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Abstract

Exposure to commensal and pathogenic organisms strongly influences our immune system.

Exposure to helminths was frequent before humans constructed their current highly hygienic

environment. Today, in highly industrialized countries, contact between humans and helminths is

rare. Congruent with the decline in helminth infections is an increase in the prevalence of

autoimmune and inflammatory disease. It is possible that exclusion of helminths from the

environment has permitted the emergence of immune-mediated disease. We review the protective

effects of helminths on expression of inflammatory bowel disease, multiple sclerosis, and animal

models of these and other inflammatory diseases. We also review the immune pathways altered by

helminths that may afford protection from these illnesses. Helminth exposure tends to inhibit IFN-

γ and IL-17 production, promote IL-4, IL-10, and TGF-β release, induce CD4+ T cell Foxp3

expression, and generate regulatory macrophages, dendritic cells, and B cells. Helminths enable

protective pathways that may vary by specific species and disease model. Helminths or their

products likely have therapeutic potential to control or prevent immune-mediated illness.
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Introduction

The 20th century brought demise to Paul Ehrlich’s 1901 dictum of horror autotoxicus, that

the body’s immune system would never attack host tissues to cause disease. In its place

grew identification of more than 80 autoimmune or immune-mediated diseases. Most of

these diseases emerged in the later half of the 20th century to become epidemic in highly

developed industrialized countries. The National Institutes of Health now estimates that over

23.5 million Americans are afflicted with an autoimmune illness. Autoimmune disease ranks

in the top 10 causes of death for women younger than 65 years of age. The dramatic

emergence of these illnesses within two generations suggests that an environmental change

has driven or permitted the immune dysregulation that results in autoimmunity, allergy, and

inflammatory disease.
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There are many striking environmental changes that have come with industrialization, but

one that has immediate immunologic impact is loss of exposure to parasitic worms

(helminths). Indoor plumbing, flush toilets, cement sidewalks, and well-regulated food

industries conspire to prevent acquisition and transmission of helminths. In the United

States, the prevalence of hookworm in Georgia schoolchildren dropped from 65% in the

1910s to less than 2% (mostly in recent immigrants) in the 1980s.1,2 Trichinosis, whipworm

(Trichuris trichiura) and pinworm (Enterobius vermicularis) infections show similar declines

in prevalence. Loss of helminth exposure also occurred in postwar Western Europe. In other

regions, as socioeconomic conditions rise, the prevalence of helminth infection falls.

Whipworm infections in South Korean schoolchildren fell from about 75% in 1969 to 0.02%

in 2004.3 During this time span, the incidence of ulcerative colitis in Seoul, South Korea

increased nearly sixfold.4 Prior to the 20th century, every individual was likely to have had a

helminth infection. Now, a previously ubiquitous and universal exposure has become

exceedingly rare.

This lack of helminth exposure could have a profound affect on our immune system that was

shaped by exposure to commensal and pathogenic organisms. Immunologically, humans

have battled helminths for millennia.5 This multigenerational, ubiquitous challenge has

swayed genetic variation. Many of the polymorphisms in genetic loci associated with

autoimmune diseases have been selected by parasite-driven adaptation.6 Helminths are

complex multicellular organisms that have also adapted to their hosts. Helminths produce

immune regulatory products and induce regulatory circuits to help maintain their niche. Loss

of chronic helminth infection removes an “external immune governor” and leads to

pathologic autoimmune and excessive inflammatory responses.

A common theme among the various dissimilar helminth species includes their capacity to

strengthen both innate and adaptive immune regulatory circuitry. In addition, different

helminths may influence different pathways. In the following sections, we will discuss the

evidence for helminth–host interactions that prevent or control immune-mediated disease.

We will approach this evidence according to the various helminthic effects on specific

autoimmune and inflammatory diseases.

Helminths and inflammatory bowel disease

Ulcerative colitis and Crohn’s disease are collectively called inflammatory bowel disease

(IBD). They are chronic inflammatory conditions of the gut that usually begin when people

are in the second to third decade of life. Although the causes of these inflammatory diseases

remain unknown, they are assumed to result from inappropriately aggressive mucosal

immune responses to luminal substances. Identified are various genetic alterations that

impart risk for, or protection from, acquiring these conditions. 7–9 Many of these genes have

a role in mucosal barrier defense, innate immune, immune responsiveness, or

immunoregulation. Yet, these gene alterations appear to function as factors that affect

disease susceptibility, as the majority of patients with IBD display no particular genetic

predisposition, and most patients bearing these “IBD genes” will never develop this

condition.

IBD emerged as a growing health problem in highly developed countries in the latter half of

the 20th century. The frequency of IBD is currently about 1 in 250 persons in some

regions.10–12 Previously, these diseases were exceeding rare. IBD is now emerging rapidly

in many underdeveloped countries.13–16 Poorly defined environmental factors are likely the

cause for this rapid change in disease frequency worldwide. Hygiene associated with

modern day living and causing alteration in intestinal flora and fauna is postulated to be a

major risk factor.17 The IBD hygiene hypothesis proposes that modification in exposure to
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living organisms negatively affects development and maintenance of immune regulatory

circuits that normally would afford protection from these diseases. Helminth infections are

exceedingly strong inducers of regulatory circuits. Thus, loss of these infections in children

and adults, a consequence of hygiene and strong public health measures, may be an

important factor in disease causation.18 Several clinical and epidemiologic studies support

this concept.19,20 Research exploring the use of helminths to treat Crohn’s disease and

ulcerative colitis suggests that these agents may be useful therapeutic agents both to treat

and prevent IBD.21–25

Animal models

Laboratories study various animal models that simulate human IBD26 to identify potential

mechanisms through which helminths suppress disease. In one model, trinitrobenzene

sulfonic acid (TNBS) is administered intrarectally into healthy mice to induce colitis.

Another model is the IL-10–KO mouse, which develops chronic colitis spontaneously. In

this model, brief exposure to a nonsteroidal anti-inflammatory drug (NSAID) triggers the

disease quickly and more uniformly throughout the colon making the model more useful for

experimentation.

In a variant of the IL-10–KO mouse model of IBD, Rag mice (T and B cell deficient) are

reconstituted with IL-10–KO T cells, and the mice are fed an NSAID orally to induce severe

Th1/Th17-type colitis.27 Human IBD is presumed to result from inappropriate T cell

activation, in the gut lining, to luminal antigens. It is hard to study antigen-specific

immunity in the intestines, since many poorly defined antigens provided by luminal

organisms and orally consumed organic matter drive mucosal immune responses. To

overcome this barrier, Rag mice also may receive, simultaneously with the IL-10–KO T

cells, transgenic OT2 T cells bearing MHC class II-dependent TCR that recognize OVA.

The OT2 cells subsequently appear in the gut allowing the study of how helminths work to

regulation antigen-specific responses in the intestinal lamina propria.

Another valuable murine model of spontaneous IBD results from the reconstitution of Rag

mice with CD25lo T cells. This model retains the capacity to make IL-10 and can be

manipulated similarly to that of the IL-10–KO model to allow sophisticated analysis.

Mechanisms of regulation

Helminths likely function to control IBD through induction of several independent

regulatory pathways. They promote regulatory circuits involving cellular components of

both innate and adaptive immunity, and stimulate release of several regulatory cytokines

(Fig. 1).

Regulatory dendritic cells

Helmigmosomoides polygyrus bakeri is a murine intestinal nematode with some genetic

similarity to pinworm and hookworm (Fig. 2). T cell- and B cell-deficient Rag mice infected

with H. polygyrus bakeri and then dewormed with a pharmaceutical agent before

reconstitution with colitogenic IL-10–KO T cells are protected from colitis.27 This implies

that H. polygyrus bakeri does not require direct interactions with T or B cells to render

animals resistant to this disease.

IFN-γ and IL-17 are proinflammatory cytokines implicated in driving colitis in both human

and many murine models of IBD, including the ones described above.28 The intestinal

mucosa makes less IFN-γ and IL-17 after H. polygyrus bakeri infection, whether the

animals are primed for colitis or have been configured to remain free from disease. Thus, the
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decreased ability to produce these colitogenic cytokines is not simply secondary to the

improvement in gut inflammation.

In the absence of adaptive immunity, exposing Rag mice to H. polygyrus bakeri greatly

alters the function of the dendritic cells (DC) residing in the intestinal mucosa.27 After H.

polygyrus bakeri infection, intestinal DC only weakly support antigen-driven IFN-γ
secretion compared to DC from un-infected animals. More importantly, DC isolated from

the MLN or intestines of H. polygyrus bakeri-infected Rag mice will block colitis and

mucosal antigen-induced IFN-γ and IL-17 responses when the DC are transferred into

colitis-susceptible animals. Thus, without the aid of T or B cells, the process of helminth

infection alters the function of the DC in the gut and MLN of Rag mice, rendering them

highly regulatory.

How the DC work to silence mucosal antigenic stimulation is partly understood. T cells

populate the gut and MLN normally after DC transfer, but the T cell response is quelled by

the surrounding non-T cell elements of the lamina propria and MLN, which have become

strongly regulatory. The regulatory DC block IFN-γ and IL-17 production by interfering

with the interaction between proinflammatory DC and effector T cells that drive the

inflammation. The regulatory DC must physically contact the other cellular components to

control the response. This interaction does not promote IL-4 secretion and is not associated

with enhanced IL-10 or TGF-β production, suggesting that the mechanism of regulation is

not dependent on increased production of these cytokines (Weinstock, et al., unpublished

data).

There also are changes in expression of cell surface molecules on the intestinal DC.27 This

includes decreased expression of the costimulatory molecules CD80 and CD86; more widely

expressed are PDCA-1, a marker of plasmacytoid DC,29 and CD40. It is not yet determined

if any of these changes in cell surface protein expression have importance for the capacity of

these cells to block colitis or mucosal antigenic responses.

Regulatory macrophages

Macrophages populate the intestines in abundance. Macrophages occur in one of several

possible states of cellular activation. Helminths induce the immune system of the host to

produce IL-10 and Th2 cytokines like IL-4 and IL-5, which activate macrophages in ways

distinct from macrophages exposed to Th1 cytokines. Such so-called alternatively activated

macrophages display the mannose receptor and IL-4Ra on their outer membranes, and make

some unique molecules like arginase-1, RELMa, Ym11, and some chitinases.30 While they

produce little IL-12, alternatively activated macrophages can make IL-10, TGF-β, and other

immunomodulatory factors notable for limiting Th1-type inflammation.31 Helminths may

help protect from IBD through induction of alternatively activated macrophages.

Another frequently used model of IBD is dextran sodium sulfate (DSS)-induced enteritis.

DSS administered orally to rodents damages the intestinal epithelial lining. This in turn

induces gut inflammation that is relatively independent of adaptive immunity.

Infection of Balb/C mice with Schistosoma mansoni protects these animals from DSS-

induced injury. In the DSS model of enteritis, it is the adult schistosome flukes living in the

portal vein that shield the host from this inflammation, not their ova that lodge in the liver

and intestinal wall. The mechanism of protection involves macrophages and functions

independent of regulatory cytokines, such as IL-10 and TGF-β, and regulatory T cells.32

Cystatin, a secreted cysteine protease inhibitor of several species of filarial nematodes,

protects mice from DSS colitis and an allergic-type airway hypersensitivity response.
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Macrophages and IL-10 are necessary for this protection,33 although this has thus far only

been demonstrated for the lung Th2-type inflammatory model. Cystatin induces

macrophages to make IL-10 and IL-12 p40 through activation of intracellular signaling

pathways like ERK and p38, which are MAP kinases.34 This effect of cystatin on

macrophages is the postulated mechanism of action.

In the IL-10–KO Rag model of IBD, exposure of Rag mice to H. polygyrus bakeri induces

regulatory macrophages in the gut even before the mice are reconstituted with the

colitogenic IL-10 deficient T cells. These intestinal macrophages inhibit antigen-induced,

IL-17 and IFN-γ secretion, by a contact-dependent mechanism, when they are mixed with

LPMC from mice with active colitis. The macrophages regulate with efficiency comparable

to that of the H. polygyrus bakeri-induced intestinal regulatory DC described above. Also,

when transferred into Rag mice along with the IL-10–KO T cells, they protect the mice from

colitis and inhibit the intestinal antigenic response (Weinstock et. al., unpublished data).

Thus, H. polygyrus bakeri activates two distinct cells of innate immunity (macrophages and

DC) both of which can quell mucosal antigenic responses and colitis. It is not yet established

if these two cell types function interdependently or work separately to provide overlapping

protection. Profiling these regulatory macrophages using real-time PCR technology suggests

that these cells do not have the molecular profile of classical alternatively activated

macrophages.

In another study using dinitrobenzene sulfonic acid (DNBS) instead of TNBS to induce

IBD, infection with the intestinal tapeworm H. diminuta protects the mice from colitis

through a macrophage-dependent mechanism. The infection induces within the colon

increased expression of markers of alternatively activated macrophages. Alternatively

activated macrophages transferred into mice will protect the animals from DNBS-induced

injury, suggesting that alternatively activated macrophages induced by the natural infection

are the critical protecting factor. Extracts from H. diminuta adult worms injected

intraperitoneally also provides disease protection and selectively suppresses macrophage

function in vitro.35 Thus, this model, as well as the IL-10 transfer model of IBD, suggest

that macrophages activated by helminth infection are sufficient to protect animals from

IBD.36 Moreover, it is possible that some helminths make soluble factors that can mediate

this process and substitute for the live agent.

Regulatory type T cells and cytokines

Various animal models of IBD suggest that regulatory-type T cells are important for

maintaining mucosal immune homeostasis and for controlling enteritis.37 T cells that

regulate immune responses are plentiful in the gut; most are Foxp3+ Tregs that express CD4.

In the colon, more than 50% of the Foxp3+ T cells also make IL-10. There also are T cells

that do not express Foxp3, but which are also major sources for immune regulatory

molecules like IL-10 and/or TGF-β.

Helminths induce expansion of regulatory T cell subsets within the intestinal mucosa and

mesenteric lymph nodes of their hosts. After H. polygyrus bakeri infection lamina propria T

cells have a greater capacity to make IL-10 and TGF-β.38 A diverse array of helminths, such

as H. polygyrus bakeri and Schistosoma mansoni, and the tapeworm Hymenolepis diminuta

induce IL-10 secretion, which helps limit the colitogenic Th1 response and colitis in several

animal models of IBD.39,40 However, helminths also prevent colitis or suppress ongoing

disease in IL-10–KO mice, suggesting that IL-10 is not essential for this control.27,41

H. polygyrus bakeri infection stimulates Foxp3 mRNA expression in T cells 41 and expands

the number of Foxp3+ T cells in the mesenteric lymph nodes 42 and intestinal lamina

propria. T cells from the MLN of H. polygyrus bakeri–infected IL-10–deficient mice can be
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transferred into worm-naive animals and stop ongoing colitis, attesting to the importance of

T cells in helping to control colitis.41 Also, colonic Foxp3+ CD4+ T cells, induced in the

colon by H. polygyrus bakeri-infection, will prevent colitis when transferred into Rag mice

reconstituted with CD25− T cells to make them susceptible to IBD. While most of the

induced regulatory T cells are CD4+, some express CD8+ and can inhibit T lymphocyte

proliferation via class I MHC interactions and cellular contact without the aid of IL-10 or

TGF-β.43 CD8+ Tregs are implicated in the control of several diseases featuring immune

dysregulation.44,45

Helminths can stimulate T cells, and other immune cell types, to make cytokines that

impede development or function of T cell subtypes incriminated in IBD pathogenesis.

Helminths, like H. polygyrus bakeri and Schistosoma mansoni, help protect mice from

TNBS colitis by restraining the colonic Th1 IFN-γ response as well as IL-12 p40 secretion.

Helminths promote the growth of IL-4–producing, Th2 cells. Abrogation of the Th2

pathway promotes persistence of disease and Th1 cell differentiation, showing the

importance of Th2 cytokines for disease control in this murine model of IBD.39 IL-17

frequently comes from Th17 cells and often has an important role in driving colitis. H.

polygyrus bakeri blocks IL-17 secretion in part through stimulating IL-4 production and, to

a lesser extent, IL-10 production, which affects Th17 cell function.28 Disruption of Stat6

signaling specifically in T cells negates the ability of H. polygyrus bakeri infection to

reverse established CD25lo T cell transfer colitis and inhibit IL-17 production (Elliott,

unpublished data).

TGF-β is a critical cytokine in many immune reactions. Transgenic mice with T cells that do

not signal correctly after TGF-β engagement cannot properly limit Th1 or Th2 responses in

the gut and in other tissues, and thus these mice spontaneously develop colitis. In such

transgenic mice, infection with H. polygyrus bakeri cannot prevent colitis or dampen

mucosal Th1 responsiveness. This shows that H. polygyrus bakeri prevention of mucosal

inflammation may require signaling of TGF-β through mucosal T cells.46

Overcoming the epithelial barrier

It is not entirely known how intestinal helminths bypass the intestinal barrier to interface

with the gut mucosal immune system. Helminths like H. polygyrus bakeri live mostly in the

proximal small bowel but reduce inflammation in the colon and distal terminal ileum.

Transfer of protection using mesenteric lymph nodes from H. polygyrus bakeri-infected

mice, however, emphasizes the importance of the immune system in this protective

process.41

There are several possible mechanisms. DC extend dendrites across the epithelial barrier,

which would permit sampling of molecules released from helminths living in the intestinal

lumen. H. polygyrus bakeri and other helminths cultured in vitro release factors that can

modify DC activation,47,48 impair DC-induced antibody responses,48 and promote

regulatory T cell development. Thus, helminths produce substances that may affect the

function of the DC that are sampling luminal contents.

The intestinal epithelial lining interfaces with the underlying immunocytes through release

of regulatory molecules and direct cell contact. Interaction between intestinal helminths and

the intestinal epithelium requires further consideration.

While some helminths swim freely in the gut lumen, others either mildly disrupt the mucosal

barrier (e.g., hookworm) or attach to the intestinal wall by placing their heads beneath the

epithelial lining (e.g., whipworm). This affords a further potential avenue for direct
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communication, for instance, with T cells to induce Tregs,
42 or with other cells of host

immunity to promote regulation.47

There is an enormous quantity of bacteria in the intestines. Intestinal bacteria are important

for the health of the mucosal immune system and readily interact with intestinal DC and

other cells.49 H. polygyrus bakeri infection rapidly shifts the abundance and distribution of

some intestinal bacteria. There is a prominent increase in a family of bacteria called

Lactobacillaceae. Various bacterial species within this group of organisms decrease

intestinal inflammation in murine models of colitis.50

Helminths also can perturb the location and function of receptors of innate immunity.

Bacteria often interact with host TLR and other receptors of innate immunity through release

of LPS and other molecules. T cells in the intestinal lamina propria express TLR4 after H.

polygyrus bakeri infection.51 LPS engagement with T cell TLR4 stimulates release of

regulatory cytokines such as IL-10 and TGF-β, rather than the expected proinflammatory

molecules. This may allow bacterial LPS to suppress adaptive immunity by provoking

regulatory T cells that make IL-10 and TGF-β. Some helminth products also can bind to

TLRs on DC to promote a Th2/regulatory T cell response.52

There also are helminth species that suppress colitis while living in the systemic circulation

or regions of the host distant to the intestines. Their mode of communication with host

immunity may be different than those discussed above.

Helminths and other immune-mediated diseases

Shared with IBD are the temporal and geographic prevalence patterns of multiple sclerosis

(MS), type 1 diabetes (T1D), rheumatoid arthritis (RA), asthma, and many other

autoimmune inflammatory diseases. This suggests that environmental factors which increase

the risk for IBD, such as loss of helminth infections, also increase the risk for other immune-

mediated illnesses. Investigators are studying the effect of helminth infection on

development and expression of these inflammatory diseases using animal models (Table 1).

Multiple sclerosis

Patients with MS that have helminthic infections (e.g., Trichuris trichiura and/or, Ascaris

lumbricoides, Strongyloides stercoralis, and others) have a milder disease course compared

to MS patients without helminths.53 Furthermore, in a case report of four patients,

pharmacological eradication of helminthic infections resulted in worsening MS activity.54

Associated with helminth eradication was an increase in the number of PBMC making IFN-

γ and IL-12, and a decrease in the number of cells producing IL-10 and TGF-β. There also

was a decrease in circulating CD4+CD25+Foxp3+ T cells.54 An open label trial of

therapeutic Trichuris suis exposure in five patients with relapsing-remitting MS showed that

helminth exposure resulted in fewer neurological symptoms and development of fewer CNS

lesions, as measured by magnetic resonance imaging.55 Lesion development recurred after

discontinuation of T. suis administration. A Danish study showed similar results (personal

communication).

Mice or rats immunized with myelin-associated peptides develop autoimmune encephalitis

(EAE), which serves as a model of MS. Exposure of mice to Schistosoma mansoni, or even

just to their dead eggs, protects mice from EAE.56,57 Schistosome exposure suppresses Th1-

type cytokine (IL-12 p40, IFN-γ, and TNF-α) and augments regulatory and Th2-type

cytokine (TGF-β, IL-10, and IL-4) production by splenocytes and CNS cells. Trichinella

spiralis infection also affords protection in the agouti rat EAE animal model of MS.58

Trichinosis suppresses lymph node cell IFN-γ and IL-17 secretion while promoting IL-10
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and IL-4 production, and it increases the number of CD4+CD25+Foxp3+ T cells in the

spleen. Adoptive transfer of T cells from helminth-infected rats into helminth-naive rats

protects these animals from developing EAE.58 This shows that the process of protection is

immunologically-mediated, and that T cells are sufficient to control the disease. Infection

with H. polygyrus bakeri 59 or Fasciola hepatica 60 also suppresses EAE. These studies

show that helminths can suppress organ-specific inflammation beyond colitis through

circuits likely similar to those that inhibit intestinal inflammation.

Type 1 diabetes (T1D)

Therapeutic trials using helminth exposure in patients with T1D are planned but not yet

completed. For several years, laboratories have studied the effect of helminths on T1D using

animal models of autoimmune diabetes such as the nonobese diabetic (NOD) mouse.

Helminth exposure with Schistosoma mansoni, T. spiralis, or H. polygyrus bakeri61–64

protects NOD mice from insulitis. Protective schistosome exposure is associated with

induction of IL-10 and expansion of NKT cells.62

Intraperitoneal injection of soluble proteins isolated from schistosome eggs (SEA) also

protects NOD mice from diabetes and increases pancreatic mononuclear cell production of

TGF-β, IL-4, and IL-10.65 In addition, SEA treatment increases the number of pancreatic

and splenic CD4+CD25+Foxp3+ T cells 65 and induces alternatively activated peritoneal

macrophages that make TGF-β.66 Transferring splenocytes from SEA-treated NOD mice

into untreated NOD recipients protects these animals from disease. Splenocytes depleted of

CD4+CD25+ T cells cannot provide this protection.65

The cytokine profile associated with a protective T. spiralis or H. polygyrus bakeri infection

differs from that induced by schistosome worms or SEA. Characteristic of a protective, T.

spiralis exposure increased splenic IL-4 secretion without inducing IL-10 production or

inhibiting IFN-γ synthesis.63 Protection afforded by H. polygyrus bakeri infection

associates with induction of alternatively activated macrophages, and IL-4 secretion and

inhibition of IFN-γ production. However, this protection is independent of IL-10 and

CD25+ T cells.64

Another murine model of T1D is low-dose streptozotocin-induced diabetes. Infection with

Taenia crassiceps (a tape worm) decreases insulitis shielding Balb/C and C57BL/6 mice

from streptozotocin-induced diabetes. Protection is associated with increase in IL-4 and

alternatively activated macrophages, but not with induction of regulatory T cells.67 Thus, all

of the classes of helminths (nematodes, cestodes, and trematodes) can confer protection in

murine models of T1D, but different helminths may do so by triggering somewhat different

regulatory pathways.

Rheumatoid arthritis

There are no published clinical trials of helminth exposure in patients with rheumatoid

arthritis, but the effect of helminths on arthritis has been tested in animal models of this

disease. Polyarticular arthritis develops spontaneously in MRL/lpr mice that have impaired

Fas gene expression. Infection of these mice with bacteria aggravates arthritis, while

infection with a helminth (H. polygyrus bakeri or Nippostrongylus brasiliensis) reduces the

incidence of arthritis and the degree of synovial hyperplasia. 68

A more commonly used and well-described model of rheumatoid arthritis is collagen-

induced arthritis. Mice infected with S. mansoni two weeks before sensitization with

collagen in Freund’s complete adjuvant (FCA) do not develop the expected polyarticular

arthritis.69 The reduction in arthritic score correlates with the number of worms per mouse.

In protected animals, mitogen-stimulated splenocytes produce less IFN-γ, TNF-α, and
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IL-17, but more IL-4 and IL-10 than do splenocytes from mice without S. mansoni

infection.69 Schistosoma japonicum, which is closely related to S. mansoni, also protects

mice from collagen-induced arthritis. As with S. mansoni, this protection associates with

inhibition of IFN-γ production and augmentation of IL-4 and IL-10 secretion by mitogen-

stimulated splenocytes.70 However, there is no significant change in TNF-α production.

Also, in contrast to protection afforded by S. mansoni exposure, infection with S. japonicum

needs to advance to a patent (egg laying) stage at the time of collagen sensitization to inhibit

arthritis development.70 If this difference is not due to technical artifacts, it suggests that

timing of helminth exposure relative to disease challenge may be an important factor even

for closely related worms.

The rodent filarial nematode Acanthocheilonema viteae, which resides in host lymphatics,

secretes a 62 kD phosphocholine-containing glycoprotein (ES-62) that prevents and treats

established collagen-induced arthritis.71 In mice protected from arthritis, their draining

lymph node cells make less IFN-γ and TNF-α, and more IL-10, after collagen stimulation in

vitro. Arthritis is inhibited even when ES-62 is administered subcutaneously after onset of

collagen-induced inflammation.71 Recombinant ES-62 (expressed in yeast) does not inhibit

arthritis because it lacks the phosphocholine moiety.72 These studies show that at least one

systemically administered helminth-derived product can modulate arthritic disease activity

but the molecule may require posttranslational modification to make it bioactive.

Another model of arthritis is inflammation provoked by intra-articular injection of CFA.

This model allows assessment of joint discomfort by comparing CFA with saline-injected

joints in the same animal. Exposure of mice to the tapeworm Hymenolepis diminuta before

challenge reduces CFA-induced peak joint swelling and hastens resolution of inflammation

in Balb/C and C57BL/6 mice.73 Exposure to the helminth after CFA injection does not ease

peak swelling but continues to hasten recovery. CFA increases TNF-α mRNA expression in

joints; H. diminuta infection blocks this induction and also alters splenocyte cytokine

profiles, increasing IL-4 and IL-10 production. Infection of IL-10–deficient mice with the

tapeworm does not afford protection from CFA arthritis.73 These experiments demonstrate

that infection with a helminth residing in the intestinal lumen (H. diminuta) can protect from

joint inflammation similar to a helminth (Schistosoma sp.) living in the mesenteric

vasculature.

Allergy/asthma

IBD, MS, T1D, and rheumatoid arthritis likely result from dysregulated Th1/Th17

responses, while excessive Th2-type inflammation probably drives allergy and asthma.

Helminth exposure stimulates strong Th2 responses and would be predicted to worsen

allergic inflammation. However, helminths actually induce immune regulatory circuits that

suppress Th2-driven atopic disease.

Helminth infection may influence the frequency of wheezing that is a sign of asthma. People

with A. lumbricoides or hookworm (Necator) infections are less likely to experience

wheezing than people without these infections.74 Also, inhabitants in areas endemic for S.

mansoni report less wheezing compared to individuals living in nonendemic regions.75

Many epidemiological studies support the hypothesis that helminth exposure suppresses

atopy, as measured by skin reaction to injected allergens. A study in Gabon, Africa showed

that fewer children have atopic skin reactions to dust-mite allergens if they are infected with

Schistosoma hematobium, compared to children without the helminth.76 Furthermore,

children repeatedly treated for geo-helminths (e.g., T. trichiura) have increased skin

reactions compared to untreated children.77–79 However, in other epidemiologic and

interventional studies, helminthic infection either had no effect on, or increased the
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frequency of, atopic responses.79,80 Intensity and timing of helminth infection may explain

some of theses differences in outcome. Individuals with the earliest and most sustained

exposure may be the most protected against allergic inflammation.81 This requirement for

prolonged exposure also may explain the limited results of a recent double-blind placebo-

controlled therapeutic trial of T. suis for seasonal allergic rhinitis.82,83

A major model of allergic inflammation is airway hyper-responsiveness (AHR) induced by

aerosol challenge with an antigen in previously sensitized mice. The model permits

measurement of airway reactivity (respiratory resistance and compliance) and analysis of

pulmonary inflammation. Colonization with H. polygyrus bakeri before or during antigen

sensitization inhibits subsequent airway reactivity84 and inflammation84,85 upon aerosol

antigen challenge. Helminth exposure decreases allergen-specific IL-5 production, an effect

shown in people with S. mansoni infections.75

Exposure to other helminths, such as S. mansoni86 or T. spiralis,87 also affords protection

from allergic airway reactivity and inflammation. In both of these models, helminth

exposure is associated with decreased allergen-stimulated IL-5 release and increased IL-10

and TGF-β production.

Transfer of mesenteric lymph node cells or splenocytes from colonized mice into helminth

naive animals inhibits airway inflammation, showing induction of regulatory cell activity. H.

polygyrus bakeri exposure increases the percentage of CD4+ T cells in the mesenteric and

thoracic lymph nodes that express CD25 and Foxp3,84,85 raising the possibility that Tregs

mediate protection with cell transfer. In addition, H. polygyrus bakeri colonization induces a

CD19+CD23+ regulatory B cell population that transfers suppression of allergen-kindled

airway inflammation independent of IL-10 production.59 Like H. polygyrus bakeri, exposure

to S. mansoni induces a population of CD19+CD23+ regulatory B cells that transfer

protection from AHR.88 In this model the regulatory B cells express CD1d, require intact

IL-10 production, and act in part by increasing the number of pulmonary

CD4+CD25+Foxp3+ regulatory T cells in the lungs.88 These observations show that

helminths activate multiple regulatory circuits that can work independently and at times in

concert to inhibit aberrant inflammation.

How helminths communicate with the host immune system

It is conceivable that these organisms modulate host immunity through release of immune

regulatory products or by display of such molecules on their integument. The previous

paragraphs already described several molecules proposed to mediate such functions. These

include cystatin and ES-62 both derived from various filarial species. Cystatin interacts with

macrophages, whereas ES-62 is reported to modulate B cell, macrophage, and dendritic cell

functions.89 Calreticulin is a secretory product of the murine helminth H. polygyrus

bakeri 90 and the human hookworm Necator americanus.91 It binds scavenger receptor type

A on dendritic cells, prompting a Th2 response. Other molecules and various other

“excretory/secretory” factors have been described.47 To date, no one molecule has been

ascribed to the majority of helminth species, and none display the broadly powerful immune

regulatory properties shown by the whole organisms. This suggests that no single helminth

molecule is responsible for the broad spectrum of immune regulatory activities of various

helminth species.

It also remains possible that some helminths, like those which reside in the gut, release

factors that indirectly modulate host immunity through altering the composition of our

complex intestinal microflora 92 or through other indirect means.
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Summary

Until very recently, helminth infection was ubiquitous. Helminth infection created a strong

selective pressure on the human genome that outstrips that driven by bacteria and viruses.93

Indeed, many of the pathways identified by genome-wide association studies that confer risk

for autoimmune and inflammatory disease show genetic variation influenced by helminths in

the environment.6 Thus, it should come as no surprise that eradicating helminths can result

in expression of diseases influenced by these pathways.

There are now many animal models representing a diverse range of diseases for which

helminths either prevent and/or reverse ongoing pathology. The various animal models and

epidemiological data suggest that many helminth species can mediate protection (Fig. 3). In

some cases, different helminths may evoke dissimilar mechanisms to quell inflammation.

This is not surprising since helminths have diverse evolutionary origins and inhabit unique

niches in their host, which influences their access to the host’s immune system. The models

also suggest that the mechanisms of action will not necessarily be the same for all diseases

or mouse strains, or for out-bred individuals. Immunological diseases are caused by a vast

array of gene interactions, environmental factors, and aberrant host immune responses.

Thus, for helminths to modulate disease activity in a large number of patients with a wide

range of diseases, one would expect that helminths possess the capacity to simultaneously,

selectively, and/or sequentially modulate various immune regulatory pathways. At least in

some diseases, helminths interface both with cells of innate and adaptive immunity to exert

control. Their powerful stimulatory effect on regulatory dendritic cells, macrophages, T

cells, B cells, and/or cytokines is particular noteworthy. While the mouse models hint at

some of the potentially important immunologic mechanisms that protect from disease,

mostly lacking are human studies validating these observations. Helminths are complex,

multicellular animals that modulate and, at times, completely evade host immunity. In most

circumstances, little is know regarding the molecular signals exchanged between helminth

and host to mediate this process. Even less is known about which helminth products

influence disease and how they work.

Continued study of how helminths prevent and reverse inflammatory diseases should help

should help elucidate the pathophysiology that led to the emergence of these illnesses in

industrialized, highly hygienic countries and hopefully will identify targets for therapy.

Furthermore, helminths or their products may prove useful as pharmaceutical agents to

control or prevent immune-mediated illness.
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Figure 1.
Helminth-induced regulatory circuits that limit inflammation.
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Figure 2.
Male and female adult Heligmosomoides polygyrus bakeri. H. polygyrus bakeri is a

nematode (round worm) that resides in the upper small intestine (duodenum and jejunum) of

mice. The name of the parasite is changing from H. polygyrus to H. bakeri.
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Figure 3.
Helminth types successfully used to control immunological diseases. Helminths are divided

into two phyla. The Nemathelminthes phylum contains the roundworms (Nematodes). The

Platyhelminthes phylum contains the tapeworms (Cestodes) and the flukes (Trematodes).

Although they are all called worms, the genetic distance between Nemathelminthes and

Platyhelminthes is vast. The ability to parasitize another organism developed independently

within these groups.
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Table 1

Animal modules of human disease that show improvement with helminths

Animal model Human disease Helminth studied

TNBS and DNBS induced colitis Crohn’s disease S. mansoni
H. polygyrus bakeri
T. spiralis
H. diminuta

IL10−/− colitis Crohn’s disease H. polygyrus bakeri
S. mansoni
T. muris

Transfer colitis Crohn’s disease H. polygyrus bakeri

Autoimmune encephalitis (EAE) Multiple sclerosis S. mansoni
T. spiralis
H. polygyrus bakeri
F. hepatica

NOD mouse Type 1 diabetes S. mansoni
T. spiralis
H. polygyrus bakeri

Streptozotocin-induced diabetes Type 1 diabetes T. crassiceps

MRL/lpr arthritis Rheumatoid arthritis H. polygyrus bakeri
N. brasiliensis

Collagen-induced arthritis Rheumatoid arthritis S. mansoni
S. japonicum

CFA arthritis Rheumatoid arthritis H. diminuta

Reactive-airway disease Asthma S. mansoni
H. polygyrus bakeri
T. spiralis
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