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Alternatively activated macrophages (AAMd) are primarily associated with the chronic stages of parasitic
infections and the development of a polarized Th2 response. We have shown that Fasciola hepatica infection of
BALB/c mice induces a polarized Th2 response during both the latent and chronic stage of disease. The acti-
vation status of macrophages was analyzed in this model of helminth infection by evaluating the expression of
genetic markers of alternative activation, namely, Fizzl, Ym1, and Argl. AAM¢ were recruited to the perito-
neum of mice within 24 h of F. hepatica infection and after intraperitoneal injection of parasite excretory-
secretory (ES) products. Administration of a recombinant antioxidant thioredoxin peroxidase (TPx), which is
contained within the ES products, also induced the recruitment of AAMd to the peritoneum. In vitro studies
showed that this recombinant TPx directly converts RAW 264.7 macrophages to an alternatively activated
phenotype characterized by the production of high levels of interleukin-10 (IL-10), prostaglandin E,, corre-
sponding with low levels of IL-12. Our data suggest that the Th2 responses induced by the helminth F. hepatica
are mediated through the secretion of molecules, one of which is TPx, that induce the recruitment and alter-

native activation of macrophages.

Macrophages are pivotal to the interaction between the in-
nate and acquired immune systems and are thus critical medi-
ators of many chronic inflammatory diseases. The activity of
macrophages is controlled by specific signals that stimulate
their development into discrete phenotypes, which differ in
terms of receptor expression, effector function, and cytokine
secretions. The best-characterized phenotype is the classically
activated macrophage, which develops in response to proin-
flammatory cytokines such as gamma interferon (IFN-y) (12),
microbial infection or bacterial products such as lipopoly-
saccharide (LPS) or CpG (3, 21). In contrast, macrophages
activated by an interleukin-4 (IL-4)/IL-13-dependent signal
pathway are classified as alternatively activated macrophages
(AAM) (14, 20, 55).

Microarray analysis and suppression subtractive hybridiza-
tion has led to the identification of genes expressed by AAMd
in response to IL-4 and IL-13 (49). These Th2 cytokines induce
macrophages to preferentially express arginase 1 (Argl) to
metabolize L-arginine. Indeed, Argl is the most highly upregu-
lated gene in mouse peritoneal macrophages, exhibiting a >88-
fold increase in response to IL-4 (60). In addition, reports indi-
cate that Fizz1 (found in inflammatory zone), the gene product
of which is also associated with experimentally induced asthma
(24), and Ym1, an eosinophil chemotactic factor, were found
to be abundantly expressed in peritoneal macrophages after
implantation of the Th2-inducing parasite Brugia malayi (32).

Although the phenotype of AAMd¢ may be clearly estab-
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lished, their function and range of activities in vivo has not
been fully characterized. It has been proposed that AAMd
have the ability to induce the differentiation of naive T cells to
Th2 phenotype directly (50, 56) or by the inhibition of type 1
responses (29, 30) by releasing soluble mediators such as IL-10
and transforming growth factor B (TGF-B). Another consis-
tently reported property of AAMd is the suppression of lym-
phocyte proliferation, which is believed to be also mediated by
the anti-inflammatory cytokines, IL-10 and TGF-B (8, 19, 30,
56). However, physical separation of T cells from AAMdo pre-
vented this antiproliferative activity, implicating a cell-to-cell
receptor-mediated mechanism of suppression (31).

We have previously reported that a murine model of Fas-
ciola helminth infection induces a polarized Th2 immune re-
sponse (46) coincident with a suppression of Thl cytokines.
Furthermore, infection resulted in the bystander suppression
of Th1 responses to a concurrent bacterial infection or immu-
nization with a Thl inducing vaccine (10). Although we iden-
tified a role for IL-4 in the suppression of Thl responses, with
the effect almost completely inhibited in IL-4 knockout mice, it
was not questioned whether this was related to the induction of
AAMd by the Th2 cytokine milieu.

Infective Fasciola hepatica larvae penetrate the intestinal
wall of the host after ingestion then migrate to the liver via the
peritoneum. Here we show that macrophages with an alterna-
tively activated phenotype are recruited to the peritoneal cav-
ity within 24 h after F. hepatica infection. The recruitment of
AAMd to the peritoneum can also be induced by the injection
of molecules that are actively secreted by the parasite, one of
which has been identified as an antioxidant thioredoxin perox-
idase (TPx). Furthermore, we show that TPx may also be di-
rectly involved in the activation of macrophages. Treatment of
RAW 264.7 macrophages with a recombinant TPx resulted in
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the induction of Argl and the secretion of high levels of IL-10
and prostaglandin E, (PGE,). These results not only identify a
novel role for TPx in the regulation of immune responses
during helminth infection but also highlight the suitability of
Fasciola infection as a system from which functional insights
into macrophage biology could be obtained.

MATERIALS AND METHODS

Animal treatment. Six- to eight-week-old female BALB/c mice were purchased
from Harlan Olac, Ltd. (Oxon, United Kingdom) and maintained according to
the guidelines of the Irish Department of Health. Mice were orally infected with
10 metacercariae of F. hepatica (Compton Paddock Laboratories, Berkshire,
United Kingdom), which produced infection in 100% of animals. After the
experimental period (days 1, 7, 14, and 21 postinfection), mice were analyzed by
necropsy, and peritoneal exudate cells (PECs) were harvested by thorough wash-
ing of the peritoneal cavity with 10 ml of sterile phosphate-buffered saline (PBS).
For analysis of the effect of TPx activity, 4 pg of either peak I (PI; the fraction
of parasite excretory-secretory (ES) products which contains TPx) or recombi-
nant TPx was injected intraperitoneally three times per week for 3 weeks, and
PECs were harvested as described above 3 days after the final injection. (The
protocol of injection and antigen concentration used were designed based on in
vitro estimations of antigen secretion/day for adult flukes and the time required
to induce sufficient Th2 responses.) As a negative control for TPx activation, a
sham fraction, purified from Escherichia coli in the same manner as TPx, and
recombinant F. hepatica cathepsin L’s were used in all experiments.

Purification of macrophages from PECs. After determination of viability by
trypan blue exclusion, PECs were adjusted to 5 X 10° cells/ml in supplemented
minimal essential medium (MEM) and cultured in six-well plates (Costar, Cam-
bridge, Mass.). After 2 to 3 h of incubation at 37°C, nonadherent cells were
removed by washing with warm MEM. The remaining adherent cells were highly
enriched for macrophages (>95%) as assessed by fluorescence-activated cell
sorting staining with the macrophage marker F4/80 (BD Pharmingen, San Diego,
Calif.). These cells were removed with cold PBS and a scraper and readjusted to
10° cells/ml for experimentation.

Activation of in vitro macrophages. Alternatively activated macrophages were
generated by treating RAW 264.7 macrophages (ECACC, Salisbury, United
Kingdom) with IL-4 (BD Pharmingen) at a concentration of 10 ng/ml in supple-
mented MEM for 20 h as described previously (43). In other experiments, RAW
macrophages were induced to express inducible nitric oxide synthase (iNOS) and
secrete NO by incubating them in the presence of 5 pg of LPS (E. coli 111:B4;
Sigma, St. Louis, Mo.)/ml.

RNA extraction and RT-PCR. RNA was recovered from cultured cells by
direct addition of Tri-Reagent (Sigma) to the wells. For PECs, 1 ml of cells at a
concentration of 10° cells/ml was centrifuged for 6 min at 1,500 rpm, and the
resultant pellet was resuspended in Tri-Reagent. Total cellular RNA was sub-
sequently extracted from both preparations according to the manufacturers’
specifications. For reverse transcription-PCR (RT-PCR), first-strand cDNA was
produced with oligo(dT) primers from 2 pg of total RNA by using avian myelo-
blastosis virus reverse transcriptase (Promega, Madison, Wis.) at 42°C for 60
min. A 5-pl aliquot of the resultant cDNA was amplified by using primers specific
for B-actin (Stratagene, La Jolla, Calif.), Argl (43), Fizzl (43), Yml (43), and
iNOS (52) under the following conditions: 30 s denaturation at 95°C, 5 s anneal-
ing of primers at 55°C, and 12 s elongation at 72°C for 40 cycles. To analyze the
range of cytokines expressed by the cells, PCR amplifications were performed
with primers specific for IL-12p40 (57), IL-18 (57), IL-10 (59), and TGF-B (5',
5'-GTTGGGAACGCGTTGCATTT-3'; 3', 5'-GCGCATAAACTGATCCATG
T-3") over 30 cycles of 30 s denaturation at 95°C, annealing for 30 s at 58°C, and
elongation at 72°C for 30 s. All PCR products were electrophoresed on 1%
agarose gel and visualized by ethidium bromide staining. Quantification of PCR
products was carried out by densitometric analysis of photographic positives of
agarose gels by using Un-Scan-It Software (Silk Scientific, Orem, Utah). The
quantification method used in these assays is relative because absolute values of
mRNA levels could not be determined, as internal controls for specific nRNAs
were not used. Values for mRNA are expressed in relative absorbance units and
are standardized per unit of B-actin per sample.

Cytokine assays. Spleens were homogenized and total spleen cells cultured
(2 % 10° cells/ml) with ES products or PI. Control stimuli included medium alone
or anti-CD3 (2 pg/ml) and phorbol myristate acetate (PMA; 25 ng/ml). Super-
natants were removed after 72 h, and the concentrations of interleukin-4 (IL-4),
IL-5, and IFN-y measured by immunoassay using pairs of commercially available
monoclonal antibodies (BD Pharmingen) as described previously (46). For in
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vitro cultures, supernatants from RAW macrophages were harvested 20 h after
activation with antigen, and the levels of IL-10 and IL-12 were determined by
commercially available sandwich ELISA kits (BD Pharmingen).

Fhe-TPx. Recombinant TPx was expressed in E. coli BL21 by using plasmid
vector pPPRO-EXHta with an N-terminal His, tag (Life Technologies, Rockville,
Md.) and purified by using Ni-nitrilotriacetic acid (NTA)-resin (Qiagen, West
Sussex, United Kingdom) according to the manufacturer’s instructions. The
protein was purified further by the method of Frangioni and Neel (18), and the
quantity of contaminating LPS present determined to be <0.07 ng by a com-
mercial assay (E-Toxate; Sigma).

SDS-PAGE and Western blot analysis. Protein samples (25 ng) were mixed
3:1 with sample buffer (125 mM Tris-HCI, 20% glycerol [vol/vol], 4% sodium
dodecyl sulfate [SDS], 40 mM dithiothreitol, and 0.01% bromophenol blue),
boiled for 5 min, and separated on a sodium dodecyl sulfate-12.5% polyacryl-
amide gel electrophoresis (PAGE) gel. The proteins were transferred to a ni-
trocellulose membrane (Schleicher & Schuell, Keene, N.H.), which was then
blocked with 5% nonfat dry milk in PBS Tween (0.05% [vol/vol]). The membrane
was then incubated with a 1:1,000 dilution of mouse antiserum, raised against
recombinant TPx. After a 1-h incubation with this primary antibody, membranes
were exposed to alkaline phosphatase-conjugated goat anti-mouse immunoglob-
ulin G (Sigma) for 1 h. Finally, the protein bands were visualized by the addition
of 3,3’-diaminobenzidine peroxidase substrate.

The anti-TPx antisera was prepared by subcutaneously injecting BALB/c mice
three times, 3 weeks apart, with 10 pg of antigen combined with 30 ug of CpG
ODN 1826 in alum hydroxide. Immunoglobulin G titers in sera were then
determined, and the monospecificity was confirmed by probing lysates of induced
and noninduced recombinant bacterial cells.

NO measurement. Production of NO by macrophages was assessed by mea-
suring the increase in nitrite concentration with the Greiss reagent (Promega,
Madison, Wis.). Briefly, 50 nl of culture supernatant was mixed with an equal
volume of 1% sulfanilamide—0.1% naphthylethylenediamine dihydrochloride—
2.5% H;PO,. Absorbance was measured at 570 nm, and values were quantified
against a standard curve of sodium nitrite.

Determination of arginase activity. After lysis of the cells in Triton X-100, and
with L-arginine as a substrate, the arginase activity was determined as previously
described (38). One unit of enzyme activity was defined as the amount of enzyme
that catalyzes the formation of 1 wmol of urea per min.

PGE, measurement. PGE, concentrations in supernatants from macrophages
were measured by using an enzymatic immunoassay kit according to the manu-
facturer’s instructions (Assay Designs, Inc., Ann Arbor, Mich.).

Statistical analysis. The statistical significance of difference was determined by
the two-tailed student ¢ test. P values of <0.05 were considered significant.

RESULTS

Alternatively activated macrophages are induced by para-
site infection. Infection with F. hepatica is associated with a
polarized Th2 response that is characterized by the production
of high levels of IL-4 and IL-5 from spleen and hepatic and
mesenteric lymph nodes in the absence of any detectable
IFN-vy (37, 46). To examine the role of innate immune mech-
anisms in the development of this Th2 response, the status of
activation of macrophages during infection was evaluated. The
expression of genes coding for Fizzl, Argl, and Yml in ad-
herent PECs was examined at a range of time points after oral
infection of BALB/c mice with F. hepatica larvae (Fig. 1).
Expression of both Fizz1 and Argl was induced in the perito-
neal macrophages of infected mice as early as 24 h after infec-
tion, although the expression of Argl was considerably weaker
than that observed for Fizz1. By day 7, the expression of Ym1
was also induced and, together with Fizzl and Argl, was con-
tinually detected for the duration of the study. In contrast,
expression of iNOS, the gene product of which is associated
with secretion of IFN-y (9) and is a marker of classical activa-
tion of macrophages, was detected during the latter stages of
infection but at very low levels. By day 14 after infection, the
majority of infective parasites have reached the liver with ex-
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FIG. 1. Alternative activation of macrophages in BALB/c mice af-
ter an F. hepatica infection. Expression levels of B-actin, Fizzl, Argl,
Yml, and iNOS were analyzed by RT-PCR in adherent peritoneal
exudate cells isolated from mice prior to infection (day 0) and at 1, 7,
14, and 21 days postinfection (d.p.i.). The data shown are from a single
mouse and are representative of the findings from four mice examined
at each time point (the expression of each gene was similar in each
mouse).

tensive tissue migration of the flukes, resulting in severe he-
patic fibrosis. In response to such liver injury, inflammatory
cells such as macrophages are driven to produce oxygen-de-
rived free radicals, nitric oxide, and inflammatory cytokines in
response to the damaging activity of the parasite (6), as indi-
cated by the detection of iNOS.

Parasite-secreted molecules induce a Th2 type immune re-
sponse. Molecules secreted from various helminth parasites,
including F. hepatica, have previously been shown to exert
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immunomodulatory effects (25, 45, 46). To determine more
specifically which molecules secreted by F. hepatica may be
involved in inducing AAMd, parasite ES products prepared by
culturing adult worms in vitro, was fractionated by size exclu-
sion chromatography, and two major protein peaks, termed PI
(>200 kDa) and PII (60 to 20 kDa), were recovered. When
injected into the peritoneum of BALB/c mice every other day
over a 3-week period, ES product and PI, but not PII, induced
secretion of both IL-4 and IL-5 (Fig. 2a) from spleen cells in
the absence of any IFN-y. This was not due to a failure of
IFN-y production from T cells since stimulation with PMA-
anti-CD3 resulted in the secretion of high levels of IFN-vy
(64 ng/ml from PBS-treated animals and an average of 67 ng/
ml from antigen-treated mice). This result indicated that the
F. hepatica PI fraction contained molecules, capable of affect-
ing the polarization of immunity observed during infection.
The PI fraction was of additional interest since we had
previously shown that vaccination of cattle with a similar high-
molecular-weight fraction induced significant levels of protec-
tion against challenge with F. hepatica (13). When adult worm
cDNA libraries were screened with serum obtained from these
protected cattle they reacted with a clone expressing a novel
helminth thiol-specific antioxidant, which we subsequently
identified as a member of the TPx family (34, 35). Antisera
prepared against the purified recombinant TPx reacted with a
protein doublet in F. hepatica ES product and also in PI (Fig.
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FIG. 2. The PI fraction of F. hepatica ES products contains TPx and induces Th2 responses when intraperitoneally injected into BALB/c mice.
(a) Antigen-specific production of IL-4 and IL-5 from spleen cells of BALB/c mice injected with ES products or fractions of ES products, termed
PI and PII. Spleen cell cultures were stimulated with 20 pg of the relevant injected antigen—ES product, PI, or PII—per ml and PMA-anti-CD3
as a positive control. The data are presented as mean =* the standard error (SE) for four mice. (b) ES product, PI, and PII separated on a
SDS-12.5% gel stained with Coomassie blue. (c) ES product, PI, and PII fractions separated by SDS-PAGE and analyzed by Western blots probed

with antisera prepared against recombinant TPx.
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FIG. 3. Injection of PI and purified recombinant TPx induces the
recruitment of alternatively activated macrophages into the perito-
neum of BALB/c mice. (a) Macrophages recovered from the perito-
neum of mice after an intraperitoneal delivery of PI or recombinant
TPx exhibit increased expression of gene markers of alternative acti-
vation, including Fizzl and Argl, although Ym1 is not expressed as
assessed by RT-PCR. The cells do not express iNOS, a marker of
classically activated macrophages. (b and c) PI and TPx also induce the
expression of Th2-associated cytokines IL-10 and TGF-B (b) but not
the Th1 cytokines IL-12p40 and IL-18 (c). Agarose gels are represen-
tative of results obtained from four animals, and mean data obtained
from densitometric analysis of all experiments are shown for IL-10 and
TGF-B. Values for mRNA are expressed in relative absorbance units
and are standardized per unit of B-actin per sample. O, P < 0.05 (for
TPx compared to treatment with PBS).

2b and c). However, Coomassie blue staining of SDS-PAGE
gels showed that it was not a major component in these prep-
arations (Fig. 2b).

TPx induced a population of alternatively activated macro-
phages in vivo. Given the presence of TPx in the Th2-inducing
fraction of F. hepatica ES product, we sought to determine
whether this enzyme could mimic the induction of AAM¢ seen
during infection. To replicate the effects of parasite secretions
during an infection, nine intraperitoneal injections of PI or
recombinant TPx were given over a period of 3 weeks. Three
days after the final injection the BALB/c mice were sacrificed,
and the peritoneal macrophages were examined by RT-PCR.
Both PI and TPx induced Fizz1 and Argl gene expression (Fig.
3a), but no expression of Yml was detected. Expression of
iNOS was not observed, indicating the absence of classically
activated macrophages and the recruitment of AAMd.

During the chronic phase of many helminth infections when
Th2 responses predominate, the cytokine markers of AAMd,
IL-10 and TGF-B, are secreted at relatively high levels (63).
TGF-B has been reported to inhibit NO production while
increasing arginase activity (4). Such observations are impor-
tant in the context of the present study since TGF- apparently
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favors the production of Th2 responses by inhibiting Th1 in-
duced macrophage activation. After injection of both PI and
TPx, a modest increase in gene expression of IL-10 was ob-
served in peritoneal macrophages (Fig. 3b). Although these
changes failed to reach statistical significance when analyzed,
the changes were reproducible between experiments. Signifi-
cant levels of TGF-B expression were also induced (Fig. 3b)
and correlated with a failure to express gene transcripts for
either IL-12 or IL-18 (Fig. 3c).

The establishment of AAM¢ by PI and TPx is not due solely
to the propensity of this strain of mouse to develop Th2 re-
sponses, since peritoneal macrophages from littermates in-
fected with Salmonella enterica serovar Typhimurium (10°
CFU/mouse) exhibited a classically activated phenotype with
IL-12, IL-18, and iNOS gene expression in the absence of Argl
(data not shown).

TPx converts cultured macrophages to an alternatively ac-
tivated phenotype. To investigate whether TPx itself is not only
capable of recruiting AAM¢ in vivo but also of actively driving
macrophages toward an alternatively activated phenotype, we
treated cultured RAW 264.7 macrophages with either 10 g of
PI or TPx and 20 h later examined both the supernatants and
the cells for markers of alternative activation.

It has been widely established that the alternative metabolic
pathways of L-arginine metabolism are consistent with the dif-
ferential activation of macrophages. Production of arginase is
induced in alternatively activated macrophages and results in
the downregulation of iNOS. Indeed, the balance between NO
and arginase reflects the balance between Thl and Th2 type
activities of macrophages (38, 39, 53). After treatment with
either PI or TPx, an increase in arginase activity was observed
in the lysates of RAW macrophage cells and correlated with
the induction of Argl gene expression (Fig. 4a and c). In
contrast, whereas the levels of NO induced were marginally
higher than those for PBS (P < 0.05), neither synthesis of NO
or the expression of iNOS was significantly induced compared
to RAW macrophages treated with LPS, a classical activator of
macrophages (Fig. 4b and d). To complement the in vivo stud-
ies, gene expression for Fizzl and Yml was also assessed by
RT-PCR. However, no increase in either Ym1 or Fizz1 expres-
sion was observed (data not shown). Consistent with this find-
ing, Nair et al. (43) report the expression of Argl but not Fizzl
or Yml in J774 cell lines treated with IL-4. These authors
suggest that the lower plasticity of such a highly differentiated
cell line prevented the cells from adapting in response to this
cytokine. Furthermore, reports that RAW 264.7 cells failed to
upregulate either Ym1 or Ym2 in response to IL-4 has been
attributed to the absence of essential signaling components in
some clones of this cell line (60).

To further establish that PI- and TPx-treated macrophages
adopt an alternatively activated phenotype, we examined the
production of PGE,, a compound known to be increased dur-
ing alternative activation of macrophages and to have a signif-
icant role in the suppression of IL-12 and IFN-y production
(28, 58). We also measured the production of IL-10 and IL-12,
since the secretion of IL-10 by macrophages is archetypal of
the alternative pathway of activation, whereas IL-12 is respon-
sible for the polarization of Th1 adaptive responses and there-
fore the classical pathway of activation. Both PI and TPx in-
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FIG. 4. TPx induces cultured RAW macrophages to an alternative activated phenotype. After treatment of RAW macrophages with purified
recombinant TPx, the expression of Argl (a) and iNOS (b) was measured by RT-PCR (the data are representative of four independent
experiments). (c and d) Level of arginase activity and NO, respectively, measured in the culture supernatants of the same cell preparations. The

data are presented as the mean =+ the SE. O, P < 0.05; [ , P < 0.01; [

duce the secretion of PGE, and IL-10 but not IL-12 from
RAW macrophages (Fig. 5).

DISCUSSION

During helminth infections, macrophages that undergo
changes to an alternatively activated phenotype have been
implicated in the regulation of the cytokine environment, lead-
ing to preferential induction of Th2 responses seen during the
late chronic stage of disease (21, 33). We show here that
AAMd are detected as early as 24 h after an oral infection of
F. hepatica larvae. This recruitment of AAM¢ can be simu-
lated by intraperitoneally injecting mice with F. hepatica-se-
creted molecules. Furthermore, we report that TPx secreted by
the parasite is at least one molecule responsible for this alter-
native activation of macrophages.

F. hepatica parasites establish infection by penetrating the
intestinal wall and migrating via the peritoneum to the liver. A
defining feature of the pathogenesis of this infection is the
elevation of Th2 cytokines, a consequence of which is high
levels of proline in serum and fibrosis of the liver (6). The
extent of liver fibrosis resulting from infection with a related
trematode, the blood fluke, Schistosoma mansoni, is also di-
rectly influenced by the availability of proline (5, 15, 16). Since
L-ornithine, a product of arginase activity, is an essential me-
tabolite for the production of proline, it has been suggested
that arginase activity is critically linked to the pathogenesis of
parasite infection (22). Murine macrophages, a dominant cell
type of schistosoma egg-induced granuloma (54), represent the
main cellular source of arginase, production of which appears
to be dependent on a type-2-driven immune response (1).
Indeed, injection of schistosoma eggs into mice results in the
induction of Argl by alternatively activated macrophages stim-
ulated with IL-4 and IL-13 (22, 51).

That Th2 cytokines, IL-4 and IL-13, bias macrophages to-
ward an alternatively activated phenotype is well established
(21, 36, 43). However, recent studies indicate that AAMd¢ can
occur independently of IL-4/IL-13 signaling. For example, mac-
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FIG. 5. PI and TPx induce the secretion of anti-inflammatory
agents from RAW macrophages. The level of PGE,, IL-10, and IL-12
in the culture supernatants of PI- and TPx-activated macrophages was
measured by enzyme-linked immunosorbent assay and compared to
cells incubated with PBS alone. The data represents the mean of four
experiments * the SE. [ , P < 0.001.
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rophages from T. congolense-infected mice lacking I1.-4 and/or
IL-13 signaling produced levels of arginase activity similar to
infected wild-type BALB/c mice (44). The expression of Yml,
a marker of alternative activation, was also induced in these
macrophages in the absence of IL-4/IL-13 signaling (44). Fur-
thermore, in B. malayi-infected C57/BL6 mice (17) and in a
model system of vaccination with attenuated schistosomula of
S. mansoni (11) the induction of Ym1 expression in AAMd
was also found to be IL-4 independent. In the present study,
AAM¢ were first detected in the peritoneum at 24 h after
infection, more than 7 days before the production of detectable
levels of IL-4. These data, combined with the reported obser-
vation of juvenile parasites in the peritoneal cavity less than
24 h after oral infection (6), suggests that F. hepatica or mol-
ecules secreted by the parasite can induce AAMd prior to the
development of significant levels of IL-4. In support of this, our
in vitro studies demonstrated that ES products, including TPx,
induced the expression of Argl and the production of arginase
in RAW macrophages in the absence of Th2 cytokines. This
effect was not due to the presence of contaminating LPS, since
treatment of the RAW cell line with a sham fraction purified
from E. coli in the same manner as TPx had no effect on Argl
expression or arginase production (data not shown). However,
since these events were demonstrated in isolation they do not
yet describe a direct link between TPx secretion and IL-4-
independent activation of macrophages. In vivo studies with
1L-4-, 1L-13-, and STAT6-deficient strains of mice are cur-
rently under way to answer this question.

Several helminth models have been used for the study of the
alternative activation of macrophages, including the injection
of schistosome eggs (22), infection with Nippostrongylus brasil-
iensis (21), Taenia crassiceps (50), and B. malayi (30, 31), but
only one previous report describes a molecule, Bm-MIF, that
may be involved in the in vivo recruitment of AAMd (17).
Injection of recombinant Bm-MIF induced the upregulation of
Yml expression by peritoneal macrophages, although the ex-
pression of other markers of alternative activation such as
Fizz1 or Argl was not examined. In the present study, we show
that the parasite-secreted molecule, TPx, could not only induce
the recruitment and activation of AAMd in vivo but also mod-
ify macrophages in vitro to an alternatively activated pheno-
type. TPx induced the expression of both Fizzl and Argl in
vivo but, in contrast to the study of Falcone et al. (17) with
Bm-MIF, no expression of Ym1 was observed. However, ex-
pression of Ym1 was detected in AAMd isolated from mice
infected with F. hepatica, indicating that the injection of a
purified protein does not completely mimic natural infection
and that other molecules secreted by the parasite are influenc-
ing macrophage development. In addition, or alternatively,
heterogenic populations of AAM¢ expressing different gene
repertoires in response to different parasite signals may exist.
Heterogeneity among macrophages is suggested by a study of
macrophage activation during 7. congolense infection by Noel
et al. (44), who observed an increase in both Fizzl and Yml
gene expression in AAM¢ elicited from chronically infected
C57BL/6 mice but only an increase in the expression of Ym1 in
macrophages isolated from infected BALB/c mice. Whether
F. hepatica TPx activates one subset of AAMd¢ whereas other
factors induce a different subset is an intriguing possibility that
warrants further investigation.
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The association of AAMd¢ with chronic parasite infections
has highlighted their role in the induction of Th2 differentia-
tion, but it is unclear how this is mediated. Since reduced levels
of IFN-y and IL-12 and a biased Th2-type response, even to
concurrent bacterial and viral antigenic challenges, is observed
in helminth infections (2, 10, 27), it has been suggested that
suppression of Thl cytokine secretion by T cells may be a
mechanism by which AAM¢ influence their function. For ex-
ample, peritoneal macrophages isolated from mice after B. ma-
layi infection (30) or injection of oligosaccharides from S. man-
soni (56) skewed cytokine production of T cells toward a Th2
phenotype characterized by the production of IL-4 (30) or IL-
13 (56) while failing to stimulate the production of IFN-y. The
differentiation of IFN-y-producing Th1 cells was restored by
monoclonal antibodies to TGF-B (30) or IL-10 (56), implicat-
ing these cytokines in the inhibition of Thl cytokine produc-
tion. In support of this hypothesis we show that TPx-activated
macrophages produced a number of components including
PGE,, IL-10, and TGF-B, which may also be involved in me-
diating the suppression of IFN-y production. These results
thus provide preliminary evidence of a role for TPx in the im-
mune modulation of host immune responses, a function not
previously described for this class of antioxidant. The predic-
tion from this scenario is that secretion of TPx from other
pathogens would lead to the induction of AAMd, which then
mediate differentiation of T cells to a Th2 phenotype. It is there-
fore of interest that a homolog of F. hepatica TPx is produced
by eggs of S. mansoni, with its secretion stimulating a signifi-
cant proliferation of CD4" T cells in infected mice coincident
with egg production and Th1-to-Th2 switching (61).

TPx belongs to a family of thiol-specific antioxidant proteins,
which exert a protective role via their peroxidase activity (23,
62). Accumulating evidence suggests that members of this fam-
ily of proteins regulate various aspects of cellular function by
controlling the intracellular redox status of the cell. Typical of
this is the regulation of NF-«f activity, which is central to the
gene activation of cytokines (5, 26). As a result of these ob-
servations, a paradigm has been proposed on the functional
heterogeneity of macrophages based on cytokine propensities,
with studies showing that intracellular redox status effects cy-
tokine secretions of macrophages and therefore influences the
Th1/Th2 balance (42). For example, depletion of glutathione,
a thiol antioxidant, in murine peritoneal macrophages de-
creased the secretion of IL-12, leading to a switch of T-cell
activity from a Thl profile to a Th2 response (41, 48). In
addition, thioredoxin transgenic mice, which overexpress hu-
man thioredoxin, demonstrate a long-term T-cell polarization
toward Thl during aging (40). This induction of Th1l seems to
develop in response to the enhanced secretion of IL-12 from
antigen-presenting cells (47) and is dependent on the enzy-
matic activity of thioredoxin (7). We demonstrate that, in con-
trast to this, extracellular delivery of the parasite antioxidant
TPx to macrophages results in decreased IL-12 secretion as-
sociated with enhanced IL-10 production (Fig. 5). It is possible
that in the extracellular environment TPx is acting not as an
antioxidant but rather functioning through classical receptor
binding. Further studies into the ligation events that may occur
at the cell surface and the consequential signal pathways trig-
gered are required. The biochemical connection between ex-
tracellular TPx and the intracellular thiol-redox status of mac-
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rophages will also need to be determined and may give an
insight into the resultant coupling to intracellular redox cycling
systems, thus resolving the discrepancy observed in IL-12 reg-
ulation.

The present study presents F. hepatica infection of mice as a
tractable model for the study of the alternative activation of
macrophages, since these cells appear soon after infection and
at the initiation of a polarized Th2 response. Unlike in other
models, the development of this Th2 response occurs in the
absence of a predeveloped Th1 response. Our finding that TPx
is at least one helminth molecule involved in directing macro-
phage activation will be important for elucidating a mechanism
of activation, distinguishing heterogeneity between AAMd in
helminth infections as opposed to other disease states, and in
deciphering their role in Th2-induction and immune-mediated
pathogenesis in helminth infections.
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