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Helminth parasites are known to elicit the immune response towards T helper 2 (Th2)-
type, characterized by Th2 related cytokines, that typically include interleukin-4 (IL-
4), IL-5 and IL-13. In this review we will describe the mechanisms involved in helminth
induced Th2 immune response. Intestinal epithelial cells (IECs) produce thymic stromal
lymphopoietin (TSLP), which is both necessary and sufficient for the initiation of Th2
cytokine-driven inflammation. IL-33 mRNA is expressed early during parasite infection
and IL-33 binds ST2 receptor, both of which are associated with optimal CD4* Th2 polar-
ization. Following innate immune cell recognition, basophils and mast cell can secrete Th2
type cytokines that are thought to contribute to CD4* Th2 differentiation. Additionaly,
dendritic cell conditioned with some helminth products can promote CD4* Th2 differen-
tiation. Alternatively activated macrophages, activated by the Th2 cytokines IL-4 and IL-
13 in parasitic infections, contribute to the host protective response: control of Thl-type
inflammation, wound healing and worm expulsion. Experimentally, helminths have been
associated with protection against a number of autoimmune disorders, including inflam-
matory bowel diseases and type 1 diabetes. It may be a novel strategy to ameliorate au-
toimmune inflammation by expanding and activating the Th2 response originated from
parasites.
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Helminth infections are characterized by a strong
T helper 2 (Th2)-type response, which includes the
combined innate and adaptive immune responses
to clearly distinguish it from the adaptive Th2-
cell response (Anthony et al., 2007). Th2-type
responses are typically characterized by increases
in the levels of Th2-type cytokines such as inter-
leukin-4 (IL-4), IL-5, IL-13 and IL-21. In this re-

view we will first describe the mechanism of Th2-
cell response evoked by helminth parasite (Fig. 1).
Second the characterization and the function of
alternatively activated macrophages (A AM®s) acti-
vated by 1L-4/IL-13-dependent signal pathway will
be discussed, and third we will give an overview
that helminth parasites prevent the autoimmune
diseases through Th2-type response.

Abbreviations: AAM®, alternatively activated macrophage; AMAC, alternative macrophage activation-associated CC
chemokine; AMCase, acidic mammalian chitinase; CAM®, classically activated macrophage; CCR4, CC chemokine recep-
tor 4; DC, dendritic cell; ERK, extracellular signal regulated kinase; ES, excretory/secretory; FceRI, Fc receptor for IgE; IEC,
intestinal epithelial cell; IL, interleukin; iNOS, inducible nitric oxide synthase; JNK, c-Jun N-terminal kinase; LPS, lipopoly-
saccharide; MAPK, mitogen-activated protein kinase; NF-kB, nuclear factor-xB; MDC, macrophage derived chemokine; SEA,
schistosome egg antigen; SWA, soluble worm antigen; TARC, thymus and activation-regulated chemokine; TIMP, tissue inhib-
itor of metalloproteinase; TGF-f, transforming growth factor-3; Th2, T helper 2; TLR, Toll-like receptor; TSLP, thymic stromal

lymphopoietin
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Fig. 1. The orchestration of CD4* Th2 cell differentiation following innate cell recognition and response to parasite infec-
tion and the inhibitory mechanism of Thl-dependent autoimmune diseases. Following innate cell recognition, Th2-type cy-
tokines including IL-4, IL-13 and IL-33, or TLSP are secreted. These cytokines are thought to contribute to CD4* Th2 cell
differentiation. DC conditioned with helminth products also induces Th2 cell polarizing. Th2 cytokines and AAM®s pre-
vent Thl-dependent autoimmune diseases. AAM®, alternatively activated macrophage; DC, dendritic cell; Eo, eosinophil;
IEC, intestinal epithelial cell; IL, interleukin; MC, mast cell; Th, T helper; TLR, Toll-like receptor; TSLP, thymic stromal

lymphopoietin.

Th2-type response
induced by helminth parasites

Innate immune responses: basophils and
mast cells

Innate immune cells are essential for both the ini-
tiation and effector phases of Th2-type immune
responses. Following helminth infection, basophils
increase in number in the blood and tissues. In Nip-
postrongylus brasiliensis infection, IL.-4-producing
basophils are readily detected in the lungs, liver and
spleen (Shinkai et al., 2002; Min et al., 2004). Ba-
sophils and eosinophils might be a major source of
IL-4 at early stages of the Th2-cell response, sug-
gesting that they promote the development of Th2
cells or their recruitment to sites of inflammation.
Mast cells share many characteristics with
basophils, including the cell-surface expression of
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the high-affinity Fc receptor for IgE (FceRI), IL-
18R and the Toll-like receptors (TLRs), and 1L-4/
IL-13 secretion (Yoshimoto and Nakanishi, 2006).
They have also been shown recently to derive from
a common progenitor (Arinobu et al., 2005). How-
ever, unlike basophils, which circulate in the blood,
mast cells reside in peripheral tissues and are thus
well situated to respond immediately to invasive
agents. Increased numbers of mucosal mast cells
are often observed in affected tissues during hel-
minth infections and this increase is dependent on
Th2-type cytokines.

TSLP

Intestinal epithelial cells (IECs) are a critical cell
population that maintains intestinal immune ho-
meostasis through both barrier function and the
ability to actively modulate intestinal immune re-
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sponses (Zeuthen et al., 2008). One IEC-derived
cytokine with immunomodulatory properties is
thymic stromal lymphopoietin (TSLP). TSLP is a
four-helix bundle cytokine that is expressed both in
humans and mice. Despite poor sequence homol-
ogy, human and mouse TSLP exhibit similar bio-
logical functions (Liu et al., 2007). Expression of
TSLP is regulated by nuclear factor (NF)-kB and
can be induced by exposure to viral, bacterial and
parasitic pathogens, and inflammatory cytokines
IL-1p and TNFa (Allakhverdi et al., 2007; Lee et
al,, 2007). TSLP binds to its high affinity receptor
(R), a heterodimer composed of a unique TSLPR
chain and the IL-7R chain, that is expressed on he-
matopoietic cell lineages, including B cells, T cells,
mast cells and dendritic cells (DCs) (Soumelis et
al., 2002; Allakhverdi et al., 2007; Chappaz et al.,
2007; Liu et al., 2007).

TSLP-conditioned human DCs can promote
Th2 cell responses (Soumelis et al., 2002; Ito et al.,
2005; Rimoldi et al., 2005). TSLP-treated DCs ex-
hibit reduced production of IL-12/23p40 upon TLR
ligation, and the ability of DC-derived OX40L to
drive Th2 cell differentiation is critically dependent
on the absence of IL-12 (Soumelis et al., 2002; Ito
et al., 2005; Rimoldi et al., 2005). TSLP treatment
of human DCs induces expression of the chemok-
ines CCL17 and CCL22, known ligands for CCR4,
a chemokine receptor found on effector Th2 cells
(Soumelis et al., 2002). More recently, TSLP has
been reported to act directly on naive mouse CD4*
T cells to promote IL-4 production and to induce
Th2 cell differentiation in the absence of exogenous
IL-4 and antigen presenting cells in vitro (Omori
and Ziegler, 2007). TSLP is both necessary and
sufficient for the initiation of Th2 cytokine-driven
inflammation (Ziegler and Liu, 2006; Liu et al.,
2007). TSLP-TSLPR interactions are critical for
immunity to the intestinal pathogen Trichuris.
Monoclonal antibody-mediated neutralization of
TSLP or deletion of the TSLPR in normally resis-
tant mice resulted in defective expression of Th2
cytokines and persistent infection (Taylor et al.,
2009). However, TSLP-TSLPR interaction has no
functional impact on the development of protective
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Th2 immune responses after infection with 2 hel-
minth, Heligmosomoides polygyrus and N. brasil-
iensis (Massacand et al., 2009).

IL-33

IL-33 is produced very early during Trichuris muris
infection (Humphrey et al., 2008). 1L-33 is struc-
turally closely related to IL-18, requires posttrans-
lational processing, and binds the receptor complex
consisting of the orphan IL-1R family member ST2
and the IL-1R accessory protein (Acosta-Rodriguez
et al., 2007). ST2 is expressed on mast cells and
Th2 cells (Nakanishi et al., 2001) and has been
shown to play an important role in Th2 responses
(Yoshimoto and Nakanishi, 2006). IL-33 induces
IgE-independent production of IL-13 from both
human and mouse mast cells (Florian et al., 2006)
and can operate in coordination with the epithelial
cell-restricted cytokine TSLP on mast cells to max-
imize Th2-associated cytokines and chemokine
production (Brunner et al., 2004). Likewise, IL-
33 has been described as a chemoattractant of Th2
cells (Oshikawa et al., 2001). The ability of 1L-33
to enhance TSLP-induced responses from mature
mast cells has recently been demonstrated (Brunner
et al., 2004). It is conceivable that IL.-33 can act via
TSLP to promote Th2-driven immunity to 7. muris
infection.

The IL-17-related cytokine IL-25 (also known
as IL-17E) is also associated with the Th2-type
response and can promote Th2-cell differentia-
tion and nematode parasite expulsion (Fallon et al.,
2006; Owyang et al., 2006).

The induction of Th2 responses by DCs

DCs play a central role in activating CD4* Th cells.
The ability of DCs to interpret helminth-inherent
signals and induce Th2 responses has been illus-
trated by experiments in which mice injected with
DCs that have been pulsed with extracts of helm-
inths in vitro develop Th2-biased helminth-specific
responses (MacDonald et al., 2001; Balic et al.,
2004; Leech et al., 2006). The Th2-polarizing
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Table 1. Specially upregulated genes in alternatively activated macrophages

Marker

Alternatively activated macrophage

Reference

Pattern recognition receptors

Other receptors IL-4Ra

FceRII (CD23)
L-arginine metabolism Arginase-1
Tissue remodeling factors TGF

TIMP1, TIMP2
Fibronectin

MDC (CCL22)
TARC (CCL17)

Chemokines

AMAC-1 (CCLI18)

Anti-inflammatory effects IL-10
Th2 type inflammation

AMCase

Mannose receptor (CD206)
B-glucan receptor

Yml, FIZZ1/RELMa

Stein et al., 1992

Goerdt and Orfanos, 1999
Herbert et al., 2004
Goerdt and Orfanos, 1999
Loke et al., 2002

Song et al., 2000

Sandler et al., 2003
Gordon, 2003

Bonnecchi et al., 1998
Imai et al., 1999

Goerdt and Orfanos, 1999
Goerdt and Orfanos, 1999
Raes et al., 2002

Nair et al., 2005

AMAC-1, alternative macrophage activation-associated CC chemokine; AMCase, acidic mammalian chitinase; IL, interleu-
kin; TGF-, transforming growth factor-§; MDC: macrophage derived chemokine; TARC, thymus and activation-regulated

chemokine; TIMP, tissue inhibitor of metalloproteinase.

properties of helminths appear to reflect the con-
ditioning of DCs to induce these types of immune
response, because helminth products can act as
Th2 adjuvants for unrelated antigens (Holland et
al., 2000; Okano et al., 2001; Gomez-Garcia et al.,
2006).

The response of DCs to microbial pathogens
is mediated in large part via TLRs, with input
from other pattern recognition receptors such as
lectins (Medzhitov 2007; van Vliet et al., 2008).
A striking and significant difference between Th2
responses and Thl responses is that the former de-
velop normally in the absence of MyD88 (Helmby
et al., 2003; Layland et al., 2005). Analyses of
signalling events within the NF-xB and mitogen-
activated protein kinase (MAPK) pathways have
revealed significant differences between DCs ex-
posed to helminth products and those stimulated
with microbial products such as bacterial lipopoly-
saccharide (LPS). For example, extracellular signal
regulated kinase (ERK), c-Jun N-terminal kinases
(JNK) and p38 are heavily phosphorylated after
exposure of DCs to LPS, but in DCs exposed to
schistosome egg antigen (SEA), a soluble extract
of schistosome eggs that is capable of conditioning
DCs to induce strong Th2 responses, ERK and to
a lesser extent p38 are phosphorylated, but JNK is
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not (Kane et al., 2004).

Exposure of DCs to helminth products has
also been reported to stimulate NF-kB activation.
For example, LNFPIII stimulates rapid, transient
NF-xB nuclear translocation and activation (Thom-
as et al., 2005). Consistent with these findings, nei-
ther SEA nor LNFPIII-dextran pulsed NF-kB1~/~
DCs are able to induce Th2 responses (Thomas et
al., 2005; Artis et al., 2005). LNFPIII and excre-
tory/secretory products (ES)-62, a phosphorylcho-
line-containing protein secreted by the nematode
Acanthocheilonema viteae, condition DCs to in-
duce Th2 responses through TLR4 (Thomas et al.,
2003; Goodridge et al., 2005). Lysophosphatidyl-
serine from schistosomes has been reported to trig-
ger DC activation by binding to TLR2 in DCs (van
der Kleijj et al., 2002).

There has been great interest recently in the
possibility that C-type lectins represent the major
class of pattern recognition receptors for helminth
products. N-Glycans containing fucose, expressed
in multiple schistosome life stages, as possessing
many of the Th2-inducing properties of SEA, as
described above (Faveeuw et al., 2003; Thomas et
al.,, 2003, 2005), and generally indicated a role for
glycans in the priming of Th2 responses by helm-
inths.
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Alternatively activated macrophages in
helminth infections

Recent studies suggest that macrophages, conven-
tionally associated with IFNy-dominant Thl-type
responses to many bacteria and viruses, also play
an essential role in the Th2-type inflammatory
response. These macrophages are referred to as
AAM®s as they express a characteristic pattern of
cell surface and secreted molecules distinct from
that of classically activated macrophages (CAM®s)
associated with microbe infections.

Characterization and phenotype

The concept of AAM®Ps was first introduced to
distinguish specifically between the phenotype of
cells “activated” in the presence of IL-4 and cells
“deactivated” in the presence of IL-10 (Stein et al.,
1992). Gordon (2003) later included the effects of
IL-13 in the definition of alternative activation be-
cause IL-13 shares a common receptor chain with
IL-4 and exerts similar effects on macrophages.
Administration of recombinant peroxiredoxisin
from Fasciola hepatica and Schistosoma mansoni
to wild type and IL-4~"~ and IL-13~~ mice induced
the production of AAM®s independently of 1L.-4/
IL-13 signaling (Donnelly et al., 2008) (Fig. 1).
AAM®s are observed in a variety of helminth
infections, including Th2-type immune responses
to S. mansoni (Herbert et al., 2004), Taenia crassi-
ceps (Rodriguez-Sosa et al., 2002), Trichinella spi-
ralis (Dzik et al., 2004), F. hepatica (Donnelly et
al., 2005) and filarial parasites (Nair et al., 2003).
A number of markers are used to identify AAM®s
(Table 1). Cell surface IL-4Ro and the mannose
receptor (CD206), are readily detected using ei-
ther flow cytometric (Herbert et al., 2004) or im-
munohistologic (Anthony et al., 2006) techniques.
Arginase-1 is upregulated in AAM®Ps and, due
to its higher affinity for arginine, competes with
inducible nitric oxide synthase (iNOS), which me-
tabolizes arginine in CAM®s. Then, AAM® fail
to generate NO from arginine, and arginase-1 and
its metabolic products, including urea and proline,
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are also indicative of AAM® differentiation (Loke
et al., 2002).

Human AAM®s specifically express al-
ternative macrophage activation-associated CC
chemokine-1 (AMAC-1; CCL18) (Goerdt and Orfa-
nos, 1999), macrophage-derived chemokine (MDC;
CCL22) (Bonecchi et al., 1998), and thymus and
activation-regulated chemokine (TARC; CCL17)
(Imai et al., 1999). These chemokines preferen-
tially recruit Th2 cells through interaction with the
CC chemokine receptor 4 (CCR4).

AAM®s express certain chitinase and FIZZ
(found in inflammatory zone) family member pro-
teins, including: FIZZ1/RELMa, Yml and acidic
mammalian chitinase (AMCase) (Nair et al., 2005);
the Ym1 transcript shows the highest upregulation
of any gene in AAM®s during nematode infection
(Raes et al., 2002) .

Control of inflammation

AAM®s have multiple roles during helminth in-
fection, one of which is regulation of the immune
response. A dominant role for helminth-elicited
AAM®s is suggested to control the underlying
Thl-type inflammatory responses that may other-
wise contribute to pathogenesis. Suppressive ef-
fects of AAM®s on T cell proliferation can occur
in murine models of filarial infections. Brugia ma-
layi L3 injected into the peritoneal cavity can elicit
AAM®s with potent T cell suppressive properties
(Nair et al., 2005). Infection with Litomosoides
sigmodontis also induces AAM®s, which can sup-
press in vitro T cell proliferation. Further in vitro
studies suggest that the mechanism of T cell sup-
pression is independent of IL-10 and CTLA-4, but
partially dependent on transforming growth factor
(TGF)-p (Taylor et al., 2006). Thus, AAM®s ap-
pear to be more important in blocking underlying
Thl-type responses than promoting Th2-type re-
sponses, including Th2 cells.

Wound healing

AAM®s can contribute to fibrosis and repair at the
site of injury (Martin and Leibovich, 2005), which
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Table 2. Helminth infections or products that prevent autoimmune diseases in animal models or humans

Immunological disease Helminth Agent or product Reference
(@) Animal models
Type 1 diabetes Schistosoma mansoni Infection Cooke et al., 1999
S. mansoni SWA, eggs or SEA Zaccone et al., 2003
Trichinella spiralis Infection Saunders et al., 2007
Dirofilaria immitis Recombinant antigen Imai et al., 2001
Experimental autoimmune S. mansoni Infection La Flamme et al., 2003
encephalitis S. mansoni Eggs Sewell et al., 2003
Collagen-induced arthritis Acanthocheilonema viteae ES-62 Mclnnes et al., 2003
Experimental colitis S. mansoni infection Smith et al., 2007
S. mansoni Eggs Elliott et al., 2003
Heligmosomoides polygyrus Infection or transfer of Elliott et al., 2004
MLN from infected mice
Hymenolepis diminuta Infection Reardon et al., 2001
T. spiralis Infection Khan et al., 2002
Trichuris suis Infection Summers et al., 2003
(b) Human diseases
IBD: Crohn’s disease T. suis Infection Summers et al., 2005a
Necator americanus Infection Croese et al., 2006
IBD: ulcerative colitis T. suis Infection Summers et al., 2005b

ES-62, excretory/secretory products of 62 kDa; IBD, inflammatory bowel disease; MLN, mesenteric lymph node; SEA,

soluble egg antigen; SWA, soluble worm antigen.

may be of considerable importance during helm-
inth infection. These large metazoan parasites can
cause extensive damage as they pass through tissue,
releasing proteolytic enzymes that damage cells
and tissues. Genes involved in tissue remodeling,
including tissue inhibitors of metalloproteinases
(TIMPs), are upregulated (Sandler et al., 2003).
FIZZ1/RELMa has recently been implicated in
wound healing (Liu et al., 2004).

Worm expulsion and resistance

Elements of the Th2-type response can control
pathologic Thl-type inflammation and also mar-
shal effective helminth resistance; for example,
the Th2-type response has a demonstrated role in
the expulsion of several intestinal nematode para-
sites (Gause et al., 2003; Finkelman et al., 2004).
Clearly AAM®s may contribute to resistance by
controlling Thl-type immunity and thereby pro-
moting a potent and polarized Th2-type response.
Recently, it is becoming increasingly apparent that
AAM®s may also promote certain components of
the Th2-type response important in worm expul-

sion. For example, AAM®s recruit eosinophils
to the lung and peritoneum during N. brasiliensis
infection (Voehringer et al., 2007). Two candidates
for eosinophil recruitment are leukotriene B4 (Re-
ese et al., 2007) and Yml, a chitinase-like peptide
that lacks chitinase activity (Owhashi et al., 2000).
Related to Ym1, AMCase is a functional chitinase,
which shows elevated gene expression during H.
polygyrus or B. malayi infection (Anthony et al.,
2006; Nair et al., 2005). It is tempting to speculate
that AMCase may function to damage chitin-con-
taining parasites, including developing microfilaria.
If so, this would be in addition to its recently de-
scribed function in augmenting Th2-type responses
by stimulating production of monocyte chemotactic
protein-1 and eotaxin (Zhu et al., 2004). The po-
tential multiple roles of Ym1 and AMCase during
helminth infection make these related molecules
compelling subjects for future investigations of
AAMO® function.

These AAM® effector functions can be gen-
erally separated into three categories contributing
to the host protective response: control of Thl-type
inflammation, wound healing, and worm expulsion.
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Prevention of
autoimmune diseases by helminth

Experimentally, helminths have been associated
with protection against a number of autoimmune
disorders, including inflammatory bowel disease
and diabetes (Table 2a). The incidence of autoim-
mune type 1 diabetes is on the increase in devel-
oped countries while remaining relatively uncom-
mon in the developing world. This trend coincides
with a decrease in helminth infection (Gale, 2002).

Previous studies have shown that infection
with S. mansoni, T. spiralis and H. polygyrus can
significantly inhibit or delay the development of
diabetes in nonobese diabetic mice (Cooke et al.,
1999). This appeared to be due to a skewing of the
diabetes-associated Thl response towards protec-
tive Th2 responses including IL-4, IL-5, IL-10 and
IL-13 production (Zaccone et al., 2003). Admin-
istration of schistosome eggs has been shown to
reduce the severity of experimental autoimmune
encephalomyelitis (Sewell et al., 2003) as well as
preventing the development of both trinitrobenzene
sulfonic acid-induced colitis (Elliott et al., 2003)
and diabetes in the nonobese diabetic mouse model
(Cooke et al., 2004; David et al., 2004).

Inflammatory bowel disease is the most com-
mon and serious chronic inflammatory condition of
the gut. Among the distinct Th cell subsets, a Thl
type response is associated predominantly with
Crohn’s disease while helminth infections generate
a strong Th2 type response. Inflammatory bowel
disease is most prevalent in developed countries but
rare in countries where infections with helminths
are common. Both Crohn’s disease and ulcerative
colitis have a prevalence range of 10 to 200 per
100,000 individuals per year in North America and
Europe (Bouma et al., 2003). Inflammatory bowel
disease can begin relatively early in life and persist
for long periods, leading to substantial morbid-
ity and decreased quality of life (Blumberg et al.,
2001).

Previously it is shown that prior infection
with the helminth parasite, 7. spiralis, ameliorates
subsequent hapten-induced colitis in mice and this

101

was associated with a down-regulation of the Thl
response (Khan et al., 2002). This was correlated
with a down-regulation of myeloperoxidase activ-
ity, IL-1 p production and inducible nitric oxide
synthase (iNOS) and an up-regulation of IL-13
and TGF-f production in the colon (Motomura et
al.,, 2008). It may be a novel strategy to ameliorate
colonic inflammation with helminth antigens by
expanding and activating the Th2 response.

Recent clinical studies provide evidence that
Trichuris suis ova therapy is effective in treating
both Crohn’s disease and ulcerative colitis without
any adverse effects (Summers et al., 2005a, 2005b)
(Table 2b). The outcome of these trials supports
further the concept that de-worming the population
has led to the rising prevalence of inflammatory
bowel disease.

The ability of TSLP to inhibit IL-12/23p40
and IFN-y production suggests that TSLP-based
biologics may also offer a novel therapeutic modal-
ity in the treatment of inflammatory bowel disease
and other chronic inflammatory disorders. Con-
sistent with this, TSLP expression was decreased
in intestinal biopsies from patients with Crohn’s
disease, suggesting that increased TSLP expression
may provide therapeutic benefits (Rimoldi et al.,
2005). Thus, the TSLP-TSLPR pathway may be a
novel therapeutic target for a variety of inflamma-
tory conditions associated with the overproduction
of proinflammatory cytokines.

References

Acosta-Rodriguez EV, Napolitani G, Lanzavecchia A,
Sallusto F. Interleukins 1f and 6 but not transforming
growth factor-f} are essential for the differentiation of inter-
leukin 17-producing human T helper cells. Nat Immunol
2007;8:942-949.

Allakhverdi Z, Comeau MR, Jessup HK, Yoon BR,
Brewer A, Chartier S, et al. Thymic stromal lymphopoi-
etin is released by human epithelial cells in response to
microbes, trauma, or inflammation and potently activates
mast cells. J Exp Med 2007;204:253-258.

Anthony RM, Rutitzky LI, Urban JF Jr, Stadecker MJ,
Gause WC. Protective immune mechanisms in helminth
infection. Nat Rev Immunol 2007;7:975-987.

Anthony RM, Urban JF, Jr, Alem F, Hamed HA, Rozo
CT, Boucher JL, et al. Memory Tx2 cells induce alterna-
tively activated macrophages to mediate protection against
nematode parasites. Nat Med 2006;12:955-960.



10

11

12

13

14

15

16

17

18

19

20

S. Fukumoto et al.

Arinobu Y, Iwasaki H, Gurish MF, Mizuno S, Shigematsu
H, Ozawa H, et al. Developmental checkpoints of the
basophil/mast cell lineages in adult murine hematopoiesis.
Proc Natl Acad Sci USA 2005;102:18105-18110.

Artis D, Kane CM, Fiore J, Zaph C, Shapira S, Joyce K,
et al. Dendritic cell-intrinsic expression of NF-kB]1 is re-
quired to promote optimal Th2 cell differentiation. J Im-
munol 2005;174:7154-7159.

Balic A, Harcus Y, Holland MJ, Maizels RM. Selective
maturation of dendritic cells by Nippostrongylus brasilien-
sis-secreted proteins drives Th2 immune responses. Eur J
Immunol 2004;34:3047-3059.

Blumberg RS, Strober W. Prospects for research in in-
flammatory bowel disease. JAMA 2001; 285:643—647.
Bonecchi R, Sozzani S, Stine JT, Luini W, D’Amico G,
Allavena P, et al. Divergent effects of interleukin-4 and in-
terferon-y on macrophage-derived chemokine production:
an amplification circuit of polarized T helper 2 responses.
Blood 1998;92:2668—-2671.

Bouma G, Strober W. The immunological and genetic
basis of inflammatory bowel disease. Nat Rev Immunol
2003;3:521-533.

Brunner M, Krenn C, Roth G, Moser B, Dworschak M,
Jensen-Jarolim E, et al. Increased levels of soluble ST2
protein and IgGl production in patients with sepsis and
trauma. Intensive Care Med 2004;30:1468—-1473.
Chappaz S, Flueck L, Farr AG, Rolink AG, Finke D. In-
creased TSLP availability restores T- and B-cell compart-
ments in adult IL-7 deficient mice. Blood 2007;110:3862—
3870.

Cooke A, Tonks P, Jones FM, O’Shea H, Hutchings P,
Fulford AJ, et al., Infection with Schistosoma mansoni
prevents insulin dependent diabetes mellitus in non-obese
diabetic mice. Parasite Immunol 1999;21:169-176.

Cooke A, Zaccone P, Raine T, Phillips ] M, Dunne DW.
Infection and autoimmunity: are we winning the war,
only to lose the peace? Trends Parasitol 2004;20:316-321.
Croese J, O’neil J, Masson J, Cooke S, Melrose W,
Pritchard D, et al. A proof of concept study establishing
Necator americanus in Crohn’s patients and reservoir do-
nors. Gut 2006;55:136—137.

David T, Thomas C, Zaccone P, Dunne DW, Cooke A.
The impact of infection on the incidence of autoimmune
disease. Curr Top Med Chem 2004;4:521-529.

Donnelly S, O’Neill SM, Sekiya M, Mulcahy G, Dalton
JP. Thioredoxin peroxidase secreted by Fasciola hepatica
induces the alternative activation of macrophages. Infect
Immun 2005;73:166—173.

Donnelly S, Stack CM, O’Neill SM, Sayed AA, Williams
DL, Dalton JP. Helminth 2-Cys peroxiredoxin drives Th2
responses through a mechanism involving alternatively
activated macrophages. FASEB J 2008;22:4022—4032.
Dzik JM, Golos B, Jagielska E, Zielinski Z, Walajtys-Rode
E. A non-classical type of alveolar macrophage response
to Trichinella spiralis infection. Parasite Immunol
2004;26:197-205.

Elliott DE, Li J, Blum A, Metwali A, Qadir K, Urban JF
Jr, et al. Exposure to schistosome eggs protects mice from
TNBS-induced colitis. Am J Physiol Gastrointest Liver
Physiol 2003;284:G385-G391.

102

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Elliott DE, Setiawan T, Metwali A, Blum A, Urban JF
Jr, Weinstock JV. Heligmosomoides polygyrus inhibits
established colitis in IL.-10-deficient mice. Eur J Immunol
2004;34:2690-2698.

Fallon PG, Ballantyne SJ, Mangan NE, Barlow JL,
Dasvarma A, Hewett DR, et al. Identification of an inter-
leukin (IL)-25-dependent cell population that provides IL-
4, IL-5, and IL-13 at the onset of helminth expulsion. J
Exp Med 2006;203:1105-1116.

Faveeuw C, Mallevaey T, Paschinger K, Wilson 1B,
Fontaine J, Mollicone R, et al. Schistosome N-glycans
containing core a3-fucose and core 2-xylose epitopes are
strong inducers of Th2 responses in mice. Eur J Immunol
2003;33:1271-1281.

Finkelman FD, Shea-Donohue T, Morris SC, Gildea L,
Strait R, Madden KB, et al. Interleukin-4- and interleukin-
13-mediated host protection against intestinal nematode
parasites. Immunol Rev 2004;201:139-155.

Florian S, Sonneck K, Czerny M, Hennersdorf F,
Hauswirth AW, Biihring HJ, et al. Detection of novel leu-
kocyte differentiation antigens on basophils and mast cells
by HLDAS antibodies. Allergy 2006;61:1054-1062.

Gale EA. The rise of childhood type 1 diabetes in the
20th century. Diabetes 2002; 51:3353-3361.

Gause WC, Urban JF Jr, Stadecker MJ. The immune re-
sponse to parasitic helminths: insights from murine mod-
els. Trends Immunol 2003;24:269-277.

Goerdt S, Orfanos CE. Other functions, other genes: al-
ternative activation of antigen-presenting cells. Immunity
1999;10:137-142.

Gordon S, Alternative activation of macrophages. Nat Rev
Immunol 2003;3:23-35.

Gomez-Garcia L, Rivera-Montoya I, Rodriguez-Sosa
M, Terrazas LI. Carbohydrate components of Taenia
crassiceps metacestodes display Th2-adjuvant and anti-
inflammatory properties when co-injected with bystander
antigen. Parasitol Res 2006;99:440—448.

Goodridge HS, Marshall FA, Else KJ Houston KM,
Egan C, Al-Riyami L, et al. Immunomodulation via
novel use of TLR4 by the filarial nematode phosphoryl-
choline-containing secreted product, ES-62. J Immunol
2005;174:284-293.

Helmby H, Grencis RK. Essential role for TLR4 and
MyD8S8 in the development of chronic intestinal nematode
infection. Eur J Immunol 2003;33:2974— 29709.

Herbert DR, Holscher C, Mohrs M, Arendse B,
Schwegmann A, Radwanska M, et al. Alternative mac-
rophage activation is essential for survival during schis-
tosomiasis and downmodulates T helper 1 responses and
immunopathology. Immunity 2004;20:623—-635.
Holland MJ, Harcus YM, Riches PL, Maizels RM. Pro-
teins secreted by the parasitic nematode Nippostrongylus
brasiliensis act as adjuvants for Th2 responses. Eur J Im-
munol 2000;30:1977-1987.

Humphreys NE, Xu D, Hepworth MR, Liew FY, Grencis
RK. IL-33, a potent inducer of adaptive immunity to in-
testinal nematodes. J Immunol 2008;180:2443-2449.
Imai T, Nagira M, Takagi S, Kakizaki M, Nishimura M,
Wang J, et al. Selective recruitment of CCR4-bearing Th2
cells toward antigen-presenting cells by the CC chemok-



37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

Parasites prevent autoimmune disease

ines thymus and activation-regulated chemokine and mac-
rophage-derived chemokine. Int Immunol 1999;11:81-88.
Imai S, Tezuka H, Fujita K. A factor of inducing IgE from
a filarial parasite prevents insulin-dependent diabetes mel-
litus in nonobese diabetic mice. Biochem Biophys Res
Commun 2001;286:1051-1058.

Ito T, Wang YH, Duramad O, Hori T, Delespesse GJ,
Watanabe N, et al. TSLP-activated dendritic cells induce
an inflammatory T helper type 2 cell response through
0X40 ligand. J Exp Med 2005;202:1213-1223.

Kane CM, Cervi L, Sun J, McKee AS, Masek KS, Shapira
S, et al. Helminth antigens modulate TLR-initiated den-
dritic cell activation. J Immunol 2004;173:7454-7461.
Khan WI, Blennerhasset PA, Varghese AK, Chowdhury
SK, Omsted P, Deng Y, et al. Intestinal nematode infec-
tion ameliorates experimental colitis in mice. Infect Im-
mun 2002;70:5931-5937.

La Flamme AC, Ruddenklau K, Béckstrom BT. Schisto-
somiasis decreases central nervous system inflammation
and alters the progression of experimental autoimmune
encephalomyelitis. Infect Immun 2003;71:4996-5004.
Layland LE, Wagner H, da Costa CU. Lack of antigen-
specific Thl response alters granuloma formation and
composition in Schistosoma mansoni-infected MyD88~~
mice. Eur J Immunol 2005;35:3248-3257.

Lee HC, Ziegler SF. Inducible expression of the proal-
lergic cytokine thymic stromal lymphopoietin in airway
epithelial cells is controlled by NFkB. Proc Natl Acad Sci
USA 2007;104:914-919.

Leech MD, Grencis RK. Induction of enhanced immunity
to intestinal nematodes using IL-9-producing dendritic
cells. J Immunol 2006;176:2505-2511.

Loke P, Nair MG, Parkinson J, Guiliano D, Blaxter M,
Allen JE. IL-4 dependent alternatively-activated mac-
rophages have a distinctive in vivo gene expression pheno-
type. BMC Immunol 2002;3:7-11.

Liu T, Dhanasekaran SM, Jin H, Hu B, Tomlins SA,
Chinnaiyan AM, et al. FIZZ1 stimulation of myofibro-
blast differentiation. Am J Pathol 2004;164:1315-1326.
Liu YJ, Soumelis V, Watanabe N, Ito T, Wang YH,
Malefyt Rde W, et al. TSLP: an epithelial cell cytokine
that regulates T cell differentiation by conditioning den-
dritic cell maturation. Annu Rev Immunol 2007;25:193—
219.

MacDonald AS, Straw AD, Bauman B, Pearce EJ. CD8~
dendritic cell activation status plays an integral role in
influencing Th2 response development. J Immunol 2001;
167:1982-1988.

Martin P, Leibovich SJ. Inflammatory cells during wound
repair: the good, the bad and the ugly. Trends Cell Biol
2005;15:599-607.

Massacand JC, Stettler RC, Meier R, Humphreys NE,
Grencis RK, Marsland BJ, et al. Helminth products by-
pass the need for TSLP in Th2 immune responses by di-
rectly modulating dendritic cell function. Proc Natl Acad
Sci USA 2009;106:13968—-13973.

Mclnnes IB, Leung BP, Harnett M, Gracie JA, Liew FY,
Harnett W. A novel therapeutic approach targeting ar-
ticular inflammation using the filarial nematode-derived
phosphorylcholine-containing glycoprotein ES-62. J Im-

103

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

munol 2003;171 :2127-2133.

Medzhitov R. Recognition of microorganisms and activa-
tion of the immune response. Nature 2007;449:819-826.
Min B, Prout M, Hu-Li J, Zhu J, Jankovic D, Morgan ES,
et al. Basophils produce IL-4 and accumulate in tissues
after infection with a Th2-inducing parasite. J Exp Med
2004;200:507-517.

Motomura Y., Wang H, Deng Y, El-Sharkawy RT, Verdu
EF, Khan WI. Helminth antigen-based strategy to ame-
liorate inflammation in an experimental model of colitis.
Clin Exp Immunol 2008;155:88-95.

Nakanishi K, Yoshimoto T, Tsutsui H, Okamura H. In-
terleukin-18 regulates both Thl and Th2 responses. Annu
Rev Immunol 2001;19:423-474.

Nair MG, Cochrane DW, Allen JE. Macrophages in
chronic type 2 inflammation have a novel phenotype
characterized by the abundant expression of Ym1 and
Fizz1 that can be partly replicated in vitro. Immunol Lett
2003;85:173-180.

Nair MG, Gallagher 1J, Taylor MD, Loke P, Coulson PS,
Wilson RA, et al. Chitinase and Fizz family members are
a generalized feature of nematode infection with selec-
tive upregulation of Ym1 and Fizzl by antigen-presenting
cells. Infect Immun 2005;73:385-394.

Okano M, Satoskar AR, Nishizaki K, Harn DA Jr. Lacto-
N-fucopentaose III found on Schistosoma mansoni egg
antigens functions as adjuvant for proteins by inducing
Th2-type response. J Immunol 2001;167:442—450.

Omori M, Ziegler S. Induction of IL-4 expression in
CD4* T cells by thymic stromal lymphopoietin. J Immu-
nol 2007;178:1396—-1404.

Oshikawa K, Kuroiwa K, Tago K, Iwahana H, Yanagisawa
K, Ohno S. Elevated soluble ST2 protein levels in sera of
patients with asthma with an acute exacerbation. Am J
Respir Crit Care Med 2001;164:277-28]1.

Owhashi M, Arita H, Hayai N. Identification of a novel
eosinophil chemotactic cytokine (ECF-L) as a chitinase
family protein. J Biol Chem 2000;275:1279-1286.
Owyang AM, Zaph C, Wilson EH, Guild KJ,
McClanahan T, Miller HR, et al. Interleukin 25 regulates
type 2 cytokine-dependent immunity and limits chronic
inflammation in the gastrointestinal tract. J Exp Med
2006;203:843—-849.

Raes G, De Baetselier P, Noel W, Beschin A, Brombacher
F, Hassanzadeh Gh G. Differential expression of FIZZ1
and Yml in alternatively versus classically activated mac-
rophages. J Leukoc Biol 2002;71:597-602.

Reardon C, Sanchez A, Hogaboam CM, McKay DM.
Tapeworm infection reduces epithelial ion transport abnor-
malities in murine dextran sulfate sodium-induced colitis.
Infect Immun 2001;69:4417-4423.

Reese TA, Liang HE, Tager AM, Luster AD, Van Rooijen
N, Voehringer D, et al. Chitin induces accumulation in
tissue of innate immune cells associated with allergy.
Nature 2007;447:92-96.

Rimoldi M, Chieppa M, Salucci V, Avogadri F, Sonzogni
A, Sampietro GM, et al. Intestinal immune homeostasis
is regulated by the crosstalk between epithelial cells and
dendritic cells. Nat Immunol 2005;6:507-514.
Rodriguez-Sosa M, Satoskar AR, Calderon R, Gomez-



68

69

70

71

72

73

74

75

76

77

78

79

S. Fukumoto et al.

Garcia L, Saavedra R, Bojalil R, et al. Chronic helminth
infection induces alternatively activated macrophages
expressing high levels of CCRS with low interleukin-12
production and Th2-biasing ability. Infect Immun 2002;
70:3656-3664.

Sandler NG, Mentink-Kane MM, Cheever AW, Wynn TA.
Global gene expression profiles during acute pathogen-
induced pulmonary inflammation reveal divergent roles
for Thl and Th2 responses in tissue repair. J Immunol
2003;171:3655-3667.

Saunders KA, Raine T, Cooke A, Lawrence CE. Inhibi-
tion of autoimmune type 1 diabetes by gastrointestinal
helminth infection. Infect Immun 2007;75:397-407.
Sewell D, Qing Z, Reinke E, Elliot D, Weinstock J, Sandor
M, et al. Immunomodulation of experimental autoim-
mune encephalomyelitis by helminth ova immunization.
Int Immunol 2003;15:59—69.

Shinkai K, Mohrs M, Locksley RM. Helper T cells regu-
late type-2 innate immunity in vivo. Nature 2002;420:
825-829.

Smith P, Mangan NE, Walsh CM, Fallon RE, McKenzie
AN, van Rooijen N, et al. Infection with a helminth
parasite prevents experimental colitis via a macrophage-
mediated mechanism. J Immunol 2007;178:4557-4566.
Song E, Ouyang N, Horbelt M, Antus B, Wang M, Exton
MS. Influence of alternatively and classically activated
macrophages on fibrogenic activities of human fibroblasts.
Cell Immunol 2000;204:19-28.

Soumelis V, Reche PA, Kanzler H, Yuan W, Edward G,
Homey B, et al. Human epithelial cells trigger dendritic
cell mediated allergic inflammation by producing TSLP.
Nat Immunol 2002;3:673-680.

Stein M, Keshav S, Harris N, Gordon S. Interleukin 4
potently enhances murine macrophage mannose receptor
activity: a marker of alternative immunologic macrophage
activation. J Exp Med 1992;176:287-292.

Summers RW, Elliott DE, Qadir K, Urban JF Jr,
Thompson R, Weinstock JV. Trichuris suis seems to be
safe and possibly effective in the treatment of inflammato-
ry bowel disease. Am J Gastroenterol 2003;98:2034—2041.
Summers RW, Elliott DE, Urban JF Jr, Thompson R,
Weinstock JV. Trichuris suis therapy in Crohn’s disease.
Gut 2005a;54:87-90.

Summers RW, Elliott DE, Urban JF Jr, Thompson RA,
Weinstock JV. Trichuris suis therapy for active ulcerative
colitis: a randomized controlled trial. Gastroenterology
2005b;128:825-832.

Taylor MD, Harris A, Nair MG, Maizels RM, Allen JE.
F4/80* alternatively activated macrophages control CD4*
T cell hyporesponsiveness at sites peripheral to filarial in-

104

80

81

82

83

84

85

86

87

88

89

90

fection. J Immunol 2006;176:6918—6927.

Taylor BC, Zaph C, Troy AE, Du Y, Guild KJ, Comeau
MR, et al. TSLP regulates intestinal immunity and in-
flammation in mouse models of helminth infection and
colitis. J Exp Med 2009;206:655-667.

Thomas PG, Carter MR, Atochina O, Da’Dara AA,
Piskorska D, McGuire E, et al. Maturation of den-
dritic cell 2 phenotype by a helminth glycan uses a Toll-
like receptor 4-dependent mechanism. J Immunol
2003;171:5837-5841.

Thomas PG, Carter MR, Da’dara AA, DeSimone TM,
Harn DA. A helminth glycan induces APC maturation
via alternative NF-xB activation independent of IkBa deg-
radation. J Immunol 2005;175:2082-2090.

van der Kleij D, Latz E, Brouwers JF, Kruize YC, Schmitz
M, Kurt-Jones EA, et al. A novel host-parasite lipid cross-
talk. Schistosomal lyso-phosphatidylserine activates toll-
like receptor 2 and affects immune polarization. J Biol
Chem 2002;277:48122-48129.

van Vliet SJ, Garcia-Vallejo JJ, van Kooyk Y. Dendritic
cells and C-type lectin receptors: coupling innate to adaptive
immune responses. Immunol Cell Biol 2008;86:580-587.
Voehringer D, van Rooijen N, Locksley RM. Eosinophils
develop in distinct stages and are recruited to peripheral
sites by alternatively activated macrophages. J Leukoc
Biol 2007;81:1434—1444.

Yoshimoto T, Nakanishi K. Roles of IL-18 in basophils
and mast cells. Allergol Int 2006;55:105-113.

Zaccone P, Fehervari Z, Jones FM, Sidobre S, Kronenberg
M, Dunne DW, et al. Schistosoma mansoni antigens
modulate the activity of the innate immune response
and prevent onset of type 1 diabetes. Eur J Immunol
2003;33:1439-1449.

Zeuthen LH, Fink LN, Frokiaer H. Epithelial cells prime
the immune response to an array of gut-derived com-
mensals towards a tolerogenic phenotype through distinct
actions of thymic stromal lymphopoietin and transforming
growth factor3. Immunology 2008;123:197-208.

Zhu Z, Zheng T, Homer RJ, Kim YK, Chen NY, Cohn
L, et al. Acidic mammalian chitinase in asthmatic Th2
inflammation and IL-13 pathway activation. Science
2004;304:1678-1682.

Ziegler SF, Liu YJ. Thymic stromal lymphopoietin in nor-
mal and pathogenic T cell development and function. Nat
Immunol 2006;7:709-714.

Received and accepted September 10, 2009

Corresponding author: Soji Fukumoto, MD, PhD



