD4'CD25 T cells to proliferate (A), and to produce IL-1B)( There was no
difference in Foxp3 expression (C and D). Cell ifechtion was determined by
[*H] thymidine uptake. IL-10 concentrations in theltere supernatants were
measured by ELISA. Total mRNA was isolated and yw&al by tagman for the
MRNA expression of transcription factor Foxp3. Data representative as the
percentage of HPRT expression. For intracelluasiigining, the cells were
stained for Foxp3 and analyzed on a flow cytomefbe number in quadrants
represent the percentage of Foke&pressing cells. Data are shown as mean +
SEM. n=4, and are representative of three indepenalgeriments, *, p< 0.05;

** p< 0.01 compared to Fc control.
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5.2.7 The IL-35- expanded CDZCD25" T cells maintain the suppressive

function against the effector CD4CD25 T cells

Regulatory CDACD25 T cells have the capability to suppress effector
CD4'CD25 T cellsin vitro (Sakaguchi et al., 2004). In the presence of I.tB&
capability of Treg to suppress the proliferationeffiector T cells was enhanced
compared to the culture in the absence of IL-3gyf@ 5.7A). Notably, under
mitomycin C- treated APC and soluble anti-CD3 awdi culture condition, IL-
35 had little or no effect on CD@D25" T cells (Figure 5.7.A). However,
consistent with data presented in Figure 5.5 A3%Ldirectly suppressed the
proliferation of effector CD4CD25 T cells in the absence of Treg cells (Figure
5.7.A). To rule out the direct suppressive effettilo35 on effector T cells,
purified CD4CD25" T cells ware expanded with plate-bound anti-CD3hia
presence of IL-35 for 4 days, and soluble anti-CDgRBIs IL-2 were
supplemented after 24 hours interval at the begmwoif cell culture. Then, the
IL-35- expanded CDLD25" T cells were washed and the suppressive function
was checked. Expanded CI¥D25 T cells by IL-35 maintained the normal

capacity to suppress CB@D25 effector T cells (Figure 5.7.B).
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Figure 5.7 The IL-35- expanded CD€D25 T cells maintain suppressive
function against the effector CD@D25 T cells.

A. Under mitomycin C- treated APCs and soluble -@id3 antibody culture
condition, CD4CD25" T cells and CDACD25 T cells were separated from
spleen and lymph nodes of BALB/c mice, and werducetl individually or
mixed together (1:1 ratio). IL-35 (100 ng/ml) wex@éded in some culture. After 3
days culture, cell proliferation was determined[fy] thymidine uptake. Data
are shown as mean + SEM. n=4, and are representafivat least three
independent experiments,*, p< 0.05 compared torobnt

B. Purified CD4CD25 T cells was expanded with plate-bound anti-CD&im
presence of IL-35 (100ng/ml) for 4 days, and saudnhti-CD28 plus IL-2 were
supplemented after 24 hours interval at the begmoif cell culture. Then, the
IL-35 -expanded CDZLD25 T cells were washed and cultured with freshly
purified CD4CD25 T cells for 3 days. Cell proliferation was detemed by
[3H] thymidine uptake. Data are shown as mean + SHM4, and are
representative of three independent experiments,p& 0.01 compared with

CD4'CD25 T cells proliferation alone.
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5.2.8 IL-35 inhibits Th-17 development

As described in chapter 4, IL-27 is found to inhiki-17 production, which
raises the question about the effect of IL-35 onlThdevelopment. Purified
CD4'CD25 and CD4CD25" T cells from BALB/c mice were stimulated for 4
days with plate-coated anti-CD3 and anti-CD28 m ahsence or presence of IL-
35 or EBI3-Fc, and additional IL-2 was added aftérh in the CD4ACD25" T
cell culture. Activated CDLD25 and CD4CD25 T cells acquired the ability
to produce IL-17, in the absence of exogenous ILAJivated CDACD25 T
cells spontaneously induced nearly 3 times mord7lLecompared to activated
CD4'CD25 T cells. IL-35 strongly suppressed the productiériL-17 in both
activated T cells (Figure 5.8 A). In contrast, EBI8 failed to reduce IL-17

production.

IL-1, TGF{3, and IL-6 are essential for Th-17 differentiatiovhereas blockade
of IFN-y, IL-2, and IL-4 amplifies their development (VetsHn et al., 2006,
Mangan et al., 2006). Therefore, we tested thetwalf IL-35 to directly affect
Thi7 cells. Purified CDA4T cells isolated from the spleens and lymph naxfes
BALB/c mice were stimulated with anti-CD3 plus a@iD28 for 4 days. Some
cultures received IL-1, TGB; and IL-6 (a Th-17 cytokine mixture), and others
received the Th-17 cytokine mixture with the conation of blocking
antibodies: IFNy, IL-2, and IL-4 (an optimal Th-17- inducing condits). In
both culture conditions, analysis of supernatahtsved that IL-35 significantly
suppressed the production of IL-17 (Figure 5.8B).al parallel study, these
cultured cells were restimulated with PMA and ioyoin, then analysed for IL-

17 by flow cytometry. Consistent with the supernttalata presented above, the
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addition of IL-35 efficiently inhibited the differgiation of Th17 producing cells
(Figure 5.8C). Notably, IL-35 seemed less effective inhibiting Th-17
production in the culture supplemented with blogkamtibodies compared to the
culture without blocking antibodies. Thus, IFNsroduction was analyzed from
the Th-17 cytokine mixture culture only. IL-35 sifigantly enhanced the
production of IFNy compared to the control culture (Figure 5.8D). Séheesults
collectively suggested that IL-35 is a potent aatast of Th-17 activity, and the

inhibitory ability of IL-35 might be partly througénhancing IFN¢ synthesis.
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Figure 5.8 IL-35 inhibits Th-17 development, but promotes Tlcell

differentiation.
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(A.) Highly purified CD4CD25 and CD4CD25 T cells from BALB/c mice
were stimulated for 4 days with plate-coated amBCand anti-CD28 in the
absence or presence of IL-35 (100 ng/ml), or EBi3{#00 ng/ml), and
additional IL-2 was added after 24 h later in tHe40QCD25 T cell culture. After
3 days culture, the supernatants were harvestedaaatyzed for IL-17 by
ELISA. Data are shown as mean + SEM. n=4, and gpecsentative of three

independent experiments. *, p< 0.05.

(B, C.D) Purified CD4 T cells isolated from the spleens and lymph noofes
BALB/c mice were stimulated with anti-CD3 plus a@iD28 for 4 days, under
two culture conditions: a Th-17 cytokine mixturendition (IL-1, TGFg, and
IL-6), and a optimal Th-17- inducing condition (IL- TGF{, and IL-6, and
blocking antibodies IFNs IL-2, and IL-4). IL-35 or EBI3-Fc was added tons®
samples. After 3 days culture, the supernatantg Wwarvested and analyzed for
IL-17 (B) and IFNy (D) by ELISA. Data are shown as mean + SEM. n## a
are representative of three independent experimé&ngz< 0.05; **, p< 0.01
compared to control. Then, the cultured cells wesgimulated with PMA and
lonomycin, after that the cells were stained fdracellular IL-17, and analyzed
by flow cytometry. The numbers in quadrants repreiee percentage of IL-17-

expressing CD4T cells.
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5.2.9 Treatment with IL-35 reduced the severity oCIA

In the previous sections | have shown that IL-3&yet certain rolegn vitro.
This raises the question about ilnevivo biological function of IL-35. CIA, as
described before, is an animal model for RA. ILat2l IL-35 share the same p35
subunit, and studies have defined that IL-12 rdgslathe inflammatory
progression of CIA (Joosten 1997). These raisedii@rest to examine the

process of CIA administrated with IL-35

CIA was induced as described in the material anthous. As expected, the
mice began to develop the clinical sign of artbritn day 24. From then, the
mice were given 10 daily i.p. injections of IL-38 |(g/dose) or PBS. The mice
were culled after IL-35 administration (day 34)inwestigate the kinetics of the

response (Figure 5.9).
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Figure 5.9 The schedule of Collagen-induced arthritis.

DBA/1 mice (7 week old) were primed intradermallyttw100 pg of bovine

collagen type Il (Cll) in complete Freund’s adjuvéB8FA) at the base of tail on
day 0, and boosted intraperitoneally with 30§ of Cll in PBS on day 21. 10
times of 200ul PBS, 2ug/ 200l of IL-35 were given i.p. starting on day 24.
The mice were observed for clinical sign of arthyitand the footpads were

measured by callipers every other day. Mice welledwn day 34.
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Control mice treated with PBS developed the expkdisease progression. In
contrast, mice treated with IL-35 displayed a digant reduction in arthritic
incidence (Figure 5.10A) and in the number of aithipaws (Figure 5.10B).
Likewise, the thicknesses of the paw swelling areamclinical score in IL-35
treated mice were also milder, relative to PBSté@anice (Figure 5.10C, D).
Histological analysis of joints revealed that micsated with PBS exhibited cell
infiltration into joint compartment, synovial hygeasia and bone erosion (Figure
5.11A). Each of these parameters was markedly ssped in the mice treated
with 1L-35 (Figure 5.11B). The histological scorase summarized in Figure
5.11C. These results indicated that IL-35 potentlpwn-regulate the

development of CIA and prevent the progressiorrididar damage.

To gain insight into the mechanism of IL-35- meddsuppression, serum levels
of certain cytokines were measured at the end eftriatment. TN, IFN-y,
IL-1Ra, and IL-6 were similar, IL-17 and IL-12 weséghtly reduced, whereas
IL-10 was greatly enhanced in the mice treated WitB5 compared with control
mice (Figure 5.12A). In addition, serum anti-Cll Alas analyzed, but there was
no significant difference in the levels of anti-QgiGs, 1gG1, or IgG2a between

the two groups of mice (Figure 5.12B).

To determine the effect oh vivo administration of IL-35 on the IFN-and IL-
17-producing lymphocytes, spleen cells were isdlate day 34 after treatment,
and stimulated with PMA and ionomycin and analybgdntracellular staining.
Spleen cells from IL-35-treated mice produced aelowercentage of IL-17-

secreting cells compared to that of the PBS-treatedrol mice. Interestingly,
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the percentage of IFM-expressing cells in IL-35 treated mice was mogestl

enhanced compared to control mice (Figure 5.13).

To elucidate the role of IL-35 in T cell function, T cell Ag-recalling assay
against CIl was conducted. Proliferative respongginst Cll of mixed

splenocyte cell culture was observed, but there weadifference between IL-35
treated mice and control mice (Figure 5.14A). Liisay there was also no
difference between the two groups in the patteraytdkines consisting of TNF-
a, IL-6, IL-12, and IL-17, secreted in the supermétaof cell culture (Figure 5.14
C.D.E). However, there was a slight enhancementFbdl-y detected in cell

culture from IL-35 treated mice compared with cohimice (Figure 5.14 B).
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Figure 5.10IL-35 suppressed the disease progress of CIA in BAice.

Collagen-primed DBA/I mice were randomly dividedtangroups of 10,
challenged on day 21, and given 10 daily i.p. itijes of 2 pug/200ul of
EBI3/p35-Fc, or 20Qul of PBS starting on day 24 (Shown in arrow). Micere
monitored for disease progression as indicated33itreated mice developed
significantly less arthritic incidence (A), lessmiber of arthritic paws (B), less
severe paw thickness (C) and lower clinical sc@edompared to control mice
treated with PBS. Values are mean + SEM. n=10,ardepresentative of two

independent experiments, *, p< 0.05; **, p< 0.0inpared to PBS group.
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Figure 5.11Administration of IL-35 significantly reduced joipathology.

At the end of IL-35 or PBS administration, hind tisn(Six mice /group) were
removed, formalin-fixed, decalcified, and stainedhwH&E. Profound cartilage
and bone erosion, hyperplasia and cellular infittra were observed in the
control PBS group (A) whereas those of the IL-Z&ated group exhibited
reduced histological evidence of destruction (BjigiDal magnification (A and
B) is x50. (C) Histological appearances were scqfe8) for the presence of
bone erosion, synovial hyperplasia, and celluléltiation (D). Data are mean *
SEM.*, p< 0.05 compared to PBS group. (This fighas already been published

in Niedbala et al., 2007, as shown in Appendix 2)
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Figure 5.12 Effect of IL-35 or PBS treatment on serum cytokimesl serum
anti-collagen Abs.

Serum were collected after DBA/I mice were treatéth either IL-35 or PBS on
day 34. Levels of TN, IFN-y, IL-1Ra, IL-6, IL-17, IL-12, and IL-10 were
determined by Luminax (A). Data are mean = SEMnafividual mouse (n=6).
(B) Collagen-specific total 1gGs, 1gG1 and IgG2aserum were determined by
ELISA. Serum samples were diluted 4000-fold, anth @ae expressed as mean
absorbance (OD 630) + SEM of individual mouse (nFjere is no significance

between two groups.
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Figure 5.13Intracelluar cytokine analysis of IFjland IL-17 secretion.

Spleen cells from mice treated with 1L-35 or PBSevstimulated with PMA and
ionomycin and stained intracellularly for IL-17 alt#N-y. The spleen cells from
the IL-35-treated mice show a reduced frequench.df7-producing cells but a
higher frequency of IFN-expressing cells. The number in quadrants reptresen

the percentage of IL-17- or IFiNexpressing cells.
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Figure 5.14 Assessment dh vitro responses against collagen from mice treated
with IL-35 or PBS.

Spleen cells (pooled from 6 mice per group) welkected from IL-35 treated or
PBS treated mice after 10 times of injections (84y and cultured with titrated
concentrations of collagen for 96 h. T cell pmidtion (A), which was
determined by *H] thymidine uptake, is expressed as mean cpm * SEM
triplicate cultures. Supernatants from paralletunels were collected after 72h.
IFN-y (B), IL-6 (C), TNFa (D), and IL-17(E) levels were measure by ELISA
and expressed as mean + SEM. There was no sttidiiference between PBS

and IL-35 treated group.
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The therapeutic effect of IL-35 on CIA was furtlobvaracterized. Firstly in order
to exclude the possibility that the effect of IL-@&s due to the effect of the Fc
fragment of the molecule, DBA/1 mice primed anddied with Cll were treated
I.p. daily for 10 days with IL-35, EBI3-Fc, or PE&m day 24. Mice treated
with IL-35 developed significantly less severe dse compared to the PBS-
treated mice, but mice treated with EBI3-Fc devetbdiseases indistinguishable
from PBS-treated mice (Figure 5.15 A). These dathcated that the effect of
IL-35 was not due to the Fc fragments. Consisteitit ym vitro results which

showed that EBI3-Fc had no effect on Th-17 cefiedéntiation.

Next, a dose response study on the therapeutict efféL-35 on CIA was carried
out. DBA/1 mice primed and boosted with Cll wereated i.p. daily for 10 days
with graded doses of IL-35. A daily dose ofi@ per mouse of IL-35 was found
to produce the best therapeutic effect; althoughdaily low dose of 0.4ug of

IL-35 was also effective (Figure 5.15 B).These Itsstherefore demonstrated
that IL-35 may be a new effective therapeutic agagdinst clinical rheumatoid

arthritis.
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Figure 5.15Further characterization of the therapeutic eftédiL-35 on CIA in

DBA/1 mice.

A. DBA/1 mice were primed and boosted with CIl Bswn in Figure 5.10. Mice
were treated i.p. daily with IL-35 (@g per mouse), EBI3-Fc (2g per mouse),
or PBS for 10 days form day 24 as indicated byattnews. Mice were monitored
for disease progression. IL-35 but not EBI3-Fc sapged CIA. Values are mean

+ SEM. n=10,*,p< 0.05. ; **, p< 0.01 compared toFBroup.

B. DBA/1 mice were primed and boosted with CIl ag=igure 5.10 and treated
I.p. daily with graded concentrations of IL-35 fb® days starting from day 27
(indicated by arrow). Mice were monitored for diseaprogression. The
suppression of CIA by IL-35 was dose dependentu&&lare mean = SEM.
n=10,*,p< 0.05 compared to PBS group. (This figinas already been in

publication as shown in appendix 2).
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5.3 Conclusion and discussion

EBI3 was reported in 1997 by Devergne group to @as® non-covalently with
IL-12 p35 to form a novel heterodmeric cytokinedahis novel cytokine has
been officially designated as IL-35 in 2002 by theerleukin Nomenclature and
the HUGO Gene Nomenclature Committee. IL-12 p3oisstitutively expressed
in most tissues, while EBI3 is mainly expressetiaematopoietic cells. The up-
regulated expression of EBI3 and IL-12 p35 werentbin placental trophoblasts
(Devergne et al., 2001). Trophoblasts are knowmpl&y an important role in
maternal tolerance to the semi-allogeneic foetakh(iJet al., 1997; Le Bouteiller
et al., 1999), which indicated that IL-35 may bevadlved in the

immunosuppressive activity.

IL-35 is a new member of the IL-12 family which indes IL-23 and IL-27. IL-
35 shares EBI3 with IL-27, and the data in thispteademonstrated that 1L-35
has similarity with IL-27. However, this is not dtee EBI3, because EBI3 on its
own has no effect botim vitro andin vivo (Figure 5.1; 5.8 and 5.15 A). Like IL-
27, 1L-35 can induce the proliferation as well adi-proliferation of CD4 T
cellsin vitro, and the dual functional role of IL-35 may deperhalsely on the
mode of T cell activation. With th& vitro combination of plate-bound anti-CD3
and anti-CD28 co-stimulation, IL-35 induced thelieoation of effector T cells
(Figure 5.1), and these activated T cells produchdjh amount of IFN+(Figure
5.2 A). However, undein vitro APC and soluble anti-CD3 activation condition,
IL-35 profoundly suppressed effector CD4T cells and inhibited
proinfammatory cytokine productions including IRN- (Figure 5.5).

Furthermore, IL-35 induced the proliferation of COD25 T cells with a
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significant elevation of the IL-10 cytokine prodiacts under the costimulation of
anti-CD3 and anti-CD28 plus IL-2 condition (FiguBe6), and these IL-35-
expanded CDZAD25 T cells remained highly suppressive against ttiectdr
CD4'CD25T cells (Figure 5.7). These results demonstratat! Ith35 may play
a regulatory role in immune response. During strantigenic challenge such as
acute infections, IL-35 might be formed by the asstwon of EBI3 and IL-12
p35. IL-35 might preferentially activate Thl-likeells which help clear the
infection. Meanwhile, 1L-35 might also expand Treg)ls under acute infection.
The Treg cells would prevent collateral damage bgpsessing the residual
effector cells during the ensuing chronic infectiphase. Also, IL-35 might
directly suppress effector T cells under chroniegtions or inflammatory

conditions.

Recently discovered Th-17 cells, a unique subsét célls, has been associated
with the development of the pathology noted in aietg of autoimmune
diseases, including inflammatory bowel disease, umaoid arthritis,
autoimmune encephalomyelitis, and multiple scler@subberts 2004; Bettelli et
al.,, 2007). IL-B, IL-6 and TGFB promote the development of Th-17. In
contrast, IFNy, IL-4 and IL-2 can antagonize Th-17 cells. As eaghed in
chapter 4 and other publications, IL-27 mediatesitihibitory effect on Th-17
cell activity (Stumhofer 2006; Yoshimura 2006). ®atreported here
demonstrated that IL-35 markedly inhibited the getien of IL-17 from
CD4'CD25 and CD4CD25 T cells (Figure 5.8). It is of interest to notettkize
inhibitory activity of IL-35 on Th-17 developmentight partly depend on its

stimulatory effect on the production of IFNAgain, EBI3 alone does not inhibit
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Th17 differentiation. The mechanism, which IL-27dvaes suppression of Th17
cell development, is mainly through STAT1 dependeathway. To investigate
the mechanism how IL-35 inhibits Th17 developméhe receptors of IL-35

needs to be identified.

Since both Treg cells and Th17 cells are closepp@ated with the control of
rheumatoid arthritis, the effects of IL-35 in mwinollagen induced arthritis was
investigated in this chapter. Administration of 3b- effectively suppressed an
established CIA in male DBA/1 mice (Figure 5.10hisTsuppressive effect was
not due to Fc fusion part (Figure 5.15A). When cared to control mice, IL-35-
treated mice showed less cell infiltration into #y@movium and reduced articular
erosion (Figure 5.10). The inhibitory effect of 85 on CIA was reflected by the
immunological responses of spleen cells in termhefreduced frequency of IL-
17 postive cells and the increased frequency oftfMsitive cells (Figure 5.13).
This is consistent with recent reports that Thltheathan Thl is the key
pathogenic driver of arthritic diseases. Togethieese results suggested that IL-
35 may represent an alternative effective therapagient against inflammatory
diseases. The key physiological and pathophysicébgbles of IL-35 in health

and disease remain to be explored.
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Chapter 6

General Discussion
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6.1 Cloning and expression of murine IL-27-Fc, IL-8-Fc, and human IL-35-

Fc with GS system

Murine IL-27-Fc, IL-35-Fc, IL-12-Fc and IL-23-Fc ¥ been constructed in
pSecTag2A expression vector in our lab before itexfathe project, but these
recombinant proteins production quantities are eqlitw. In order to obtain
sufficient quantities of murine 1L-35-Fc and IL-Z¢& forin vivo model studies, a
new highly efficient mammalian recombinant expresssystem called GS
system was introduced. PCR was employed to obtaén cDNA fragments
encoding IL-35-Fc, IL-12-Fc, IL-27-Fc, and IL-23-F&om pSecTag2A
constructed vector The restriction enzyme sites were introduced irtth lends

of the cDNA fragments that allowed them to clon® ithe PEE14.4-1 GS vector.
Restriction enzyme mapping showed that the clonBdlA fragments had
correct identities in the right orientations. The35-Fc, IL-12-Fc, IL-27-Fc and
IL-23-Fc expression constructs were transfected CidO cells, and the
permanently transfected cell lines were selectadguscreasing concentrations
of MSX in the glutamine free medium. Glutamine msessential amino acid, and
CHO cells growing in culture require glutamine foeir growth and survival. GS
is the only enzyme responsible for the biosynthesiglutamine in CHO cells.
MSX selectively inhibits the activity of the GS enze. It has been observed that
the low concentration of MSX (BJ) is lethal to normal CHO cells in the
glutamine free medium. Interestingly, some CHOscelin be primed to live in
the glutamine free medium with high concentratiohsip to 500QM MSX due
to endogenous GS gene amplification (Sanders & aNil5984). Based on this

principle, the GS vector was designed to containgéfe. With the increased
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concentration of MSX, the GS gene alone with theegef interest would be
amplified. In our study, the maximum concentratodMSX of 50QuM led to the
highest number of amplified vector expression. Teks started to die when the
concentration of MSX exceeded %00. The clones with the highest expression
were screened using a specific human IgG1 Fc ELT3. expression level from
the GS system was 10 times higher than the expresivel from the
pSecTag2A system. However, IL-27-Fc and IL-35-Fd¢owies had a lower
expression level compared to that of IL-12-Fc an@3-Fc colonies. Probably
the low yields of IL-35-Fc and IL-27-Fc were due tbeir physiological
structures and synthesis, or that the GS systdhihas not efficiently increased
their protein expression. The use of different espron vector system or
different promoters may increase the yield of merih-35-Fc and IL-27-Fc
production. Purification of the recombinant protewas facilitated by the Econo-
Pac protein A column. The molecular weight and tguf the murine
recombinant proteins IL-35-Fc, IL-12-Fc, IL-27-FedalL-23-Fc were examined
by SDS-PAGE and Coomassie blue gel stainingitro andin vivo studies have
shown that these recombinant fusion proteins wedfectere in immune

responses.

The study of murine IL-35 has demonstrated that33Lis a novel anti-
inflammatory cytokine suppressing the immune respos a consequence for
future exploration, the human IL-35 protein was stamcted. Human cDNA
fragments encoding EBI3 and p35 were cloned froomdnu DC by RT-PCR.
Silent mutation in both EBI3 and p35 cDNA fragmentas obtained to avoid

enzyme restriction sites when inserted into a wved@NA sequencing was
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performed to confirm the sequences identities of3Ehd p35. It has been found
that the fusion of cytokines to immunoglobulin Fegions can prolong the
biological half-life of the proteinin vivo (Wooley et al., 1993). Also, a
mammalian expression system was chosen for theuptiod of recombinant
protein human IL-35-Fc because it possesses thgepotein-folding and post-
translational modification to express a functiofalfusion protein. Therefore,
the cloned cDNA EBI3 and p35 have been joined togeby a flexible linker,
and linked to the cDNA fragment encoding human Egan pSecTag2A vector.
The resulting cDNA construction of EBI3-p35-Fc wasplified by PCR and
cloned into PEE14.4-1GS expression vector. DNA eaqug was performed to
confirm the reading frame of EBI3-p35-Fc withoutyasignal mutation during
PCR amplification. Human IL-35-Fc expression candtvector was transfected
into CHO cells, and the permanently transfected loeds were selected using
increasing concentrations of MSX in the glutamineefmedium. The highest
expression clone was screened using a specific mug@l Fc ELISA. The
recombinant protein human IL-35-Fc has a molecwigight of 80 kd and could
be detected by Western Blot analysis. The purithwihan IL-35-Fc could be
found in SDS-PAGE coomassie blue staining. Thetfanal activities of human

IL-35 are still unknown and need further studies.

6.2 IL-27 and collagen-induced arthritis

IL-27 is a heterodimeric cytokine belonging to eusturally related family that
includes IL-12, IL-23, and IL-6. Major advancesunderstanding the biology of

IL-27 have been achieved since its discovery in2200
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IL-27 is mainly produced by activated macrophaged dendritic cells. The
expression of IL-27 has been associated with aumnine diseases, such as
patients with Crohn’s disease (Schmidt et al., 2006e up-regulation of IL-27
expression has been observed in sites of inflanomasiuch as the CNS resident
cells during EAE and chronic gondii infection, the retina tissue of uveitis and
multiple sclerosis (Li et al., 2005; Stumhofer kf 2006; Fitzgerald et al., 2007,
Amadi-Obi et al., 2007). IL-27p28 expression hagrbeletected in synovial
tissues of RA patients in our laboratory (Niedbalal., 2008), suggesting that
IL-27 may be involved in chronic immunopathology RA. However, p28 and
EBI3 are not always expressed coordinately (Pflabzal., 2002), and the
detection of IL-27p28 expression alone is not prafothe expression of EBI3 in
RA synovial tissues. Moreover, there are no syrndigaue samples from healthy
control or osteoarthritis patients to compare thgression levels of IL-27 in RA
patients. Due to the difficulties in human studig® experiments in this thesis

were designed to investigate the role of IL-27 1A G murine model of RA.

Initial studies focused on the role of IL-27 on fire-inflammatory activities, but
more recent studies have demonstrated that IL-2diates anti-inflammatory
responses (summarized in Batten & Ghilardi 200 e Tesults in this thesis
provided evidencen vivo for the pro- and anti-inflammatory properties ofalZ

in the development of inflammatory arthritis. IL-Zffectively suppressed the
disease development when exogenous IL-27 was asheiied at the onset of
CIA, but IL-27 did not inhibit the disease develagm and even exacerbated the
disease severity when exogenous IL-27 was admiattdo mice with

established CIA.
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CIA model studies have demonstrated that sevemhftammatory cytokines,
including TNF4, IL-1, and IL-6 play key roles in the disease depment
(Feldmann et al., 1996; Wooley et al., 1993; Takdgil., 1998). Recent studies
have revealed that a critical role of IL-17 in tHestructive pathogenesis of
arthritis (Lubberts et al., 2002; Nakae et al., 200n the studies presented in
chapter 4, diseases reduction by IL-27 adminisiratethe onset of CIA was
associated with significantly reduced IL-17, IL-6dalFN-y productions, while
disease exacerbation by IL-27 administrated orbéskeed CIA was associated
with elevated IL-6 and IFN-production. However, it is unclear how these
opposite effects of IL-27 happened. Moreover, thdogenous levels of IL-27
during CIA development have not been examinedBbably the detection of
endogenous IL-27 at various phases of CIA wouldvige important
information on the mechanism how IL-27 modulateflammatory responses.
The availability of IL-27 knockout mice or transgemice might also provide

useful tools to investigate the precise role oRILin the development of CIA.

Th17 cells play a crucial role in the inductive phaf CIA development (Nakae
et al.,, 2003), and anti-IL-17 treatment can supptbe disease development
(Lubberts et al., 2004). Recent studies have fabhatIL-27 can antagonize the
development of Th17 cells. In the murine model&€AE and chronic infection
with T.gondii, the lack of IL-27 signaling resulted in an inged number of
Th17 producing CD4 T cells, associated with enhanced CNS inflammation
(Batten et al., 2006; Stumhofer et al., 2006). Exmys IL-27 administered
during the onset phase of disease significanthypsegsed the development of

EAE, associated with a decreased number of Th1g icethe CNS (Fitzgerald
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et al.,, 2007).Consistent with these studies, thdiss have been done in this
thesis have shown that IL-27-treatment at the ow$eCIA suppressed the
disease development and inhibited Thl17 responseseld of IL-17 were
significantly reduced in the serum of IL-27-treatatte, and there were reduced
number of IL-17-producing cells in the lymph nodmsd spleens of IL-27-
treated mice compared to PBS-treated mice. Morede27 administration
effectively suppressed collagen-specific responseresponding with the
inhibition of IL-17 productionin vitro by lymph nodes and spleen cells. These
results indicated that IL-27 probably systemicafihibits Th1l7 development
during the diseases process. Th17 cells are maidlyced by IL-6 and TGB-
(Veldhoen et al., 2006). My studies also showetl {h&7 treatment at the onset
of CIA reduced serum IL-6 production. The reductadriL-6 production by IL-
27 may indirectly inhibit the development of ThEurthermore, IL-6 is known
to efficiently block TGFB-induced regulatory T cells induction (Kimura et, al
2007), and it seems that the lower levels of ILr6édoiced by mice treated with
IL-27 at the onset of CIA may enhance the developgnod TGF{ inducible
regulatory T cells. Furthermore, IL-27-treated matethe early phase of CIA
displayed lower collagen-specific IgG2a production serum. This is in
contradiction with the reports that IL-27 induceglGRa switching in B cells
(Yoshimoto et al., 2004). However, this is in agneat with recent studies that
IL-17-deficient mice markedly suppressed CIA assicg with a lower
collagen-specific IgG2a production (Nakae et &003). Thus, Collagen-specific
B cell function during CIA may be due to the rolelb-17, not IL-27. These

findings suggested that IL-27 may mainly inhibie tkdevelopment of Thl7
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development to limit collagen-specific immune rasg® and the destructive

process in the early phase of CIA.

Unexpectedly, my studies have shown that IL-17 petidn was not affected
when exogenous IL-27 was administered to mice established CIA. This is
consistent within vitro finding that IL-27 has no effect on differentiatétd17
cells. It is possible that Th17 cells may be alyepdlarized in the established
CIA, and IL-27 may have no ability to regulate diéntiated Th17 cells at the
advanced disease stage of CIA. However, the clidisease was exacerbated in
the mice treated with IL-27 at the later phase &.Q is likely that IL-27 may
induce different pathogenesis at the later phasélaf The elevated levels of
IL-6 and IFNy production in response to activation with collagesre observed
in the spleen cells from IL-27-treated mice. Thevated pro-inflammatory
cytokine IL-6 may be a result of the effect of 1Z-&n diseases exacerbation.
Although IFNyR deficient mice results in exacerbation of diseas€IA, the
role of IFNy in chronic articular inflammation is still not @e (Chu et al.,
2007). Thus, further studies are required to ehteidhe role of the elevated
production of IFNy in the late phase of CIA. Besides T cells, IL-2/ &R
expressed on monocytes, NK cells, mast cells, atetiv B cells and dendritic
cells (Pflanz et al., 2002; 2004). Consistent wlid broad expression profile of
its receptor, IL-27 has effects on non-T cellsgdR# et al., 2002; Larousserie et
al., 2006; Wirtz et al., 2006). It is possible tha IL-27 may influence on non-
T cells to regulate CIA development. It would beportant to further investigate

the activities of IL-27 on established CIA.
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Besides CIA model in our studies, IL-27 in artlsrifhas been studied in two
other murine models. One study has shown that aledtion of IL-27p28 is
beneficial for ongoing adjuvant-induced arthrit@o{dberg et al., 2004). It was
suggested that IL-27 can play a pro-inflammatorie rim adjuvant-induced
arthritis. Another recent study has shown thatdéeelopment of Proteoglycan
(PG)-induced arthritis (PGIA) in IL-27R-/- mice waelayed and the severity
was reduced in comparison with wild-type contr@sd et al., 2008). IL-27 had
little inhibitory activity on IL-17 production in GIA model. Diminished
arthritis on IL-27R-/- mice was mainly associatethva decreased Thl response
(Cao et al., 2008). These studies and our finddegaonstrated that the role of
IL-27 in arthritis is pleiotropic. Depending on tlwontext and the cytokine
milieu, IL-27 may play either a pro-inflammatory an anti-inflammatory role
in the regulation of inflammatory responses. Cuiyemost of the studies have
been done on murine IL-27; few studies have focusadhuman IL-27.
Although animal models resemble human diseasese tiseno animal model
identical with RA in humans. The studies preseniedchapter 4 provide
important information on the role of IL-27 in aritis, and whether IL-27 can be

used as a therapeutic target in RA remains to ploeed.

6.3 IL-35 and inflammation

IL-35 is a new member of the IL-12 family, as itastss EBI3 subunit with IL-
27, and it also shares p35 subunit with IL-12. Like27, IL-35 has both
immune stimulatory and inhibitory effects on T agl§ponsen vitro, depending
on the cell activation condition. When the naive4CD cells were activated

with immobilized anti-CD3 and anti-CD28, the preserof IL-35 enhanced T
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cell proliferation. In contrast, when naive CD# cells were activated with
APCs and soluble anti-CD3, IL-35 profoundly inhddtthe T cell proliferation.
These opposite results suggested that IL-35 prgbaldluced different signal
pathways or costimulatory events, which influentlke different outcome of
immune response. A recent report has demonstratedllt-35 contributes to
Treg cell function. Treg cells can suppress the dmstatic expansion of effector
T cells. The suppressive capacity of EBI3-/- andlBp35-/- Treg cells was
significantly reduced (Collison et al., 2007). Tdeta presented in chapter 5 has
shown that IL-35 expanded CB@D25 T cells and maintained their capacities
to suppress effector T cells vitro. These results indicated that IL-35 represents
a novel potential modulator for T cell responselB cytokine family members
usually induce JAK/STAT signalling pathway to medi®iological responses.
STAT3 has been shown to be indispensable to IL-2diated proliferation of
CD4" T cells (Pflanz, et al., 2004; Kamiya, et al., 2D0Nhether JAK/STAT
pathway deliver the signalling for IL-35 on T ce#sponse remains further

investigation.

Th1l immune response is essential for host defegamst pathogens including
some bacterial, parasites, and tumours. In contestess of Thl immune
response may cause some autoimmune diseases (Biwenbat al., 2003).
Proper initiation and maintenance of Thl responsend infection is tightly

regulated by related cytokines. Published reporsehshown that early
expression of EBI3 is critical for the inductiongse of Th1l immunity. Th cells
profile from EBI3-/- mice are significantly skewdédward Th2 (Zahn 2005).

However, the results presented in chapter 5 hagesithat EBI3 alone has no
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influence on Th1l differentiatiom vitro. This indicated that EBI3 may associate
with other partners to play an important role iti&ting Thl response. Since IL-
27 induces Thl differentiation on naive CD4+ T selprevious publications
always interpreted that the enhanced Th2 resporsa EBI3-/- mice was
related to the lack of IL-27 function. My studieavie shown that IL-35 can also
induce IFNy production of naive CD4T cells. This suggested that IL-35 might
play a potential role associated with EBI3 deficignand the role of IL-27
might be overestimated. It is possible that IL-88 #_-27 together sensitize the
naive T cells to Thl differentiation during the Iggshase of infection. IL-27
induces Th1 differentiation mainly through T-b&TAT-1 dependent signalling
(Kamiya 2004). The data presented in chapter Sohasded evidence that IL-
35 induced the T-bet expression and the expressi®TAT-1 phosphorylation.
It will therefore be important to determine whethikr35- induced T-bet
expression correlates with the phosphorylation BAEB1. This also raises the
guestion of the expression of IL-35 receptors. pB& subunit of IL-35 is a
component of IL-12, but IL-35 does not share thmeaeceptor subunit IL-
12R32 as described in previous studies (Devergne et ¥97). The
identification of IL-35 receptors would greatly ingyve our understanding of the

biological behaviour of IL-35.

Data presented in chapter 5 demonstrated that llc@Hd suppress Thl7
differentiation in vitro. This is consistent with the current finding on IEB
deficient mice (Yang et al., 2008). EBI3 deficiehl7 cells produce
significantly higher levels of IL-17 than wild-typeh17 cells. However, our data

has shown that Th17 development was not affectezhvi@BI3 alone was added
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to in vitro culture. Recent studies also have demonstratedlitzy p28 alone
can partially inhibit IL-17in vitro, and that dimerization with EBI3 forming IL-
27 has a stronger ability to decrease Th-17 agti@tumhofer et al., 2006).
Although very little is known about the function dif-12 p35 alone, the
inhibition of Th17 development by IL-35 probablypdmds on EBI3 and p35 as
a combined component. The mechanism, by which litr2diates suppression
of Th1l7 cell development, is mainly through STATdpdndent pathway. The
mechanism of IL-35 inhibiting Th17 developmenttid sinclear. The induction
of IFN-y by IL-35 might partly be involved in the abilityf ¢L-35 to inhibit

Th17 activity.

IL-12 p35-/- mice have been reported to have endgtfuint swelling and joint
pathology in CIA compared to wide-type mice, ane tiiseases exacerbation in
IL-12p35-/- mice were correlated with the lack ohétion of IL-12 (Murphy et
al., 2003). However, the results in chapter 5 preskthe potential role of IL-35
to down-regulate the progress of arthritis in C@ur studies indicated that the
enhanced arthritic destruction in IL-12p35 defitierice may be partly due to
the lack of IL-35. In our studies, IL-35-treatedhaitic mice showed a decreased
number of IL-17-producing CD4T cells but an increased number of IFN-
producing CDZ T cells. IL-35 is probably an important inhibitof Th-17 cell
differentiation in vivo. Interestingly, serum IL-10 was up-regulated in B-3
treated miceln vitro data has shown that IL-35 enhanced IL-10 produoctio
produced by CDZCD25" T cells, which probably explained that IL-35 might
induce Treg cells to produce IL-1i& vivo. Although IL-35 and IL-27 has

similarities, there is a crucial difference betwdke85 and IL-27 in CIA. While
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IL-35 was effective in suppressing an establishésl @.-27 was effective only
at the onset of the disease. Further investigationld elucidate the differences

between IL-27 and IL-35 in CIA model.

Thus, IL-35 is a pro-inflammatory factor driving Thresponse in the initial
phases of an immune response and helps clear ue iaéection to prevent the
onset of excessive autoimmune response. On the b#mal, IL-35 is an anti-
inflammatory factor maintaining Treg cells functicend inhibiting Th17
development to prevent chronic inflammatory damdgeés also important to
note that IL-35 can suppress CIA, which may pro\adeovel therapeutic target

in the treatment of human RA.

6.4 Conclusion

The present study is separated into three majopoaents. Firstly, Murine IL-
27, IL-35 and human IL-35 were cloned and expres$¥bd second part of this
project had focused on the role of IL-27 in CIA. eTlhird part was the

exploration of the role of murine IL-3% vitro andin vivo.

Using GS mammalian expression system, recombinamine IL-27-Fc, IL-35-

Fc, IL-23-Fc, and IL-12-Fc were successfully progilign sufficient quantities,
and the biological activities of IL-27-Fc, IL-23-Fcand IL-12-Fc were
functionally well. Human recombinant IL-35-Fc wascsessfully cloned and
expressed in mammalian system. The production ofamulL-35-Fc is needed

for further study.
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Using murine collagen induced arthritis model, [L\Ras found to attenuate the
disease development when administrated at the ookdahe disease, but
exacerbated the disease progression when admaudstethe established disease
phase. Thesm vivo results were supported loyvitro results that IL-27 was able
to inhibit Th17 differentiation from naive CDZ cells, but had little or no effect
on IL-17 production by polarised Th1l7 cells. Thenflioting roles of IL-27
would mean that the use of IL-27 as an effectiverapeutic agent against

inflammatory diseases has to be careful.

IL-35 was found to play an important role in immuregulation. IL-35 could
expand Treg cells, but also directly suppress toéferation of effector T cells.
IL-35 could induce Thl cell polarization, but inhi@dh17 cell differentiation.
Furthermore, mice treated with IL-35 developed redhk less severe collagen
induced arthritis. These results suggest that I3y be a novel reagent against

inflammatory diseases.

6.5 Future studies

Results from the studies presented in this thagggest a number of key areas

which merit future investigation.

B Identification of CIA phenotypes in IL-27 knockomice and IL-35 knockout

mice to analyse the role of endogenous IL-27 an@3lin CIA development.
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Identification of the receptors of IL-35 and subsewnt analysis of the
molecular mechanism of IL-35 in T cell immune resp® including Treg

cells, Thl cells, and Th17 cells.

Identification of the function of IL-35 in other @nic inflammatory diseases,

such as EAE, colitis and diabetes.

Identification of the expression levels of IL-27dali-35 in synovial tissues
in RA patients and comparison to the expressioalseof IL-27 and IL-35 in

normal synovial tissues or OA patients.

Identification of the function of human IL-35 in @ell responsefn vitro to

find out whether the function of human IL-35 is ganto murine IL-35, and

subsequent study of human IL-35 in inflammatoryedses, such as RA.
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