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Abstract

Autoimmune inflammatory disorders such as systemic lupus erythematosus (SLE)
remain debilitating conditions, as many patients are refractory to existing
conventional and biologic therapies or suffer serious adverse effects, such as
susceptibility to catastrophic infection. Therapies based on the actions of parasite-
derived immunomodulators that dampen inflammation to promote the survival of
the parasite without seriously immunocompromising the host, may therefore
provide alternative strategies for the development of novel and safer drugs. One
such molecule, ES-62, protects against disease in mouse models of rheumatoid
arthritis and asthma; in both of these pathologies, suppression of disease is due to
modulation of pathogenic IL-17A responses. As IL-17A has been implicated in the
pathogenesis of SLE, in this thesis, the therapeutic potential of ES-62 is explored
in the MRL/Ipr mouse model of SLE.

SLE is characterized by autoantibody responses to dsDNA, as well as other
nuclear and cytoplasmic antigens, which result in the deposition of autoantibody-
immune complexes that cause localized inflammation in tissues with dense
capillary networks, most often the skin, joints and kidneys. The MRL/Ipr mouse is
genetically predisposed to develop lupus-like pathology displaying many of the
characteristics of human disease, including the major cause of morbidity,
glomerulonephritis. Twice weekly treatment of MRL/[pr mice with ES-62
significantly suppressed the development of proteinuria, a direct measure of renal
dysfunction. Despite drastic improvement in renal function, the kidneys from ES-62
treated mice did not show substantial improvement in histopathology as indicated
by the overall levels of glomeruloproliferation, cellular infiltration and complement
or immunoglobulin deposition in the kidneys. However, exposure to ES-62 did
reduce the expression of complement (C3aR and C5aR) and immunoglobulin
receptors (FcyRI (CD64)), thus rendering renal cells hypo-responsive to these pro-
inflammatory stimuli. Moreover, by modulating MyD88 signaling, ES-62 likely
suppresses renal cell responsiveness to chronic DAMP and IL-1 signals as well as

potentially promoting glomerular barrier stability.
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Consistent with their hypo-responsive phenotype, renal fibroblasts from ES-62
treated mice produced less MCP-1 in response to TLR stimulation and this was
associated with reduced infiltration into the kidney by effector T and B cells and
granulocytes; along with the ability of the parasite product to modulate the
production of the pro-inflammatory cytokines IL-17A and IL-22. ES-62 suppressed
the production of IL-22 both prior to and following onset of disease suggesting a
key role for this cytokine in lupus pathogenesis, a proposal confirmed by
neutralization studies which demonstrated that IL-22 played an essential role in
the development of disease in the MRL/Ipr mouse. This was further supported by
studies showing that recombinant IL-22 significantly accelerated and exacerbated
disease. By contrast, despite suppressing early IL-17A responses, the production
of IL-17A was significantly increased in ES-62 treated mice during the established
phase of disease, suggesting that IL-17A may promote pathogenesis during the
initiation of pathology, yet act to resolve aberrant inflammation in the kidney. This
potential dual role for IL-17A in the regulation of kidney inflammation was
corroborated by studies using neutralizing antibodies and recombinant IL-17A, as
the early neutralization of IL-17A production slowed the onset and severity of

proteinuria and the late administration of rIL-17A suppressed disease severity.

Aberrant B cell responses drive pathogenesis both in murine models of SLE and
also in human disease: reflecting this, B cell depleting therapies have proved
successful in the clinic. Thus, the effects of ES-62 on the population dynamics of
effector and regulatory B cell subsets were investigated and these studies
revealed that ES-62 induced a hypo-responsive B cell phenotype that was
associated with modulated development, migration and/or activation of pathogenic
effector B cells. Furthermore, the proportion of IL-10 producing ‘regulatory’ B cells
were significantly elevated in the ES-62 treated MRL/Ipr mice during the
established phase of disease. Crucially, the protection afforded against the
development of proteinuria by ES-62 was mimicked by the adoptive transfer of B
cells from ES-62 treated MRL/Ipr mice: moreover, such protection was associated
with modulation of the IL-17A/IL-22 axis, as observed in MRL/Ipr mice treated with
ES-62.
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Together with previous reports on the therapeutic potential of ES-62 in arthritis and
asthma, these studies suggest that therapies based on the parasite product have
a future in the clinic. ES-62 itself is not suitable as a therapy, due to it
immunogenic nature and the complexity of its biosynthesis: thus small molecular
analogues (SMAs) of the parasite product have been synthesized. Two of these
were tested in the MRL/[pr mouse and found to suppress the development of
proteinuria, even when administered after the onset of pathology. This protection,
as with that afforded by ES-62, was associated with a modulation of MyD88
signaling in the kidney and indicates that novel drugs, based on the safe
modulation of the immune system by the parasite derived product, ES-62, have

the potential to treat lupus nephritis in SLE patients.
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1. General introduction



1.1. Immunity: a double-edged sword.

The immune system has evolved to protect us from disease by developing efficient
mechanisms to eliminate pathogens whilst limiting host pathology resulting from
inflammation. The advent of increased sanitation and widespread vaccination
uptake has resulted in reduced exposure to infectious agents, consequently,
aberrant or inappropriately strong immune responses are increasingly prevalent,
resulting in a variety of pathologies and underlining the need for highly regulated
immune responses. Such aberrant hyper-immune responses can lead to
conditions associated with autoimmunity or allergy: hence, it is now often thought
of as a double-edged sword. Increasingly, a major focus in translational medicine
is to identify novel safe drug targets that allow the suppression of inflammatory
disease, without compromising the capacity of the immune system to clear
invading microorganisms and cancerous cells. Relating to this, a core aim of this
thesis has been to exploit the helminth-derived immunomodulator ES-62, to
identify key pathogenic inflammatory events in one such autoimmune inflammatory
disorder, systemic lupus erythematosus (SLE, lupus), in order to increase our
fundamental understanding of the etiology of this disease and potentially identify

novel, safer anti-inflammatory drug targets.

1.2. Systemic lupus erythematosus

Systemic lupus erythematosus (SLE, lupus) is a systemic autoimmune
inflammatory disease characterized by the production of antibodies recognizing
cytoplasmic and nuclear self-antigens, characteristically double stranded DNA
(dsDNA). Complexes of self-reactive antibodies and host antigens circulate
throughout the body and become trapped in organs with dense capillary networks
such as the kidney, joints, skin and cardiovascular system: the deposition of these
immune complexes cause local inflammation and damage. The kidney is a major
site of disease and glomerulonephritis is one of the most serious manifestations of

lupus (1,2).

The production of anti-dsDNA autoantibodies is associated with disease severity
(3). These antibodies usually bind to DNA released from necrotic cells as this
disorder is also associated with defects in the machinery of apoptotic cell

clearance. However, in the kidney, circulating DNA can embed in the glomerular
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matrix due to charge interactions with collagen type IV or heparin sulphate at the
glomerular basement membrane, providing a reservoir of antigen for circulating
anti-dsDNA antibodies (4,5). Inflammation in the kidney is driven by the activation
of antibody (FcR) receptors(6), complement receptors (7,8) and toll-like receptors
(TLR) (3,5,6,9); with the subsequent proinflammatory cytokine response inducing
the recruitment of immune system cells into the kidney that further drive pathology
by the production of antibodies, cytokines and the attempted clearance of

apoptotic or antigenic debris (2,10).

It is currently estimated that 5 million people are affected with SLE worldwide; as
with many autoimmune diseases, it is most common and severe in women (11).
Lupus is monitored in the clinic by the SLE disease activity index (SLEDAI), a
method by which clinicians can score the severity of disease by assessing specific
cell counts, anti-DNA antibody and complement levels in the blood; fever; chest
pain; mucosal inflammation; inflammatory rash; proteinuria; haematuria; muscle
weakening; arthritis; vasculitis and CNS complications (12). SLE is typically treated
by general immunosuppressive regimes and hence, there is an urgent unmet
clinical need for more specific and less toxic drugs. Several promising drugs that
have entered clinical trials, failed to show a significant benefit: it is now widely
accepted that this was due to poor characterization and stratification of the
heterogeneous SLE patient population preventing establishment of an appropriate
clinical trial (13). The precise etiology of SLE is as of yet unknown but deregulation
of multiple aspects of the immune system have been implicated in this complex
disease (10). Therefore, to develop the required drugs and get them into the clinic,
a better understanding of the immune system and its role in this disease is

required.

1.3. Animal models of SLE

There are multiple mouse models of SLE that can either develop disease
spontaneously or be induced. The relevance of these models is complicated by
our lack of understanding of the origin of this autoimmune disease, which to date
has advanced by investigating observations made in patients and these models
(14). The classical spontaneous models are those provided by NZB/NZW F1,
MRL/Ipr and BXSB/Yaa mice. The New Zealand Black (NZB) and New Zealand
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White (NZW) strains of mice are both prone to develop mild autoimmunity,
however, the F1 cross phenotype exhibits exacerbated disease and these mice
die of renal failure within 12 months. NZB/NZW F1 progeny develop several of the
pathologies associated with SLE, such as lymphadenopathy, splenomegaly and
ANA production, however, they do not produce autoantibody responses to RNA-
containing immune complexes (14). Likewise, the MRL strain of mice, which have
a complex background due to the crossing of the LG/J mice with C3H/Di, C57BL/6
and AKR/J strains, contains several genes associated with susceptibility in SLE
patients (14). Consistent with this, MRL mice exhibit all of the major symptoms
presented by SLE patients. MRL//[pr mice have a mutation on chromosome 19 that
alters the transcription of the FAS receptor and these mice develop an accelerated
version of the disease, relative to the parental MRL/MP strain, and usually die of
renal failure within 5 months (14). The BXSB/Yaa strain develops a lupus-like
disease due to duplications of at least 16 genes that contribute to SLE, the most
prominent of which is TLR7(14). More recently described spontaneous models of
SLE include the FcyR2b”mouse (15), which exhibits hyper-reactive B cell
responses, and the Ro52" mouse that develops a lupus-like disease following
tissue injury (16). As well as these spontaneous models, there are a number of
inducible models of SLE that, for example, employ administration of pristine or

induction of chronic graft versus host disease regimens (14).

1.4: The innate immune system

1.4.1. First line of defense

The innate immune system provides a natural form of protection and is present, in
some form, in all eukaryotic organisms. It provides the first line of defense against
microorganisms and, in addition to barrier functions; it involves the activation of a
range of polyspecific extracellular and intracellular receptors. This leads to the
recognition and/or phagocytosis of foreign particles, resulting in the release of pro-
inflammatory mediators, cellular infiltration and the induction of inflammation. In
addition, via antigen presentation cells, the innate immune system can trigger the
activation of antigen specific adaptive immune responses. In SLE, prolonged
activation of the innate immune system propagates the inflammation associated

with disease pathology (17).



1.4.2. Receptors of the innate immune system

Our understanding of the innate immune system was revolutionized by the seminal
findings of Janeway and Madzhitov that immune responses are initiated by the
recognition of conserved pathogen-associated molecular patterns (PAMPSs)
present on microorganisms, by pattern recognition receptor (PRR). PRRs are
germ-line encoded receptors expressed on the cell surface or in intracellular
vesicles. Upon recognition of PAMPs, the innate immune response is often
sufficient to neutralize and clear the threat of invading pathogens, however, in
more complex scenaria; PRR activation can result in the triggering of the adaptive
immune response. PAMPs are present on a variety of molecules expressed by
pathogens such as bacterial lipopolysaccharide (LPS), fungal carbohydrates and
viral nucleic acids (18). There are several families of PRRs including the cytosolic
NOD-like receptors, C-type lectin receptors and RIG-1-like receptors, which
recognize bacterial products, p-glucans and nucleic acids respectively (19).
However, by far the most studied and well defined family of PRRs are the toll-like
receptors (TLR; Fig. 1.1)(20).

1.4.3. Toll like receptors

TLR signaling is initiated by ligand-mediated homo- or hetero-dimerization of TLR-
ligand-binding subunits: all TLRs, except TLR3, signal via the adaptor protein
MyD88 to activate the NF-kB pathway and hence drive inflammation (19) (Fig.
1.1). Deregulation of TLR signaling is associated with the development of
autoimmune diseases (21). The expression of TLRs is increased on monocytes, T
and B cells from SLE patients, and their stimulation with endogenous antigen
leads to the elevated production of pro-inflammatory cytokines (22). Moreover,
infection often precedes autoimmune responses and has been proposed to trigger

disease flares via TLR signaling in chronic autoimmune disease.

1.4.4. Danger hypothesis

The "Danger Hypothesis" proposes that the immune system recognizes
endogenous antigens that are produced by dying, damaged or corrupted cells
(23), and in an analogous manner to PAMPs, these damage/danger associated
molecular patterns (DAMPs or Alarmins) are detected by PRRs. Although infection

in SLE patients likely exacerbates disease, the ability of PRRs to recognize
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DAMPs probably provides the major mechanism by which PRRs contributes to
disease severity (24). One such DAMP that is considered to contribute to disease
in SLE patients is the high mobility group box 1 (HMGB1) protein. Circulating
HMGB1 levels are elevated in SLE patients and correlate with disease. Although
early reports that HMGB1 stimulated TLR4 reflected sample contamination (25),
HMGB1 has since been shown to stimulate immune system cells via TLR9 and
TLR2 in addition to RAGE receptors (7,8,26,27).

1.4.5. Apoptosis

Cell death is a necessary and natural process that occurs during pathological and
physiological circumstances. The resulting debris must be cleared through a
controlled process such as apoptosis (controlled non-inflammatory cell death or
‘suicide’) to avoid overzealous immune responses occurring. Such self-harming
responses are triggered by tissue damage and/or cellular necrosis (uncontrolled
inflammatory cell death) (28). The innate immune system acts to regulate this by
responding to DAMPs expressed on apoptotic cells: an example of this is
phosphatidylserine, a lipid that is normally expressed on the inner layer of the
phospholipid bilayer but expressed on the surface of apoptotic cells (28).
Reflecting this role of the innate system in apoptosis, a major factor in the
pathogenesis of SLE is the defective apoptotic clearance of cell debris and the
subsequent over exposure of self-antigens, which, along with a breakdown in
immune tolerance, drives the activation and generation of damaging autoimmune
responses. Apoptosis per se is enhanced in SLE patients (29) yet factors that
control the clearance of cell debris: such as MFG-E8, an integrin that allows
phagocytes to bind to apoptotic cells; are reduced (30) leading to defective

clearance.

1.4.6. Complement

A fundamental component in the clearance of apoptotic debris is the complement
system, which comprises of a cascade of more than 25 soluble serum proteins
that recognize pathogenic, immunogenic and apoptotic material (Fig. 1.2). The
activation of complement initiates a series of events involving the neutralization or
opsonization of dangerous material and targeting of phagocytosis (31). Defects in

the classical complement cascade have long been associated with SLE as this
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pathway is important for the clearance of apoptotic debris (32): the alternative
pathway on the other hand is increasingly recognized as pathogenic in SLE
patients and mouse models of the disease

(2,10,17,33-36).

1.4.7. Type 1 interferons

Type 1 interferons (IFN) are a family of cytokines best known for their antiviral
capabilities. They are expressed by a wide variety of cells and are induced by PRR
activation. In some autoimmune diseases they are protective as they can suppress
certain aspects of the immune response (37) but they are generally considered to
be pathogenic in SLE where there is a clear type 1 IFN signature in SLE patients,
two thirds of which express high serum levels of the cytokine that correlates with
SLEDAI (38). Such high type 1 IFN expression is associated with enhanced B cell
survival and auto-antibody production (39) and consistent with they key role of B
cells in SLE, studies in mice have revealed that IFNa can only exacerbate
autoimmunity in strains of mice that are genetically susceptible to develop lupus
(40).

1.4.8. Cells of the innate immune system

1.4.8.1. Phagocytes

Phagocytosis is a process by which extracellular material is internalized and then
degraded as an initial attempt to clear cell debris and limit infection. Neutrophils
are the first cells are recruited to the site of inflammation; these short-lived,
terminally differentiated cells designed to phagocytize and kill infectious agents
and further promote inflammation by secreting cytokines and chemokines;
however, in autoimmune disease the excessive activation of neutrophils can cause
extensive collateral damage to the host (41). One example of this is through a
process unique to neutrophils called NETosis, whereby the neutrophils expel their
‘sticky’ nucleic material as neutrophil extracellular traps (NETs). Although in a
normal or healthy context this is an effective way to deal with multiple pathogens
at once, in SLE patients where the clearance of this nuclear material will be
defective, perhaps due to reduced DNase 1 levels, NETosis simply increases the

amount of nucleic self-antigens exposed to the immune system (42,43).



Phagocytosis is not restricted to neutrophils and in the case of "professional
antigen-presenting cells" of the innate system, macrophages and dendritic cells
(DC), the peptides resulting from the proteolytic degradation associated with
phagocytosis are presented to T cells via MHC Class Il molecules (Fig. 1.3).
These professional antigen-presenting cells shape the subsequent type of
adaptive immune response by producing specific combinations of cytokines,
chemokines and other inflammatory mediators. This response depends on the
additional signals they receive at the time of phagocytosis: for example, in the
context of the gut where many harmless foreign particles are found (commensal
microorganisms and food particles), a phagocyte would express regulatory
cytokines, such as IL-10, to prevent an immune response: however, if an antigen
were sampled at the time of a bacterial infection or cell damage then these cells
would be licensed to secrete proinflammatory cytokines, such as IL-6, to trigger an

immune response.

Moreover, as tissue resident cells, macrophages are often the first phagocytes to
respond to cell death and therefore play a pivotal role in the clearance of self-
antigens. In SLE, macrophages are defective in clearing apoptotic cell debris in
vitro (44) resulting in necrosis and release of a proinflammatory DAMPs, which
further activate the innate immune system (44). Similarly, monocytes, which
normally express high levels of scavenger receptors that can bind PAMPs and
DAMPs (45), are reduced in number and defective in clearing apoptotic debris in
SLE patients, yet produce elevated levels of the proinflammatory cytokines, TNFa
and IL-6, compared to monocytes from healthy controls (46,47). Furthermore,
although these cells express comparable levels of the receptor for the regulatory
cytokine IL-10, monocytes from SLE patients are less sensitive to IL-10 compared
to those from healthy controls and this IL-10-hyporesponsive phenotype is
enhanced in the presence of immune complexes (48). Complementing this, and
consistent with their role in initiating and controlling T cell responses, both in terms
of determining the type of T cell response as well as neutralizing the threat of auto-
reactive T cells by inducing anergy or cell death, DC are reported to be
hyperactive in SLE, producing pro-inflammatory cytokines, for example type 1 IFN,

in response to circulating complexes of autoantibodies and nucleic acids (49).



1.4.8.2. Innate lymphoid cells

There has been increasing recognition of innate lymphoid cells and reflecting this
several populations have been recently grouped into the family of "innate lymphoid
cells” (ILC). For example, ILC1 (which include natural killer (NK) cells) produce
high levels of IFNy and are involved in the clearance of cells infected with
intracellular pathogens including bacteria and viruses. Interestingly, NK cells have
been implicated as protective in SLE and a decline in their numbers inversely
correlates with SLEDAI (50). The relevance of other populations of the ILC family:
the lymphatic tissue inducer (LTi), ILC2 (natural helper or nuocytes), ILC17 and
ILC22 cells has not been examined in SLE. Invariant natural killer T cells (iINK T
cells), which respond to glycolipid antigens presented by CD1d, a non-classical
MHC molecule, by producing a variety of cytokines are functionally and
numerically reduced in the blood of SLE patients: however they are found to be
concentrated at the site of cutaneous inflammation (51). The significance of these
cells in SLE is yet to be determined (52). Other lymphoid cells with "innate-like"
functions, yoT cells and B1 B cells, are discussed in more detail in 1.5.3.1 and
1.5.5.4.8.

1.5. The adaptive immune response

1.5.1. Innate versus adaptive responses

Whereas the innate immune response offers a rapid, non-specific response to
contain infection, the adaptive immune system provides a slower but more specific
response combining effector and memory cells that can target specific pathogens
more effectively, particularly on re-infection. The principal cells of the adaptive
immune response are the B and T cells, which develop from a common progenitor
in the bone marrow (53), to provide the humoral and cellular arms of the adaptive
immune response, respectively. In SLE, regulation of both of these cell type

responses is dysfunctional.

1.5.2. Effector regulatory balance

It is essential during the adaptive immune response that regulatory cells, which
suppress and control the effector immune response, also develop to ensure a
controlled immune response that will clear immunogenic material whilst causing

minimal collateral damage to the host cells. Both of these effector and regulatory
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cell populations must interact harmoniously to maintain homeostasis. Autoimmune
disease occurs when effector responses expand to the extent that regulatory cells
can no longer control them; this may be due to defective regulatory function or
aberrant and/or excessive levels of immunogen. By contrast, if the regulatory

network is too strong,, cancer or chronic infection can occur (54).

1.5.3. T lymphocytes

1.5.3.1. T cell development and activation

T cell development occurs in the thymus and involves proliferation of progenitors,
rearrangement of antigen receptor (TCR) genes, and positive and negative
selection of cells expressing viable TCR (55). Selection is required as the
specificity of the newly generated TCR is random; T cells therefore undergo a
negative selection process to prevent the development of self-reactive T cells.
Negative selection is controlled by stromal cells in the thymus that express self-
antigens; thus, any CD4"CD8" double positive (DP) thymocytes that recognise
these antigens in the context of self MHC with strong affinity will be removed by
either deletion, receptor editing or anergy. Cells expressing a TCR that only
weakly recognises self-antigen will be positively selected for further differentiation
(55). Mature T cells therefore exit the thymus as either MHC class |l restricted
CD3*CD4"* T helper cells or MHC class | restricted CD3*CD8* cytotoxic T cells
(56). More recently, it has emerged that DP thymocytes recognizing antigen with
intermediate affinity may differentiate into natural regulatory T cells (Tregs) (57).
When a mature naive T cell recognizes antigen presented by an APC, it will move
to the T cell zone of a secondary lymphoid organ, express co-stimulatory
molecules such as CD40 ligand (CD40L) and ICOS, in order to interact with B cells
specific for the same antigen. The majority of T cells express a aff TCR however,
a small proportion (5%) of T cells express a yd TCR. These yd T cells are innate-
like T cells with limited TCR repertoire diversity and are therefore not classed as
ILC. v T cells may contribute towards the pathogenesis of Al by activating B cells,

conventional af TCR T cells and secreting pro-inflammatory cytokines (58).
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1.5.3.2. TCR signaling

The cytoplasmic domain of the TCR does not have any capacity to signal and
therefore is required to form an antigen signaling receptor complex with the
accessory signal transducing molecules CD3y, CD3§, CD3¢ and CD3t, which have
the ability to signal through immunoreceptor tyrosine-based activation motifs
(ITAMs; (59)). The CD4 and CD8 molecules expressed on the surface of naive T
cells recognize non-polymorphic regions of the MHC class Il and MHC class |
molecules respectively, and by doing so, strengthen the bond between TCR and
MHC molecule (60). The CD4 and CD8 molecules aid in TCR signaling further by
recruiting LCK, a tyrosine kinase important in phosphorylation of the ITAMs in the
TCR signaling complex (61). TCR signaling is insufficient to activate T cells and
co-receptor signaling is required for full T cell activation (62). T cells from SLE
patients usually exhibit amplified TCR signaling that is rerouted through alternative
signaling pathways (63). For example, rather than simply utilizing the CDSC:
ZAP70 pathway, the TCR in T cells from SLE patients additionally associates with
the signaling via the common y-chain: SYK pathway, which normally transduces
FcR signals, resulting in stronger signaling through the TCR and thus reducing the

requirement of co-receptor signaling and cytokines for T cell activation (64).

1.5.3.3. Co-receptor signaling

To ensure the full activation or priming of naive T cells, 3 signals from APC are
required: 1) TCR recognition of antigen presented by MHC molecules, 2)
production of pro-inflammatory cytokines to induce the particular functional
phenotype of the cells and 3) co-stimulation via interactions between co-receptors
on APC and T cells (65). APC, mainly DC, that have been activated via PRR and
cytokine receptor signaling, will migrate to the secondary lymphoid organs and
express CD80/86 and ICOS-L molecules that will interact with "costimulatory"
CD28 and ICOS molecules on the T cells, respectively. This signaling amplifies
and ‘fine tunes’ that of the TCR signal, allowing the T cell to respond (66).
Consistent with their hyper-responsive phenotype, the level of expression of
stimulatory co-receptors is usually found to be elevated on the APC and/or T cells
from SLE patients (67). Moreover, although not all co-receptors transduce positive
signals, the negative receptor CTLA-4, which binds to CD80/86 molecules with

higher affinity than CD28 to prevent excessive T cells responses is expressed at
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lower levels on the surface of T cells in lupus patients (68). Defective CTLA4

signaling has also been reported in SLE prone mice (69).

1.5.3.4. T cell responses

CD8" cytotoxic T cells circulate through the blood and secondary lymphoid organs
(lymph nodes and spleen) surveying antigens presented by APC. Upon priming,
the expanded population of CD8" effector cells will search for and kill target cells
via the release of cytolytic molecules (granzymes and perforin) and activate the
innate immune system by secreting pro-inflammatory cytokines such as IFNy and
TNFa, in order to drive the clearance of infected cells (65). IFNy has been
proposed to be one of the major pathogenic cytokines in SLE and consistent with
this, IFNy-producing CD8" T cells are found in the urine of patients during a lupus

flare have been associated with disease (70,71).

Like CD8" T cells, CD4" helper T cells circulate throughout the body but
alternatively respond to antigens presented by MHC class Il molecules. Depending
on the cytokine signals they receive at the time of MHC:peptide complex
recognition, CD4" helper T cells can develop into at least four effector (Th1, Th2 or
Th17) or regulatory populations that shape the immune response in a specific
manner (72). SLE patients present with a mixed CD4" T helper cell phenotype (73)
reflected by the elevated levels of a variety of cytokines, including IL-18, IL-12, IL-
17A and IL-4 often observed in SLE patients (74).

1.5.3.5.1. Th1 responses

Th1 cells are generated to help combat intracellular pathogens and are often
associated with cytotoxic responses: as they result in the recruitment of CD8* T
cells and macrophages, which kill infected cells and phagocytose the resulting cell
debris respectively (75). The main Th1 polarizing cytokine, IL-12p70, is composed
of two subunits, p35 and p40(76), and binds to a specific heterodimeric receptor
containing the IL-12RB1 and IL-12Rp2 subunits (77). This interaction activates a
JAK: STAT4 pathway resulting in the expression of t-Bet, the signature
transcription factor associated with Th1 responses (78). The signature cytokine of
the Th1 phenotype, IFNy, is elevated in the serum (70) and urine of patients with

SLE (79); copy number variations of il-12 and t-bet are also elevated in patients
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and correlate with disease severity (80). Indeed, Th1 induction has been shown to
be essential for the development of disease in the MRL/[pr mouse model of SLE
(81).

1.5.3.5.2. Th2 responses

Th2 cell responses are important in the protection against extracellular pathogens
as they promote B cell responses by the production of IL-4, IL-5, IL-9, IL-13 and
IL-25 (IL-17E) (82,83). The transcription factor that drives the development of Th2
cells is GATAS, and although the exact mechanisms of Th2 activation in vivo are
not yet known, the in vitro expression of GATAS3 can be induced by: IL-4 activation
of STATS6, IL-2 activation of STAT5, WNT activation by p-catenin, T cell factor 1
and also by Notch signaling (78,84). Reflecting their mixed inflammatory
phenotype, Th2 related cytokines have also been found to be elevated in SLE
patients and although they have not received as much focus as other T helper cell
responses, it is increasingly recognized that Th2-associated IgE, basophil and
cytokine responses may play an important pathogenic role in some SLE patients
(85,86).

1.5.3.5.3. Th17 and IL-17 responses

1.5.3.5.3.1. Development

Th17 cells are one of the most recent T helper cell phenotypes to be characterized
and their discovery led to a readjustment of the T helper cell paradigm as it
became apparent that T cell responses can still be made in the absence of Th1 or
Th2 promoting factors (87). Indeed, many responses or diseases previously
characterized as exhibiting a Th1 phenotype have since been reclassified as being
Th17-dependent. Th17 cells have been reported to produce a number of cytokines
belonging to the IL-17 family (IL-17A-F, Table 1.1), which are important in
protection against bacterial and fungal infections. These responses are also
implicated in the etiology of inflammatory disease (88,89). Th17 cells are also
capable of producing and inducing several other cytokines, such as IL-21 and IL-
22, which are involved in the activation and recruitment of other cells to the site of

inflammation (90).
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Recent comprehensive analysis has established that development of Th17 cells
requires three individual stages: (i) ‘induction’ occurs within the first 4 hours
following stimulation with TGFp1 and IL-6, the latter of which stimulates the
expression of the Th17-associated transcription factor RORyt; (ii) ‘amplification’
occurs between 4-20 hours and during this period, the cells begin to express
mMRNA of both pro- and anti-inflammatory cytokines such as IL-17A and IL-10
respectively; and finally, (iii) ‘activation’ occurs following expression of the IL-23
receptor (after 48 hours) as signaling via this receptor permits the cells to become
fully activated Th17 cells that express pro-inflammatory cytokines and
chemokines, but not IL-10 (91). However, FAS and GM-CSF signaling are also
required for full differentiation of Th17 cells and whilst IL-17A production can be
stimulated by either IL-1f or IL-23, optimal cytokine release occurs following

stimulation with both of these proinflammatory cytokines (92).

1.5.3.5.3.2. Innate sources of IL-17

Although IL-17 responses are often generically described as Th17 responses, IL-
17A can still be made in T cell-deficient RAG” mice, suggesting alternative
sources of this cytokine (93). Furthermore, IL-17A responses can be detected
within 8 hours following bacterial challenge (94), a time frame that suggests an
innate, rather than adaptive immune source, as the latter usually requires
approximately 3-5 days (24). It is now clear that several populations of the innate
immune system can produce IL-17A, such as ILC (NK and LTi cells), INK T cells,
v8T cells and CD11b™ GR1* myeloid cells, the latter including neutrophils (24,95-
98).

1.5.3.5.3.3. Transcription factors

All IL-17A producing cells express RORyt, the transcription factor that controls the
development of Th17 cells (99), however, expression of RORyt is not essential for
production of this cytokine by non-Th17 cells (60,81,82)(24) and in the absence of
RORyt, other transcription factors drive IL-17A responses. One such transcription
factor is the aryl hydrocarbon receptor (AHR). Th17 cells, y0 T cells and ILC are
among some of the cells that express AHR, which appears to be important for
effector responses of fully activated Th17 cells, including the production of IL-22.
AHR allows cells to respond to environmental stimuli, suggesting that AHR may
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provide molecular evidence for the epidemiological link between the development

of autoimmune disease and environment toxins (100,101).

1.5.3.5.3.4. IL-17 in autoimmunity

IL-17A exhibits multiple functional outcomes that allow this cytokine to orchestrate
an immune response: thus, for example, in SLE IL-17A acts in synergy with IL-1,
IL-6 or TNFa in the recruitment of neutrophils to sites of inflammation (102) and
with B cell activating factor (BAFF) to promote the survival and activation of B cells
(103). It may also act to recruit other effector cells, such as Th1 cells, to sites of
inflammation (104). In addition, IL-17A has been implicated in the regulation of
mucosal barrier integrity during pathogenesis and homeostasis (105), immune
homeostasis (106) and the induction of innate anti-microbial agents such as f-
defensins (24).

IL-17A has been proposed to be crucial for the development of autoimmune
disease and consistent with this, has been shown to play roles in both initiating
and perpetuating disease in previously considered Th1-biased inflammatory
(models of) diseases (107). Thus, early IL-17A responses have been reported to
be important in the development of disease in a collagen-induced model of
rheumatoid arthritis (CIA) (108) and cooperation between IL-17A-producing yd T
cells and Th17 cells enhances disease in a murine model of uveitis (109). IL-17A
is also essential for the development of experimental autoimmune encephalitis
(EAE), a model of multiple sclerosis (110). Interestingly, therefore, given its mixed
inflammatory phenotype, IL-17A is consistently found to be elevated in the serum
of SLE patients compared to healthy controls (111), IL-17A levels are also found to
be enhanced in strains of mice that spontaneously develop a lupus-like disease
(112) and IL-17 signaling is essential for disease in the FcyR2b” mouse model of
SLE (113). Consistent with this, IL-17A producing cells have also been observed

in the kidneys of patients and murine models of SLE (111,114,115).

IL-17 appears to act as a master regulator of inflammation as it also appears to be
crucial to the development of Th2-based pathologies (116) and it has been
proposed that IL-17 may also play protective roles in the resolution of

inflammation, as reported in murine models of colitis (117) and asthma (118).
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1.5.3.5.4. Th22 and IL-22 responses

1.5.3.5.4.1. Development and source

IL-22 is a cytokine of the IL-10 family that can be produced by cells of both the
innate (ILC) and adaptive (y8, CD4* and CD8" T cells) arms of the immune system
(106) as indicated by its production in Rag”™ mice (95,119,120). Interestingly,
therefore, it is unusual in that whilst being produced exclusively by leukocytes it
acts predominantly on non-haemopoietic cells (120). The IL-22 receptor is a
heterodimer consisting the  chain of the IL-10 receptor and a specific IL-22-
binding receptor molecule (121) and the bioavailability of IL-22 is controlled, at
least in part by a soluble IL-22 binding protein (122). Two cell phenotypes that
produce IL-22 exclusively, NK22 and Th22 cells, have been reported (123,124).
As with Th17 cells, Th22 cells can be induced by IL-23, IL1p and IL-6, the latter
being required for the expression of the IL-22R (125): however, whereas TGFp is
also required for the development of Th17 cells, TGFp inhibits the development of
Th22 cells (126). Moreover, Th22 cells express the RORyt and AHR transcription
factors but whilst expression of AHR is essential for IL-22 production, that of
RORyt is not (99,101).

1.5.3.5.4.2. Function in autoimmunity

IL-22 can be functionally related to IL-17 in that both cytokines exhibit effects on
epithelial cells, including epithelial barrier formation (127); however, IL-17 and IL-
22 are generally non-redundant and are functionally distinct (106). IL-22 can often
act in an anti-inflammatory or tissue repair manner (106), although by working in
synergy with other pro-inflammatory cytokines, such as TNFa or IFNy, IL-22 can
enhance inflammation (128,129). Thus, during mucosal inflammation, IL-22 is
important in maintaining epithelial barrier integrity and promotes the resolution of
damage by triggering epithelial cell growth (128,130) and hence acts in a
protective manner during lung inflammation (131,132). In support of this protective
role against mucosal inflammation, the transfer of IL-22 producing cells is
protective in murine models of IBD (133) and there is also evidence for IL-22 being
protective in mouse models of MS, IBD and hepatitis (134,135). Depending on the
immunological context however, IL-22 may also be pathogenic in autoimmune
disease (128,136) and has been reported to play both pathogenic and protective
roles in an ovalbumin-induced model of airway hyper-responsiveness or asthma.
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Thus, IL-22” mice do not develop airway hyper-responsive and neutralization of
IL-22 in wild-type mice, at the time of immunization, prevented disease. By
contrast, neutralization of IL-22 during antigen challenge, enhanced airway
inflammation whilst at this late stage of disease administration of recombinant
cytokine suppressed disease. These data suggested both a pathogenic role for IL-
22 during disease initiation and a protective role during antigen challenge (118).
Indeed, there is increasing evidence that the IL-17A:IL-22 balance may regulate
pathology, as such relationships have also been reported in experimental models
of arthritis (Pineda, Harnett & Harnett, unpublished data) (106).

This potential dual functionality of IL-22 may explain why, in SLE, the limited
studies on the role of IL-22 in pathogenesis have been contradictory. For example,
levels of Th22 cells have been associated with SLEDAI (137,138) and the copy
number variations of il-22 are increased in SLE patients (139). Furthermore,
treatment with hydroxychloroquine was found to decrease serum IL-22 levels (140)
and TGFp levels are low in SLE patients, perhaps suggesting that Th22, rather
than Th17 or Tregs, cells may be pathogenic in SLE (141). By contrast, it has
been suggested that Th22 levels are an indicator only of cutaneous lupus (142)
whilst others have reported that IL-22 is decreased in the serum of SLE patients,

suggesting a potential protective role for this cytokine in SLE (143,144).

1.5.3.5.5. Regulatory T cells

1.5.3.5.5.1. Development

Regulatory T cells (Treg) can suppress and therefore homeostatically limit immune
responses. Thus the loss of Tregs can result in immunopathology, autoimmunity
and allergy. Tregs provide a major component of the mechanisms contributing to
the maintenance of peripheral tolerance of T cells, the process by which auto-
reactive T cells that escape central tolerance in the thymus or encounter harmless
foreign antigen are either removed by apoptosis or rendered anergic. The
induction of Tregs requires IL-2 and TGFp, which stimulates the induction of the
Treg signature transcription factor, FoxP3. It is now clear that there are several
distinct populations of regulatory T cells. For example, FoxP3+ naturally occurring
regulatory T cells (nTregs) develop in the thymus and are selected by their

relatively strong reactivity to self-antigens presented by stromal cells during T cell
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development. By contrast, induced FoxP3+ Tregs, IL-10-secreting Tgr1 cells and
TGFp-secreting Th3 cells develop in the periphery following recognition of a
particular antigen in the presence of Treg-inducing cytokines such as TGFf
(145,146). Moreover, it appears that regulatory T cells can suppress immune
responses by at least four mechanisms: (i) production of the regulatory cytokines
IL-10 and TGFp; (ii) cytolysis via production of granzymes and perforin; (iii)
disruption of metabolism by consumption of survival/growth factors or alternatively,
by production of anti-inflammatory metabolites such as adenosine nucleosides;
and (iv) by modulation of DC function via their expression of CTLA-4, the negative

signaling co-receptor molecule (57).

1.5.3.5.5.2. Tregs in autoimmunity

Several groups have reported an inverse correlation between the level of
circulating Tregs and SLEDAI (147-151) and consistent with this, Treg levels were
found to be elevated in patients following treatment with corticosteroids (152,153).
Moreover, although Tregs from SLE patients were capable of suppressing immune
responses in vitro, the effectiveness of this suppression was reduced compared to
the capacity of Tregs from healthy controls (154,155). It is not clear, however,
whether this ineffective suppression is due to a Treg defect or because the T cells
from SLE patients are resistant to Treg mediated suppression (156). Nevertheless,
Treg deficiencies in mice result in a lupus-like disease including
glomerularnephritis (157) and several studies have reported a Treg defect in
mouse models of SLE (158).

1.5.4. B cells

1.5.4.1. B cell development

B cells are a fundamental component of disease pathology in SLE patients (3);
underlining this, therapies targeting B cells have proved effective in the clinic. In
addition to producing the autoantibodies that are characteristic of lupus, B cells
also present antigens and secrete cytokines that shape the immune response. The
expansion of B cells in SLE patients correlates with SLEDAI (159) whilst renal
infiltration by B cells is a predictor of severe disease and clinical outcome (160). B

cells are also essential for pathology in mouse models of SLE (161-163).
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B cell development starts in the bone marrow where common lymphoid precursors
develop into pre-pro-pre-B cells, pro-B cells, pre-B cells and finally immature B
cells (Fig. 1.4). During development, the B cell will rearrange the variable (V),
diversity (D) and joining (J) segments of its immunoglobulin genes to form a viable
B cell receptor (BCR). BCR form an antigen signaling complex with the signal
transducing molecules, Igo and Igp (164), which contain cytoplasmic ITAM
signaling domains that are phosphorylated by the protein tyrosine kinase SYK
(165) (Fig. 1.5). The rearrangement of the Ig genes is a random process and 75%
of early B cells are auto-reactive. Several mechanisms exist to prevent the release
of these cells into the periphery. For example, strong recognition of self antigen
expressed by stromal cells in the bone marrow will induce cell death of IgM+
immature B cells by apoptosis whereas an intermediate BCR signal will induce
receptor editing (166). Alternatively, self-reactive B cells can enter a state of

anergy where they will not respond to antigen (167).

BCR signal strength further determines the peripheral development of B cells (168)
with B cell survival requiring weak ‘tonic’ BCR signaling(169). Consistent with a
pathogenic role of B cell hyper-responsiveness, BCR signaling is elevated in SLE
patients (170) whilst inhibition of BCR signaling prevents disease development in a
lupus mouse model (171). Furthermore, mice that do not express negative
regulators of BCR signaling, such as Lyn and SHP-1, develop a lupus like disease
and supporting the physiological relevance of such processes, the expression of

these signal transducers is reduced in B cells from SLE patients (172).

1.5.4.8. Peripheral B effector cell development

1.5.4.8.1. The spleen

The spleen has two major functions in biology (Fig. 1.6): in the red pulp, blood is
filtered to remove old or damaged cells and antigens: whereas in the white pulp,
immature (transitional) B cells differentiate into mature-naive, effector and memory
B cells (Fig. 1.7). The white pulp has three main architectural features: the
periarteriolar lymphoid sheath, or the T cell zone; the B cell zone containing B cell
follicles and the marginal zone (MZ), where blood borne antigens are sampled by

specialist macrophages and the MZ B cell subset (Fig. 1.6) (173).
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1.5.4.8.2. Transitional B cells

B cells expressing a viable BCR leave the bone marrow via the circulatory system
in an immature form termed transitional type 1 (T1; CD19"CD21°CD23 IgM*IgD
AA4.1%) and whilst they home to the spleen, they lack the ability to recirculate (Fig.
1.7) (174). The survival of T1 B cells and their further maturation is heavily
dependent on BAFF survival signals (175). In the spleen, T1 B cells quickly
differentiate into a second transitional state termed transitional type 2 (T2;
CD19'CD21°CD23*IgM*IgD"'AA4.1%): these cells enter the B cell follicle where they
acquire the expression of IgD and CD23 and the ability to circulate around the
body(176). The development of T2 B cells into either marginal zone precursor cells
(MZP; CD19'CD21*CD23*IgM*IgD*AA4.1") or follicular type 1 (Fof;
CD19*CD21"°""CD23*IgM"™"IgD*AA4.1") B cells is dependent on four factors: BCR

signal strength, BAFF survival signals, Notch signaling and NF«B activation (174).

1.5.4.8.3. Marginal zone B cells

MZP B cells reside in the B cell follicles of the spleen where they develop into
marginal zone B cells (MZ; CD19"CD21*CD23IgM*IgD’AA4.1"). MZ B cells
represent approximately 15% of all B cells (177) and are found between the white
and red pulp in the marginal sinuses of the spleen: they sample antigens in the
blood and respond to lipid and T-independent antigens. MZ B cells capture
antigens that have been opsonized with antibodies or complement via receptors
expressed on their surface. They also express high levels of CD1d, a non-classical
MHC molecule that allows the cells to present lipid antigens to iINKT cells (178) as
well as high levels of TLRs allowing them to respond to PAMPS. MZ B cells
constantly shuttle between the marginal zone and B cell follicles where they
present this captured antigen to local follicular DC (179,180). MZ B cells can also
respond to antigen directly and develop into short-lived antibody producing cells,
which migrate into the red pulp and produce antibodies. However, recent studies
suggest that a proportion of activated MZ B cells may also enter the B cell follicle
and undergo further development in germinal centers (181). It is likely that they
contribute to the pathogenesis of SLE due to their ability to sense blood borne
antigens, such as immune complexes, and consistent with this, the proportion of
MZ B cells in the B cell follicle is elevated in lupus prone mice (182,183). It is

difficult to examine the role of MZ B cells in patients, as these cells do not leave
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the spleen. Moreover, there is also evidence that MZ B cells may be protective in
SLE prone mice as stimulation of TLR9 with DNA results in elevated IL-10
production that can suppress Th1 responses (184) although it is unclear whether

immune complexes containing DNA would have the same protective effect.

1.5.4.8.4. Follicular B cells

As with MZP B cells, Fo1 B cells are also derived from T2 B cells. Fo1 B cells
comprise the major phenotype of mature B cells in adults, representing
approximately 70% of all B cells. They circulate around the body in the blood and
home to B cell follicles in the secondary lymphoid organs, which are situated
adjacent to T cell zones to allow interactions between B cells and T helper cells.
Whilst Fo1 B cells are responsible for T cell dependent responses in the B cell
follicles, they are capable of producing T independent responses outside of the
follicles and in the bone marrow (174). A second follicular B cell population exists,
termed follicular type 2 B cells (Fo2; CD19*CD21"°*"CD23*IgM*IgD*AA4.1") that
develop independently of antigen and likely form a pool of cells that can replenish
the marginal zone B cell population in the event that it is destroyed by a blood

borne pathogen (185).

1.5.4.8.5. B cell activation

Circulating Fo1 B cells migrate around the body in search of antigen. B cells can
recognize antigens that are soluble or membrane bound such as those tethered to
the surface of cells via complement or antibody receptors (186). Signaling events
at the immunological synapse, where the BCR has recognized membrane-bound
antigen, induce localized spreading of the B cell plasma membrane to maximize
the number of BCR: antigen interactions. The signaling following such polarization
of the BCR triggers cytoskeleton rearrangements and the release of lytic enzymes
from the B cell, which release the antigen from the presenting cell. The B cell then
internalizes the antigen complexed to its BCR and processes it via the endosomal
MHC class Il pathway (Fig. 1.3). Activated B cells will then migrate towards the T
cell: B cell border in a secondary lymphoid organ in search for T cell help. If the
newly acquired antigen, presented by the B cell in the form of MHC-peptide, is
recognized by the TCR of an activated T cell, the T cell will release pro-

inflammatory cytokines that will fully activate the B cell. At this point the B cell will
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migrate into the B cell follicle and enter the germinal center reaction (186-188). Co-
receptor expression by B cells dictates their activation and pro-inflammatory
status, it is important for efficient activation by T cells; in SLE patients, CD71,
CD80 and CD86 are all elevated on circulating B cells (189).

1.5.4.8.6. Germinal center reaction

The germinal center (GC) has two histologically distinct regions known as the dark
and lights zones. The dark zone is densely packed with rapidly proliferating B cells
known as centroblasts, which are drawn to the dark zone via CXCR5 homing
towards CXCL13 that is produced by local stromal cells. In the dark zone
centroblasts proliferate and undergo affinity maturation involving a process known
as somatic hypermutation (SHM), which introduces mutations into the IgV region
of already rearranged immunoglobulin genes to modulate the affinity of the BCR
for a specific antigen. Following SHM, centroblasts leave the dark zone and enter
the light zone by down regulating CXCR5 and up regulating CXCR4, which homes
towards CXCL12 that is produced by cells in the light zone. In the light zone of the
GC, centrocytes expressing the newly mutated BCR with high affinity are selected
by competitive binding to antigens expressed by, or tethered to, the follicular DC
(FDC). TLR4 signaling by FDC is essential for the onset of the GC reaction and
affinity maturation (190). Following such affinity maturation and selection, the
centrocytes undergo a process known as class switch recombination (CSR), which
sees the immunoglobulin genes of the GC B cell can switch isotype with the heavy
chain of the BCR being irreversibly changed from o or y heavy chains to y, a or ¢
to provide IgG, IgA or IgE isotypes respectively. This process depends on the
composition of cytokines produced in the context of particular antigens, for
example, high levels of IL-4 will promote the development of IgE responses (187).
The high levels and random nature of somatic hypermutation in the GC results in
the development of autoreactive cells: normally these cells are cleared efficiently
but in SLE patients, who experience enhanced lymphocyte activation and
proliferation, the GC is a major source of autoantigens (191). Furthermore, the
specific loss of FAS-mediated cell death in the GC leads to the development of a

lupus like disease in mice (192).
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1.5.4.8.7. Plasma cell development

GC B cells that undergo strong BCR stimulation in the light zone develop into
antibody producing plasma cells or memory B cells (187). Some memory B cells
appear to be long lived and can survive without tonic BCR stimulation by their
specific antigen; upon further challenge these memory B cells reactivate to provide
a rapid humoral immune response. For plasma cell development, the GC B cell is
required to down-regulate the expression of B cell lineage transcription factors
Pax5, Bcl-6 and mTA3 and up-regulate the plasma cell specific transcription
factor, BLIMP1 along with IRF4 and XBP1. The GC B cells first develop into
plasmablasts which are rapidly proliferating cells that can also produce antibody
before becoming long-lived plasma cells, which are non-dividing, terminally
differentiated antibody producing cells. (193). Plasmablasts can either develop into
long-lived plasma cells locally or migrate to another part of the body such as a site

of inflammation or stromal niche such as the bone marrow.

Plasmablasts are defined as short-lived antibody producing cells: their
development can be promoted by IFNa and perhaps consistent with this, their
production of anti-dsDNA antibodies are associated with flare responses in SLE
patients (194,195). The levels of plasmablasts correlate with SLEDAI and are
raised during flares in SLE patients, this may suggest that they are one of the main
effector B cell population driving disease in SLE patients. Indeed, although the
levels of long-lived plasma cells are also elevated in SLE patients during infection,
their levels do not correlate with SLEDAI (196). However, it should be noted that
some groups have reported that elevated levels of plasma cells do correlate with
SLEDAI and anti-dsDNA titres, although in this case these cells were not

differentiated from plasmablasts (159)

The GC reaction is not essential for the generation of antibody producing cells.
Indeed, the first antibody producing cells to respond to antigen are the innate B1
or innate-like MZ B cells, which usually develop into loci of antibody producing
cells outside of the B cell follicle. However, it has been reported recently that both
B1 (see 1.5.4.8.8. below) and MZ B cells can also enter the GC reaction. The
antibodies produced by the initial extra-follicular responses are of the IgM isotype

that usually have low affinity for antigens. The role of these early ‘natural’
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antibodies is to facilitate the immune response, for example, by allowing APC to
collect antigen via antibody receptors. Moreover, and as stated above, circulating
Fo1 and memory B cells can also develop into antibody producing cells outside of
the GC. Thus, when a Fo1 B cell receives T cell help it will either enter the GC and
begin affinity maturation or develop directly into short lived plasmablasts
depending on the strength of BCR signaling: weak BCR signals send the cells into
the GC for affinity maturation whereas strong BCR signals allow the B cells to
develop into plasmablasts outside of the B cell follicle, thus providing a rapid

source of antibodies (177).

1.5.4.8.8. B1 B cells

B1 B cells are a population of innate B cells that represent less than 3% of the B
cell lineage. They were initially identified as a population of B cells expressing
CD5, hitherto thought to be a T cell marker, that were elevated in lupus prone mice
(197). B1 B cells have therefore been associated with autoimmunity but they are
also present in normal mice and healthy individuals and represent a major B cell
population in the pleural and peritoneal cavities in mice but are rare in the
secondary lymphoid organs (198). B1 B cells comprise two major phenotypes that
can be distinguished by their expression of CD5 into B1a (CD5*) and B1b (CD5)
subclasses, which have similar characteristics but develop differently (199).
Despite first being identified in lupus-prone mice, the role of B1 cells in
autoimmunity, particularly in SLE, is controversial. For example, B1b cells have
been suggested to play an important role in the development of nephritis in BAFF
transgenic mice, which develop a lupus like disease (200). However, although
CD5 expression is elevated on B cells from SLE patients, recent studies have
revealed that expression of CD5 on B cells can result in the recruitment of the
negative regulatory signal transducer, SHP-1 to the BCR, perhaps suggesting a
protective role for CD5 (201). Furthermore, CD5" B cells are known to act as
"regulatory" B cells (see 1.5.4.9), producing IL-10 and thereby suppressing pro-

inflammatory immune responses (202).

1.5.4.3. BAFF and APRIL
Signaling induced by the B cell activating factor (BAFF) is important for the

survival, differentiation and activation of B cells; especially those of the immature
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"transitional" B cell phenotype in the periphery(175). BAFF, and its closely related
homologue APRIL, both belong to the TNF family of cytokines. Both BAFF and
APRIL exist in membrane bound forms or can be cleaved at a furin site to produce
soluble cytokines that normally exist as trimers. BAFF binds to three receptors,
BAFF-R, TACI and BCMA whereas APRIL can bind to TACI and BCMA (203).
APRIL is not essential for the development of pathology in lupus prone mice (204)
and inversely correlates with SLEDAI (205-207). Although levels of BAFF are
generally considered to be elevated in SLE patients and contribute to
pathogenesis (208,209), BAFF-R expression is reduced (210).

A pathogenic role has been proposed for BAFF in SLE, as high concentrations of
this cytokine may act to promote the survival of auto-reactive B cells; indeed BAFF
has been reported to act in synergy with IL-17 to promote the survival and
proliferation of B cells (103). Perhaps consistent with this, expression of the IL-17A
receptor is elevated on circulating B cells from SLE patients (211). Consistent with
the proposed pathogenic role for BAFF, BAFF-transgenic mice develop a lupus
like disease (212) and BAFF-R signaling drives a lupus like pathology in BAFF-
transgenic mice, in a manner that is dependent on TLR signaling via the adaptor
protein MyD88 (200,213). Although blockade of BAFF prevents pathology in lupus
prone mice (214), a recent study with lupus-prone mice that do not express BAFF-
R, TACI or BCMA revealed that disease can occur in the absence of any individual
BAFF/APRIL receptor (215,216). Nevertheless, a BAFF targeting therapy was the
first drug specific for the treatment of SLE granted FDA approval in 50 years (217).

1.5.4.4. TLR signaling in B cells

TLR signaling appears to be instrumental in the fine-tuning of B cell responses and
appears to be involved in most aspects of B cell biology through to the
development into antibody secreting cells; TLR signaling may also influence the
class of antibody produced (218). Indeed, it has been proposed that certain
molecules are autoantigens in SLE because they can activate the innate immune
system, in a sense, acting like auto-adjuvants. Expression of TLR9 is elevated in
circulating B cells from SLE patients and such increased expression is associated
with disease (219,220) although the mechanisms involved are complex. For

example, although the development of anti-dsDNA antibodies is abrogated in tIr9”
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lupus prone mice, disease is exacerbated as TLR9 signaling also acts to suppress
TLR7 activation (221,222). By contrast, whilst TLR7-deficient mice do not develop
lupus-like pathology, the Yaa mouse develops lupus like disease, due to
overexpression of TLR7 (223,224).

1.5.4.6. Antibodies

A major role of B cells is to produce a soluble form of their BCR called antibodies;
these molecules bind to antigens or cells and neutralize, opsonize or target the
cells for deletion. Each antibody contains two pairs of polypeptide chains, a heavy
chain and a smaller light chain linked via a hinge region to provide flexibility, with
each pair connected by disulphide bonds (Fig. 1.8). The Fab region contains the
variable antigen binding domains and this is connected to the Fc domain, which
binds to antibody Fc receptors (FCcR). There are 5 forms of antibodies termed
isotypes: IgG, IgD and IgE are all monomeric proteins whereas IgA molecules form
dimers and IgM molecules form pentamers although the BCR expressed by
immature B cells contains a IgM monomer. There are 4 IgG subclasses in mice:
IgG1, IgG2a, IgG2b and IgG3 and 2 IgA subclasses (225). SLE patients develop
autoantibody responses against several nuclear and cytoplasmic antigens such as
Ro, La and Sm (195), but the autoantibodies most characteristic of SLE in patients
are those raised against dsDNA, the levels of which correlate with SLEDAI and are

associated with disease flares (3,226).

1.5.4.7. Antibody receptors

Antibodies: either free, complexed with antigen or attached to cells can be
detected by the immune system via a series of Fc binding receptors (FcR) for IgM,
IgA, IgG and IgE. For example, there are 4 classes of FcR that recognize IgG
antibodies in mice: three activating receptors, FcyR1, FcyR3 and FcyR4 and one
inhibitory receptor called FcyR2b. Other antibody receptors also exist such as
CD23, which binds IgE with low affinity whereas FceRl is the high affinity receptor
associated with mast cell function and allergic responses(227,228). FcyR are
expressed by many cells and their signaling can induce both activating and
tolerogenic responses. While innate immune effector cells such as DC,

macrophages and neutrophils, express both activating and inhibitory FcyR, B cells
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only express the inhibitory FcyR2b and it is unclear whether T cells express FcR
(229).

Each FcyR has an extracellular antibody binding a chain that signals through an
adjacent ITAM-containing adaptor molecule; this is normally the FcRy chain but
can sometimes be replaced by other adaptor molecule such as CD3C. An
exception is FcyR2b, which signals directly through an immunoreceptor tyrosine
inhibitory motif (ITIM). Binding of immune complexes to FcR results in the receptor
crosslinking that is required for signaling, which in the case of the activating
receptors can result in cell activation, the release of pro-inflammatory mediators
and proliferation. By contrast, cross-linking of FcyR2b on B cells results in cell
death by apoptosis and provides a mechanism of negative feedback inhibition of B
cell activation and antibody production (230). Consistent with this, FcyR2b is
required to prevent the generation of self-reactive B cells as knockout mice
develop lupus-like systemic autoimmunity (229), FcyR2b polymorphisms are also
associated with SLE (231).

1.5.4.9.5. Antibody independent roles of B cells

B cells are essential for the development of disease in lupus prone mice: however,
B cells engineered to lack the ability to secrete antibody still have the capacity to
induce disease, providing evidence for antibody-independent roles of B cells in
mediating disease (232,233). The exact mechanisms involved are not clear but B
cells appear to be important for the activation of T cells in autoimmunity via cell
contact dependent mechanisms such as the presentation of antigen and
expression of co-stimulatory molecules. Moreover, they can influence T cell
responses by their production of cytokines. When cultured in polarizing conditions,
B cells have been shown to produce cytokines associated with Th1 and Th2
responses, these cells have been termed Bel and Be2 respectively, and are
thought to promote the effect of B cells during an immune response (234).
Recently, B cell production of IL-6 has been indicated as important for the
development of autoimmunity (235): furthermore, B cells have been reported to
produce IL-17 in response to infection with Trypanosoma: these B cells do not
express RORyt and are activated by CD45 and BCR signaling (187,236,237).
Finally, and consistent with the finding that B cells, that cannot secrete antibody
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are still able to drive disease pathogenesis in mouse models of SLE, in patients
with autoimmune disease undergoing B cell depletion therapy, beneficial effects

are noticeable before antibody levels drop (217,238,239).

1.5.4.9. Regulatory B cells

1.5.4.9.1. Historical overview

As with T cells, several populations of B cells with regulatory cell characteristics
have been identified. The lack of a signature regulatory B cell transcription factor
has restricted the advance of our understanding, although it appears that some B
cells may express FoxP3 (240). Janeway and colleagues first proposed the
existence of a regulatory B cell population in 1996 by showing that mice which
lacked B cells developed severe disease in the EAE model of MS, this was
subsequently shown to be due to a loss immune regulation by IL-10 producing
regulatory B cells (Bregs) (241,242). Since then, Bregs have been shown to be
effective at suppressing disease in mouse models of IBD, RA and SLE (243-245).
Consistent with this, Breg subsets have been identified in humans that are
defective in patients suffering from MS or SLE (246,247). Although regulatory B
cells (Bregs) express some of the phenotypical characteristics of B1 B cells, such
as CD5, which are known to produce IL-10 (199). Bregs can also express
phenotypic markers of B2 cells, such as CD21 and CD23. Thus it is unclear
whether Bregs develop from innate or adaptive progenitor cells, nevertheless,
several distinct B cell populations have been reported to express IL-10 with T2,
MZP and MZ cells being reported to be protective in models of lupus (244),
RA(248) and colitis (249) respectively.

1.5.4.9.2. Breg development

Several aspects of B cell biology have been identified as potential triggers for the
development of Bregs. Thus, although BCR, CD40 and TLR signaling are
important for the development of antibody producing cells, the same signals may
also influence the development of Bregs (250). For example, the importance of
BCR signaling in the development of Bregs was highlighted in mouse models of
autoimmunity, where in EAE the loss of CD19 signaling augmented Breg
responses (251) whilst B cells expressing a BCR specific for an irrelevant protein

(hen egg lysosome) failed to suppress disease (242). Furthermore, in the CIA
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model, IL-10 production was stimulated by antigen (252). Likewise, CD40
signaling was shown to be required for B cell-mediated suppression of disease in
the EAE, CIA and MRL/Ipr mouse models: such CD40 stimulation can be provided
in vivo by either innate (iNKT) or adaptive (CD4" T helper) cells (242). Moreover,
as B cells can also express CD40-ligand, in addition to expressing CD40 (253), it
is also possible that the development of Bregs can be driven by B cells in an
antigen independent manner as shown in the MRL mouse (253-255). This process
clearly requires tight control as continuous expression of CD40-L by B cells results
in a lupus-like disease (250,256). Likewise, the final signal required to induce IL-10
production by B cells is provided by TLR signaling which is generally thought to
promote immune responses. Nevertheless, B cells deficient in TLR2, TLR4 or
MyD88 do not resolve EAE (257) and TLR9 stimulation has been reported to
induce B cell IL-10 production (178). It may be that TLR signaling is different in B
cells, compared to other cells such as DCs, and it may be that a certain type of
TLR signaling in B cells promotes a regulatory phenotype, however, clearly much

is left to be discovered relating to the activation and development of Bregs (242).

1.5.4.9.3. Bregs control innate and adaptive responses

IL-10 from Bregs can potentially inhibit T cell responses by suppressing DC
priming of Th1 or Th17 cells. Supporting this, DC from B cell-deficient mice were
found to produce more IL-12 (258). Furthermore, IL-10 from B cells has been
shown to suppress IL-12 and IL-6 production by DC (257). Alternatively, B cells
can suppress T cell responses by activating Tregs and consistent with this, Breg-
deficient mice exhibit a reduction in foxp3 mRNA (259). Moreover, adoptive
transfer of B cells can also suppress the spontaneous IBD that develops in
lymphopaenic mice, this suggests that Bregs can inhibit both innate and adaptive
immune responses (260). Nevertheless, although IL-10 is protective and regulates
disease in murine models of lupus (261) it may also be pathogenic via the
activation of B cells. Thus, injection of NZB/NZW lupus-prone mice with IL-10
exacerbates disease, neutralization delays disease onset (262). Reflecting this,
polymorphisms that lead to elevated IL-10 production have been reported in SLE
patients (263) whilst blocking of IL-10 reduces disease severity in SLE patients
(264).
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1.6. Treating SLE

1.6.1. Steroidal and non-steroidal anti-inflammatory drugs

SLE has traditionally been treated with a variety of steroidal and non-steroidal anti-
inflammatory drugs. Corticosteroids are the most widely used short-term therapy
for treating SLE patients; however, due to the toxicity associated with prolonged
use they are generally reserved for the treatment of patients during flare
responses (265,266). These drugs have multiple effects on both innate and
adaptive immune responses including suppression of pro-inflammatory cytokine
production and lymphocyte proliferation as well as the induction of apoptosis in
pathogenic lymphocytes and macrophages (267,268). Likewise,
Cyclophosphamide, which is a very effective agent at causing cell death, is used
cautiously during the most severe of SLE manifestations (269). A less toxic
alternative is mycophenolate mofetil (MMF) which is an inhibitor of DNA synthesis
(270) and inhibits lymphocyte proliferation: it is well tolerated with relatively mild,
but uncomfortable, side effects such as vomiting diarrhea and increased
susceptibility to infection (271). Two other commonly used drugs are azathioprine
and methotrexate which both suppress nucleotide synthesis, therefore
suppressing the rapid expansion of immune cells such as lymphocytes (272,273).
By contrast, the anti-malarial drugs, chloroquine and hydroxychloroquine that have
long been prescribed for SLE patients appear to act by suppressing phagocytosis
and TLR activation (274,275). Antimalarials have proved particularly useful in
treating disease flare and suppressing the acceleration of disease in early onset
lupus patients (276,277).

1.6.2. Biologics

Some of the most effective and recently developed successful therapies for
treating autoimmune diseases, including SLE, come in the form of therapeutic
antibodies. There are currently 25 antibodies approved for use in patients with a
further 240 in development for diseases as diverse as autoimmunity, cancer,
organ transplantation and infection (278). They are a mainstay of modern biotech
companies and in the USA generate more than $27 billion each year (279).
Therapeutic antibodies work by blocking the action of a specific molecule, such as
preventing a cytokine from binding its receptor or targeting a specific cell for

destruction. They can be engineered to either contain toxic enzymes or signaling
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molecules to kill cells and they can also target cells for destruction naturally by
activating complement dependent cytotoxicity. Finally, therapeutic antibodies can

act as agonists by stimulating receptors (225,280).

Therapeutic antibodies targeting B cells have received much focus over the past 5
years. The surprise success of Rituximab, a drug initially developed for the
treatment of cancer, in the treatment of rheumatoid arthritis provided the rationale
for testing in other autoimmune diseases (275,281). Rituximab is a chimeric anti-
CD20 antibody that depletes circulating B cells, but not plasma cells. Consistent
with this, the beneficial effects of rituximab are not necessarily associated with a
loss of autoantibodies and several theories have been suggested as to why
exactly it is protective in autoimmune diseases. Possible explanations are that the
antibody-labeled B cells distract macrophages and neutrophils away from target
organs; that the treatment suppresses the antibody-independent inflammatory
functions of B cells or that by depleting the B cells, the effector: regulatory balance

can be reset naturally (54,275).

Rituximab is therapeutic in some SLE patients and consequently, its off-label use
is common: however, two large phase 2/3 clinical trials failed to meet their primary
endpoints (282). The general consensus appears to be that both of these trials
were poorly designed, with poorly stratified patient cohorts, and although
subsequent analysis suggests that Rituximab was in fact beneficial, this drug has
not been approved for use in SLE patients (283,284). Nevertheless, clinical trials
utilizing other B cell-targeting agents, for example, anti-CD19 and anti-CD22
antibodies are currently underway (275). Clinical trials with Belimumab, an anti-
BAFF antibody that clears the B cell survival factor from circulation, have been
more successful. Belimumab was shown to be moderately successful in treating
SLE patients and became the first drug to receive FDA approval specifically for the
treatment of SLE patients in 50 years. Nevertheless, this drug is only effective in

approximately 14% of patients (38,285).

As cytokines drive many aspects of SLE, targeting them has also long been
thought of as a viable option for treatment. Consistent with this, treatment with

monoclonal antibodies specific for IL-6 (Toclizumab) (286) and IL-10 (264) have
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shown moderate results in phase 1 trials: however, trials using an anti-TNFa
antibody (Infliximab) were terminated prematurely as some patients experienced
exacerbated disease (287). Moreover, reflecting the clear type | IFN signature in
SLE patients, an anti-IFNa therapy is to be tested in such patients (288) (38).
Likewise, targeting of co-stimulatory molecules has also been attempted as their
expression is usually elevated in SLE patients (254,289). However, although an
early phase 1 trial of anti-CD40 in SLE patients showed promise (290), a phase 2
trial did not show any benefit (291). Moreover, Abatacept, which is a fusion protein
of the CTLA-4 extracellular domain and an Fc portion of immunoglobulin that is
approved for the treatment of RA, showed a modest benefit to SLE patients with

mild disease in a phase 2 trial although the primary endpoints were not met (292).

Although such biologics are good at targeting cell surface or soluble molecules,
this strategy is less effective at targeting intracellular signaling pathways (293) as
small chemicals that can easily pass through the lipid bilayer can modulate these
targets more efficiently. In SLE, the signaling molecules involved in the hyper-
activity of immune response cells, particularly T and B cells, have been targeted.
For example, Fostamatinib which acts to inhibit SYK, a critical component of BCR
and TCR signaling in SLE patients, suppresses disease in mouse models of lupus
and may be beneficial in patients when clinical trials begin(294). Fostamatinib is
currently going through a phase 2 clinical trial for the treatment of rheumatoid
arthritis and is showing promise with, perhaps surprisingly given the importance of

its target, relatively few side effects (295).

1.7. Developing drugs from parasites

1.7.1. Parasites versus autoimmunity

There is a clear emerging socioeconomic driving factor(s) underpinning the
increasing prevalence of autoimmune diseases, as they occur significantly less in
developing countries relative to industrialised nations. Over the past 30 years,
countries such as Hungary and South Korea have experienced a rise in
autoimmune disease as their economies have developed (296,297): one possible
environmental factor that is likely to be altered during the development of a nation
is improved sanitation and a subsequent reduced exposure to pathogens, such as

helminths (298). This correlation has been captured by the hygiene hypothesis,
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which states that increased sanitation and clean living in modern society has
reduced our exposure to microorganisms that would normally train and hone our
immune responses, resulting in elevated levels of autoimmune and allergic
disease (299,300). Indeed, the incidence levels of autoimmunity and allergy, which
are high in developed nations, inversely correlate with that of helminth infection,
which is endemic in developing countries. Furthermore, the levels of autoimmunity
or allergic disease in the offspring of immigrants that have traveled from
developing to developed nations is much higher compared with disease rates in
the country of origin (301). An exception to this observation may be SLE, which

does not seem to be defined by socioeconomic factors.

1.7.2. Helminth immune suppression

Helminths are parasitic worms that are capable of inducing debilitating disease
such as severe cutaneous lesions, elephantiasis and blindness (302). Nematodes
have unusually long life spans for parasites and have been reported to survive for
up to 10 years: one explanation for this is their ability to suppress the host immune
response (303). Thus through selective modulation of the immune response,
helminths can prevent cytolytic immune responses that would normally clear the
worm whilst ensuring that the host remains relatively healthy with an active
immune system (304,305). Thus, it is plausible that the immune response evolved
to optimally function with background immune modulation by helminths: therefore,
when helminths are removed from the environment the immune system may
automatically become hyperactive (306). This theory can only partially explain the
relationship between helminths and autoimmunity, however, as if this was the
case, one would expect the prevalence of immune mediated inflammatory disease
to be much higher in developed societies. It is more likely therefore, that this

contributes as another environmental factor in the development of autoimmunity.

1.7.3. Treating autoimmunity with helminths

The unique relationship between helminths and the mammalian immune system,
in particular the ability of worms to modulate the immune response, has led
researchers around the world to investigate the potential application of these
parasites or their immunomodulatory products in the treatment of immune

mediated disease, such as allergy and autoimmunity (298). Various helminth
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species have been shown to protect against disease in several mouse models of
intestinal inflammation, allergic disease, and autoimmunity (298,307,308). This
has culminated in clinical trials examining the therapeutic potential of helminths in
the treatment of autoimmune disease, most recently the use of Trichuris suis in
IBD patients. The administration of live parasites is potentially dangerous as these
are live pathogens and can elicit immune responses that can exacerbate disease
or cause other pathologies. T. suis was chosen for the treatment of humans as it
is a porcine helminth and observations with pig farmers, who by the nature of their
profession are chronically exposed to T. suis, revealed that this parasite can
colonize humans but only briefly (309). Patients received live T. suis in an open
label phase 1 clinical trial and the authors reported an 80% improvement;
however, subsequent placebo-controlled double-blind clinical trials showed more
modest, but significant, improvements (298). A recent trial examining the potential
of the human parasite Necator americanus in Crohn’s disease has also looked
promising. Due to the risk of infection low parasite numbers were used,
nevertheless, patients with moderate, but not mild or inactive, disease showed

some improvement (310).

Perhaps the most optimal and safe way to utilize the potential of the parasites to
modulate the immune system would be to identify the specific components
responsible for the immunomodulation. Such molecules may be therapeutically
and economically viable options for the treatment of autoimmune and allergic
disease: alternatively they may be used as blue prints for the design of novel
therapeutics. It is also important to realize the potential of such parasite-derived
immunomodulators as tools to dissect the immune system and hence identify safe
mechanisms of immune suppression that have been selected by nature

throughout evolution (311).

1.7.4. Helminth immunomodulators

Helminth infections naturally induce a Th2 and regulatory phenotype in order for
the worms to ‘hide their tracks’ and repair damaged tissue as they migrate
throughout the host (306,308). Such Th2 responses are not pathogenic however,
as they are limited or modified by the parasite (312).
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Helminth-derived immunomodulatory molecules can suppress the immune system
in a variety of ways, for example, cystatins from Onchocerca volvulus and
Acanthocheilonema viteae may suppress inflammatory macrophages via
mechanisms involving the scavenger receptor, CD36 and the TGFp receptor
(313,314); whilst calreticulin from Heligmosomoides polygyrus, via interacting with
scavenger receptor A in mice, can skew Th2 responses (315); and Dirofilaria
immitis-derived antigen binds to CD40 on B cells stimulating the production of
antigen non-specific IgE, thus saturating IgE receptors, which has been shown to
prevent anaphylaxis (316). Several parasite-derived immunomodulators act by
modulation of TLR signaling, which usually promotes Th1/Th17 responses (308).
Suppressing TLR signaling therefore prevents the generation of immune
responses that would clear the helminth (306). However, as such strong immune
responses also underpin the pathologies of autoimmune disease,
immunomodulatory molecules from Schistosoma mansoni, Ascaris lumbricoides,
A.viteae and Fasciola hepatica act, at least in part, to protect against development
of such inflammatory disorders in mouse models by modulation of TLR signaling
(311).

1.7.5. ES-62: a parasitic helminth-derived immunomodulator

One such immunomodulator that acts via subversion of TLR signaling is ES-62, an
excretory-secretory (ES) protein from the murine filarial nematode A. viteae. ES-62
has conserved orthologues with the human filarial nematodes Brugia malayi and
O. volvulus (317) and is a tetrameric glycoprotein comprising 63 kDa subunits
(317). Although the molecule contains a putative peptidase site that is yet to be
fully validated, the major immunomodulator functions of ES-62 are due to the
phosphorylcholine moieties present on the molecule (318). Indeed the addition of
PC moieties to irrelevant proteins such as BSA, or free PC, can replicate many of
the immunomodulatory effects of ES-62 (319,320).

TLR4 is required both for the internalization of ES-62 by macrophages (but not B
cells) and its immunomodulatory activity and consistent with this, it appears to act
to subvert both immunoreceptor and TLR signaling through a MyD88 dependent
mechanism. The mutated, LPS-unresponsive TLR4 molecule expressed by

C3H/Hed mice is sufficient for ES-62 entry and immunomodulation (321,322).
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Consistent with its proposed role in subverting TLR-mediated pro-inflammatory
signalling, ES-62 suppresses Th1 polarising responses following TLR2, TLR4 and
TLR9 stimulation (322).

1.7.5.1. Inmunomodulation by ES-62

Over the past 15 years ES-62 has been shown to modulate, both directly and
indirectly, the pro-inflammatory responses of several cell populations. The first
indication that ES-62 was a putative immunomodulator came from experiments
that showed the parasite product to suppress B cell activation and proliferation in
vitro (318,323) and in vivo (324). This was achieved by an uncoupling of the BCR
from the MAP kinase signaling pathways and recruitment of the negative signaling
molecules, SHP-1 (tyrosine phosphatase) and Pac-1 (MAP kinase phosphatase)
(325). This anti-proliferative phenotype was complemented by the finding that ES-
62 increased spontaneous IL-10 production by peritoneal B1 B cells suggesting a
potential anti-inflammatory role for the molecule (326). The key role of the PC
moiety of ES-62 in the induction of IL-10 was indicated by the finding that whereas
native ES-62 induces IgG1 but not IgG2a antibody responses, recombinant ES-62,
which does not contain PC moieties, induces both IgG1 and IgG2a responses:
interestingly, this PC-mediated blocking of potentially pathogenic IgG2a responses
was dependent on IL-10 (327).

ES-62 can suppress TCR signaling and induce anergy in Jurkat T cells by
modulating the activation of the TCR tyrosine kinases Lck, Fyn and ZAP-70 (328).
Perhaps reflecting this, ES-62 was also found to suppresses the clonal expansion
and modulated the functional phenotype of antigen specific T cells (329). However,
this does not appear to be via direct effects on naive T cells but rather by
modulation of APC function (Whelan et al 2000). Thus, DC and macrophages
stimulated with TLR ligands, such as LPS, usually elicit Th1 responses via the
production of IL-12 and IFNy. However, ES-62 suppresses the ability of DCs and
macrophages, even following LPS stimulation, to promote Th1 responses
(330,331). ES-62 also modulates the secretion of other proinflammatory cytokines
by macrophages, most notably IL-12p70, IL-23, IL-6 and TNFa, suggesting a
potential suppression of both Th1 and Th17 responses by the parasite product

(331,332) Strikingly, in vivo exposure is sufficient to render bone marrow
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progenitors prone to an anti-inflammatory phenotype on subsequent ex vivo
differentiation of DC or macrophages (333). More recently, transfer studies
suggest that ES-62 may also influences T cell responses by modulating antigen

specific T cell B cell interactions (334).

1.7.5.3. Therapeutic potential of ES-62 in the treatment of autoimmunity

The immunomodulatory actions of ES-62 presumably reflect the strategies
developed by the parasite to evade the host immune response and survive without
causing pathology. Investigation of whether such anti-inflammatory actions could
be exploited therapeutically for the treatment of inflammatory disorders in humans
revealed that ES-62 can suppress pathogenic inflammation in mouse models of
both allergic and autoimmune diseases. Thus, ES-62 was found to suppress
disease in the collagen induced arthritis (CIA) model of rheumatoid arthritis by
suppressing collagen-specific Th1-associated cytokine production (TNFa, IL-6 and
IFNY), lymphocyte proliferation and IgG2a production (335). The effect on
lymphocyte proliferation and cytokine production was later revealed to be due to
the PC moiety whereas the reduction in collagen-specific antibody production was
not dependent on the presence of PC (319). More recently, it has become
increasingly clear that pathogenesis of many autoimmune pathologies such as
those observed in CIA are mediated by IL-17 responses, and reflecting this, in
addition to suppressing Th1 responses, ES-62 was found to down-modulate pro-
inflammatory IL-17 production in the paw and draining LN as well as disrupting the
activation of Th17 or IL-177y8 T cells by DC (336).

As infection with helminths usually skews the immune system to a more Th2
orientation (306), and indeed ES-62 itself elicits Th2 responses (330), it was at first
rather surprising that ES-62 could also prevent development of Th2-biased allergic
inflammation (228). However, the mechanisms of action underpinning this have
now been partially elucidated and reflect functional desensitization of mast cell
responses by down-regulation of key elements downstream of FceR1 and TLR4
signaling (228,337) and also by increasing IFNy to counter-regulate Th17 and

(consequent) Th2 responses (338).
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The realization that IL-17 can promote both Th1/Th17 and Th2
inflammation(339,340) provides a rationale for the therapeutic potential of ES-62 in
both autoimmune and allergic disorders. Indeed, the therapeutic potential of ES-62
appears to be restricted to diseases with a Th17 element as Th1 type-1 diabetes
like disease in the NOD mouse (W. Harnett & A. Cooke, unpublished
observations) and the Th1 immune pathology induced by Toxoplasma gondii or
Plasmodium chabaudi or other filarial nematode antigens are unaffected by ES-62
(341-343) (W. Harnett unpublished). Likewise, and important in the consideration
of the therapeutic potential of ES-62, the parasite molecule did not prevent Th1
immune responses to the BCG vaccine suggesting that patients receiving drugs

developed from ES-62 would still be responsive to vaccination (344).

1.7.5.4. Thesis Aims: ES-62 and the MRL//Ipr mouse

Previous studies evaluating the therapeutic potential of ES-62 in the MRL/lpr
mouse model of SLE have revealed that prophylactic treatment with the parasite
product suppresses the development of proteinuria. Despite such a clear
improvement in disease outcome, surprisingly no obvious improvement in renal
histology was observed and cellular infiltration; C3 and antibody deposition of the
kidneys appeared unaltered. Likewise, no clear immunomodulatory effect in this
model of a mixed Th1/Th2 phenotype could be detected nor any suppression of
the associated lymphadenopathy and splenomegaly. Thus, the core aims of the
thesis were to identify and characterize the protective mechanisms of action of ES-
62 in the MRL/I[pr mouse model of lupus. In particular, although still controversial in
SLE, given the increasing recognition of the importance of IL-17 in the
pathogenesis of autoimmune disease it was planned to focus on the effects of ES-
62 on Th17, and associated cytokine responses such as IL-22, in the MRL/Ipr
mouse. As a major role of IL-17 appears to relate to the recruitment of pro-
inflammatory effector cells to sites of inflammation, it was planned to relate any
modulation of IL-17 responses to renal pathology. Moreover, given the effects of
ES-62 on B cell responses and recent reports that regulatory B cells were
protective in mouse models of arthritis, at least in part by suppressing Th17-
associated responses (345), it was also planned to determine whether exposure to
ES-62 resulted in resetting of the effector/regulatory balance in the MRL/Ipr

mouse.
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Table 1.1: The IL-17 family of cytokines, their receptors and implications in
disease. LTi, lymphoid tissue inducer cells; NK, natural killer cells; iNKT, invariant
natural killer cells; RA, rheumatoid arthritis; IBD, irritable bowel disease and MS,

multiple sclerosis. Adapted from Pappu et al. 2011(89)
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Figure 1.1: TLR signaling. TLRs are composed of extracellular binding domains
consisting of multiple leucine rich repeats (colored elongated rectangles) and
intracellular Toll/IL-1R (TIR) domains (yellow circles). Upon ligation by PAMPs or
DAMPs, TLRs form homodimers (TLR3, TLR4, TLR5 and TLR9) or heterodimers
(TLR1/2, TLR2/6 and TLR7/8) and recruit the appropriate adaptor proteins,
MyD88, MAL, TRIM or TRIF. These adaptor molecules then signal through the
IRAK/TRAF, TBK or RIP1 pathways to induce the activation of transcription factors
and subsequent gene expression.

Adapted from Liew et al., Nature Reviews Immunology (2005)(19).
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Figure 1.2: Complement cascade. C3 is the central component of the
complement cascade and this can be activated by the (i) classical pathway, in
response to immune complexes (IC), C-reactive protein (CRP) or serum amyloid
protein (SAP); (ii) lectin pathway, by specific carbohydrates, including sugar
groups on IgA or IgM and the (iii) alternative pathway, by direct binding of C3b to
activating surfaces that initiates a cascade that results in the formation of the
membrane attack complex (MAC) and the activation of complement receptors on a
variety of cells.

Adapted from Sacks et al., Nature Reviews Immunology (2012)(346).
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Figure 1.3: Antigen presentation via MHC. The MHC class | pathway (A)
presents endogenous peptides that have been processed via the proteasome, and
enter the endoplasmic reticulum via the TAP transporter to be loaded onto MHC
class | molecules, held in the correct conformation by a complex of the MHC
molecules (a1-3 and p>M) and chaperone molecules (tapasin, calreticulin and
ERp57). Binding peptide induces release of the chaperone molecules and the
MHC class |-peptide complex is then trafficked to the cell surface via the golgi
apparatus. The MHC class Il pathway (B) presents exogenous peptides that have
entered the cell via endocytosis, or endogenous peptides that have been
generated via autophagy. MHC class Il molecules are assembled in the
endoplasmic reticulum with CLIP blocking the peptide-binding groove. They are
then exported through the golgi apparatus to vesicles, that fuse with late
endosomal compartments that contain peptide fragments that are then loaded
onto the MHC class 2 complex before being exported to the cell surface.

Adapted from P. E. Jensen, Nature Immunology (2007)(347).
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Figure 5.5: ES-62 modulated the population dynamics of myeloid cells. Cells
from 21-week old PBS (black bar, n=11) or ES-62 (grey bar, n=18) treated MRL/lpr
mice were stained with anti-GR1 and anti-CD11b antibodies to resolve the
CD11b""GR1"",  CD11b""GR1™, CD11b""GR1°" and CD11b""GR1"
granulocyte populations in the blood (A, sample pooled from 4 mice for each group
and is representative of 2 independent experiments), kidneys (B), spleens (C),
pLN (D), rLN (E) and bone marrow (F, 4 mice pooled from each group); and the
spleen (G), pLN (H) and rLN (I, 4 mice pooled from each group) of 12-week
MRL/Ipr mice.
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Figure 5.6: Macrophages populations in PBS and ES-62 treated mice. The
proportion of CD45*F4/80°"CD11b*CD64" macrophages present in the spleen (A),
pLN (B), rLN (C), kidney (D) and in the blood (E) of 21-week MRL/Ipr mice treated
with or without ES-62 was determined by flow cytometry; where live cells were first
identified as being CD45" (red line = PBS, blue line = ES-62, grey histogram =
isotype) and then selected on the basis of being F4/80"CD11b".

223



MRL/Ipr bmMac production of TNF«

70007

6000+
50004
40004
30004
20004
10004

0+

Media ES-62

TNF « (pg/ml)

MRL/Ipr bmMac production of IL-6

6000
5000+
40004
3000+
20004
10004

0

Media ES-62

IL-6 (pg/ml)

E

MRL/Ipr bmMac production of IL-10

4507

4004
3504
3004
250+
2004
150+
1004
504
o—

IL-10 (pg/ml)

Media ES-62

G

MRL/Ipr bmMac production of IL-23

2254

2004
1754
150+
1254
100+
754
50
254
0-

Media ES-62

IL-23 (pg/ml)

B

MRL/Ipr bmMac production of IL-1beta

350+
3001
2504
200+
150+
1001

504

IL-1beta (pg/m!)

0

Media ES-62

D

MRL/Ipr bmMac production of IL-27

25001
2000+
1500+

1000+

IL-27 (pg/ml)

=

500+

0
Media ES-62

F

MyD88

[-actin

MRL/Ipr bmMac production of IL-12p70

400+

w

=3

o
1

200+

1004

IL-12p70 (pg/ml)

Media ES-62

N
o
]

Media LPS ES-62

-
0
1

X

=
)
1

——— —

MyD88 normalised to p-actin
2

0.0~



Figure 5.7: ES-62 suppresses pro-inflammatory cytokine production by bone
marrow derived macrophages. Macrophages derived from bone marrow
precursors from the femur and tibia of 21-week old MRL/Ipr mice, were pre-treated
with media or ES-62 for 2 hours before being cultured with LPS for 18 hours. The
concentration of TNFa (A), IL-18 (B), IL-6 (C), IL-27 (D), IL-10 (E), IL-12p70 (F)
and IL-23 (G) was then measured in the culture supernatants by ELISA; data are
from duplicate biological replicates and are representative of 3 independent
experiments. The level of MyD88 expression was determined by Western blot,
using the ab2068 antibody (Abcam), and the protein level, relative to p-actin, was
measured using the Imaged software package from 7 independent experiments;
statistical significance was shown using the 1-way ANOVA with the Tukey post-
test where *=p<0.05 and **=p<0.001 (H).
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Figure 5.8: The effect of S3, S5 and SMA15 on MyD88 protein levels in BMM.
Diagrams of the chemical structures of S3, S5 and SMA15 (A). BMM from MRL//pr
mice were cultured with media, LPS, S3 (at 1ug/ml or 5ug/ml), S5 (at 1ug/ml or
5ug/ml) or SMA15 (at 1ug/ml or 5ug/ml) for 18 hours; cells were washed, lysed
and the relative intensity of MyD88 (ab2068), relative to p-actin, was analyzed in
protein lysates by Western blotting. Image J analysis from 5 experiments showed

that S3 and S5 significantly downregulate MyD88 expression (A).
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Figure 5.9: S3 and S5 prevent the development of proteinuria in the MRL/Ipr
mice. Female MRL/Ipr mice were monitored for onset (1-3 mg/ml) of proteinuria
which occurred at 16-weeks of age (arrow), at which point the mice began to
developed proteinuria levels of approximately 1-3 mg/ml. Mice received 1ug of S3
(n=6), S5 (n=6), SMA15 (n=3, one of these mice died at week 18) (all at 1 uyg in
100ul) or PBS (n=4; 100 ul) injected sub-cutaneously twice weekly. Proteinuria
was measured twice weekly throughout the model and mice were culled at week
22 (A). The number of cells in the spleen, pLN, rLN and kidney was counted using
a hemacytometer (B) and the level of MyD88 expression by kidney cells was
determined by flow cytometry (B). The two-way ANOVA and student’s t-test
statistical analysis were used to determine statistical significance where *=p<0.05,
**=p<0.01 and ***=p<0.001.
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Figure 5.10: Treatment with S3 or S5 does not improve renal histology.
Kidney sections from mice treated with PBS, S3 or S5 were stained by H & E or
PAS and visualized using the Olympus I1X51 light microscope at x10 optical zoom
(A). Serum from the mice treated with PBS, S3, S5 or SMA15 was used to stain
Hep-2 slides for analysis of ANA:staining intensity was then evaluated using an

axiovert fluorescence microscope at 10x optical zoom (B).
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Figure 5.11: Treatment with S3 or S5 does not modulate the key
immunological parameters targeted by ES-62. Cells from the spleen, pLN, rLN
or kidneys of 21-week female MRL/Ipr mice treated with PBS, S3 or S5 were
stimulated with PMA plus ionomycin (and LPS for IL-10 (A)) for 6 hours, with
BrefeldinA added after 30 minutes to block intracellular trafficking. Cells were
stained with the Live/Dead cell discrimination fixable dye and stained for surface
markers. Cells were then fixed and permeabilized and incubated with the relevant
anti-mouse-cytokine or FoxP3 antibodies. Cells were analyzed by flow cytometry
and the proportion and number of IL-10*CD19* (A), CD3*CD4*CD25*FoxP3"*
Tregs (B), IL-17* (C) and IL-22* (D) cells were determined. The concentration of
IL-10 (E), IL-17A (F) and IL-22 (G) in the interstitial fluid of PBS, S3, S5 and S15
treated mice was measured by ELISA. The student’s t-test was used to determine

statistical significance where *=p<0.05, **=p<0.01 and ***=p<0.001.
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6. ES-62 modulation of collagen-induced arthritis in mice
is associated with an increase in IL-10-producing B cells

and reduced plasma cell infiltration of the joints
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6.1. Introduction

The data presented in the previous chapters demonstrates that ES-62 protects
against the development of autoimmune lupus-like pathology in the MRL/lpr
mouse, by resetting the balance of effector: regulatory B cells and consequently
IL-17A/IL-22 responses. Moreover, transfer of B cells from ES-62-, but not PBS-
treated MRL/Ipr mice was sufficient to recapitulate the protection afforded by ES-
62. Protection was determined in terms of proteinuria, but such mice may
sometimes also exhibit arthritis and this was also prevented by exposure to ES-62
(McGrath, Harnett & Harnett, unpublished data). Thus, as the mice in the cohorts
involved in the B cell transfer studies did not develop arthritis, and also to
determine whether this action of ES-62 was specific to the B cell-driven pathology
in Lupus, it was decided to determine whether ES-62 generally acted to reset the
effector: regulatory B cell balance in other autoimmune pathologies such as the
mouse collagen-induced arthritis (CIA) model of Rheumatoid Arthritis (RA) in
which it has been previously shown to confer protection by acting to suppress
pathogenic Th1/Th17 responses (336). This model was chosen as the success of
rituximab as a therapy for autoimmune disease had refocused interest on the
pathogenic and protective roles of B cells in RA (458) with recent studies
highlighting the importance of IL-10-producing regulatory B cells (Bregs) in the
prevention and amelioration of CIA and also antigen-induced arthritis (AlA), via the
suppression of Th1/Th17 responses and the promotion of Tr1 and Treg
differentiation (245,345,458,459). In this context, it was interesting, therefore, that
previous studies had found that whilst exposure to ES-62 resulted in enhanced
spontaneous ex vivo production of IL-10 by splenocytes from mice with CIA, it
induced hypo-responsiveness of normal and CIlA-derived splenic B cells and
reduced the levels of pathogenic collagen-specific IgG2a antibodies (319). It was
therefore the aim of this chapter to determine whether the protective effects of ES-
62 in CIA are associated with an increase in the levels of IL-10-producing B cells
and suppression of effector B cells, to address whether ES-62 may act, at least in
part, to modulate the balance between effector and regulatory B cell responses in

this mouse model of RA.
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6.2. Results

6.2.1. ES-62 reduces the levels of Germinal Centre B cells in the spleens of
mice with CIA

The associated between ES-62-mediated protection against CIA (Fig. 6.3A & B)
and the modulation of B cell populations was investigated (Fig. 6.1 & 2). There
was no significant modulation by the helminth product of either the proportion or
number of CD19* B cells in the spleen (Fig. 6.4A; numbers (x10°) + SEM: Naive,
25.13 + 2.26; PBS, 26.86 + 1.76; ES-62, 28.27 + 2.68) or draining LN (dLN)
(results not shown) and consistent with this, no significant changes were observed
in the transitional (T1-T3), marginal zone precursor (MZP) or marginal zone (MZ)
populations in the spleen (Fig. 6.4B & C and results not shown). However, ES-62
significantly increased the levels of CD19*CD21"°**CD23"" follicular B cells (Fo;
Fig. 6.4B & C) and further analysis showed that whilst exposure to ES-62 had no
effect on follicular type-2 (Fo2) B cells (results not shown), it increased the levels
of follicular type-1 B cells (Fo1; Fig. 6.4 D; numbers (x10°) + SEM: PBS, 6.08 =+
0.64; ES-62, 7.97 + 0.91). The reduction in Fol B cells was associated with
corresponding reductions in germinal centre B cells (GC; Fig. 6.4E; numbers
(x10° = SEM are: PBS, 6.28 =+ 1.36; ES-62, 2.95 =+ 0.39) and
CD3*CD4*ICOS*CXCR5™ follicular helper T cells (Tfh; from 2.42 to 1.49% of live
splenocytes; Fig. 6.4F) in the spleen. By contrast, ES-62 had no effect on the
levels of CD19"B220"IgM'IgD’IgG* cells, which may represent a subset of memory
B cells and were generally reduced in mice with CIA (Fig. 6.3G). Collectively,
these data suggest that ES-62 may act to reduce the generation of pathogenic
antibodies by blocking the activation of follicular B cells and their consequent
differentiation into GC B cells (460).

6.2.2. ES-62 modulates the recruitment of B cells to the joints of mice with
CIA

As pathogenic B cells migrate to the joints and even form ectopic germinal centres
in response to B cell recruitment and survival factors such as BAFF, CXCL12 and

CXCL13 secreted by synovial fibroblasts (458), whether the above effects of in
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vivo exposure to ES-62 on the profile of B cells were reflected in the arthritic joint
was investigated. This revealed that both the proportion (Fig. 6.5A & B) and
absolute numbers (Fig. 6.5C) of CD19" B cells found in the joints were significantly
reduced by ES-62 treatment. This reduction was reflected in a CD19*CD23* B cell
population (Fig. 6.5D & E), which further analysis revealed to be follicular type 1 B
cells (Table 6.1). There was also a clear decrease in CD19°CD138" (from 9.27 to
2.47% live cells) and CD19"CD138" (from 15.6 to 6.51% live cells) cells infiltrating
the joints of mice treated with ES-62 (Fig. 6.5F & G) suggestive of a reduction in
plasma cells. Consistent with this, further analysis, excluding the myeloid and T
cell lineages expressing CD138 (Fig. 6.5H), revealed that exposure to ES-62
indeed suppressed the proportions (Fig. 6.51-J) and numbers (Table 6.1) of CD19
B220°'CD138" (from 8.31 to 3.69% live cells) and CD19*B220"°*"CD138" (from
1.37 10 0.72% live cells) plasma cell respectively phenotypically similar to the long-
lived plasma cell and short-lived plasma cell/plasmablast functional populations,
reported previously (352,355,411). This presumably reflected reduced
development and/or migration of such cells, as suggested by the significant
increases in the levels of Fo1 (Fig. 6.4D) and CD19'B220°CD138" plasma cells
(numbers (x10°%) + SEM: Naive, 0.75 + 0.22; PBS, 1.28+ 0.31; ES-62, 1.58+ 0.26)
found in the spleen, since ES-62 did not modulate the levels of early
CD19'B220*CD138" "pre-plasma cells" which have been reported are subject to a
tolerance checkpoint that is defective in the autoimmune-prone MRL/Ipr mouse
(354) (Fig. 6.4K).

In addition to investigating its effects on the levels of B cells found in the joint,
modulation of the functional phenotype of such infiltrating cells was also assessed.
Thus, whilst ES-62 did not significantly modulate the expression of BAFF-R, CD80,
CD86 or TLR4 (either in terms of percentage positive cells or levels of expression)
on splenic CD19" B cells, expression of CD80, TLR4 and, to a lesser extent,
CD86, but not BAFF-R, by CD19" B cells in the joint was down-regulated (Fig. 6.6
and data not shown), mirroring a tendency towards a decrease in expression of
both CD80 and TLR4 by CD19" DLN cells (Data not shown). Further analysis
revealed that this reflected selective down-regulation of TLR4, CD80 and CD86
expression on CD19*CD23"9"CD21"°“" follicular B cells but not CD19*CD23"
CD21"" or CD19*CD23""CD21"" B cells (Fig. 6.6A). Moreover, although B1,
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GC and plasma cells also expressed TLR4, such expression was not modulated
by exposure to ES-62 (Fig. 6.6A)

Collectively, therefore, these data suggest that ES-62 may act to prevent
development and migration of pathogenic B cells to the site of inflammation, with
the residual B cells that infilirate the joint being rendered functionally hypo-

responsive.

6.2.3. IL-10-producing B cells are elevated in the spleens of mice with CIA

receiving ES-62

IL-10 producing regulatory B cells (Bregs) have been reported to curb pathogenic
Th1/Th17 responses in CIA and it has been proposed that these cells protect
against disease by promoting the development of Tr-1 regulatory T cells (345).
Although the ES-62-mediated suppression of B cell development and migration
(Fig. 6.4 & 6.5) and consequent inhibition of generation of pathogenic IgG2a
responses observed in CIA (38335) might reflect the ability of the parasitic worm
product to induce hypo-responsiveness of B2 cells by uncoupling the BCR from
ErkMAPkinase signalling, both in vitro and in vivo, it is also interesting to note that
it has previously been shown to induce the production of IL-10 by peritoneal B1 B
cells (324). As B1 cells are not thought to play a central role in systemic
autoimmunity and autoantibody production in CIA (461), although there is no
unambiguous phenotype for B1 cells in the spleen (199), it is therefore possible
that the reduced levels of CD19*IgM*CD43""CD5* and CD19*IgM*CD43"9"CD5*
cells, that have been reported to be B1la and B1ib cells respectively
(200,353,462,463), found in the spleens (Fig. 6.7A-C) and DLNs (Fig. 6.7D) of ES-
62-treated mice with CIA could reflect their egress and migration to the joints to
mediate IL-10-dependent anti-inflammatory effects. Perhaps consistent with this,
although the levels of B cells infiltrating the joint were reduced following treatment
with ES-62, the proportion of such B1i-like cells was slightly increased (PBS:
1.42%, 1.3%; ES-62: 1.58%, 1.51%, where data are expressed as the proportion
(%) of live cells, that are CD43*CD19*IgM* B1-like cells, harvested from the joints

of 6-7 mice/group in 2 independent experiments).
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Analysis of IL-10-producing B cells (Fig. 6.8A) revealed that whilst induction of CIA
resulted in a significant reduction in the levels of these cells, relative to naive mice,
this was not the case for those treated with ES-62. Indeed, exposure to ES-62 led
to a significant enhancement in the level of IL-10-producing B cells in mice with
CIA, restoring them to levels comparable with those found in healthy naive mice
(Fig. 6.7C; numbers (x10°) + SEM: Naive, 1.81 + 0.22; PBS, 1.48 + 0.12; ES-62,
1.99 + 0.26). CD19°IL-10" B cells in the spleens of naive and CIA mice (Fig. 6.8A)
reflected a mixed population comprising phenotypes consistent with marginal zone
precursor, marginal zone, follicular B cells and CD19*CD21°*"CD23"* B cells (Fig.
6.8B). Almost all of these cells expressed CD1d with the highest expression on the
MZ (CD21*CD23) and MZP (CD21"CD23*) populations (Fig. 6.8E) and some of
the IL-10" cells expressed CD5 with the highest expression on the follicular and IL-
10*CD19"CD21°CD23" populations; both of these markers have previously
associated with certain IL-10-producing B cells (464,465). Rather surprisingly, the
ability of ES-62 to return the levels of IL-10-producing B cells towards that existing
in naive, non-arthritic mice, did not appear to involve a preferential increase of any
of these phenotypes, perhaps suggesting it acts rather to regulate B cell
responses in a "homeostatic" manner. Although the protective effects of IL-10-
producing B cells in CIA have previously been reported to be associated with the
induction of Tr-1 regulatory cells (345), our analysis showed the IL-10 production
by splenocytes to be predominantly B cell-derived (Fig. 6.8A) and that the CD19
IL-10* population was not increased by treatment with ES-62 (Fig. 6.8D),
suggesting that Tr-1 cells were not being induced in this case. Likewise, and
consistent with the previously reported lack of Breg-mediated induction of Tregs in
the CIA model (345), further investigation indicated that in vivo treatment with ES-
62 did not result in enhanced levels of FoxP3-expressing CD4" regulatory T cells
in the DLN (McGrath, Harnett & Harnett, unpublished data), as shown following
induction of Bregs in AlA (419).
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6.3. Discussion

The successful clinical implementation of B cell-depletion therapies in recent years
has reignited interest in the pathogenic and protective roles of B cells in RA. In
particular, much interest has focused on the ability of IL-10-producing regulatory B
cells to prevent development of pathogenic Th1/Th17 responses and induce
regulatory T cells that result in the suppression of disease in the antigen
(methylated BSA)-induced arthritis  (AlA) and CIA mouse models of RA
(245,345,419). Interestingly, therefore it has recently emerged that one of the
strategies exploited by parasitic helminths to dampen host immune responses and
hence promote their survival is the induction of IL-10-producing Bregs: moreover,
the protection afforded against allergic inflammatory disease by such worms has
also been associated, at least in part, by their induction of Bregs(353,466-469).
Thus, the current findings that exposure to ES-62 results in elevated levels of IL-
10-producing B cells may provide a rationale for previous findings that the parasite
product exerts its protective effects in CIA via suppression of Th1, Th17 and IL-17-
producing gd T cell responses, as well as being consistent with an earlier
observation that it promotes spontaneous IL-10 production by splenocytes from
mice with CIA (319,335,336). Interestingly, although regulatory B cells have been
proposed to mediate at least some of their protective effects in experimental
arthritis via the generation of natural Tregs (AlA) and/or induced Tr1 (AIA and CIA)
cells (245,345,419), there was no evidence that ES-62 induces any IL-10-
producing regulatory T cells in DBA/1 mice with CIA. Although perhaps surprising,
this failure to induce Tregs is supported by preliminary data from the C57BL/6
model of chronic CIA (470), in which in vivo exposure to ES-62 does not increase
the levels of either FoxP3" or IL-10-producing CD4* T cells in the DLN of such
mice (McGrath & Harnett, unpublished data) and is consistent with their lack of
induction in previous studies investigating ES-62-mediated hyporesponsiveness to
the model antigen Ovalbumin (OVA) in both the DO.11.10 transfer model (37) and
the OVA-induced airway inflammation model (338) of asthma. Nevertheless, whilst
ES-62 does not increase the levels of Tregs in mice with CIA, it is not possible to
rule out at this stage that it may act to reverse/overcome the impaired (cell contact-

mediated) suppressive ability of Tregs reported in RA (471).
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Perhaps surprisingly, the increase in IL-10-producing B cells resulting from
exposure to ES-62 did not reflect induction of a particular phenotype of B cells
associated with regulatory function: although modest, these statistically significant
increases in IL-10 producing B cells are consistent with the numbers seen in other
studies in the absence of enrichment by anti-CD40 or LPS/IL-21 stimulation
(244,405,472) and suggest that ES-62 may be acting in a homeostatic manner to
reset the balance of effector and regulatory B cells back towards that observed in
healthy DBA/1 mice. However, and consistent with this proposal, whilst the ES-
62-mediated suppression of the level of GC B cells was associated with a 30-40%
reduction of Tfh cells, preliminary data suggest that the residual Tfth cells produced
higher levels of the cytokine, IL-21 that appears to be critical to for the generation
of functional Bregs that combat autoimmunity (405). Thus, as regulatory function
of these IL-10 producing B cells has not been formally demonstrated in this study,
it is not possible at this stage to rule out that ES-62 is also reversing the defective
regulatory function of one or more Breg phenotypes observed in CIA and RA
patients (418,473). Nevertheless, it was shown previously that whilst ES-62
induces high levels of IgG1, but not IgG2a, antibodies in naive wild type BALB/c
mice, in IL-10” mice the helminth product induces both IgG1 and IgG2a
antibodies. This suggests that IL-10 plays an important role in the suppression of
IgG2a antibodies directed against ES-62 (345). Interestingly, therefore, neither the
ES-62-mediated suppression of DC-priming of OVA-specific Th1 responses(330)
nor the suppression of TLR-mediated IL-12 responses of macrophages exposed to
ES-62 either in vitro or in vivo (331) appears to be due to autocrine production of
IL-10 by APC. By contrast, whilst exposure to ES-62 in vivo induces hypo-
responsiveness of splenic B2 cells, peritoneal B cells from such mice produced
enhanced spontaneous and BCR-stimulated IL-10 responses (324,326) and
although these peritoneal cells will predominantly comprise B1 cells, there is

increasing evidence that they likely also included some B2 cells (463).

Collectively, therefore, these data suggest that exposure to ES-62 leads to hypo-
responsiveness of effector B2 cell responses and an increase in IL-10-producing B
cells that in CIA, given the complex interplay between B cell-derived IL-10 and
pathogenic IL-17Aresponses in the regulation of inflammation and autoantibody
responses (103,244,247,345,403,405,419), results in the reduction of plasma cells
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that may contribute to the suppression of pathogenic autoantibodies and
inflammation associated with the ES-62-mediated protection against CIA. For
example, the ability of B cell-derived IL-10 to impact on APC such as DC in vivo
may contribute to the effects of ES-62 on the DC-dependent priming of Th1/Th17
and IL-17-producing gd T cells (330,336,338). Alternatively, such IL-10 may
suppress effector B cell activation with consequent induction of T cell hypo-
responsiveness, as the reduction of GC B cells and Ty cells observed in the
spleens of ES-62-treated mice is reminiscent of that reported for mast cell-derived
IL-10-mediated suppression of Tey cell function (474). This could be particularly
important at the site of inflammation with the profound down-regulation of CD80
expression on follicular B cells impacting on the functionality of ectopic GCs given
that expression of this B7 molecule by B cells has been shown to be important in
the regulation of Tfh development, and consequent GC B cell survival and plasma
cell production (475), the latter population being significantly reduced in the joints
of ES-62-treated mice. Interestingly therefore, blocking of B7-CD28 interactions
has been reported to be sufficient to prevent development of CIA (476). Finally,
the strong down-regulation of TLR4 is similarly likely to suppress B cell activation
and plasma cell generation at this site (477), and in this way, disrupt the
destructive chronic inflammation resulting from cells in the joint expressing
upregulated levels of TLRs, including TLR4, and responding to DAMPs, such as
HSP22 and tenascin-C (478) found in the synovium of RA patients.
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Table 6.1: Exposure to ES-62 in vivo suppresses infiltration of the joints by
B2 cells and plasma cells. Data (number of cells x 10°) are presented from 2
independent experiments where CD19'B220I°*"CD138* and CD19'B220°CD138*
plasma cell and CD19*CD21"°""CD23*AA6.11gM"IgD"" Fo1 B cell populations
infiltrating the joints were analysed by flow cytometric analysis of joint cells

harvested from 6-7 mice from each group.

Group | CD19*B220"°""CD138* | CD19'B220°CD138* Fo1
Exp |1 2 1 2 1 2
PBS |0.24 0.67 1.5 0.74 0.029 0.11
ES-62 | 0.035 0.32 0.18 0.36 0.009 0.033
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Figure 6.1: Gating strategy for analysis of B cell subsets and phenotyping of
populations. Cell populations were initially selected on the basis of "Lymphocyte"
size and granularity and "doublets" and dead cells were excluded. The
conventional method for the analysis of marginal zone precursor (MZP), marginal
zone (MZ) and follicular B cells is to resolve CD19" cells by their CD21 and CD23
expression (A). To improve resolution of these subsets we initially gated on
CD19*CD23" and CD19*CD23* cells (B) to resolve MZP (CD21"CD1d™) from Fo
(CD21°""CD1d™") B cells (C) and MZ (CD21*IgM*) and T1 (CD21IgM*) cells (D),
respectively, allowing more clearly defined populations of MZ (IgM""IgD"*""), MZP
(IgM""IgD""") and Fo(IgM'*"IgD"®") B cells. This modified method improved the
resolution of these populations and the IgM IgD expression profiles between the
conventional and contemporary methods: panel E compares the populations from
panel A and F compares the populations from panels C and D, Fo1l cells are

represented by grey dots, MZP with black dots and MZ with black contour lines.
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Figure 6.2: Gating strategy for analysis of B cell subsets and phenotyping of
populations. The follicular (Fo) population identified (Fig6.1C; CD21'°*"CD1d"")
is a heterogenous population that contains the functionally distinct follicular type 1
(Fo 1: IgD""IigM"*"AAB.1") and follicular type 2 (Fo 2: IgD""IgM™"AA6.1") as well
as the transitional 2 (T2: IgD""IgM"9"AA6.1*) and transitional 3 (T3: IgD""IgM'**"
AA6.1%) populations. These populations are first separated on the basis of their
expression of IgM and IgD (A) and then, AA6.1 (B & C). For the identification of
germinal centre (GC) B cells we first identify CD19"CD43" cells (D) and then
exclude contaminating non-B cells by gating on the GC cell specific marker GL7
along with the pan B cell marker CD24 (E) before confirming expression of FAS by
essentially all (>90%) CD19"CD43 CD24"GL7" GC B cells; we have therefore not

included this redundant marker in our analysis (F).
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Figure 6.3: ES-62 prevents the development of disease in the CIA mouse
model of RA. CIA was induced, as described in the materials and methods
section, by Dr. Miguel A Pineda. Mean articular scores (+ SEM) of CIA mice
treated with PBS (n=34) or ES-62 (n=18) between day 16 and 28 (A) and at time
of cull at day 28 (B). The student’s t-test was used at each time point to show

statistical significance where *=p<0.05 and **=p<0.01.
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Figure 6.4: ES-62 reduces the levels of Germinal Centre B cells in the
spleens of mice with CIA The percentage of CD19* B cells (A); representative
plots (B) and proportions (C; mean values + SEM of individual mice where naive,
n=16; PBS, n= 31; ES-62, n=12) of MZP, MZ and Fo B cells derived by the
conventional method; follicular type 1 B cells (D: CD19*CD23*CD21""
'‘CD1d™IgM""IgD"AAB.1") and germinal centre (E: CD19*CD43 CD24*GL7%), as
derived by the gating strategy in presented in Fig. 1, in spleens from mice
undergoing CIA are shown. The proportion of CD3*CD4*ICOS"'CXCR5" T follicular
helper cells were determined by FACS with representative plots shown alongside
a graph of the absolute numbers (F) and the proportion of memory B cells in the

spleens of naive mice and CIA mice treated with PBS or ES-62 (G).
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Figure 6.5: ES-62 modulates the recruitment of B cells to the joints of mice
with CIA. Cells extracted from the joints of mice with CIA were analysed for the
proportion (A & B) and number (C) of infiltrating CD19* B cells (A-C; data in C are
presented as the means + SEM of 4 biological replicates pooled from two
independent experiments) and consequently for the relative proportions of
CD19*CD23* (D & E); plasma cells on the basis of CD19 CD138 expression (F &
G); exclusion of myeloid and T cell-expressing CD138 cells by use of Dump
channel (CD4*CD8*GR1*F4/80*CD11b* CD11c *; H); Dump CD19B220°Cd138"
plasma cells and Dump CD19*B220"°""CD138* plasma cells (I & J; values give
refer to the % of live cells). The proportion of Dump CD138*B220*CD19* cells in
the spleen, LN and paws are presented (K). The student’s t-test was used to show

statistical significance where *=p<0.05 and **=p<0.01.
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Figure 6.6: ES-62 modulates expression of TLR4 and costimulatory
molecules on follicular B cells. TLR4 (A), CD86 (B) and CD80 (C) expression
by B cells in the joints of PBS and ES-62 treated mice are presented as
expression levels relative to isotype control (grey area), for CIA mice treated with

ES-62 (blue line) or PBS (red line). Cells from at least 5 mice/group were pooled.
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Figure 6.7: ES-62 modulates the levels of B1-like cells in the spleen of mice
with CIA.

There is no unambiguous phenotype for B1 cells in the spleen but they have been
described as CD19""CD23 CD43*IgM""IgD"**" CD5* cells where CD5* B1a and
CD5 B1b comprise ~2% and 1% of cells in the spleen respectively 6. However,
following gating on CD19*IgM*(A), analysis of CD43*CD5* cells has been widely
used to describe B1 cells > ?® whilst CD19*CD5" gating has been used to
describe B1a cells 2. Moreover, whilst CD43 can be upregulated on B2 cells, this
is usually expressed at a lower level than on B1 cells #” and we have thus chosen
to gate only on CD43"9" cells (B) in order to exclude any potential CD43* B2 cells.
We have therefore phenotyped CD19""CD43*IgM""IgD" B cells as CD5* B1a-like
cells and CD5" B1b-like cells and the data show their relative proportions in the
spleen (C; naive, n=10; PBS, n=13 and ES-62, n=11) and DLN (D; naive, n=4;
PBS, n=8 and ES-62, n=8) of the indicated groups of mice.
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Figure 6.8: ES-62 induces IL-10-producing B cells in the spleen of mice with
CIA. IL-10-producing CD19" B cell (A & C) and IL-10-producing CD19" (A & D)
subsets in the spleen were analysed with the proportions of these cells, in spleens
of individual naive mice and PBS- and ES-62-treated mice with CIA respectively.
Representative plots of the phenotypes of CD197IL-10" B cells based on their
expression of CD21 & CD23 (B) and the level of CD1d (E) and CD5 (F) expression
on IL-10* MZ (blue line), MZP (red line), Fo (green line) and CD21°CD23" (black
line) B cells are shown for spleens of mice with CIA. The student’s t-test was used

to show statistical significance where *=p<0.05 and **=p<0.01.
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7. General discussion
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7.1. Developing drugs from parasitic immunomodulators

Filarial nematodes are parasitic helminths that can cause debilitating conditions
such as elephantiasis and river blindness (302-304). The low prevalence of
autoimmunity in developing countries that are endemic for such parasitic worms
may reflect the ability of the parasites to modulate the immune system, a
characteristic that has likely evolved to promote survival of the parasite whilst
limiting host pathology (1,2,4,5). This relationship has generated interest in the
anti-inflammatory products of helminths and consequently, their therapeutic
potential. Indeed, understanding the mechanisms by which these helminth-derived
molecules modulate the immune response may identify novel pathways for future
manipulation (311). Thus, parasite-derived immunomodulatory molecules may
provide a platform for the development of novel immune modulating drugs, which
would potentially treat disease in a safe and balanced manner, reducing the

debilitating side effects associated with conventional therapies.

It is now widely established that infection with parasitic worms can suppress
disease in mouse models of autoimmune and allergic inflammatory disease
(298,307,308,353). Consistent with this, helminth-infected patients suffering from
multiple sclerosis present with less severe disease compared to uninfected
multiple sclerosis patients (416). Furthermore, there is a striking negative
correlation between the rates of rheumatoid arthritis and incidence of helminth
infection in parts of the world where both diseases are common (479). The
successful modulation of disease in mouse models has culminated in clinical trials
evaluating the benefit of live T. suis helminths in the treatment of irritable bowel
disease (298,480). These clinical trials have shown promise, however, the
potential dangers of prescribing live pathogens to patients and the perception of
“eating worms” may prevent the widespread uptake of these treatments. A safer,
more controlled and palatable alternative to the therapeutic use of whole worms
would therefore be to identify the specific components of the worms that are

responsible for the modulation of the immune system (311).

ES-62 is the major excretory-secretory product secreted by the filarial nematode A.

viteae (481), a PC-containing glycoprotein that exhibits therapeutic potential in
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mouse models of RA (collagen-induced arthritis) (335) and asthma (ovalbumin-
induced airway hypersensitivity) (228). In both diseases, the suppression of
disease was due to modulation of pathogenic IL-17A responses. Consistent with
this targeting of IL-17A responses (336,338), in this thesis, ES-62 has been shown
to have therapeutic potential in a mouse mode of SLE, which is known to have a
mixed Th1/Th2/Th17 phenotype.

7.2. ES-62 suppresses the development of proteinuria in the MRL/Ipr mouse

SLE is a chronic autoimmune disease with a clear unmet clinical need that affects
5 million people worldwide. SLE is usually treated with immunosuppressive drugs;
however, such therapies are not always effective and long-term usage can lead to
serious side effects such as infection and cancer (1,2). The exact etiology of SLE
is unknown however the disease is largely thought to be due to a defect in the
clearance of apoptotic cell debris, resulting in prolonged activation of the innate
immune system and activation of auto-reactive lymphocytes. Consistent with this,
SLE is characterized by autoantibody responses to double stranded DNA as well
as other nuclear and cytoplasmic antigens. The resulting deposition of
autoantibody-immune complexes induce localized inflammation in tissues with
dense capillary networks, most commonly the skin, joints and kidneys.
Consequently, lupus nephritis is one of the major causes of morbidity and mortality
in SLE patients (10).

To study the therapeutic potential of ES-62 in SLE, we utilized the MRL/Ipr mouse,
a naturally occurring mutant of the parental MRL/MP mouse, the genome of which
contains several mutations in SLE disease susceptibility loci that result in the
development of lupus-like disease within 12-18 months that exhibits characteristics
of human disease including inflammation of the kidney, joints, skin and
cardiovascular system. The Ipr mutation results in accelerated disease, due to a
loss of FAS signaling, with the mice developing severe disease within 5 months,
with lupus nephritis the major cause of death in this animal model of SLE (14). The
concentration of protein in the urine (proteinuria) directly correlates with
glomerulopathy and leukocyte infiltration into the kidney; the twice-weekly

prophylactic administration of ES-62 significantly reduces development of
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proteinuria in the MRL/Ipr mouse. Remarkably, however, despite such a drastic
improvement in renal function, the level of glomeruloproliferation, glomerular
basement membrane thickening, cellular infiltration, complement and immune

complex deposition appeared relatively unaffected by the parasite product.

Thus, as ES-62 did not substantially protect against these pathological signs of
renal inflammation, it was hypothesized that the parasite product may act to
modulate the functional responses of effector cells in the kidney to these pro-
inflammatory stimuli. Indeed, the expression of the C3aR, C5aR, FcyRl and FcyRilli
by the renal cells and renal fibroblasts was reduced by both the in vitro and in vivo
administration of ES-62. ES-62 has previously been shown to target TLR signaling
via the adaptor protein MyD88 (320,322), which has been strongly implicated in
the renal pathology of SLE (428,482). It was therefore of interest to also observe a
reduction in the level of MyD88 in the renal cells and renal fibroblasts from ES-62
treated mice. Such a reduction would likely perturb the responsiveness of kidneys
to TLR ligands including DAMPs such as dsDNA and HGMB1 (26,462,482,483).
The biological function of the kidney is to filter the blood and thus, tight barrier
formation of glomerular basement membrane is paramount to ensure that
macromolecules and cells are not lost into the urine; the level of proteinuria is
therefore inextricably linked to the integrity of the glomerular basement membrane
(443). Modulation of MyD88 signaling in the kidneys of ES-62 treated mice may
therefore explain how renal function is maintained in the presence of such strong
pro-inflammatory pathology, as whilst MyD88-ARNO-ARF6 signaling increases
vascular permeability MyD88-MAL signaling promotes the maintenance of
epithelial tight junctions (3,5,6,9). Thus, exposure to ES-62 may promote MyD88
signaling via MAL over that coupled to ARNO-ARF6, to maintain the viability of the
renal barrier function (Fig. 7.1); indeed, ES-62 has been observed to suppress
PLD signaling in T cells and mast cells, which has been linked to the ARNO-ARF6
pathway, whereas it has no effect on the expression of MAL (Ball, Eason, Tay,
Harnett & Harnett unpublished data). Furthermore, ES-62 suppression of C5aR
expression by renal fibroblasts may also contribute to the maintenance of renal
barrier function as antagonizing this receptor has been reported to promote the
viability of the blood-brain barrier in the MRL//pr mouse (455) (Fig. 7.1).
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7.3. ES-62 modulates cell infiltration of the kidneys of MRL/Ipr mice

Consistent with them expressing lower levels of proinflammatory receptors and
signal transducing adaptor molecules, renal fibroblasts from ES-62 treated mice
produced less MCP-1 in responses to TLR stimulation. MCP-1 is involved in the
recruitment of effector leukocytes to sites of inflammation and is directly linked to
lupus disease activity and renal involvement (14). The reduction in MCP-1
expression was perhaps surprising given that histological analysis of the kidneys
from ES-62 treated mice failed to identify any substantial reduction in cellular
infiltration, however, analysis of the phenotype of the cells infiltrating the kidneys of
ES-62 treated mice, indicated that the parasite product modulated the composition
of the leukocyte population in the kidney. Indeed, the levels of pro-inflammatory
effector cells such as CD11b"GR1" neutrophils, CD11b"GR1™"°" monocytes,
CD4* T helper cells, CD8* and CD8"°" cytotoxic T cells, CD3'B220*CD4/8" DN T
cells, yd0 T cells, ILC and plasmablasts were significantly reduced in the kidneys of
ES-62 treated mice. Interestingly, a common feature with the reduction of these
cell populations was an apparent retention or increase of these populations at
distal sites such as the spleen, LN or blood. This may suggest that ES-62
modulates leukocyte migration and although preliminary data presented
throughout this thesis supports this theory, further investigation is required to

confirm this theory and characterize the mechanisms involved.

7.4. ES-62 modulates the IL-17A/IL-22 axis in the MRL/Ipr mouse

ES-62 suppression of disease in mouse models of RA and asthma is via
modulation of the IL-17A:IL-22 axis (336,338); as both of these cytokines have
been implicated in the pathogenesis of SLE, the effect of ES-62 on these
parameters was assessed in the MRL/Ipr mouse. Prior to the onset of disease,
ES-62 suppressed the level of IL-17A and IL-22 producing lymphocytes,
suggesting that these two cytokines were involved in promoting initiation of
pathogenesis. ES-62 also suppressed the levels of IL-22 producing lymphocytes in
the LN and kidney during established disease, the latter of which correlated with a
reduction in the concentration of IL-22 in the renal interstitial fluid. Interestingly,

therefore the number of IL-22 producing cells in the pLN the MRL/Ipr mice
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positively correlated with proteinuria, whilst [L-22 producing cells were
undetectable in the pLN of MRL/MP mice. Thus it appeared that IL-22 was
associated with both initiation of pathogenesis and development of chronic kidney
pathology in the MRL/Ipr mouse. Indeed, neutralization of IL-22 from 12-weeks of
age completely ablated the development of proteinuria in the MRL/Ipr mouse
whereas the administration of rIL-22 significantly accelerated and exacerbated
disease, supporting this proposal and suggesting that IL-22 was sufficient and
essential for disease pathogenesis in the MRL/IJpr mouse. Thus, suppression of IL-
22 production provides a mechanism that contributes to the protection against

proteinuria afforded by ES-62.

In direct contrast to its effect on IL-22-producing cells, ES-62 significantly
increased the proportion of IL-17A* cells in mice during established disease.
Although few IL-17A producing cells were detected in the kidney, the concentration
of IL-17A was also significantly increased in the renal interstitial fluid of ES-62
treated mice, suggesting that the stimulation with PMA and ionomycin, typically
used to identify cytokine-producing T cells by flow cytometry, was inducing death
of cells, such as neutrophils, that may have been a predominant source of this
cytokine (41,98) at this site. Nevertheless, there was an inverse correlation
between the number of IL-17A producing cells in the pLN and the level of
proteinuria; moreover, high levels of IL-17A producing cells were also found in the
pLN of MRL/MP mice at 20 weeks, a time point at which these mice do not exhibit
pathology, suggesting, perhaps controversially, that IL-17A does not play a solely
pathogenic role in the MRL/IJpr mouse. This possibility was confirmed, as whilst the
neutralization of IL-17A production prior to the onset of disease, slowed the onset
and reduced the severity of proteinuria, it did not block it completely, indicating that
such early production of IL-17A was not sufficient for pathogenesis. Moreover, the
administration of recombinant IL-17A during the established phase of disease
partially mimicked the protective effects of ES-62 in suppressing development of
proteinuria. Although these data suggest that IL-17A can indeed exert protective
effects in the MRL/Ipr mouse, together with recent findings that neutralization of IL-
23 in MRL/Ipr mice suppresses disease (368,369), collectively the data presented
here suggest it is possible that IL-17A plays dual roles in the MRL/Jpr mouse

promoting pathogenesis prior to the onset of disease and acting to resolve
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inflammation during established disease, such a precedent having been set for IL-
17A in asthma (118,338).

The finding that IL-17A can protect against proteinuria in the MRL//pr mouse runs
contradictory to the current literature, which suggests an essential role of the
cytokine in pathogenesis (103). However, closer scrutiny of previous reports
examining IL-17A in SLE patients may reconcile this contradiction. Thus, IL-17A is
undoubtedly elevated in SLE patients compared to healthy controls (103,373,374)
however, few publications have reported a direct correlation between IL-17A and
SLEDAI (114,375-378). On the other hand, considerably more groups have found
that IL-17A is not associated with SLEDAI and may in fact be associated with
protection in SLE patients (379-383,385,386). For example, an informative study
by Szeto et al. measured the levels of IL-17A mRNA in the urine of SLE patients
over time, and discovered that in the weeks preceding a disease flare, IL-17A
mRNA levels in the urine declined significantly (388,389). Supporting evidence for
a protective role for IL-17A is provided by its suppression by IFNa, a cytokine
strongly implicated in the pathogenesis of SLE (38,484). Moreover, whilst in SLE
models using mouse strains that are not genetically susceptible to develop the
disease spontaneously, such as the FcyRIlb™, Ro52" or the B6¥”P" models, there
is strong evidence that IL-17A promotes pathogenesis (15,16,112), such a role for
IL-17A has not been definitively demonstrated in lupus-prone strains, such as the
NZB/NZW F1 or the SNF1 mouse. In the MRL/Ipr mouse, which is genetically
predisposed to develop lupus-like disease, IL-17A can demonstrably be protective
during established disease. Thus, although others have demonstrated IL-17A
producing cells in the MRL/Ipr model, these may reflect the potential protective
effects of the cytokine during established disease (112,369) as reported in other
models of autoimmune and allergic inflammatory disease (118,485) and perhaps
most pertinently, during renal host versus graft disease (98) and models of
glomerular nephritis. Altogether, these data suggest that IL-17A may be important
in the induction of SLE, perhaps by promoting germinal center-dependent
generation of autoantibody-producing plasma or memory B cells (403): however,
during established disease IL-17A may act to suppress generation of pathogenic
anti-dsDNA producing plasmablasts by promoting GC formation and production of

less pathogenic auto-antibodies by long-lived plasma cells. Furthermore, IL-22R
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has recently been identified as a marker for GC stromal cells, tempting speculation
that IL-17A and IL-22 may be involved in counter-regulation of the GC reaction and
by resetting the balance of these cytokines, ES-62 may modulate GC function.
Indeed, preliminary data presented in Chapter 4 suggested that IL-22 plays a role
in the generation of extra-follicular plasmablasts, as the neutralization of IL-22

reduced the levels of these cells in the kidneys (Fig. 7.2).

7.5. ES-62 modulates the effector/regulatory B cell balance in the MRL/Ipr

mouse

As the producers of the pathogenic autoantibodies, B cells have long been heavily
implicated in the pathogenesis of SLE; however, B cells contribute towards the
pathogenesis in the MRL/Ipr mice via both antibody dependent and independent
mechanisms (162,232). Consistent with this, the onset of disease in the MRL//pr
mouse correlates with the expansion of MZ, Fo1l and GC effector B cell
populations in the spleen. As ES-62 is known to modulate TLR, NFkB and BCR
signaling; it was predicted that the parasite product might modulate the population
dynamics of peripheral B cells in vivo (305,324,325), as all three of these signaling
pathways can determine the fate of B cells (174). Although ES-62 did not seem to
favor the development of a particular B cell subset, for example marginal zone
over follicular, the parasite product did appear to specifically expand the MZP and
Fo B cell populations. This suggested that ES-62 could block the development of
these mature effector cells: however, this proved at least not entirely to be case as
although the proportion of Dump CD138*B220°*"CD19* plasmablasts, was
significantly reduced in the kidney, the levels of MZ, GC and plasma B cells were

unaltered in the ES-62 treated mice.

Plasmablasts, rather than long-lived plasma cells, have been associated with
pathogenesis in SLE as they have been predicted to be the main source of the
pathogenic anti-dsDNA responses associated with disease flares (159,194-196).
In this study, such anti-nuclear autoantibodies (ANA) were detected in the serum
of MRL/Ipr mice, but not MRL/MP mice, from 12-weeks of age, and treatment with
ES-62 significantly suppressed the development of ANA responses, both prior to

and following onset of disease. The suppression of ANA in ES-62 treated mice
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was associated with a reduction of the levels of plasmablasts in the blood and
kidneys and this likely contributes to the protective effect of ES-62 in MRL//pr
mouse. Interestingly, the serum from ES-62 treated mice stained the cell
membranes of the Hep-2 cells, rather than the cyptoplasmic and nuclear antigens
characteristic of lupus, and this may reflect a switch to anti-PC specificities that
elicited by ES-62. As anti-PC antibodies are thought to be protective in SLE, by
acting to improve clearance of apoptotic cells, this may provide another
mechanism by which ES-62 protects against disease (412,486). By contrast, ES-
62 did not alter the levels of plasma cells in the blood, kidney or rLN in the MRL/Ipr
mice, and this possibly explains why no alteration in serum IgG1, IgG2a and IgM
antibody levels were observed; however, a reduction in pathogenic specificities of
these plasma cells may be masked by the significantly elevated levels of anti-PC

produced.

The reduction in effector B cell responses was associated with ES-62-mediated
induction of a hypo-responsive phenotype of B cells, as indicated by reduced
surface expression of activation or co-stimulatory molecules such as CD40, CD80
and CD86 and the pro-inflammatory receptor, TLR4. Interestingly the up-regulated
expression of the negative feedback inhibition receptor, FcyRIIb as well as the
receptor for the B cell survival factor, BAFF suggested that ES-62 promoted the
survival of such hypo-responsive cells. The increase of the inhibitory antibody
receptor, FcyRllb, on B cells is of particular interest, as FcyRIIb™ mice develop a
lupus-like disease (15,420), and hence the up-regulation of its expression likely

contributes to the reduction in ANA responses.

The success of targeting B cells in mouse models of disease has been testament
to the role of these cells in pathology; however, the translation of these strategies
into the clinic has only been moderately successful. Rituximab, an anti-CD20
monoclonal antibody that depletes B cells, showed promise in mouse models of
SLE but failed to meet its primary end points in two independent phase Il clinical
trials (275,281,293). Belimumab, a monoclonal antibody that binds to and reduces
the bioavailability of BAFF, the B cell activating factor, was more successful and
became the first drug in 50 years to receive FDA approval for the treatment of SLE

(487). The failure of rituximab, an off-label therapy favored by many
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rheumatologists to treat SLE patients that do not respond to conventional
therapies, can easily be put down to poor clinical trial design due to inadequate
patient characterization, an issue with SLE patients that has previously likely
obstructed beneficial drugs receiving FDA approval for this disease. However, the
ineffectiveness of Belimumab suggests that alternative B cell therapies are
required for the treatment of SLE and dictates that alternative approaches should
be considered (38).

One possible reason for the low success rates of B cell depleting therapies may be
that they generally do not discriminate between effector and regulatory B cells
(281). Regulatory B cells (Bregs) can suppress the development of pathogenic T
and B cell responses in autoimmune disease via IL-10- dependent mechanisms,
with such Bregs being reported to suppress disease in mouse models of MS
(EAE) (488), RA (CIA) (245) and SLE (MRL/lpr) (244). Similarly, populations of IL-
10 producing B cells have also been identified in humans and indeed, the ability of
these cells to suppress T cell responses has been reported to be reduced in SLE
patients (247).

Interestingly, therefore, several studies have implicated a role for Bregs in the
helminth-mediated suppression of autoimmune disease in both mouse and man
(353,416). Perhaps reflecting this, it has previously reported that ES-62 induces
IL-10 production by peritoneal B1 B cells (326). The effect of ES-62 on regulatory
B cells in the MRL/Ipr mouse were therefore evaluated and it was found that ES-62
increased the proportion of IL-10-producing B cells in the spleen, pLN, rLN and
most importantly, the kidney. The major phenotype of these Bregs was that of the
MZP B cells (244,245), a population that declined with kinetics mirroring the
development of proteinuria in the MRL/Ipr mouse. Moreover, during established
disease, exposure to ES-62 increased the proportion of MZP B cells in the spleen
and also circulating in the blood and interestingly, healthy 20-week old MRL/MP
mice had substantially higher levels of B cells of the MZP phenotype relative to
MRL/Ipr mice.

To determine whether the suppression of proteinuria by ES-62 was B cell
mediated, B2 B cells were purified from 20-week old ES-62 or PBS treated
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MRL/Ipr mice and transferred into 7-week old MRL//pr recipients. Remarkably, the
B cells from ES-62 treated mice suppressed the development of proteinuria
whereas the mice that received B cells from PBS treated donors developed
disease that was not significantly different to those receiving PBS alone. ES-62-B
cell mediated suppression of disease was associated with a reduction in renal
lymphadenopathy and suppression of ANA levels. Mechanistically, such protection
was associated with an increase in the levels of rLN Bregs, a switch in Hep-2
staining indicative of anti-PC responses as well as elevated levels of IL-17A* and
reduced IL-22" cells in the spleen and rLN. These data imply that ES-62 resets the
IL-17A/IL-22 axis via B cell dependent mechanisms and suggest that transfer of
ES-62-treated B cells is sufficient to mimic the protective actions of ES-62 (Fig.
7.3).

7.6. Is modulation of the effector/regulatory B cell balance a generality of the

action of ES-62 in inflammatory disease?

ES-62 mediated suppression of collagen-induced arthritis, a mouse model of
rheumatoid arthritis, is also associated with a modulation of the IL-17A/IL-22 axis
(336,338). Unlike the MRL/Ipr model, however, in the CIA model IL-17A drives
pathogenesis whereas IL-22 plays dual pathogenic and protective roles (Pineda,
Harnett & Harnett unpublished data). To address whether resetting of the effector:
regulatory B cell balance is general to the anti-inflammatory action of ES-62 in IL-
17A-associated autoimmune inflammation, the effect of ES-62 on the population
dynamics of B cells in CIA was also investigated. As in the MRL/Ipr mouse, the
proportion of follicular B cells was elevated in the spleens of CIA mice treated with
ES-62: however, the, proportions of GC B and Tth cells were decreased, whereas
in the MRL/Ipr mouse, GC B cells were unaffected by the parasite product and the
proportion of Tfh cells in the spleen was significantly increased. This may be due
to the different roles of IL-17A/IL-22 and plasma cells/plasmablasts in the CIA
mouse as the levels of both plasma cells and plasmablasts appeared to be
affected by ES-62 being reduced in the paws of treated mice. Crucially, the levels
of IL-10-producing B cells were also increased by exposure of CIA mice to ES-62
although in this case there didn't appear to be a preferential induction of a

particular subset such as those of the MZP phenotype, but rather a homeostatic
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resetting to the levels observed in naive mice. Interestingly, therefore, preliminary
experiments in the ovalbumin-induced airway hypersensitivity model of asthma, in
which the protective effects of ES-62 are also associated with suppression of
pathogenic Th17/Th2 responses (338), revealed that such immunomodulation was
also associated with increases in the levels of splenic IL-10-producing B cells
(Rodgers, Coltherd, Harnett & Harnett, unpublished data). Collectively, therefore, it
appears that the protective action of ES-62 in both autoimmune and allergic

disorders involves resetting of the effector: regulatory B cell balance.

7.7. Developing drugs from ES-62

In order to facilitate translating the therapeutic potential of ES-62 to the clinic,
small molecular analogues of ES-62, based around the structure of the active
immunomodulatory phosphorylcholine moiety, were tested for their ability to
suppress lupus-like pathology in the MRL/[pr mouse. Two lead compounds, S3
and S5, were selected on the basis that they suppressed TLR-mediated
production of IL-6 and IL-12p40 by bone marrow derived macrophages,
proinflammatory cytokines that promote IL-17A and IL-22 responses (Rzepecka,
Al-Riyami, Suckling, Harnett & Harnett). The anti-inflammatory potential of these
compounds was confirmed in the MRL/I[pr mouse as both molecules suppressed
the development of proteinuria. Consistent with their administration after disease
had begun to be established, neither molecule seemed to affect the induction of
regulatory B or T cell populations or IL-17A or IL-22 production, responses likely to
have been initiated prior to the onset of pathology. However, as with ES-62,
suppression of disease was associated with the modulation of MyD88 expression
in effector cells at the site of inflammation. This finding is potentially exciting as
there is an urgent requirement for drugs to treat lupus nephritis in SLE patients.
Conventional therapies are effective but cause unacceptable collateral damage to
the patient. Preliminary data suggest that S3 and S5 have good tolerability profiles
and low toxicity (Rzepecka, Al-Riyami, Harnett & Harnett, unpublished data):
furthermore, given that these compounds target mechanisms that have been
selected through host-parasite evolution to result in safe immune modulation, it is
possible that optimized derivatives of these compounds could suppress renal

inflammation with limited side-effects.
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In the study of parasite immunomodulatory mechanisms and host-parasite
interactions, it is important to realize that these naturally evolved relationships do
not solely provide material to be therapeutically manipulated, but rather and
perhaps more importantly, they should also be viewed as tools that provide
interesting insights into the mechanisms of the immune system in health and
disease. By exploring the therapeutic potential of ES-62 in the MRL/[pr mouse
model of SLE, several interesting discoveries have been made that may impact on
our understanding of the human disease. Firstly, that IL-22 appears to pathogenic
whilst IL-17A may have dual pathogenic and protective roles in disease. Secondly,
that B cells may control such immune responses to regulate the development of
autoimmunity. And finally, that modulation of pro-inflammatory signaling can
suppress tissue inflammation, even in the presence of substantial kidney

histopathology.
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Figure 7.1: Proinflammatory signaling in the glomerulus. MyD88 signals via
ARNO-ARF®6 to destabilize epithelial barriers (452) and hence as the suppression
of proteinuria in ES-62 treated MRL/Ipr mice is associated with a reduction in the
levels of MyD88 expression in the kidney, this may indicate that this ARNO-ARF6
pathway is suppressed. Alternatively, ES-62 may promote signaling of this residual
pool of MyD88 via the MAL-dependent pathway reportedly involved in maintaining
epithelial tight barriers (454).
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Figure 7.2: ES-62 modulation of IL-17A and IL-22 may affect the
development of pathogenic B cell responses. Activated B cells can develop
into long-lived plasma cells via the germinal center reaction or via extra-follicular
development, into plasmablasts/short-lived plasma cells. This cell fate decision is
dependent on several factors such as the affinity and signal strength of the BCR
and the cytokine milieu: thus, IL-17A promotes and drives the germinal center
reaction in lupus-prone mice (403). Prior to the onset of disease IL-17A appears to
contribute to pathogenesis in the MRL/Ipr mouse; this may reflect its ability to
promote the break in tolerance and the early development of autoantibody-
producing plasma cells (Pc) and memory B cells (Mc). IL-22 is also pathogenic
prior to the onset of disease and may be involved in the activation of naturally
occurring dsDNA-specific follicular B cells (Fo1) or the reactivation of dsDNA-
specific memory B cells (Mc) into anti-dsDNA producing plasmablasts/short-lived
plasma cells (Pb). By suppressing both IL-17A and IL-22 at this time point, ES-62
may prevent or perturb these pathogenic B cell responses. During the established
disease phase, however, ES-62 suppresses IL-22 production whilst promoting that
of IL-17A. This may result in the preferential entry of memory B cells into the
germinal centre reaction rather than the extra-follicular development of dsDNA-
specific plasmablasts. Thus by suppressing IL-22 at this time point, ES-62 may
prevent the development of pathogenic plasmablast production of anti-dsDNA that

is associated with the human disease (195).
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Figure 7.3: ES-62 modulation of pro-inflammatory responses in the MRL/Ipr
mouse. ES-62 modulates disease in the MRL/[pr mouse by modulating the
balance of effector and regulatory cells. Most notably, the parasite product
suppresses the production of the pro-inflammatory cytokine IL-22 and the
generation of pathogenic ANA producing plasmablasts, whilst inducing counter-
balancing IL-17Aresponses and promoting the development of IL-10 producing
regulatory B cells. ES-62 also suppresses the ability of B cells to interact with T
cells, via the induction of hypo-responsive phenotype. Furthermore, the parasite
product has been shown to have anti-inflammatory effects on macrophages and
also renal cells. Remarkably, the majority of these effects may be B cell dependent
as they are observed in recipient mice that receive B cells from ES-62 treated
donors induce the reduction of ANA producing and elevation of anti-PC producing
cells, suppression of IL-22 producing and elevation of IL-17Aproducing cells and a

suppression of lupus nephritis.
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