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Helminth pathogens prepare a Th2 type immunological envi-
ronment in their hosts to ensure their longevity. They achieve
this by secreting molecules that not only actively drive type 2
responses but also suppress type 1 responses. Here, we show that
the major cysteine proteases secreted from the helminth patho-
gens Fasciola hepatica (FheCL1) and Schistosoma mansoni
(SmCB1) protect mice from the lethal effects of lipopolysaccha-
ride by preventing the release of inflammatory mediators, nitric
oxide, interleukin-6, tumor necrosis factor «, and interleukin-
12, from macrophages. The proteases specifically block the
MyD88-independent TRIF-dependent signaling pathway of
Toll-like receptor (TLR)4 and TLR3. Microscopical and flow
cytometric studies, however, show that alteration of macro-
phage function by cysteine protease is not mediated by cleavage
of components of the TLR4 complex on the cell surface but
occurs by degradation of TLR3 within the endosome. This is the
first study to describe a parasite molecule that degrades this
receptor and pinpoints a novel mechanism by which helminth
parasites modulate the innate immune responses of their hosts
to suppress the development of Th1 responses.

To establish successful chronic infections, helminth parasites
induce potent Th2 immune responses, which can only occur
when Th1 cytokines are suppressed (1). To create this anti-inflam-
matory environment helminths secrete molecules that prevent
dendritic cells and macrophages responding to Toll-like receptor
(TLR)* Th1-stimulating ligands such as LPS and CpG (2-5). It has
been proposed that helminth-secreted molecules themselves sig-
nal through TLRs, activating a different pattern of kinases com-
pared with LPS, resulting in the extracellular signal-regulated
kinase dependent inhibition of interleukin (IL)-12 production
(reviewed in Ref. 6). The molecular nature of these Th1-suppress-
ing components, however, remains largely unknown.

] The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. 1 and 2.
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Enzyme activity ascribable to the papain family of cysteine
proteases (clan CA, family C1), such as cathepsin L and B, has
been identified as a major component of the secretions of
almost all helminth parasites of humans, livestock, and com-
panion animals (7, 8). These proteases are pivotal to the para-
sitic lifestyle by mediating fundamental processes such as host
invasion, acquisition of nutrients, and the migration through
host tissues (reviewed in Ref. 9). They can also have a systemic
effect on the immune responses of their hosts by cleaving
immunoglobulins and preventing antibody-mediated immune
effector function, which protects the parasites from immune
elimination (10, 11). We have shown that the predominant
secreted product of the human and animal helminth pathogen
Fasciola hepatica, a cathepsin L1 cysteine protease (FheCL1),
suppressed the onset of protective Thl immune responses in
mice to infections with the respiratory microbe Bordetella per-
tussis, making them more susceptible to disease. In addition,
injection of the cysteine protease immediately prior to immu-
nization of mice with a B. pertussis whole-cell pertussis vaccine
prevented the development of a Thl response to the vaccine
(12-14).

The engagement of TLRs is a critical step in the detection of
pathogenic infection and promotion of appropriate adaptive
immune responses. Here, we show that the FheCL1 protease
secreted by the helminth pathogen F. hepatica (liver fluke) and
the major cathepsin Bl protease secreted by the related hel-
minth Schistosoma mansoni (blood fluke) inhibit macrophage
TLR recognition of bacterial ligands. Delivery of cysteine pro-
tease protects mice from LPS-induced septic shock by prevent-
ing the release of inflammatory mediators, nitric oxide, TNFa,
IL-6, IL-12, by macrophages. Using various TLR agonists we
found that the cysteine proteases inactivated MyD88-indepen-
dent TRIF-dependent signaling pathways of TLR4 and TLR3.
This inactivation is not mediated by cleavage of cell surface
TLR4 or CD14 but results from specific degradation of TLR3
within the endosome. This study, therefore, describes a novel
means by which parasites alter innate immune cell function and
prevent the establishment of potent Th1-driven inflammatory
responses that would lead to their elimination.

EXPERIMENTAL PROCEDURES

Enzyme Preparation and Animals—Functionally active re-
combinant F. hepatica cathepsin L1 (FheCL1) and S. mansoni
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cathepsin B1 (SmB1) were expressed in Pichia pastoris and
purified by affinity chromatography on nickel-nitrilotriace-
tic acid-agarose as described (15, 16). A conformationally
intact but proteolytically inactive variant of FheCL1, termed
FheCL1Gly*®, was prepared by substituting the active site
cysteine with a glycine as described (17). 6-to-8-week old
female BALB/c mice were purchased from ARC (Perth, Aus-
tralia) and maintained according to the guidelines of the
University of Technology Sydney/Royal North Shore Hospi-
tal Animal Care and Ethics committee.

Macrophage Cell Culture—The peritoneal cavity of BALB/c
mice was lavaged with 5 ml of supplemented RPMI (Invitro-
gen). Following determination of viability by trypan blue
exclusion, peritoneal exudate cells were adjusted to 5 X
10°cells/ml and cultured in six-well plates (Costar, Cam-
bridge, MA). After 2-3 h incubation at 37 °C, nonadherent
cells were removed by washing with ice cold 1X phosphate-
buffered saline (PBS). The remaining adherent cells were
removed with a cell scraper into RPMI. For each experiment,
macrophages from 10-15 mice were pooled, and prepara-
tions of 1 X 10° cells/ml were stimulated overnight for 12 h
(or 6 h for mRNA expression analysis) with varying concen-
trations of LPS (Escherichia coli 111:B4; Sigma), CpG ODN
1826 (synthesized by Sigma Genosys), poly(IC) (Sigma),
flagellin (Calbiochem) and Pam,Cys-Ser-(Lys), (EMC Microcol-
lections, Tubingen, Germany).

Quantitation of Cytokine and Nitrite in Macrophage
Supernatants—Interferon (IFN)-y was measured by immuno-
assay according to the manufacturer’s instructions using pairs
of commercially available monoclonal antibodies (BD Pharm-
ingen). Concentrations of IL-6, IL-12, and TNFa were deter-
mined by commercially available sandwich enzyme-linked
immunosorbent assay (ELISA) kits (BD Pharmingen). Produc-
tion of nitric oxide by macrophages was assessed by measuring
the increase in nitrite concentration using the Greiss reagent
(Promega).

Mouse Model of Endotoxic Shock—Six-week-old BALB/c
mice were intra-peritoneally injected with 10 mg/kg of E. coli
LPS (serotype 111:B4; Sigma) and observed hourly over a 70-h
period. For the analysis of inflammatory mediators, mice were
sacrificed at 2 and 4 h after LPS injection by cervical dislocation.
Heart punctures were performed, and blood was collected in
heparinized tubes. Plasma was isolated by centrifugation at
13,000 X g for 10 min. Peritoneal lavage was also performed,
and macrophages were isolated as described above. Both the
sera and lavage supernatants were analyzed for the presence of
inflammatory cytokines by ELISA.

Flow Cytometry—Macrophages (1 X 10°cells/ml) were
stained for 30 min at 4 °C with antibodies specific for CD14 (BD
Pharmingen) or the TLR4-MD-2 complex (Santa Cruz Biotech-
nology, Santa Cruz, CA) along with the relevant isotype con-
trols. Antibodies were diluted in PBS, 0.5% bovine serum albu-
min and used at the recommended concentrations.

RNA Preparation and RT-PCR—Following incubation of
macrophages with TLR agonists, cells were washed with PBS,
and total RNA were isolated with Tri-reagent (Sigma) accord-
ing to the manufacturer’s instructions. Reverse transcription
reactions were performed with 50 ng of RNA, oligo(dT)
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primer (synthesized by Sigma Genosys), and avian myeloblas-
tosis virus reverse transcriptase (Promega). First strand cDNA
(5 ul) was then subjected to amplification with Taq polymerase
(Sigma) using primers specific for B-actin, TNFeq, IL-6, IL-12,
iNOS, TLR4, IFNp, interferon-stimulated gene 54, and TLR3
using cycle conditions optimized for each primer set. All PCR
products were electrophoretically analyzed on 1% agarose gel
and visualized by ethidium bromide staining. In some cases,
quantification of PCR products was carried out by densitomet-
ric analysis of photographic negatives of agarose gels using Un-
Scan-It software (Silk Scientific). The quantification method
used in these assays is relative because absolute values of mRNA
levels could not be determined, as internal controls for specific
mRNAs were not used. Values for mRNA are expressed in rel-
ative absorbance units and are standardized per unit of B-actin
per sample.

Western Blots—A total of 1 X 10° macrophages/ml were sol-
ubilized in 100 ul of ice cold lysis buffer containing 50 mm
Tris-HCl, pH 8.0, 150 mm NaCl, 1.0% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate, and prote-
ase and phosphatase inhibitor cocktails (Sigma). Equivalent
amounts of protein were resolved by 12.5% SDS-polyacryl-
amide gel electrophoresis then transferred to Immobilon mem-
brane (Millipore). Membranes were blocked with 5% nonfat dry
milk, washed, and incubated overnight at 4 °C with primary
antibody specific for TLR3 (1:200 dilution in 5% bovine serum
albumin and 5% PBS-Tween 20; Abcam), TRAF3 or TRIF
(1:1,000 dilution; Abcam). Following a 3-h incubation at room
temperature with a 1:1,000 dilution of anti-rabbit horseradish
peroxidase conjugated secondary antibody (Sigma), the blots
were visualized with ECL Western blotting detection reagent
(Sigma). Loading controls were determined using a primary
antibody specific for actin (Sigma).

Microscopy—Six-week-old BALB/c mice were intraperito-
neally injected with 50 ug CL1 or PBS. After 2 h, peritoneal
macrophages were harvested from lavages by adherence to
plastic, as described above. Macrophages from 10 mice were
pooled and preparations of 1 X 10° cells/ml were allowed to
adhere to glass coverslips. The cells were fixed by incubation
with 4% paraformaldehyde and subsequently permeabilized
by incubation in the presence of 0.1% Triton-X/PBS. After
this, cells were incubated for 1 h at room temperature with
primary antibody specific for TLR3, His, tag, EEA-1 or man-
nose-6-phosphate receptor (Abcam) diluted 1:50 in 1% fetal
calf serum/PBS. Following three washes with 1X PBS, cells
were incubated with TRITC-conjugated (Sigma), Alexa Fluor
488-conjugated, or Alexa Fluor 568-conjugated (Molecular
Probes) secondary antibody (1:1,000 dilution) and then stained
with 4,6-diamidino-2-phenylindole (1 wg/ml in PBS) to detect
cell nuclei. Cells were examined either with a Nikon A1 confo-
cal scanning laser microscope, and images were analyzed using
NIS Elements software (Nikon) or a DeltaVision personal DV
deconvolution microscope (Applied Precision, Inc.), and the
images were analyzed using IMARIS software (Bitplane).

Statistical Analysis—The statistical significance of difference
was determined by the two tailed Student’s £ test. *, p < 0.05; **,
p < 0.01; and ***, p < 0.001.
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FIGURE 1. Helminth parasite cysteine protease protects mice from LPS-induced lethality. A, mice (n = 15)
were pretreated with a single intraperitoneal injection of 50 ul of active cysteine protease enzyme (FheCL1, 1
mg/ml) or PBS 2 h prior to an intraperitoneal injection of LPS (10 mg/kg) and observed over 70 h. Data pre-
sented are representative of two independent experiments. Levels of proinflammatory mediators TNFe, IL-6,
and IL-12 were measured in the sera (B) and peritoneal lavage fluid of mice (n = 6) (C) at 2 and 4 h after an
intraperitoneal injection of LPS (10 mg/kg). Data are from individual mice from two independent experiments.

RESULTS

Helminth Cysteine Protease Rescues Mice from Septic Shock—
We have previously shown that the rapid suppression of inter-
feron-y-associated inflammatory responses during infection
with F. hepatica is related to the secretion of FheCL1 cysteine
proteases (14). Here, we employed a murine sepsis model to
examine whether FheCL1 suppressed macrophage-driven Th1
inflammation. When BALB/c mice were injected intraperito-
neally with 200 ug (10 mg/kg) of E. coli LPS, fatal endotoxic
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active site cysteine replaced with a
glycine, FheCL1Gly?°, did not sup-
press the response to LPS stimula-
tion (Fig. 2A4). Inhibition of macro-
phage responsiveness to LPS was
dependent on the dose of FheCL1
delivered, with decreasing doses
showing correspondingly lower suppression of proinflamma-
tory cytokine secretion (Fig. 2C). Using similar experiments, we
showed that treatment of mice with the major secreted cathep-
sin B1 (SmB1) protease of the helminth S. mansoni was also
capable of suppressing macrophage proinflammatory cytokine
secretion when given in an active form but not when complexed
with the inhibitor E-64 (data not shown).

Peritoneal administration of FheCL1 altered the cellular
composition of the peritoneal cavity (data not shown) by
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FIGURE 2. FheCL1-treated macrophages are hyporesponsive to LPS stimulation. A, peritoneal macrophages were isolated from BALB/c mice 2 h after an
intraperitoneal injection of PBS, FheCL1 or an inactive mutant of cathepsin L1 (FheCL1Gly?®) and stimulated ex vivo with LPS (1 wg/ml) for 12 h. The levels of
secretion of IL-6, IL-12, TNFq, and nitrite into the culture supernatants were assessed by ELISA and Greiss assay, respectively. Indicated values are the means +
S.E. and representative of three independent experiments. B, F. hepatica cathepsin L1 was inhibited by a 30-min incubation in the presence of cysteine
protease-specific inhibitor Z-Phe-Ala-diazomethylketone (20 um) and then injected intraperitoneally into BALB/c mice. After 2 h, peritoneal macrophages
were removed and stimulated in vitro with LPS (1 wg/ml) for 12 h and secretion of proinflammatory mediators measured by ELISA and Greiss assay. Data shown
are the mean = S.E. from triplicate samples. C, BALB/c mice were given a range of concentrations of active FheCL1 (0-100 wg), and 2 h later, peritoneal
macrophages were harvested and stimulated ex vivo with LPS (1 ug/ml) for 12 h. ELISA was used to measure the levels of IL-6, IL-12, and TNF« in culture
supernatants. Data are presented as the mean * S.E. of triplicate samples and are representative of three experiments. D, peritoneal macrophages were
isolated from naive BALB/c mice and incubated for 2 h in the presence of peritoneal exudate fluid or nonadherent cells extracted from the peritoneal cavity of
mice given a single dose of FheCL1. The quantities of IL-6 and TNF« secreted in response to overnight stimulation with LPS (1 ug/ml) were assessed by ELISA.
Data are presented as the mean = S.E. of triplicate samples and are representative of two experiments. E, peritoneal macrophages were isolated from naive
BALB/c mice and incubated for 2 h in the presence of PBS, FheCL1, or FheCL1Gly?®. The cells were subsequently stimulated with LPS (1 ug/ml), and the levels
of IL-6 and TNF« in the culture media were measured by ELISA. Data are presented as the mean = S.E. of triplicate samples and are representative of two
experiments.

increasing the number of lymphocytes to 8% of the cell pop- neal exudate isolated from FheCL1-treated mice and also in
ulation as compared with 1% following delivery of PBS. To the presence of the exudate fluid. When these macrophages
determine whether the increase in lymphocytes contributed were subsequently (2 h later) stimulated with LPS, no sup-
to the suppressive effect on macrophages, peritoneal macro- pression of IL-6 and TNF« secretion was observed (Fig. 2D).
phages isolated from naive BALB/c mice were culturedinthe These data exclude the possibility that the increase in lym-
presence of the nonadherent cellular population of perito- phocytes, or secretions from these cells, is responsible for the
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suppression of macrophage inflammatory responses in
FheCL1-treated mice.

To further confirm this, macrophages isolated from the peri-
toneal cavity of naive BALB/c mice were exposed in vitro to
PBS, FheCL1, or FheCL1Gly*® for a period of 2 h. Following
removal of the cysteine protease, the macrophages were stim-
ulated with LPS. Similar to that observed with iz vivo exposure,
macrophages treated with FheCL1 were less responsive to
LPS stimulation, secreting significantly reduced levels of both
TNFa and IL-6 compared with macrophages treated with PBS
(Fig. 2E). The inactive variant FheCL1Gly® exhibited no effect
on the macrophages in vitro, further substantiating the require-
ment for proteolytic activity. Collectively, these studies demon-
strate that helminth cysteine proteases can prevent the activa-
tion of macrophages by LPS and that this property is dependent
on the hydrolytic activity of the enzymes.

Suppression of Macrophage Function Does Not Occur via the
Inactivation of MyD88-signaling Pathways—The core macro-
phage receptors recognizing LPS are CD14, TLR4, and MD-2.
Bromelain, a cysteine protease of pineapple and the Arg- and
Lys-specific gingipains secreted, respectively, secreted from
Porphyromonas gingivalis remove CD14 but not TLR4 from
the surface of macrophages (18, 19), making the cells hypore-
sponsive to LPS stimulation. While the induction of inflamma-
tory mediators in response to low concentrations of LPS (<10
ng/ml) requires the participation of both TLR4-MD-2 complex
and CD14, responses to high concentrations of LPS (>1 ug/ml)
are independent of CD14 (20). In this study, a single treatment of
mice with FheCL1 suppressed the production of inflammatory
mediators in response to stimulation with a range of LPS concen-
trations from 1 ng to 5 ug/ml (Fig. 34), suggesting that the action
of FheCL1 on macrophages does not involve proteolytic removal
of CD14. This conclusion was supported by flow cytometry that
revealed no difference in the levels of surface CD14 on macro-
phages isolated from FheCL1-treated and PBS-treated mice (Fig.
3B). Furthermore, we found no reduction in the surface expression
of TLR4-MD2 on macrophages from FheCL1-treated mice using
flow cytometry (Fig. 3B), and no alteration in TLR4 transcript
expression by RT-PCR analysis (Fig. 3C).

We investigated whether FheCL1 exhibited its suppressive
effect on macrophages by modulating TLR4 signaling path-
ways. Following interaction between LPS and the CD14-
TLR4:MD-2 receptor complex, recruitment of MyD88 acti-
vates a series of kinases, ultimately resulting in the transloca-
tion of NFkB to the nucleus, where it mediates an increase in
inflammatory cytokine gene expression leading to proinflam-
matory responses (reviewed in Ref. 21). TLR4 recognition of
LPS, however, also leads to the activation of a MyD88-indepen-
dent (TRIF-dependent) pathway that, while inducing NF«B
activation, primarily activates the transcription factor IRF3.
IRF3 then induces the transcription of IFNf, which, in turn,
leads to STAT1 activation and the subsequent induction of
STAT1-dependent genes such as iNOS and interferon-induc-
ible protein 10 (22).

We found a reduction in the expression of IL-6 and TNF«
transcripts in macrophages isolated from FheCL1-treated mice
compared with PBS-treated mice. Although these changes
failed to reach statistical significance (p = 0.08 for both) when
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analyzed by densitometry, the decrease was reproducible
between experiments. In stark contrast, FheCL1 treatment sig-
nificantly suppressed the induction of both IL-12 (p = 0.0067)
and iNOS (p = 0.0005) mRNA expression (Fig. 3, D and E). This
differential suppression of gene expression correlates with the
reduction of the respective cytokines as seen in Fig. 34, which
clearly shows that the suppression of LPS induced IL-6 and
TNFa was far less significant than the reduction in nitric oxide
production. This result is relevant because, while the expres-
sion of proinflammatory cytokines such as IL-6 and TNF« in
response to TLR4 binding is mediated through both TRIF and
MyD88 (21), induction of iNOS expression is mostly dependent
on TRIF-mediated activation of IFN (22). Furthermore, it was
recently shown that IL-12 mRNA expression in macrophages is
also regulated by IFNB (23). Therefore, the pronounced sup-
pression of iNOS and IL-12 expression in macrophages caused
by FheCL1 treatment was most likely mediated by selective
inhibition of TRIF-dependent, IFN-mediated TLR signaling.

Suppression of Macrophage Activation by Helminth Cysteine
Proteases Occurs via Specific Inhibition of TRIF-dependent Sig-
naling Pathways—To investigate the possibility that FheCL1
was specifically targeting the TRIF-dependent pathway of mac-
rophage activation, we stimulated macrophages with poly(I-C),
a synthetic agonist of TLR3, which signals exclusively via the
TRIF-dependent pathway (24). We found that FheCL1-treated
macrophages secreted significantly lower levels of IL-12, TNFa,
and nitrite when exposed to poly(I-C) for 12 h compared with
macrophages taken from PBS-treated or FheCL1Gly**-treated
controls (Fig. 44 and data not shown). Furthermore, mRNA
transcripts of these inflammatory mediators were not detected
in FheCL1-treated macrophages (Fig. 4B). In contrast, FheCL1-
or FheCL1Gly**-treatment of mice had no effect on the ability
of macrophages to respond to ligands of TLR2 (Pam,Cys-Ser-
(Lys),), TLR5 (flagellin), or TLR 9 (CpG DNA, Fig. 4C and sup-
plemental Fig. 1), all of which mediate their effects solely
through MyD88-dependent pathways.

Similarly, macrophages isolated from mice after treatment
with SmB1 were less responsive to stimulation with both LPS
and poly(I'C) but not CpG (supplemental Fig. 2). In addition,
mRNA expression of IL-12 and iNOS but not TNFa was absent
from LPS-stimulated macrophages. Like FheCL1, SmB1 inhib-
ited the expression of all three mRNAs in response to poly(I-C)
(supplemental Fig. 2).

Further RT-PCR analyses on macrophages isolated from
FheCL1-treated mice revealed no detectable levels of IFNS
mRNA in response to LPS or poly(I:C) stimulation, in contrast
to macrophages from PBS-treated mice that did express IFNf3
(Fig. 5). The promoter region of IFNS has been shown to
require the cooperation of both DNA-binding transcription
factors IRF3 and NFkB (25). However, activation of IRF3 alone
is sufficient for the induction of ISG54 gene expression, and
IL-6 is an example of a gene that is induced by activation of
NF«kB, independently of IRF-3 (26). Macrophages isolated from
FheCL1-treated mice show no expression of either ISG54 or
IL-6 in response to the ligation of TLR3 with poly(IC), indicat-
ing the absence of activation of both IRF3 and NFkB (Fig. 5). In
contrast, exposure of FheCL1-treated macrophages to LPS
results in the induction of IL-6 gene expression but not ISG54,
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FIGURE 4. FheCL1 inhibits TRIF-dependent production of inflammatory mediators. A, peritoneal macrophages isolated 2 h after a single 50 ul intraperi-
toneal injection of either FheCL1 (1 mg/ml) or PBS were stimulated with either LPS (1 wg/ml) or poly(I-C) (25 ng/ml). B, cell supernatants were then analyzed by
ELISA, and cell lysates were examined by RT-PCR for levels of mRNA expression of cytokines. C, ELISA was used to measure the quantity of IL-12 in culture media
or macrophages stimulated in vitro with the TLR9 ligand CpG (1 um), the synthetic TLR2 ligand Pam;Cys-Ser-(Lys),(10 ng/ml) and the TLR5 ligand flagellin (10
ng/ml). Indicated values for ELISA are the means + S.E. of triplicates and are representative of three individual experiments.
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FIGURE 5. FheCL1 treatment of macrophages inhibits TRIF-dependent
signaling. Peritoneal macrophages isolated from PBS- or FheCL1-treated
mice were stimulated with either LPS (1 wg/ml) or poly(I-C) (25 ng/ml) for
6 h, and expression of IFNf3, ISG54, and IL-6 mRNA were assessed by RT-

poly(I-C)-activated signaling via the proteolytic cleavage of the
TRIF adaptor protein of TLR3 (27). In addition, the tumor
necrosis factor receptor-associated factor 3 (TRAF3), an im-
portant link between the recruitment of TRIF and the activa-
tion of IRF3, is susceptible to cleavage by protease enzymes

PCR. These data are representative of three independent experiments. (28). However, neither TRIF nor TRAF3 were Susceptible to

degradation by FheCL1, likely because of their cytosolic loca-

FIGURE 3. FheCL1 does not affect MyD88-dependent signaling through TLR4. A, BALB/c mice were given a single intraperitoneal injection of 50 ul of
FheCL1 (1 mg/ml) or PBS and 2 h later peritoneal macrophages were removed. A, these macrophages were then stimulated with varying concentrations of LPS
(0-5 pg/ml) for 12 h, and secreted cytokines were measured by ELISA. Data shown are the means + S.E. of triplicates and are representative of two individual
experiments. B, macrophages removed from either PBS- or CL1-treated mice were analyzed for the surface expression of CD14 or TLR4/MD-2 by flow
cytometry. C, TLR4 mRNA levels in peritoneal macrophages isolated from either PBS- or FheCL1-treated BALB/c mice incubated in the presence or absence of
LPS was assessed by RT-PCR. D, peritoneal macrophages isolated from both PBS- and FheCL1-treated mice were stimulated with LPS (1 wg/ml) for 6 h, lysed, and
examined for levels of mRNA expression of IL-6, TNFq, IL-12, and iNOS by RT-PCR. Data shown are representative of three independent experiments. E, den-
sitometric analysis of amplification products for IL-6, TNFe, IL-12, and iNOS. Values for mRNA are expressed in relative absorbance units and are standardized
per unit of B-actin per sample. The data are obtained from the mean of three independent experiments; FITC, fluorescein isothiocyanate; PE, phycoerythrin.
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FIGURE 6. FheCL1 treatment degrades TLR3 in macrophages. Cell lysates
were prepared from macrophages isolated from mice, and the presence of
TRIF and TRAF3 protein was determined by Western blot (A). B, detection of
TLR3 protein in peritoneal macrophages was examined by Western blot, and
expression of mRNA for TLR3 was assessed by RT-PCR. C, peritoneal macro-
phages isolated from PBS-treated (upper panels) or FheCL1-treated (lower
panels) mice were immunostained for the presence of TLR3 (red). Cells were
also stained with 4',6-diamidino-2-phenylindole (blue) to detect nuclei and
imaged using a Nikon A1 confocal scanning laser microscope. Scale bar is 10
um. These data are representative of two independent experiments.

tion (Fig. 6A). Unlike viral proteases, parasite proteins are taken
from the external environment by dendritic cells and macro-
phages (29, 30) and are trafficked via early endosomes to the
lysosomal compartments (30). Considering TLR3 exists in the
endolysosomal compartments of cells, we therefore investi-
gated whether FheCL1 may be exerting its suppressive effect on
macrophages via the degradation of TLR3. Immunoblot analy-
ses of proteins extracted from macrophages isolated from mice
given a single injection of FheCL1 failed to detect TLR3 protein
(Fig. 6B) despite there being no alteration in the level of expres-
sion of the TLR3 gene, as detected by RT-PCR (Fig. 6C). Con-
focal laser microscopy analysis confirmed the absence of TLR3
in macrophages treated with FheCL1 (Fig. 6D), with cells
stained positively for TLR3 reduced to 20 and 40% of total cells
counted in two independent experiments compared with 99.1
and 99.7% of macrophages from PBS-treated mice.

To confirm that the FheCL1 degradation of TLR3 occurs as a
result of direct action within the endosome, we examined the
subcellular localization of FheCL1 after injection by staining
the peritoneal macrophages with an anti-His, tag antibody. No
fluorescence is observed in cells isolated from PBS-treated mice
and stained with the anti-His, tag antibody (data not shown),
which confirms its specificity for recombinant FheCL1. While
there is some colocalization between FheCL1 and mannose-
6-phosphate receptor positive compartments (Fig. 7, lower
panel), the majority of FheCL1 appears to be located within the
early endosome compartments (Fig. 7, upper panel). These data
support our proposal that 2 h after injection into the peritoneal
cavity, FheCL1 has been captured by the macrophage and is
directly cleaving TLR3 from within the endosome of the mac-
rophage and thus preventing TRIF-dependent signaling.

3390 JOURNAL OF BIOLOGICAL CHEMISTRY

Early endosome (red)
& nucleus (blue)

Cathepsin L1 (green)

& nucleus (blue) Merged

Lysosome (red)
& nucleus (blue)

Cathepsin L1 (green)

& nucleus (blue) Merged

FIGURE 7. FheCL1 is targeted to the endolysosomal compartment of mac-
rophages. Peritoneal macrophages were isolated from BALB/c mice 2 h after
an intraperitoneal injection of FheCL1. After fixation and permeabilization,
cells were stained for Hisg tag (FheCL1, green), EEA-1 (early endosomes, red,
upper panel) and mannose-6-phosphate receptor (lysosomes, red, lower
panel). Cells were also stained with 4’,6-diamidino-2-phenylindole (blue) to
detect nuclei and imaged using a DeltaVision personal DV microscope. Scale
baris 10 wm.

DISCUSSION

F. hepatica secretes abundant amounts of FheCL1 protease
into the tissues of its host where the enzyme functions in tissue
degradation and immunosuppression (9-14). This study
broadens our understanding of FheCL1 immune modulation
by revealing a novel regulatory role for cysteine proteases in
TRIF-dependent signaling. Our data show that parasite pro-
teases specifically degrade TLR3 within the endosome, which
diminishes macrophage activation in response to both TLR3
and TLR4 stimulation. However, why degradation of TLR3
results in impaired signaling of the LPS-induced, TLR4-TRIE-
dependent pathway remains unanswered. Various levels of
cross-talk between the TLR pathways have been described. Sig-
nificant to the present study are the observations that pretreat-
ment of macrophages with poly(I:C) resulted in the inhibition
of LPS induced TRIF-dependent signaling but not the activa-
tion of MyD88-dependent pathways (31). These findings high-
light an interaction between TLR3 and TLR4 TRIF-depen-
dent pathways, which may be affected by parasite cysteine
proteases. In addition, other as yet unidentified mechanisms
may be involved which are independently inhibiting the com-
plete activation of TLR4 by LPS.

A number of papain-like cysteine proteases exist within the
endolysosomes of mammalian cells exhibiting distinct func-
tions that are dictated by their substrate specificities. In the
macrophage endolysosomal compartment, proteolytic cleav-
age is a prerequisite for TLR9 signaling and requires the activ-
ities of both mammalian cathepsins L and S but not cathepsin K
(32). By contrast, TLR7 and TLR3, also present within the
endolysosome, are not susceptible to cleavage by these pro-
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teases. We have previously demonstrated significant differ-
ences in the substrate specificities between human and hel-
minth cathepsin L. Most importantly, the parasite enzymes
display a broader pH range for activity and greater stability
under both acidic and neutral pH (16). These physicobiochemi-
cal properties could explain why the parasite but not the resi-
dent endolysosomal cathepsin L cleaves TLR3.

In general, macromolecules internalized by macrophages are
degraded into antigenic peptides by the range of cathepsins
resident in the endosomal and lysosomal compartments. How-
ever, our data indicate that FheCL1 is resistant to this proteo-
lytic degradation, which is consistent with our earlier findings
showing that the mature enzyme is highly resistant to proteo-
lytic degradation by endopeptidases (33). We have also shown
that FheCL1 can degrade cystatins/serpins such as SCCA1 and
SCCA2 (34) and therefore this may protect the enzyme from
inhibition by cystatins within the lysosome that are known to
regulate the activity of resident endolysosomal cathepsins (35).

The cysteine protease used in this study, FheCL1, is secreted
by the infective stage of F. hepatica that penetrates the host by
traversing the intestinal wall. In correlation with this invasion,
we have observed that macrophages become nonresponsive to
LPS within 2 days of infection, and Th1 suppression is observed
within 7 days, concurrent with the development of a highly
Th2-polarized immune response (12, 13 and data not shown).
Although the link between protease activity and Th2 inflamma-
tion is well documented, the mechanistic basis for this associa-
tion has not been fully elucidated. The results here indicate that
cysteine proteases secreted by helminth parasites prevents cells
of the innate immune response promoting a Thl-adaptive
response, thus making them more permissive to drive the
development of Th2 immune responses. Infection with the hel-
minth S. mansoni illustrates this possibility. The acute stages of
schistosomiasis infection leads to the development of a weak
Thl response, but this switches to a potent Th2 response when
female worms become fecund and release eggs that get trapped
in host liver and intestinal tissues (36). The schistosome cys-
teine protease, SmB1 (and cathepsin L proteases) is expressed
and secreted by the egg stage of the parasite (37) and, therefore,
may facilitate this immune switching.

TLRs play a prominent role in the response to endogenous
signals provided by the host during injury events. Factors
released from damaged cells provide the innate immune system
with activation ligands for TLRs. In particular, TLR3, by re-
sponding to endogenous RNA from necrotic cells, amplifies the
inflammatory response during septic peritonitis and ischemic
bowel injury (38). A recent study using TLR3 gene-deficient
mice found that Thl-associated factors, such as IL-12, were
decreased during infection with S. mansoni, suggesting that the
absence of signaling through TLR3 prevented the generation of
Th1 cytokines and chemokines. Moreover, the absence of TLR3
correlated with significantly increased Th2 cytokines and che-
mokines in response to infection (39). Much of the pathology
encountered in helminth infection is immune-mediated, and
studies demonstrate that increased rates of mortality during
acute fasciolosis (40) and schistosomiasis are associated with
elevated levels of Th1 cytokines and chemokines (41). Immune-
mediated mortality associated with helminth infection can be
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attributed to the dissemination of bacterial gut flora into the
liver with ensuing induction of septic shock (36). As both F. he-
patica and S. mansoni compromise the integrity of the intesti-
nal epithelial layer, this may allow for the translocation of gut
bacteria into the circulation and liver. Although some studies
suggest that naive liver reactive T-cells are tolerized to liver
antigen, it is known that engagement of TLR3 and TLR4, but
not TLR2, within the liver promotes the secretion of inflamma-
tory cytokines and chemokines that enhance the infiltration of
destructive autoreactive CD8 " T-cells (42). Cysteine proteases
secreted by helminth parasites could conceivably restrict
TLR3/4-mediated activation to control potentially critical
inflammatory-mediated pathology.

Infection with helminth parasites is associated with a sup-
pression of Th1-immune responses, which can result in suscep-
tibility to infection with intracellular pathogens such as B. per-
tussis, mycobacteria, and human immunodeficiency virus,
where a Th1 response is required for protection (12,43). On the
other hand, beneficial aspects of helminth infections in reduc-
ing the incidence of Thl-driven inflammatory disease such as
colitis and gastric atrophy have been recently highlighted (44).
Identification of helminth immunodulatory molecules and the
means by which they alter immune effector cell function is,
therefore, of both fundamental and practical importance. Only
one previous study has demonstrated the capacity for a para-
site-secreted molecule to selectively inhibit TRIF-dependent
signaling in macrophages. The Sm16 protein is secreted from
the S. mansoni cercariae and eggs and has been shown to inhibit
signaling from both TLR3 and TLR4 but not TLR2 (45).
Because inhibited degradation of the IRAK1 protein in LPS-
stimulated macrophages was also observed, the authors con-
cluded that Sm16 exerts its inhibition at a point proximal to the
TLR complex, although no mechanism was determined. The
identity and activity of Sm16 remains uncharacterized.

This present investigation presents a molecular mechanism
for the anti-inflammatory properties of helminth parasites via
the degradation of TLR3 and inhibition of TRIF-dependent
activation of macrophages. Because proteases are known to be
secreted by most helminth parasites (7-9), our study offers an
explanation by which these pathogens share a common means
of modulating innate immune responses. Moreover, our data
may facilitate a novel therapeutic approach for the treatment of
Th1 inflammatory disorders particularly in light of the current
strategy of developing TLR antagonists as immunotherapy for
sepsis and autoimmune disease (reviewed in Ref. 46).
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