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20The incidence of autoimmune diseases has risen throughout the last half a century, mostly in the industrialized
21world. Helminths and their derivatives were found to have a protective role in autoimmunity and inflammatory
22conditions, as theymanipulate the immune network, attenuating the host's cellular and humoral responses. Indeed,
23various helminth species used in several human and animal models were shown to limit inflammatory activity in
24a variety of diseases including inflammatory bowel disease, multiple sclerosis, type 1 diabetes, and rheumatoid
25arthritis. Our reviewwill focus on themainmechanisms bywhich helminths and their secretedmoleculesmodulate
26the host's immune system. The main pathways induce a shift from Th1 to Th2 phenotype, accelerate T regulatory
27and B regulatory phenotypes, and attenuate the levels of the inflammatory cytokines, leading to a tolerable scenario.
28© 2014 Published by Elsevier B.V.
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45 1. Introduction

46 For the past several decades, Western industrialized countries were
47 facing a high rate of autoinflammatory disorders, expressed by increased
48 prevalence of autoimmune diseases and allergies [1,2]. As industrialized
49 countries' lifestyle led to a decrease in the infections burden, the limited
50 exposure to microorganisms such as helminths and microbes in child-
51 hood may have eventually led to an off-balanced immune system [3].
52 This theory, known as “hygiene hypothesis,” was first proposed by

53Strachan, who observed an inverse correlation between hay fever and
54the number of older siblings while following more than 17000 British
55children born in 1958 [4–6]. One example that illustrates the hygiene
56hypothesis is malaria's prevalence, which is in reverse correlation to
57autoimmune diseases in Sardinia. Several epidemiological and immuno-
58genetic evidences link the disappearance of malaria due to human's
59eradication program with the increase of multiple sclerosis (MS) in
60Sardinia as well as to the high genetic susceptibility of HLA DR3 within
61the island [7,8]. Moreover, the contribution of helminths and infections
62to the development of autoimmune diseases is also demonstrated in
63the Karelian region. Finland's Karelianmaintains one of the highest prev-
64alence of autoimmune and allergic diseases, while Russian's Karelian
65prevalence is far lower. The fact that the Russian section is rife with
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66 infections and the Finnish part is dramatically cleaner has high impact on
67 the prevalence difference [9,10]. In addition to the eradication of worms
68 in theWestern world, it has beenmentioned that helminth's eradication
69 increases atopic skin sensitization in Venezuela [11], in Gabon [12], and
70 in Vietnam [13].
71 Helminths' aim is to flourish and survive in the host as much as pos-
72 sible. Their purpose is to live along with the host rather than to kill
73 him; therefore, they try to induce a tolerable scenario. It is achieved by
74 several methods such as switching the immune reaction from Th1 to
75 Th2, changing the secreted cytokines, and increasing the amount of T reg-
76 ulatory cells (Tregs). Moreover, many helminth parasites are known to
77 release biologically active excretory–secretory (ES) antigens that directly
78 modulate host immune function [14]. Evidence that helminths play like
79 immunomodulators was given by splenic T cells, taken from helminth-
80 infected rats and transferred into helminth-naïve rats,which ameliorate
81 experimental autoimmune encephalitis (EAE—the most frequently
82 studied animal model of MS [15]) and in some cases protected those
83 animals from developing the disease [16]. Yet it is important to keep
84 in mind that the immunomodulation is affected by several key elements
85 such as the burden of the infection and the host's immune system. In
86 most of the cases, helminthswill induce tolerance, but in some scenarios,
87 they may cause an inflammatory response. Affliction spectrum ranges
88 from low pathology/tolerance, along with high parasite burden, to
89 chronic disease/inflammation, along with low parasite burden [17].

90 2. Helminth therapy trials

91 The hygiene theory had led to human therapy trials with helminths
92 and helminths' ova.
93 In the early 2000s, Trichuris suis (pig whipworm) was suggested to
94 be safe and possibly effective in the treatment of inflammatory bowel
95 disease (IBD). The pig is the natural host for T. suis, which can colonize
96 humans as well, but only for a short period of time [18]. It was demon-
97 strated among 36 Crohn's disease (CD) patients that a single dose of
98 T. suis ova (TSO)—up to 7500 ova was well tolerated and did not result
99 in short- or long-term treatment-related side effects [19]. Summers
100 et al. studied four patients with active CD and three with ulcerative
101 colitis (UC). In an initial treatment and observation period, a single
102 dose of 2500 live TSO was given orally, and patients were followed
103 every 2 weeks for 12 weeks. Later, safety and efficacy assessment was
104 carried out with repetitive doses, and two patients with CD and two
105 with UCwere administratedwith 2500 ova at 3-week intervals. Patients
106 with UC experienced a reduction of the Clinical Colitis Activity Index to
107 57% of baseline. According to the IBD Quality of Life Index, six of seven
108 patients (86%) achieved remission. In some patients who received a sin-
109 gle dose, the benefit was temporary, but it could be prolonged with
110 maintenance therapy every 3 weeks [20]. Next, Summers et al. conduct-
111 ed a proceeding TSO study, which included twenty nine patients with
112 active CD. Each patient ingested 2500 live TSO every three weeks for
113 24 weeks. Disease activity was monitored by Crohn's Disease Activity
114 Index (CDAI). The results were impressive: at week 24, 23/29 patients
115 (79.3%) responded and 21/29 (72.4%) remitted [21]. Another random-
116 ized, double-blind, placebo-controlled trial included 54 patients with
117 active colitis, defined by CDAI. Patients received orally 2500 TSO or
118 placebo at 2-week intervals for 12 weeks. The primary efficacy variable
119 was improvement of the Disease Activity Index. After 12 weeks of
120 therapy, improvement according to the intent-to-treat principle
121 occurred in 13 of 30 patients (43.3%) with ova treatment compared to
122 4 of 24 patients (16.7%) given placebo. Improvement was also found
123 with the Simple Index thatwas significant byweek 6 [22,23]. It is impor-
124 tant to mention one case report regarding iatrogenic infection by T. suis
125 in a 16-year-old adolescent with CD who was treated with TSO. He
126 received 5 oral doses of 2500 TSO off protocol. When admitted to the
127 hospital, pathologic evaluation showed several round helminthic forms
128 directly beneath attenuated ileocecal mucosal epithelium. It was found
129 that the helminths from the TSO had developed in his intestine [24].

130Furthermore, TSOhavebeenused as a preliminary therapy course also
131in MS, a Th1/Th17-associated autoimmune disease. A slight downregula-
132tion of the Th1-associated cytokine pattern was shown, especially rele-
133vant in interleukin (IL) 2, with a temporary increase of Th2-associated
134cytokines such as IL-4 [25,26]. In addition, the mean number of new
135gadolinium-enhancing magnetic resonance imaging (MRI) lesions
136dropped from 6.6 at baseline to 2.0 at the end of TSO administration.
137Two months after TSO was discontinued, the mean number of new
138gadolinium-enhancingMRI lesions rose to 5.8, and no significant adverse
139effects were observed [26].
140In order to prove the beneficial effect of helminths on MS patients,
141Correale et al. conducted a study of twelve patients (8 female and 4
142male)with clinical diagnosis ofMS,whichwere assessed in a prospective
143double-cohort study. The 12MS patients were infected with several hel-
144minth species (Hymenolepis nana, Trichuris trichiura, Ascaris lumbricoides,
145Strongyloides stercoralis, and Enterobius vermicularis). Each patient was
146infected with one species. A control group containing healthy subjects
147was also infectedwith helminths, and another 12 uninfectedMS patients
148in remissionmatched for age, sex, and disease duration served as disease
149control subjects. It was shown that parasite-infected MS patients had
150a significantly lower number of exacerbations, minimal variation in
151disability scores, as well as fewer MRI changes when compared with
152uninfected MS patients [27,28].
153The success of the hygiene theory and the ova treatment served as
154motivation to understand the mechanisms involved in the helminths'
155immunomodulation capabilities.

1563. Th1 to Th2 switch

157T cells undertake the primary role in modulating the outcome of
158many autoimmune diseases. Naïve T cells can differentiate into helper
159(Th) and regulatory (Tregs). There are five main subsets of T helper
160cells: Th1, Th2, Th9, Th17, and Th22 cells [29]. Th1 cells produce proin-
161flammatory cytokines: tumor necrosis factor alpha (TNFα), interferon
162gamma (IFN-γ), and IL-12. In addition, Th1 cells mediate proinflamma-
163tory responses during an autoimmune disease, for example, by increas-
164ing IgG2a, IgG2b, and IgG3 antibody subclasses [30]. Th2 cells secrete
165anti-inflammatory cytokines, IL-4, IL-5, IL-10, and IL-13, and participate
166in prevention or remission of Th1-mediated autoimmune diseases [31].
167Most humans infected with helminths have reduced production of IFN-
168γ and increased production of IL-4/IL-10 which, together with elevated
169IgG4 levels, suggest a predominant Th2 phenotype conducive to both
170parasite survival and host health [32].
171Rheumatoid arthritis (RA) is associated with a Th1 response and a
172general rise in pro-inflammatory cytokines, such as IL-6, IFN-γ, and
173TNF-α [33]. Early studies showed that the rodent filarial nematode
174Acanthocheilonema vitae secretes ES-62, an immunomodulatory glyco-
175protein surrounded by phosphorylcholine (PC) moiety attached to the
176protein by N-type glycans [34]. ES-62 induced a shift from Th1 to Th2
177response and attenuated the RA-like disease in collagen induced arthritis
178(CIA) model in mice. ES-62 elevated the production of IL-10 anti-
179inflammatory cytokine and reduced levels of IFN-γ and IL-12 pro-
180inflammatory cytokines. Serum collagen-specific IgG2a, but not
181IgG1, levels were also significantly reduced in recipients of multiple
182ES-62 doses [34].
183The ligation of pathogen products to Toll-like receptors (TLR) leads to
184induction of cytokine production by macrophages and dendritic cells
185(DC). The TLR are thought to recognize specific molecular motifs of the
186host aswell as of pathogen origin, including pathogen-associatedmolec-
187ular patterns (PAMP). The TLR signals are transuded via adaptor mole-
188cules such as MyD88. This results in the activation of various signaling
189pathways, including the mitogen-activated protein kinase (MAPK) cas-
190cades andnuclear factor (NF)-κB pathway.When TLR4 binds its lipopoly-
191saccharide (LPS) ligand, recruitment of MyD88 leads to the activation of
192mitogen-activated protein kinase kinase kinase (MAPKKK). The follow-
193ing phosphorylation leads to activation of MAPK cascades and the NF-
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194 κB inhibitory protein kinase (IκBK) signalsome. TheMAPK can then trans-
195 locate to the nucleus and activate transcription factors, such as Ets-like
196 protein (Elk), activator protein-1 (AP-1), and activating transcription
197 factor 2 (ATF)-2. IκBK phosphorylates IκB, inducing its ubiquitinylation
198 and degradation. Degradation of IκB results in the release of active p50/
199 p65 components of NF-κB, which then translocates to the nucleus and
200 transactivates immunomodulatory genes, such as IL-12. ES-62 inhibits
201 IL-12 production by suppressing the MAPK cascade and NF-κB activation
202 and by inducing ERK, which exerts a negative feedback regulatory signal
203 on IL-12 production. In addition, ES-62 suppresses p38 activation, which
204 is required for the upregulation of IL-12 subunits, p40 and p35 [35–37].
205 Moreover, in the presence of ES-62, cultures of human RA patients' syno-
206 vial fluid showed reduced levels of TNF-α and IFN-γ secretion, and their
207 peripheral blood smears exhibited mononuclear cells with low IFN-γ
208 secretion [33,38].
209 MS is an inflammatory, demyelinating, neurodegenerative disorder
210 of the central nervous system (CNS) of unknown etiology [39]. It was
211 established that Trichinella spiralis infection creates an environment un-
212 suitable for the development of EAE [16]. The infection was found to in-
213 hibit IL-17 and lower IFN-γ production, together with simultaneous
214 activation of Th2 response acting through cytokines IL-4, IL-10, and
215 tumor growth factor beta (TGF-β) [16].
216 Type 1 diabetesmellitus (T1DM) is considered a Th1-mediated auto-
217 immune disease, influenced by both genetic and environmental factors.
218 The pathogenicity is attributed to cytotoxic T lymphocytes [40]. The
219 autoantibodies associated with the disease are directed at various
220 islet cell components, which eventually lead to the destruction of
221 the pancreatic insulin-secreting β cells [41].
222 Four- to 6-week-old non-obese diabetic (NOD) mice, T1DM model,
223 were infected with gastrointestinal helminths Trichinella spiralis and
224 Heligmosomoides polygyrus. Th2 response was elicited, as shown by
225 increased IL-4 and IgE levels [42]. This was in contrast to the Th1
226 response that usually accompanied the development of diabetes in
227 NODmice. This result suggested that the helminth-induced Th2 response
228 might have protected the mice from the effects of Th1-mediated β cell
229 destruction. NODmice infectedwithH. polygyrus remained free of diabe-
230 tes over the entire experimental time course (36 to 37 weeks) [42]. Fur-
231 thermore, H. polygyrus infection in mice was found to increase the
232 frequency of CD4+/GFP+ Th2 cells in lymphoid organs including drain-
233 age of mesenteric lymph nodes, the spleen, peripheral blood lympho-
234 cytes, and Peyer's patches. These cells were also accumulated in non-
235 lymphoid “hot spots” in the liver, the lung airways, and the peritoneal
236 cavity. Peritoneal Th2 cells were distinguished by an exceptionally low
237 apoptotic potential and high expression of the intestinal homing receptor
238 α4β7 integrin. CD4+/GFP+Th2 cells from these peripheral sites were
239 fully functional as indicated by rapid IL-4 production upon polyclonal
240 or Ag-specific restimulation [43].
241 Moreover, the onset of diabetes was prevented by Litomosoides
242 sigmodontis filarial worms in infected NOD mice. 6-week-old female
243 NOD mice were infected with either L3-stage larvae, adult female
244 worms, or adult male worms. Glucose levels were monitored over
245 time. The onset of diabetes (glucose levels N230 mg/dl) was prevented
246 in all mice tested until the end of the experiment at 25 weeks of age.
247 Protection against diabetes was associated with a Th2 shift, as IL-4 and
248 IL-5 release from α-CD3/α-CD28-stimulated splenocytes was greater
249 in L. sigmodontis-infectedmice than in uninfectedmice [44]. A following
250 study tested whether infection with L. sigmodontis prevents diabetes
251 onset in IL-4–deficient NOD mice and whether depletion or absence
252 of Tregs, IL-10, or TGF-β alters helminth-mediated protection. It was
253 supported that L. sigmodontis-mediated protection is dependent on
254 the induction of neither Th2 switch nor IL-4 yet requires TGF-β
255 [45]. In addition to L. sigmodontis, also Schistosoma mansoni has
256 been shown to prevent T1DM [46]. S. mansoni ova prevented the
257 development of the disease in 4- to 6-week-old NOD mice, whereas
258 the non-infected mice developed diabetes at 70% incidence by
259 27 weeks of age [46].

260The live ova of S. mansoni, actively secrete the glycoprotein Omega-1
261(ω − 1), which has been shown in vitro to manipulate human
262monocyte-derived DC to induce a Th2 response [47], thus regulating
263host immune response and aiding in the parasite's survival as well as
264migration [48]. In addition, ω − 1 alone directly elicited human DC to
265induce Th2 development from naïve CD4+ T cells and further inhibited
266the release of IL-12 alongwith induction of IL-4 production, therefore re-
267ducing the differentiation of Th1 cells [47,49]. Furthermore, prophylactic
268use of S. mansoni worm soluble products homogenate and α-galactosyl
269ceramide (α-GalCer) had been carried out in a Graves' mice model [50].
270α-GalCer is one of many glycoconjugates expressed by S. mansoni
271worms and live ova [51]. It was indicated that both S. mansoni products
272and α-GalCer protected from Graves' disease, mainly by suppressing a
273Th1 type anti-TSH receptor immune response at the time of antigen
274priming. This occurred by raising the anti-inflammatory cytokine IL-10
275levels [50]. α-GalCer is controversial since it stimulates natural killer T
276(NKT) cells to rapidly produce both Th1 and Th2 cytokines. However,
277at a later point in time and with repeated doses, α-GalCer promotes
278the development of a Th2 immune response, thus protecting against
279various autoimmune diseases, such as diabetes as illustrated in NOD
280mice [46].

2814. Th17 response

282During inflammatory conditions, part of the immune system response
283involves Th17 cell differentiation [52]. Th17 lymphocytes secrete IL-17, a
284pro-inflammatory cytokine found at high levels in autoimmune diseases,
285such as IBD [53] and MS [54], and in asthma [55]. For example, IL-17
286expression was augmented in inflamed mucosa of patients with UC
287or CD [53,56] and in mice with experimental colitis induced by tri-
288nitrobenzenesulphonic acid (TNBS) [57]. Moreover, in EAE and reac-
289tive airway disease mice, IL-17 expression was also up-regulated.
290Proceeding experiments using IL-17-/- murine model demonstrated
291resistance to the diseases [58,59].
292Elliott et al. first reported an association between helminth infection
293and IL-17 downregulation [60]. IL-17 productionwas strongly inhibited
294in H. polygyrus infected mice. IL-17mRNA expression was decreased by
29516-fold in mesenteric lymph node cells in comparison to its levels in
296helminth-naive mice. An increase was noticed in the levels of IL-4 and
297IL-10, which seem to inhibit IL-17 release. However, IL-10 by itself is
298not able to downregulate IL-17 expression; indeed, IL-17 production
299wasnot enhanced by blocking IL-10 signaling. Conversely, IL-4 blockade
300restored IL-17 production, although not completely [60]. Moreover,
301Taenia crassiceps-infected mice were found to produce less IL-17, with
302significantly reduced EAE severity symptoms in 50% of the animals
303[61]. Also Trichinella pseudospiralis infection was shown to ameliorate
304EAE, suppressing the Th17 response and reducing the inflammatory
305infiltrates in the CNS [62].
306Another feature of Th17 is its ability to secrete IL-22, member of the
307IL-10 cytokine family [63]. In addition, IL-22 is secreted by innate
308lymphocytes (lymphoid tissue-inducer cells, γδ T cells, and NKT cells
309[64]) and by Th22, a different lymphocyte subset [65]. IL-22 appears
310to have a pathogenic role in autoimmune arthritis. Indeed, IL-22 defi-
311cientmice are less susceptible to develop CIA [66]. Harnett et al. recently
312studied the influence of ES-62 on IL-22 production in CIA mice [67]. It
313was suggested by them that IL-22 has dual pro- and anti-inflammatory
314roles. In the initial step of thedisease, systemic IL-17 and IL-22 responses
315increased pro-inflammatory activity while later IL-22 exerts anti-
316inflammatory action, via downregulation of IL-17. ES-62 administra-
317tion ameliorated disease symptoms as well as increased IL-22 levels,
318which correlated inverselywith articular scores and joint inflammation.
319Furthermore, ES-62-mediated protection against CIA could be blocked
320by administration of neutralizing anti–IL-22 antibodies. The trigger
321that switches IL-22 from a pro- to an anti-inflammatory cytokine in
322CIA is not known. However, they suggested that this occurs around
323the time of onset of joint pathology [67].
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324 Interestingly, in a UC patient with low levels of IL-22weremeasured
325 in the colon [68]. When infected with Trichuris trichiura, the UC symp-
326 toms were ameliorated as well as levels of IL-22 were significantly
327 increased in his mucosa. This also supports the beneficial role of IL-22
328 as promoter ofwound healing, proliferation, and antiapoptotic pathways
329 in intestinal epithelial cells [64].

330 5. T regulatory cells

331 Helminths' tolerant phenotype is characterized by the production
332 of anti-inflammatory cytokines, mainly, TGF-β and IL-10, and by an
333 increased number of Foxp3+T regulatory cells [69]. TGF-β and IL-10
334 lead to reduced levels of Th2 cytokines, ablated Th1 cytokines, and
335 decreased IgG4 production by B cells. Moreover, T-cell proliferation
336 against the parasite is suppressed. Therefore, the parasite survives
337 productively in the host, with minimal collateral damage [17,69].
338 In murine models, helminth infections elicit both “natural” and
339 “adaptive” Foxp3+Tregs responses, which dampen Th2 immunity [70].
340 Following the infection, a rapid expansion of total Foxp3+ is observed,
341 suggesting the stimulation of natural Tregs [70]. Subsequently, adaptive
342 Foxp3+Tregs are generated [71].
343 Helminth molecules can especially promote a regulatory phenotype
344 in naïve T cells. For example, Teladorsagia circumcincta secretes products
345 capable of directly inducing Foxp3+Tregs [72]. The related gastrointes-
346 tinal nematode H. polygyus ES antigens have also shown to induce de-
347 novo expression of Foxp3+Tregs [72,73].Moreover,H. polygyrus activates
348 colonic Tregs and enhances their capability to prevent colitis. It seems
349 that IL-10, produced by Foxp3+ Treg cells, is critically important for
350 protection from colitis [74]. Further support to the beneficial effect of
351 helminths was indicated after treatment with S. mansoni soluble worm
352 proteins in TNBS-induced colitis in mice. The infection caused an upreg-
353 ulation of Tregs cytokines in the colon, with an improvement of the dis-
354 ease [75]. Moreover, ES products have also significantly affected Tregs.
355 Mice treated with ES products from T. spiralis adult worms ameliorated
356 the severity of DSS-induced colitis, with increased regulatory cytokines
357 IL-10, TGF-β, and Tregs in the spleens, mesenteric lymph nodes, and
358 colons of treated mice [76]. The ES product secreted by A. vitae, ES-62,
359 is able to polarize the T-cell response indirectly bymodulating thematu-
360 ration and function of DC andmacrophages, which are required for prim-
361 ing and activation of CD4+ T-cells [77]. Moreover, ES-62 induces CTLA-4-
362 expressing Tregs, which are refractory to antigen and can suppress T-cell
363 activation, leading to T-cell hypo-responsiveness [78].
364 Upregulation of the Tregs population is also illustrated in other auto-
365 immune disease models of mice infected with helminths, exhibiting a
366 protective role. In a mice model of CIA, Fasciola hepatica influenced
367 CpG-activated DC to promote Tregs development and diminished the
368 severity and incidence of the disease [79].
369 Furthermore, EAE in dark agouti rats successfully ameliorated after
370 T. spiralis ES muscle larvae (ES L1) products treatment. Prior to the
371 induction of EAE, unconventional CD4+CD25-Foxp3+Tregs were identi-
372 fied in significantly increased proportion both in the periphery and
373 CNS.ES L1-stimulated DC produced significantly less IL-12p70, as well
374 as lower release of IFN-γ and IL-17 by spinal cord infiltrating cell while
375 IL-4, IL-10 and TGF-βlevels were significantly increased [80].
376 As already mentioned, L. sigmodontis filarial worms managed to
377 prevent the onset of diabetes in infected NOD mice. Multicolor flow
378 cytometry studies demonstrated that the protection against diabe-
379 tes was associated with significantly increased numbers of splenic
380 CD4+CD25+Foxp3+Tregs [44]. Likewise, in vitro, ω − 1 has been
381 shown to convert naïve CD4+ T cells of NOD mice into Foxp3+Treg cells
382 [49].
383 The generation of Foxp3+ cells in response to S. mansoni soluble egg
384 antigen (SEA) is TGF-β-dependent, supported by reduced Foxp3+

385 expression after TGF-β neutralization [81]. SEA is able to induce TGF-β
386 aswell as upregulate integrin β8, which is necessary for the dissociation
387 of TGF-β from the inactive complex with latency-associated peptide

388[81]. Moreover, SEA modulates intracellular pathways leading to
389increased production of IL-10 and Tregs development [82]. It is impor-
390tant to mention that SEA-mediated signaling is MyD88-dependent, indi-
391cated by abrogated cytokine productionwhenMyD88 gene expression is
392silenced [82]. Conversion of naïve T cells into Treg cells can be induced by
393a parasite-derived TGF-βmimic, as shown by Grainger et al. H. polygyrus
394ES induced SMAD 2/3 phopsphorylation and stimulated the activation of
395the host TGF-β signaling pathway, leading to Foxp3+ expression [72].
396The blockage of TGF-β in draining lymph node cells, indeed showed
397reduction of Tregs percentage and inhibition of IL-10 production [79].
398Moreover, up-regulation of TGF-βproductionwas found in experimental
399colitis mice, treated with T. spiralis antigens prior to disease induction,
400leading to symptom improvement [83]. More evidence of the role of
401TGF-β in inducing Tregs expression is shown by blocking Smad7.
402Smad7 is a key intracellular antagonist of TGF-β-mediated signaling,
403which is strongly expressed in intestinal T cells mediating IBD. Blocking
404its activity in these cells results in a T-cell populationwith strong regula-
405tory function [84]. Furthermore, Smad7 was not detected in TGF-β-
406producing cells during parasite infections, allowing the development of
407Tregs population [27].

4086. B10 cells and dendritic cells

409B cells are generally considered to be up-regulators of the immune
410response due to their capability to produce antibodies, including auto-
411antibodies [85]. However, certain B cells can also downregulate the
412immune response by producing regulatory cytokines and directly
413interacting with pathogenic T cells. These types of B cells are defined
414as B regulatory cells (Bregs) [85]. Helminths' protective role also involves
415the development of Bregs, having suppressive effect on the progression
416of immune-mediated diseases such as experimental arthritis, EAE and
417experimental colitis [86–88]. IL-10 secretion is essential for B-cell-
418induced regulation. Indeed, B cells isolated from IL-10 knockout mice
419failed to mediate this protective function [86]. Moreover, MS patients' B
420cells exhibited relative deficiency in their IL-10 producing capacity [89].
421Interestingly, it was found that B cells isolated from helminth-infected
422MS patients produced greater levels of IL-10, likely through the ICOS-
423B7RP-1 pathway [90]. B cells of helminth-infected subjects produced
424IL-10, in contrast to intracellular parasite infected-patients [90].
425Paracoccidioides brasiliensis-infected patients expressed Th2 im-
426mune response. However, they showed B cells IL-10 production levels
427similar to those observed in uninfected MS patients. This result indi-
428cates that increased production of IL-10 in helminth-infected patients
429is not determined by the Th2 profile [91].
430Naïve B2 cells are particularly capable to produce IL-10 and induce
431Foxp3+ expression on CD4+ T cells, promoting their differentiation
432into Tregs [27]. In addition, IL-10 producing B cells, isolated from hel-
433minth-infected MS patients, expressed MHC-I molecule CD1d able to
434activate NKT cells, thus preventing autoimmune responses in several
435animal models [92]. Moreover, neurotrophic factors (NTFs), such as
436brain-derived neurotrophic factor (BDNF) and nerve growth factor
437(NGF), involved in the growth and development of neurons, were pro-
438duced at greater amounts [90]. Themechanism bywhich B cells release
439NTFs, after helminth infection, is vague. One hypothesis is that hel-
440minth-derived molecules bind to TrkA or p75NTR receptors present in
441B cells, triggering the production of NTFs [90]. Alternatively, ligation of
442CD40 receptor, homologous to NGF receptors, may induce increased
443production of NGF [93].
444B-cell signaling is furthermodulated by ES products, such as ES-62. It
445induces the tyrosine phosphatase SHP-1, which dephosphorylates
446immunoreceptor tyrosine-based activator motifs, preventing recruit-
447ment of the Ras/Erk MAPK cascade [94,95]. First, ES-62 is able to recruit
448GAP and thenuclear Pac-1, leading to blockage of ERK signaling [96]. Sec-
449ond, ES-62 negativelymodulates the activation of theMAPK subfamilies,
450p38 and JNK [97]. Finally, PC-antigens like ES-62 induce IL-10 production
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451 in B1 cells, which support the blocking of IgG2a response, but favor IgG1
452 production [98].
453 Other helminth-derived components, such as glycoprotein and lipids,
454 are also involved in humanDC activation,modulating anti-inflammatory
455 responses. For example, ω − 1 and helminth cystatins from A. vitae,
456 Brugia malayi, Nippostrongylus brasiliensis, and Onchocerca volvulus
457 were able to induce TLR2 expression on both B cells andDC [99]. Asmen-
458 tioned earlier, helminths influence TLR domains expressed on immune
459 cells, including DC and B cells. Helminth parasites may alter TLR function
460 and level of expression [82]. Indeed, surface expression of TLR2 on both B

461cells andDC is significantly higher in helminth-infectedMS patientswith
462respect to the controls [82]. Both TLR2-activated DC and B cells signifi-
463cantly inhibited CD4+ T-cell proliferation along with IFN-γ and IL-17
464production. Moreover, TLR2 can be ligated by SEA, inducing intracellular
465pathways, which result in IL-10 production by both DC and B cells [82].
466ES products derived from H. polygyrus inhibited murine bone
467marrow-DC cytokine and chemokineproduction aswell as downregulat-
468ed co-stimulatory molecule expression (CD40, CD86, and MHC-II),
469induced by TLR ligation [73]. Moreover, H. polygyrus products have
470been shown tomodulate DC function, rendering them capable of driving
471the CD4+ T cells into the Tregs phenotype [73]. Further illustration is
472given by F. hepatica tegumental coat antigen, suppressing DCmaturation.
473The antigen inhibits cytokine secretion (IL-6, TNF-α, IL-10, and IL-12)
474and costimulatory molecules production (CD40, CD80, and CD86) [100].

4757. Conclusion

476Different helminthswere proven to secretemolecules able to enhance
477tolerance in our immune system. Helminth products were seen to act on
478T cells, B cells, and DC. The main mechanism by which helminth mole-
479cules modulate the immune system is by Th1 to Th2 shift, along with
480reduced production of IFN-ã and IL-12, increased production of IL-
4814/IL-10, and elevated IgG4 levels. Moreover, the tolerant phenotype is
482emphasized by the inhibition of Th17 production and increase of
483Tregs differentiation from naïve T cells, accompanied with IL-10 and
484TGF-â secretion. In addition to the development of Tregs, the protective
485role of helminths is also driven by Bregs. Bregs have a suppressive effect
486on the progression of immune-mediated diseases, by secreting IL-10
487(Table 1 and Fig. 1 summarize the main mechanisms).
488In conclusion, several molecular mechanisms are triggered by hel-
489minth treatment, leading to a tolerant scenario. Therefore, many re-
490searchers harness the helminths, their ova, and their antigens in order
491to develop novel therapeutic compounds to treat autoimmune diseases. Q2
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t1:1 Table 1
t1:2 Immunomodulation of autoimmune diseases by helminths.

t1:3 Mechanism Diseases Helminths References

t1:4 Th1 to Th2 shift RA Acanthocheilonema vitae [33–37,77]
t1:5 MS Trichinella spiralis [16,80]
t1:6 GD Schistosoma mansoni [50]
t1:7 T1DM Trichinella spiralis [42]
t1:8 Heligmosomoides polygyrus [42,43]
t1:9 Litomosoides sigmodontis [44]
t1:10 Schistosoma mansoni [47–49,81]
t1:11 Th17 downregulation MS Trichinella spiralis [16,80]
t1:12 Taenia crassiceps [61]
t1:13 Trichinella pseudospiralis [62]
t1:14 IBD Heligmosomoides polygyrus [60]
t1:15 Th22 upregulation RA Acanthocheilonema vitae [67]
t1:16 IBD Trichuris trichiura [68]
t1:17 Tregs expansion RA Fasciola hepatica [79]
t1:18 MS Trichinella spiralis [80]
t1:19 Schistosoma mansoni [82]
t1:20 T1DM Litomosoides sigmodontis [44,45]
t1:21 Schistosoma mansoni [49,81]
t1:22 IBD Heligmosomoides polygyrus [74]
t1:23 Trichinella spiralis [76,83]
t1:24 Schistosoma mansoni [75]
t1:25 B10 cells expansion RA Acanthocheilonema vitae [94,95,98]
t1:26 MS Schistosoma mansoni [82]
t1:27 cp [99]

t1:28 RA—rheumatoid arthritis; MS—multiple sclerosis; GD—Graves' disease; T1DM—type
t1:29 1 diabetes mellitus; IBD—inflammatory bowel disease.

Fig. 1. Mechanism of immunomodulation by helminths.

5T. Bashi et al. / Autoimmunity Reviews xxx (2014) xxx–xxx

Please cite this article as: Bashi T, et al, Themechanisms behind helminth's immunomodulation in autoimmunity, Autoimmun Rev (2014), http://
dx.doi.org/10.1016/j.autrev.2014.10.004

http://dx.doi.org/10.1016/j.autrev.2014.10.004
http://dx.doi.org/10.1016/j.autrev.2014.10.004


U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

494 References

495 [1] Moroni L, Bianchi I, Lleo A. Geoepidemiology, gender and autoimmune disease.
496 Autoimmun Rev 2012;11:A386–92.
497 [2] Okada H, Kuhn C, Feillet H, Bach JF. The ‘hygiene hypothesis’ for autoimmune and
498 allergic diseases: an update. Clin Exp Immunol 2010;160:1–9.
499 [3] van Panhuis WG, Grefenstette J, Jung SY, et al. Contagious diseases in the United
500 States from 1888 to the present. N Engl J Med 2013;369:2152–8.
501 [4] von Mutius E. Allergies, infections and the hygiene hypothesis–the epidemiological
502 evidence. Immunobiology 2007;212:433–9.
503 [5] Strachan DP. Hay fever, hygiene, and household size. BMJ 1989;299:1259–60.
504 [6] Carpenter L, Beral V, Strachan D, Ebi-Kryston KL, Inskip H. Respiratory symptoms as
505 predictors of 27 year mortality in a representative sample of British adults. BMJ
506 1989;299:357–61.
507 [7] Bitti PP, Murgia BS, Ticca A, et al. Association between the ancestral haplotype
508 HLA A30B18DR3 and multiple sclerosis in central Sardinia. Genet Epidemiol
509 2001;20:271–83.
510 [8] Sotgiu S, Angius A, Embry A, Rosati G, Musumeci S. Hygiene hypothesis: innate
511 immunity, malaria and multiple sclerosis. Med Hypotheses 2008;70:819–25.
512 [9] Kondrashova A, Seiskari T, Ilonen J, Knip M, Hyoty H. The ‘hygiene hypothesis’ and
513 the sharp gradient in the incidence of autoimmune and allergic diseases between
514 Russian Karelia and Finland. APMIS 2013;121:478–93.
515 [10] Seiskari T, KondrashovaA, Viskari H, et al. Allergic sensitization andmicrobial load—a
516 comparison between Finland and Russian Karelia. Clin Exp Immunol 2007;148:
517 47–52.
518 [11] Lynch NR, Hagel I, Perez M, Di Prisco MC, Lopez R, Alvarez N. Effect of anthelmintic
519 treatment on the allergic reactivity of children in a tropical slum. J Allergy Clin
520 Immunol 1993;92:404–11.
521 [12] vandenBiggelaarAH, Rodrigues LC, vanReeR, et al. Long-term treatment of intestinal
522 helminths increases mite skin-test reactivity in Gabonese schoolchildren. J Infect Dis
523 2004;189:892–900.
524 [13] Flohr C, Tuyen LN, Lewis S, et al. Poor sanitation and helminth infection protect
525 against skin sensitization in Vietnamese children: a cross-sectional study. J Allergy
526 Clin Immunol 2006;118:1305–11.
527 [14] Hewitson JP, Grainger JR, Maizels RM. Helminth immunoregulation: the role of
528 parasite secreted proteins in modulating host immunity. Mol Biochem Parasitol
529 2009;167:1–11.
530 [15] Rangachari M, Kuchroo VK. Using EAE to better understand principles of immune
531 function and autoimmune pathology. J Autoimmun 2013;45:31–9.
532 [16] Gruden-Movsesijan A, Ilic N, Mostarica-Stojkovic M, Stosic-Grujicic S, Milic M,
533 Sofronic-Milosavljevic L. Mechanisms of modulation of experimental autoimmune
534 encephalomyelitis by chronic Trichinella spiralis infection in Dark Agouti rats.
535 Parasite Immunol 2010;32:450–9.
536 [17] McSorley HJ, Maizels RM. Helminth infections and host immune regulation. Clin
537 Microbiol Rev 2012;25:585–608.
538 [18] Beer RJ. The relationship between Trichuris trichiura (Linnaeus 1758) of man and
539 Trichuris suis (Schrank 1788) of the pig. Res Vet Sci 1976;20:47–54.
540 [19] SandbornWJ, Elliott DE, Weinstock J, et al. Randomised clinical trial: the safety and
541 tolerability of Trichuris suis ova in patients with Crohn's disease. Aliment Pharmacol
542 Ther 2013;38:255–63.
543 [20] Summers RW, Elliott DE, Qadir K, Urban Jr JF, Thompson R, Weinstock JV. Trichuris
544 suis seems to be safe and possibly effective in the treatment of inflammatory bowel
545 disease. Am J Gastroenterol 2003;98:2034–41.
546 [21] Summers RW, Elliott DE, Urban Jr JF, Thompson R, Weinstock JV. Trichuris suis
547 therapy in Crohn's disease. Gut 2005;54:87–90.
548 [22] Summers RW, Elliott DE, Urban Jr JF, Thompson RA, Weinstock JV. Trichuris suis
549 therapy for active ulcerative colitis: a randomized controlled trial. Gastroenterology
550 2005;128:825–32.
551 [23] Summers RW, Elliott DE, Weinstock JV. Is there a role for helminths in the therapy
552 of inflammatory bowel disease? Nat Clin Pract Gastroenterol Hepatol 2005;2:62–3.
553 [24] Kradin RL, Badizadegan K, Auluck P, Korzenik J, Lauwers GY. Iatrogenic Trichuris
554 suis infection in a patient with Crohn disease. Arch Pathol Lab Med 2006;130:
555 718–20.
556 [25] Benzel F, Erdur H, Kohler S, et al. Immune monitoring of Trichuris suis egg therapy
557 in multiple sclerosis patients. J Helminthol 2012;86:339–47.
558 [26] Fleming JO, Isaak A, Lee JE, et al. Probiotic helminth administration in
559 relapsing-remittingmultiple sclerosis: a phase 1 study.Mult Scler 2011;17:743–54.
560 [27] Correale J, Farez M. Association between parasite infection and immune responses
561 in multiple sclerosis. Ann Neurol 2007;61:97–108.
562 [28] Correale J, Farez MF. The impact of parasite infections on the course of multiple
563 sclerosis. J Neuroimmunol 2011;233:6–11.
564 [29] Annunziato F, Romagnani S. Heterogeneity of human effector CD4+T cells. Arthritis
565 Res Ther 2009;11:257.
566 [30] Germann T, Bongartz M, Dlugonska H, et al. Interleukin-12 profoundly up-regulates
567 the synthesis of antigen-specific complement-fixing IgG2a, IgG2b and IgG3 antibody
568 subclasses in vivo. Eur J Immunol 1995;25:823–9.
569 [31] Berger A. Th1 and Th2 responses: what are they? BMJ 2000;321:424.
570 [32] HoeraufA, BrattigN. Resistance and susceptibility inhuman onchocerciasis—beyond
571 Th1 vs. Th2. Trends Parasitol 2002;18:25–31.
572 [33] McInnes IB, Schett G. Cytokines in the pathogenesis of rheumatoid arthritis. Nat
573 Rev Immunol 2007;7:429–42.
574 [34] Harnett W, Harnett MM, Leung BP, Gracie JA, McInnes IB. The anti-inflammatory
575 potential of the filarial nematode secreted product, ES-62. Curr Top Med Chem
576 2004;4:553–9.
577 [35] Marshall FA, Grierson AM, Garside P, Harnett W, Harnett MM. ES-62, an immuno-
578 modulator secreted by filarial nematodes, suppresses clonal expansion andmodifies

579effector function of heterologous antigen-specific T cells in vivo. J Immunol 2005;
580175:5817–26.
581[36] Stepek G, Auchie M, Tate R, et al. Expression of the filarial nematode
582phosphorylcholine-containing glycoprotein, ES62, is stage specific. Parasitology
5832002;125:155–64.
584[37] Harnett W, Harnett MM. Filarial nematode secreted product ES-62 is an anti-
585inflammatory agent: therapeutic potential of small molecule derivatives and
586ES-62 peptide mimetics. Clin Exp Pharmacol Physiol 2006;33:511–8.
587[38] McInnes IB, Leung BP, Harnett M, Gracie JA, Liew FY, Harnett W. A novel therapeu-
588tic approach targeting articular inflammation using the filarial nematode-derived
589phosphorylcholine-containing glycoprotein ES-62. J Immunol 2003;171:2127–33.
590[39] Q3Multiple Sclerosis: National Clinical Guideline for Diagnosis and Management in
591Primary and Secondary Care; 2004 (London).
592[40] Velthuis JH, Unger WW, Abreu JR, et al. Simultaneous detection of circulating
593autoreactive CD8+ T-cells specific for different islet cell-associated epitopes
594using combinatorial MHC multimers. Diabetes 2010;59:1721–30.
595[41] Donath MY, Hess C, Palmer E. What is the role of autoimmunity in type 1 diabetes?
596A clinical perspective. Diabetologia 2014. Q4
597[42] Saunders KA, Raine T, Cooke A, Lawrence CE. Inhibition of autoimmune type 1
598diabetes by gastrointestinal helminth infection. Infect Immun 2007;75:397–407.
599[43] Mohrs K, Harris DP, Lund FE, Mohrs M. Systemic dissemination and persistence
600of Th2 and type 2 cells in response to infection with a strictly enteric nematode
601parasite. J Immunol 2005;175:5306–13.
602[44] Hubner MP, Stocker JT, Mitre E. Inhibition of type 1 diabetes in filaria-infected non-
603obese diabetic mice is associated with a T helper type 2 shift and induction of
604FoxP3+ regulatory T cells. Immunology 2009;127:512–22.
605[45] Hubner MP, Shi Y, Torrero MN, et al. Helminth protection against autoimmune
606diabetes in nonobese diabetic mice is independent of a type 2 immune shift
607and requires TGF-beta. J Immunol 2012;188:559–68.
608[46] Zaccone P, Fehervari Z, Jones FM, et al. Schistosoma mansoni antigens modulate
609the activity of the innate immune response and prevent onset of type 1 diabetes.
610Eur J Immunol 2003;33:1439–49.
611[47] Everts B, Perona-Wright G, Smits HH, et al. Omega-1, a glycoprotein secreted by
612Schistosoma mansoni eggs, drives Th2 responses. J Exp Med 2009;206:1673–80.
613[48] Cooke A, Tonks P, Jones FM, et al. Infection with Schistosoma mansoni prevents
614insulin dependent diabetes mellitus in non-obese diabetic mice. Parasite Immunol
6151999;21:169–76.
616[49] Zaccone P, Burton OT, Gibbs SE, et al. The S. mansoni glycoprotein omega-1 induces
617Foxp3 expression in NODmouse CD4(+) T cells. Eur J Immunol 2011;41:2709–18.
618[50] Nagayama Y, Watanabe K, Niwa M, McLachlan SM, Rapoport B. Schistosoma
619mansoni and alpha-galactosylceramide: prophylactic effect of Th1 Immune
620suppression in a mouse model of Graves' hyperthyroidism. J Immunol 2004;173:
6212167–73.
622[51] MakaaruCK,DamianRT, SmithDF, CummingsRD. Thehumanbloodfluke Schistosoma
623mansoni synthesizes a novel type of glycosphingolipid. J Biol Chem 1992;267:2251–7.
624[52] Weaver CT, Hatton RD, Mangan PR, Harrington LE. IL-17 family cytokines and the
625expanding diversity of effector T cell lineages. Annu Rev Immunol 2007;25:821–52.
626[53] Fujino S, Andoh A, Bamba S, et al. Increased expression of interleukin 17 in
627inflammatory bowel disease. Gut 2003;52:65–70.
628[54] Lock C, Hermans G, Pedotti R, et al. Gene-microarray analysis of multiple sclerosis
629lesions yields new targets validated in autoimmune encephalomyelitis. Nat Med
6302002;8:500–8.
631[55] Molet S, Hamid Q, Davoine F, et al. IL-17 is increased in asthmatic airways and
632induces human bronchial fibroblasts to produce cytokines. J Allergy Clin Immunol
6332001;108:430–8.
634[56] Nielsen OH, Kirman I, Rudiger N, Hendel J, Vainer B. Upregulation of interleukin-12
635and -17 in active inflammatory bowel disease. Scand J Gastroenterol 2003;38:
636180–5.
637[57] ZhangZ, ZhengM, Bindas J, Schwarzenberger P, Kolls JK. Critical role of IL-17 receptor
638signaling in acute TNBS-induced colitis. Inflamm Bowel Dis 2006;12:382–8.
639[58] Komiyama Y, Nakae S, Matsuki T, et al. IL-17 plays an important role in the
640development of experimental autoimmune encephalomyelitis. J Immunol
6412006;177:566–73.
642[59] Schnyder-Candrian S, Togbe D, Couillin I, et al. Interleukin-17 is a negative regulator
643of established allergic asthma. J Exp Med 2006;203:2715–25.
644[60] Elliott DE, Metwali A, Leung J, et al. Colonization with Heligmosomoides polygyrus
645suppresses mucosal IL-17 production. J Immunol 2008;181:2414–9.
646[61] Reyes JL, Espinoza-Jimenez AF, Gonzalez MI, Verdin L, Terrazas LI. Taenia crassiceps
647infection abrogates experimental autoimmune encephalomyelitis. Cell Immunol
6482011;267:77–87.
649[62] Wu Z, Nagano I, Asano K, Takahashi Y. Infection of non-encapsulated species of
650Trichinella ameliorates experimental autoimmune encephalomyelitis involving
651suppression of Th17 and Th1 response. Parasitol Res 2010;107:1173–88.
652[63] Trifari S, Kaplan CD, Tran EH, Crellin NK, Spits H. Identification of a human helper T
653cell population that has abundant production of interleukin 22 and is distinct from
654T(H)-17, T(H)1 and T(H)2 cells. Nat Immunol 2009;10:864–71.
655[64] Eyerich S, Eyerich K, Cavani A, Schmidt-Weber C. IL-17 and IL-22: siblings, not
656twins. Trends Immunol 2010;31:354–61.
657[65] Zhang N, Pan HF, Ye DQ. Th22 in inflammatory and autoimmune disease: prospects
658for therapeutic intervention. Mol Cell Biochem 2011;353:41–6.
659[66] Geboes L, Dumoutier L, Kelchtermans H, et al. Proinflammatory role of the Th17
660cytokine interleukin-22 in collagen-induced arthritis in C57BL/6 mice. Arthritis
661Rheum 2009;60:390–5.
662[67] Pineda MA, Rodgers DT, Al-Riyami L, Harnett W, Harnett MM. ES-62 protects
663against collagen-induced arthritis by resetting interleukin-22 toward resolution
664of inflammation in the joints. Arthritis Rheumatol 2014;66:1492–503.

6 T. Bashi et al. / Autoimmunity Reviews xxx (2014) xxx–xxx

Please cite this article as: Bashi T, et al, Themechanisms behind helminth's immunomodulation in autoimmunity, Autoimmun Rev (2014), http://
dx.doi.org/10.1016/j.autrev.2014.10.004

http://dx.doi.org/10.1016/j.autrev.2014.10.004
http://dx.doi.org/10.1016/j.autrev.2014.10.004


U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

665 [68] Broadhurst MJ, Leung JM, Kashyap V, et al. IL-22+ CD4+ T cells are associated
666 with therapeutic Trichuris trichiura infection in an ulcerative colitis patient. Sci
667 Transl Med 2010;2:60ra88.
668 [69] Ben-Ami Shor D, Harel M, Eliakim R, Shoenfeld Y. The hygiene theory harnessing
669 helminths and their ova to treat autoimmunity. Clin Rev Allergy Immunol 2013;
670 45:211–6.
671 [70] TaylorMD, van derWerf N,Maizels RM. T cells in helminth infection: the regulators
672 and the regulated. Trends Immunol 2012;33:181–9.
673 [71] McSorley HJ, Harcus YM, Murray J, Taylor MD, Maizels RM. Expansion of Foxp3+
674 regulatory T cells inmice infectedwith thefilarial parasite Brugiamalayi. J Immunol
675 2008;181:6456–66.
676 [72] Grainger JR, Smith KA, Hewitson JP, et al. Helminth secretions induce de novo T cell
677 Foxp3 expression and regulatory function through the TGF-beta pathway. J Exp
678 Med 2010;207:2331–41.
679 [73] SeguraM, Su Z, Piccirillo C, StevensonMM. Impairment of dendritic cell function by
680 excretory–secretory products: a potential mechanism for nematode-induced
681 immunosuppression. Eur J Immunol 2007;37:1887–904.
682 [74] Hang L, Blum AM, Setiawan T, Urban Jr JP, Stoyanoff KM, Weinstock JV.
683 Heligmosomoides polygyrus bakeri infection activates colonic Foxp3+ T cells
684 enhancing their capacity to prevent colitis. J Immunol 2013;191:1927–34.
685 [75] Ruyssers NE, De Winter BY, De Man JG, et al. Therapeutic potential of helminth
686 soluble proteins in TNBS-induced colitis in mice. Inflamm Bowel Dis 2009;15:
687 491–500.
688 [76] Yang X, Yang Y, Wang Y, et al. Excretory/secretory products from Trichinella
689 spiralis adult worms ameliorate DSS-induced colitis in mice. PLoS One 2014;
690 9:e96454.
691 [77] Whelan M, Harnett MM, Houston KM, Patel V, Harnett W, Rigley KP. A filarial
692 nematode-secreted product signals dendritic cells to acquire a phenotype that
693 drives development of Th2 cells. J Immunol 2000;164:6453–60.
694 [78] HarnettW, Harnett MM. Lymphocyte hyporesponsiveness during filarial nematode
695 infection. Parasite Immunol 2008;30:447–53.
696 [79] Carranza F, Falcon CR, Nunez N, et al. Helminth antigens enable CpG-activated den-
697 dritic cells to inhibit the symptoms of collagen-induced arthritis through Foxp3+
698 regulatory T cells. PLoS One 2012;7:e40356.
699 [80] Sofronic-Milosavljevic LJ, Radovic I, Ilic N, Majstorovic I, Cvetkovic J, Gruden-
700 Movsesijan A. Application of dendritic cells stimulated with Trichinella spiralis
701 excretory–secretory antigens alleviates experimental autoimmune encephalomyeli-
702 tis. Med Microbiol Immunol 2013;202:239–49.
703 [81] Zaccone P, Burton O, Miller N, Jones FM, Dunne DW, Cooke A. Schistosoma mansoni
704 egg antigens induce Treg that participate in diabetes prevention in NODmice. Eur J
705 Immunol 2009;39:1098–107.
706 [82] Correale J, Farez M. Helminth antigens modulate immune responses in cells from
707 multiple sclerosis patients through TLR2-dependent mechanisms. J Immunol
708 2009;183:5999–6012.
709 [83] Motomura Y, Wang H, Deng Y, El-Sharkawy RT, Verdu EF, Khan WI. Helminth
710 antigen-based strategy to ameliorate inflammation in an experimental model of
711 colitis. Clin Exp Immunol 2009;155:88–95.

712[84] Monteleone G, Kumberova A, Croft NM, McKenzie C, Steer HW, MacDonald TT.
713Blocking Smad7 restores TGF-beta1 signaling in chronic inflammatory bowel
714disease. J Clin Invest 2001;108:601–9.
715[85] Yang M, Rui K, Wang S, Lu L. Regulatory B cells in autoimmune diseases. Cell Mol
716Immunol 2013;10:122–32.
717[86] Fillatreau S, Sweenie CH, McGeachy MJ, Gray D, Anderton SM. B cells regulate
718autoimmunity by provision of IL-10. Nat Immunol 2002;3:944–50.
719[87] Mizoguchi A, Mizoguchi E, Takedatsu H, Blumberg RS, Bhan AK. Chronic
720intestinal inflammatory condition generates IL-10-producing regulatory B
721cell subset characterized by CD1d upregulation. Immunity 2002;16:219–30.
722[88] Evans JG, Chavez-Rueda KA, Eddaoudi A, et al. Novel suppressive function of
723transitional 2 B cells in experimental arthritis. J Immunol 2007;178:7868–78.
724[89] DuddyM, Niino M, Adatia F, et al. Distinct effector cytokine profiles of memory and
725naive human B cell subsets and implication in multiple sclerosis. J Immunol 2007;
726178:6092–9.
727[90] Correale J, FarezM, RazzitteG.Helminth infections associatedwithmultiple sclerosis
728induce regulatory B cells. Ann Neurol 2008;64:187–99.
729[91] Correale J, FarezMF.Does helminth activation of toll-like receptorsmodulate immune
730response in multiple sclerosis patients? Front Cell Infect Microbiol 2012;2:112.
731[92] GodfreyDI, KronenbergM.Going bothways: immune regulation via CD1d-dependent
732NKT cells. J Clin Invest 2004;114:1379–88.
733[93] Stamenkovic I, Clark EA, Seed B. A B-lymphocyte activation molecule related to the
734nerve growth factor receptor and induced by cytokines in carcinomas. EMBO J
7351989;8:1403–10.
736[94] Deehan MR, Harnett MM, Harnett W. A filarial nematode secreted product
737differentially modulates expression and activation of protein kinase C isoforms
738in B lymphocytes. J Immunol 1997;159:6105–11.
739[95] DeehanMR,HarnettW,HarnettMM.Afilarial nematode-secretedphosphorylcholine-
740containing glycoprotein uncouples the B cell antigen receptor from extracellular
741signal-regulated kinase-mitogen-activated protein kinase by promoting the
742surface Ig-mediated recruitment of Src homology 2 domain-containing tyro-
743sine phosphatase-1 and Pac-1 mitogen-activated kinase-phosphatase. J Immunol
7442001;166:7462–8.
745[96] Grabitzki J, Lochnit G. Immunomodulation by phosphocholine–biosynthesis,
746structures and immunological implications of parasitic PC-epitopes. Mol Immunol
7472009;47:149–63.
748[97] Goodridge HS, Deehan MR, Harnett W, Harnett MM. Subversion of immunological
749signalling by a filarial nematode phosphorylcholine-containing secreted product.
750Cell Signal 2005;17:11–6.
751[98] Houston KM, Wilson EH, Eyres L, et al. Presence of phosphorylcholine on a filarial
752nematode protein influences immunoglobulin G subclass response to themolecule
753by an interleukin-10-dependent mechanism. Infect Immun 2000;68:5466–8.
754[99] Klotz C, Ziegler T, Danilowicz-Luebert E, Hartmann S. Cystatins of parasitic organisms.
755Adv Exp Med Biol 2011;712:208–21.
756[100] Vukman KV, Adams PN, O'Neill SM. Fasciola hepatica tegumental coat antigen
757suppresses MAPK signalling in dendritic cells and up-regulates the expression of
758SOCS3. Parasite Immunol 2013;35:234–8.

759

7T. Bashi et al. / Autoimmunity Reviews xxx (2014) xxx–xxx

Please cite this article as: Bashi T, et al, Themechanisms behind helminth's immunomodulation in autoimmunity, Autoimmun Rev (2014), http://
dx.doi.org/10.1016/j.autrev.2014.10.004

http://dx.doi.org/10.1016/j.autrev.2014.10.004
http://dx.doi.org/10.1016/j.autrev.2014.10.004

	The mechanisms behind helminth's immunomodulation in autoimmunity
	1. Introduction
	2. Helminth therapy trials
	3. Th1 to Th2 switch
	4. Th17 response
	5. T regulatory cells
	6. B10 cells and dendritic cells
	7. Conclusion
	Acknowledgments
	References


