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Abstract

ES-62 is a protein that is actively secreted by filarial nematodes during parasitism ofthe ver
tebrate host. The molecule is able to directly interact with a number ofcellsofthe immune
system including B-lymphocytes, dendritic cells, macrophages and mast cells. Interaction

appears to be dependent on complexing with TLR4 and results in modulation of the activity
of a number of signal transduction molecules including MAP kinases, PI-3 kinase and NF-KB.
Immunomodulatory activity ofES-62 appears to be largely due to the presence ofphosphoryl
choline (PC) moieties covalently attached to N-type glycans.The net effect ofES-62's interaction
with the immune system is the generation ofan anti -inflarnmatory immunological phenotype. As a
consequence ofthis, ES-62 demonstrates strikingdrug-like activity in models ofdisease associated
with aberrant inflammation, in particular those associated with autoimmunity and allergy.

Introduction
There is currentlymuch interest amongst scientists and clinicians in the "Hygiene Hypothesis':

This hypothesis claims that the increased incidence ofallergic and autoimmune diseases observed
in Western countries in recent decades isdue to a lossofappropriate primingofthe immune system
by pathogens such as parasitic worms (also called helminths) during the early years oflife.1 In sup
port ofthis, it has been suspected for many years that several autoimmune disorders present with
reduced incidence and severity in parts ofthe world with high helminth load (reviewed in ref 2).
As an example, rheumatoid arthritis (RA), a T helper 1 (Th-Lj-cell mediated disease associated
with high levels ofpro-inflammatory cytokines such as TNF-a, is reduced in helminth-endemic
areasY In addition, but more surprisingly, given that worms tend to induce strong Th-2-Type
(IL-4-, IL-5- and IL-13-dependent) immune responses, there also appears to be an inverse correla
tion between parasite load and atopy showing that helminths also appear to suppress Th-2-biased
inflammatory disorders (reviewed in refs. 4, 5). Indeed, there is ever-increasing evidence that a
number of helminth species can delay or prevent the onset of a wide range of autoimmune or
allergic disorders.t"

Filarial nematodes represent a group ofhelminths that can induce particularly severemorbidity
with a significant proportion ofsufferers presenting with debilitating health problems including
severe skin lesions, elephantiasis and several forms ofeye damage each ofwhich may lead to blind
ness,"Infection with these organisms is long-term, with individual worms surviving for up to 10
years'? Parasite longevity is almost certainly dependent on suppression or modulation ofthe host
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immune system (reviewed in refs.8, 9), which demonstrates impairmentoflymphocyte proliferative
responses and polarisation ofthe cytokine and antibody response. With respect to the latter. there
is reduced Th-Lassociared, interferon-gamma (IFN-y) and increased Th-2-associated interleukin
(IL)-4 and anti-inflammatory IL-lO, cytokine production and also greatly elevated levelsofIgG4,

an antibody of little value in eliminating pathogens due to an inability to activate complement
or bind with high affinity to phagocytic cells (a neutralising antibody). Overall therefore. the
picture is ofan immune response responding to infection with a somewhat suppressed (impaired
lyrnphocyte proliferation), anti-inflammatory (increased IL-1O/lgG4 production), Th-2- (IL-4)
like. phenotype. It has been speculated that in addition to promoting parasite survival, such a
phenotype isconducive to host health by limitingdevelopment ofthe pathological lesions referred
to earlier that are suspected to result from aggressive,pro-inflammatory immune responses .There
is increasing evidence that immunomodulators synthesised and secreted by the nematodes may
be responsible for such immune system deviation. ES-62, a secreted protein that we discovered
in the rodent filarial nematode Acanthocheilonema oiteae,"and subsequently found to have well
conserved orthologues in human filarialnematode parasites includingBrngia malayiand Onchocerca
volvulusll ,12 is one such molecule.

E5-62
ES-62 is produced in cellsthat subtend the oesophagus by the post-infective lifecyclestages (L4

larvae and adult worms) ofA. uiteae and can be detected in the serum of the jird host, Meriones
lybicuS.10,11 However, work on both A. uiteae and B. pahangi has shown that the ES-62 gene is
transcribed throughout the helminth lifecycle, although mRNA levelsare considerably higher in
adult worms than L3larvae (-5% adult levels for A. viteae) and microfilariae «0.2% adult levels
for rl.uiteae).12 ES-62 mRNA is translated into a protein of62 kDa (including posttranslational
modifications) that has phosphorylcholine (PC) moieties attached via an N-typeglycan, the latter
having been trimmed to the tri-mannosyl core and then substituted with between one and four
N-acecylglucosamine residues during oligosaccharide processing (reviewed in ref. 13). The number
ofPC-containing glycans present on each ES-62 molecule has not been resolved to date and the
number ofPC groups per glycan has been shown to be variable.

ES-62 has highest sequence homology with members ofthe M28 peptidase family (e.g., 38%
and 37% identity with mouse and human aminopeptidases) and has been shown to possess some.
albeit weak peptidase activity in vitro against synthetic substrates." Interestingly, the biologically
active forms ofmany peptidases are dimeric or rerrameric'v" and consistent with this, gel filtration
studies and sedimentation equilibrium data demonstrated that £5-62 is a tightly bound tetramer
formed from dimers. 13,17,18 Furthermore. divalent cations are known to be critical for the function
of many peptidases and ES-62 has a putative metal coordination motif in its sequence; indeed,
a strong magnesium (Mt+) Signal was detected in its atomic emission spectrum." Although a
function for the peptidase component ofES-62 has not yet been convincingly demonstrated, the
molecule has been shown to display a variety of immunomodulatory properties, many ofwhich
have been attributed to the presence of Pe. PC is a molecular pattern associated with pathogen
products from a diverse range oforganisms, includingbacteria, fungi and protozoa, aswell asfilarial
and gasrroinrestinal nematodes (reviewed in ref. 19). It enables detection ofpathogens by the host
(for example via antibodies or C-reactive protein), but as revealed in detail below can also function
to promote pathogen survival via modulation ofthe host immune response.

Immunomodulatory Properties ofE5-62
ES-62 is pleiotropic. being able to exert its effects on a variety of cells of the immune system

including B-lymphocytes.20
.
n antigen presenting cells (APCs) such as dendritic cells (DCs) and

macrophages' <" and mast cells.28 Rather than acting simply in a nonspecific immunosuppres
sive manner, ES-62 tends to block Th-I responses and induce anti -inflammatory type immune
responses.P'" although it has also been shown to blockTh-2 responses in a situation in which they
are associated with inflammation." This latter finding was only obtained recently and has led us to
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concludethat our originalhypothesis, namelythat ES-62isaTh-2 polarisingagentisincorrectand
thus to speculatethat the true target ofES-62 mayperhapsbe a cytokinesuch as IL-17 (Fig.1),
which appears to act as a master regulator of both Th-I (e.g., rheumatoid arthritis)- and Th-2
(asthma)-type intlammarlon.t':" Thislatter ideaiscurrentlyunderinvestigation. Specific examples
ofthe effects ofES-62 on the mouseimmunesystem arepreventionof FeeRl-mediatedmastcell
degranulation." inhibition ofBCR-mediated B-Iymphocyte proliferation,2()'22 the production of
IL-lO by BI cells," reduced levels ofIL-12, IFN-yand pro-inflammatorycytokines byAPCs in
response to TLR ligands (BLP, LPS, CpG)34 and the production ofIgG1 (equivalent of human
IgG4in someaspects, e.g., inabilityto activatecomplement)rather than opsonising/complement
fixing IgGz.antibodies."

Extensive investigation over the last fifteen years hasprovideda greatdeal of informationon
the mechanismof action ofES-62 and four important findings haveemerged:

1. (As brieflymentioned earlier) ES-62's activity is largely dependent on its PC moiety.
This belief has emerged from experiments in which normal and PC-free ES-62 were
compared'?and in which ES-62wascomparedwith PC-conjugated to proteins such as
albumin or ovalbumin.23.36The take-away message is that PC-free ES-62in generallacks
ES-62's immunomodulatoryactivitywhereas PC-conjugatedproteins largely mimic it.

2. ES-62's activityisdependent on the presence ofTLR4 on the targetcell.Thisconclusion
initiallyarosewhen macrophages and DCs from TLR4-KO (but not TLR2 or TLR6)
micewerefound to benonsusceptible to the actionofES-62.34Subsequently it wasfound
that ES-62was largely ineffective against mousemast cells ifTLR4levels weregreatly
depletedby the useof an antisense oligonucleotide approach." Interestingly the interac
tion ofES-62 with TLR4 isdistinct from that ofLPS. Forexample, unlikeLPS,ES-62is
fullyactiveagainstAPC derivedfrom He] micethat havea mutation in the TIR domain
ofTLR4.34•37
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Figure 1. ES-62 may suppress inflammation by targeting IL-17 responses. IL-17 has been impli
cated in the pathogenesis of diseases resulting from both Th-1- and Th-2-driven inflammation.
ES-62 can suppress both types of inflammation and may do this by targeting IL-17production
by mast cells and/or Th-17 cells. Macs = macrophages; MMPs = matrix metalloproteinases.
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3. E5-62'sactivityinvolves modulation ofsignaltransduction pathways. Extensive investiga
tion has enabled us to show that exposureofcellsofthe immune systemto ES-62 results
in modulation ofanumberofSignal transduction pathwaysincludingthosedependent on
PI-3kinase, MAP kinases and NF·KB.38,39 Modulationofsuchpathways canclearlyexplain
the immunomodulatory effectsofES-62 and in somecases the mechanismof modulation
has been resolved. With respect to B-lymphocytesfor example, ES-62 actuallyactivates
somesignallingmoleculessuchas Erk MAP kinaseresultingin the induction ofnegative
feedbacksignalling suchthat when subsequentBCR ligationoccurs,Erkactivityis rapidly
uncoupled by activation of the inhibitory phosphatase, PAC·I and hence activation of
the cell is prevented."

4. ES-62's activity is dependent on degradation of PKC-a. This was first shown in
Bvlymphocytes.Pwhere PKC·a isimportant forproliferationandhencethe effectcontrib
utes to inhibition of proliferation. Subsequentlyit wasfound that ES-62causeda similar
degradationofPKC-a in mastcells. AsPKC-a isnecessary for PLD-coupled,sphingosine
kinase-mediated, calcium mobilisation in mast cells and this pathway is necessaryfor
degranulation, PKC-a degradation provides the molecularmechanism by which ES-62
blockssuchdegranulation.P The mechanismofES-62-mediated PKC-a degradationhas
been characterisedin mast cells(Fig.2): complexingofES-62 and TLR4 at the plasma
membrane resultsin sequestration ofPKC-a followedby caveolae/lipid raft-dependent
internalisation and nonproteosomal degradation at the peri-nuclear region of the celL28
Sequestration of PKC-a does not take place when ES-62 is substituted by LPS, again
highlighting differences between the two molecules with respect to the consequencesof
their interaction with TLR4.

Therapeutic Potential ofES-62
Rheumatoid arthritis (RA), as mentioned earlier, has been associated with a dysregulated

Th·I immune responsein which there isexcess pro-inflammatory cytokine production 'v" within
inflamedRA synovialmembrane that contributes directlyto cartilage/bone erosion through ma
trix rnetalloproteinaseproduction and dysregulatedchondrocyte/osteoclast function.43,44 Asour
original hypothesis regardingES-62's mechanism of action was that it inhibited Th-l-associated
inflammatory responses, we investigated the prophylactic effect of ES-62 on the development
of collagen-induced arthritis (CIA) in mice." ES-62 significantly suppressed the severity of
developing CIA and as predicted, these prophylactic effects correlated with the inhibition of
collagen-specific pro-inflammatory/Th-l cytokinc production (TNF-a, IL-6 and IFN-y) and
suppressionof collagen-specific IgG2a antibodies.Therapeutic administration ofE5-62 afterCIA
became clinicallydetectable also showed significantreduction in arthritis progressioncompared
with vehicle-treatedcontrols in termsof the number ofsubsequentlyrecruited arthritic joints and
reducedprogression ofarticularswelling in the initiallyinflamedjoint. Indeed,progressive articular
inflammationand destruction wassignificantly suppressedbythe nematode product.v-" Together
these data indicate that ES-62 therapeuticallyand potently suppressedinflammatory CIA even
when treatment wascommencedafterthe onsetofclinicallydetectabledisease, akeypredictor used
in developingcytokine-targetingtherapies in RA.47Finally, to further investigate the therapeutic
potential ofE5-62 in humans,weperformed parallelstudieson primaryculturesfrom RAsynovial
fluid and membrane and compared their capacityfor cytokine release in the presenceor absence
ofES-62 . SignificantsuppressionofLPS-induced TNF-a and IL-6 wasobserved in the presence
ofES-62, clearly indicating that the latter can modify criticalpro-inflammatory pathwaysexvivo
in diseaserelevant tissues."

The idea that ES-62 activitywas only directed against Th-I type-inflammatorydiseases was
questionedwhen it wasfound to beactivein amousemodelofallergy-ovalbumin-induced airway
hypersensitivity," As mentioned earlier, allergyisofcoursedependent on a Th-2 type ofimmune
responseand indeed since these data wereobtained we have alsowitnessed a failureof ES-62 to
modulate the activity of some Th l-inducing molecules." 10 the airway hypersensitivity model,
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Figure 2. Filarial nematode-derived ES-62 induces hyporesponsiveness of mast cells by
disrupting FCERI signalling. Antigen (Ag)-driven ligation of IgE bound to FCERI induces mast
cell degranulation and generation of pro-inflammatory mediators and cytokines by trigger
ing a signalling cascade involving PKCa-recruitment of the phospholipase D (PLD)-coupled,
sphingosine kinase (SK)-mediated calcium mobilisation pathway. ES-62 directly blocks mast
cell activation by subverting TLR4 signalling such that it results in sequestration and traffick
ing of PKCa for perinuclear degradation by a caveolae/lipid raft, proteosomal-independent
mechanism. Such sequestration of PKCa uncouples FCERI-mediated mast cell responses.

ES-62 was found to reduce peri-bronchial inflammation and mucosal hyperplasia, inhibit eosino
phila and prevent releaseofthe signature cytokine required for airway inflammation development,
1L-4.ES-62 was alsofound to be activein a second model ofType I hypersensitivity, immediate-type
hypersensitivity to oxazolone in the skin.28 In this model, ES-62 targeted inflammation as shown
by a reduction in ear swelling and this was correlared with inhibitory effects on mast cell activa
tion. Subsequent in vitro analysis revealed that ES-62 directly prevented mast cell degranulation
and release of mediators of allergy such as leukotrienes, prostaglandins and pro-inflammatory
cytokines induced via ligation ofFcERI. It is our understanding that ES-62 is the first pathogen
product described to directly inhibit mast cell effector function in this manner.

The Future
ES-62 is a large and hence immunogenic molecule whose posttranslational addition of PC

is dependent on a nematode-specific pathway." For these reasons, it is not suitable for use as
drug. However, small PC-based derivatives offer a viable alternative. Towards this end we have
shown that small PC-containing molecules (e.g., PC-glycans) can mimic some ofthe activities of
ES-62 in vitro." The next step will be to demonstrate that the same is true with respect to ES-62's
anti-inflammatory activity in vivo.
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