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Giardia, a flagellated protozoan that infects the upper small intestine of its vertebrate host, is the most
common parasitic protist responsible for diarrhea worldwide. Molecules released by the parasite, particularly
excretory and secretory antigens, seemed to be associated with pathogenesis as well as with the expression of
Giardia virulence. In the present work, we examined the effect of oral administration of Giardia intestinalis
excretory and secretory antigens on systemic and local antibody response as well as on mucosal injuries in
BALB/c mice. Significant titers of serum-specific immunoglobulin G1 (IgG1) and specific IgG2a were observed.
Systemic and mucosal specific IgA antibodies were also recorded. A transient production of serum-specific IgE
antibody and high total IgE levels were also detected, suggesting the presence in excretory and secretory
proteins of factors promoting a specific IgE response. The sera of excretory and secretory antigen-treated mice
recognized proteins of 50 and 58 kDa as well as electrophoretic bands of 15, 63, and 72 kDa that could support
a proteinase activity. The in vitro exposure of G. intestinalis trophozoites to heat-inactivated sera from mice
orally inoculated with excretory and secretory antigens induced a decrease of growth, revealing a complement-
independent inhibitory activity of specific serum antibodies. Furthermore, histological evaluation performed
on the small and large intestines revealed moderate to acute histological changes comparable to those observed
in natural or experimental Giardia infection characterized by eosinophilic infiltration, hypercellularity, and
enterocytic desquamation. The present results suggested that Giardia excretory and secretory antigens stim-
ulate a preferential Th2 response, which is probably involved in the intestinal alterations associated with

giardiasis.

Giardia intestinalis (synonymous with Giardia lamblia and
Giardia duodenalis) is a common causative agent of diarrhea
disease occurring in humans and various mammal species (1).
This parasite has a worldwide distribution, and its prevalence
varies from 15 to 30% in developing countries (26). The infec-
tion has been shown to be more prevalent in children less than
3 years of age as well as in undernourished and immunocom-
promised hosts (5). Moreover, previous studies have also
showed that Giardia infection induces a mucosal immune re-
sponse to other allergens (13) and may be related to an in-
creased incidence of urticaria and food allergies (10). The
pathogenesis of giardiasis is not clearly understood, but villous
atrophy and reduction of the absorptive area of the small
intestine have been reported, which result from a brush border
enzyme deficiency responsible for malabsorption (6). Studies
in vitro and in vivo have suggested that the parasite is able to
produce toxin(s) (3, 8), but the factors inducing mucosal alter-
ations in Giardia infection have not been identified yet, and at
this point they are still controversial (12). It has been suggested
that excretory and secretory (E/S) antigens (Ags) may play a
role in giardial pathogenesis. In the same way, Meyer and
Radulescu (31) argued that E/S Ags released by the parasite
are responsible for diarrhea. Studies of parasite lysates have
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demonstrated that G. intestinalis trophozoites contain proteins
with proteolytic activity (16, 51) which might be involved in
parasite biology (47). In this context, we recently identified E/S
Ag products with proteolytic activity in trophozoites of G.
intestinalis incubated in a protein-free medium (19). However,
the potential role of these molecules in the immune response
and intestinal pathophysiology remain unclear. Thus, the hy-
pothesis that E/S Ags from G. intestinalis would promote the
immune response and participate in mucosal injuries through
the immune response that they elicit is of major interest. The
goal of the present work was to determine whether the oral
administration of G. intestinalis E/S Ags is able to induce spe-
cific systemic or local responses and to reproduce the histolog-
ical alterations observed in giardiasis.

MATERIALS AND METHODS

Parasite culture and E/S Ag preparation. G. intestinalis trophozoites of the P1
strain (American Type Culture Collection no. 30888) were cultured axenically in
filter-sterilized TYI-S-33 medium (22) containing 10% heat-inactivated fetal calf
serum (Gibco, Grand Island, N.Y.) for 48 to 72 h at 37°C in 15-ml glass culture
tubes. E/S Ags were obtained in culture medium as described by Guy et al. (15).
Briefly, culture tubes were rinsed with RPMI 1640 medium at 37°C to remove
nonattached or dead trophozoites. Then RPMI 1640 medium supplemented
with glutamine (2 mM) and L-cysteine (11.4 mM) was added, and cultures
were incubated for 6 h at 37°C in 5% CO,. After incubation, culture tubes
were centrifuged at 3,000 rpm for 20 min at 4°C. Supernatants were concen-
trated threefold on Aquacide II (Calbiochem, Meudon, France), filtered through
a MILLEX-GS filter (0.22-pm pore size; Millipore, Bedford, Mass.), aliquoted,
and stored at —80°C until use.
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Detection of proteolytic activity in G. intestinalis E/S Ags. The proteolytic
activity of E/S Ags was detected on sodium dodecyl sulfate-10% polyacrylamide
gel electrophoresis (SDS-10% PAGE) gels copolymerized with 0.1% (wt/vol)
gelatin (27). Electrophoresis (50 pg of protein/well) was conducted for 1 h at 4°C
in a Miniprotein II apparatus (Bio-Rad) at 30 mA with a Tris-glycine buffer
system. To remove SDS, gels were incubated in 2% Triton X-100 solution in 0.1
M Tris-HCI buffer (pH 8.0) for 30 min at 4°C, washed three times with distilled
water for 10 min and incubated with a 0.1 M Tris-HCI solution (pH 8.0) for 30
min at 4°C. Finally, gels were incubated overnight at 37°C in 50 ml of citrate-
phosphate buffer (pH 6.0) containing 50 mM L-cysteine and 2.5 mM CaCl,.
Thereafter, gels were stained with Coomassie blue R-15 prepared in 15% meth-
anol, 10% acetic acid, and 1% glycerol. Proteinase molecular weight was evalu-
ated by comparison to protein markers (Bench Mark prestained protein ladder).

Mice and immunization procedures. Female BALB/c mice (6 to 8 weeks old
at the beginning of the study) were purchased from IFFA-CREDO (L’Arbresle,
France). Mice were maintained under specific-pathogen-free conditions. Groups
of 10 mice were orally administered G. intestinalis E/S Ags (250 pg/mouse,
without adjuvant) weekly for 21 weeks, and 10 mice of the each group received
either phosphate-buffered saline (PBS) or 250 pg of ovalbumin (OVA)/mouse
orally in the same manner. Before oral administration, stomach acidity was
neutralized with 0.25 ml of NaHCO; aqueous solution (100 mg/ml, pH 8.5).
Henceforth, mice administered E/S Ags are called E/S mice, those that received
PBS are called control mice, and those orally immunized with OVA are called
OVA mice.

Animal experiments were performed according to the conditions stipulated in
European guidelines (Council directives on the protection of animals for exper-
imental and others scientific purposes, 86/609/EEC, J. Off. Communautés Eu-
ropéennes, 86/609/EEC, 18 December 1986, L358).

Serum and fecal sampling. Blood or fecal sampling of individual animals
began (day 0) before the oral administration of E/S products, PBS, and OVA to
E/S, control, and OVA mice, respectively, and was pursued for 158 days at
variable intervals. E/S, control, and OVA mice were bled by retro-orbital plexus
puncture, and sera were recovered and stored at —20°C. For specific intestinal
immunoglobulin A (IgA) antibody determination, fecal extracts were prepared
as follows. Four to five fecal pellets of each mouse were incubated in reweighed
Eppendorf tubes containing protease inhibitors in PBS at 4°C for 1 h. Tubes were
then vortexed and centrifuged for 10 min at 13,000 rpm at 4°C to remove
insoluble material. Supernatants were collected and stored at —20°C until use.

Antibody detection. Antibodies were detected by enzyme-linked immunosor-
bent assay (ELISA) (39). Briefly, 96-well microtiter plates (Nunc-Immuno Plate
Maxi Sorp; Nalge Nunc Int., Roskilde, Denmark) were coated overnight at 4°C
with 100 pl of 10-pg/ml E/S Ags diluted in PBS (pH 7.4)/well. After 2 washes
with PBS-0.1% Tween 20 (Sigma) (PBS-T), plates were saturated for 1 h with
0.5% gelatin-PBS solution (250 pl/well). After two washes, sera were diluted in
PBS-T (1:100 for IgG1 and I1gG2a and 1:10 for IgA and IgE), added to the plates
in duplicate series, and incubated overnight at 4°C. Anti-E/S Ag antibody levels
were evaluated by using a specific goat horseradish peroxidase (HRP)-conju-
gated anti-mouse isotype (Southern Biotechnology, Birmingham, Ala.) diluted in
PBS-T (1:5,000 for IgG1 and IgA and 1:10,000 for IgG2a), and incubated for 2 h
at 37°C. For specific anti-E/S Ag IgE, sera were diluted 1:10 and incubated
overnight at 4°C. Then, after 3 washes with PBS-T, biotinylated rat anti-mouse
IgE antibody (PharMingen, San Diego, Calif.) diluted 1:7,500 was added to the
plates and incubated for 2 h at 37°C. After 5 washes, 100 pl of streptavidin-
peroxidase conjugate (Amersham, Orsay, France)/well diluted at 1:2,000 was
added and incubated for 30 min at 37°C. The reactions were revealed with
3,3',5,5'-tetramethylbenzidine peroxidase substrate (TMB) (100 pl/well; Sigma,
St. Louis, Mo.) for 20 min. Finally, the reaction was stopped with 2 N HCl
solution (100 wl/well), and the optical density (OD) was measured at 450 nm on
a Titertek Multiskan apparatus (Mcc 1340; Labsystems). The results were ex-
pressed as titers of serum antibody, defined as the log of dilution that generated
an OD equal to two standard deviations (SD) above the mean background OD
of control mouse sera at 450 nm. Fecal specific IgA levels were determined in
nondiluted extract samples and were expressed as means = SD of OD values
from 10 mice. Parallel testing of sera from OVA mice against E/S Ags validated
the specificity of ELISA. Likewise, ELISAs against OVA used as an Ag allowed
checking of the specificity of the anti-E/S Ag antibody response of E/S mice.

Determination of total serum IgE. Total IgE concentrations were evaluated on
plates coated overnight at 4°C with the rat monoclonal antibody anti-mouse IgE
(2 pg/ml, clone R35-72; PharMingen) in carbonate buffer (100 wl/well, pH 9.6).
After blocking with a 3% bovine serum albumin (BSA) solution in PBS for 1 h
at room temperature and 2 washes with PBS-T, 100 ul of serial dilutions of
mouse IgE standard (anti-TNP; PharMingen)/well and 100 pl of diluted serum
samples (1:50 in PBS-T-1% BSA)/well were incubated overnight at 4°C. After
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five washes, 100 pl of biotinylated rat anti-mouse IgE (2 wg/ml; Southern Bio-
technology)/well was added and incubated for 90 min at 37°C. Streptavidin-HRP
(1:2,000; Amersham) was added. Plates were then incubated for 30 min at 37°C
and treated as described above for antibody detection. Sample OD values were
converted to micrograms of IgE per milliliter by reference to the standard curve.
The detection threshold was 6 ng/ml.

Immunoblotting. Proteins were run in SDS-10% PAGE gels under reducing
conditions without boiling (24) and electrotransferred onto a nitrocellulose
membrane (48) (0.45-pm-pore-size NC membrane; Schleicher & Schuell Keene,
Dassel, Germany) for 90 min at 125 mA with a Bio-Rad Miniprotein II appa-
ratus. Membranes were blocked with a 5% nonfat milk solution in PBS for 2 h
at room temperature and washed three times with PBS-T. Membranes were cut
in strips, incubated with pooled sera diluted in PBS-T containing 1% nonfat milk
(1:100 for IgG1 and IgG2a and 1:25 for IgA), and incubated overnight at 4°C
under agitation. The strips were washed five times with PBS-T and incubated
with goat HRP-conjugated anti-mouse serum for each isotype diluted in PBS-T
(1:1,000 for IgG1 and IgG2a and 1:250 for IgA) for 90 min at 37°C. For identi-
fication of specific IgE Ags, pooled sera of mice were diluted (1:25) in PBS-T
containing 1% nonfat milk overnight at 4°C. After five washes (with PBS-T), the
strips were incubated with biotinylated rat anti-mouse IgE (Southern Biotech-
nology) diluted in PBS-T at 1:250 for 90 min at 37°C. Streptavidin-HRP conju-
gate (1:500) was added and incubated for 60 min at 37°C. Finally, immune
reactive proteins were revealed by using a diaminobenzidine (DAB) kit (Novo
Castra).

Parasite growth inhibition assay. To evaluate the functional activity of anti-
E/S Ag serum antibodies from mice orally inoculated with E/S products, the
ability of trophozoites to grow in fresh culture medium after exposure to sera
from E/S mice was tested as described by Hemphill et al. (17). Briefly, tropho-
zoites developing in 5-ml screw-cap culture vials until late logarithmic phase were
rinsed once with 5 ml of PBS at 37°C to remove nonviable or nonadherent
parasites. Viable trophozoites were dislodged in cold PBS, centrifuged, and
resuspended in TYI-S-33 medium at a concentration of 6 X 10° cells/ml. Then,
10 pl of this suspension (6 X 10* cells/ml) was distributed into the wells (100
wl/well) of a round-bottom microtiter plate (Nunc) and incubated (1 h at 37°C in
5% CO,) in 100 pl of heat-inactivated pooled sera diluted 1:20 in PBS (collected
at days 7, 42, 88, 135, and 158) from E/S, control, or OVA mice. After incubation,
10 pl of parasite suspension from each well was subcultivated in TYI-S-33
medium at 37°C for 24 or 48 h. Finally, adherent parasites were dislodged in ice
for 10 min, and 10 pl of this suspension was used for parasite counting in a
Neubauer cell counter chamber. Results were expressed as means * SD of
parasite counts, and they were compared with parasites exposed to pooled sera
from control or OVA mice in three separate experiments.

Histological evaluation. For the assessment of pathological alterations, small
and large intestine samples from each mouse were collected, fixed in 4% para-
formaldehyde, and embedded in histowax. Tissues were cut into sections of 5 pm
and stained with hematoxylin-eosin for assaying the histological changes or
May-Griinwald-Giemsa for eosinophilic cell detection. At least 4 to 5 random
sections per intestinal portion (small intestine or colon) and per mouse were
examined. Eosinophil numbers were determined in each section in the duode-
num and ileum by counting randomly from the base to the tip of 20 villi per
mouse. The results were expressed as means * SD of the number of eosinophils
per villus-crypt units (VCU) (29).

Statistical analysis. Statistical differences in serum and fecal IgA antibody
levels were determined between groups of mice by using a one-tailed Student’s
test with StatView software (Abacus Concepts, Berkeley, Calif.). P values under
0.05 were considered significant.

RESULTS

Identification of G. intestinalis E/S Ags with proteolytic ac-
tivity. Electrophoresis analysis of E/S Ags revealed a complex
pattern of at least 11 bands corresponding to molecules from
15 to 153 kDa (Fig. 1A). The zymographic analysis revealed a
gelatinase activity in seven bands (15, 17, 36, 63, 72, 83, and 175
kDa) (Fig. 1B; see also Fig. 5). Most intense proteolytic signals
were located at bands of 63 and 83 kDa. The positions of the
proteins were different in the electrophoretic profile and in the
zymographic pattern because the substrate-copolymerized
acrylamide gels usually induce a decrease in protein mobility
(Fig. 1), as was reported previously (18).
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FIG. 1. Electrophoretic profile and gelatinolytic activity of G. in-
testinalis E/S Ags. (A) SDS-PAGE showing bands of 15 to 153 kDa;
(B) zymographic analysis showing 15- to 83-kDa bands with proteolytic
activity (whitened zones). The gels were stained with Coomassie blue.
Molecular sizes are given in kilodaltons to the right of the lanes.

Isotype profiles of specific serum antibody in BALB/c mice
orally immunized with G. intestinalis E/S Ags. Oral adminis-
tration of E/S Ags to BALB/c mice stimulated a specific hu-
moral response as well as intestinal production of IgA anti-
bodies in fecal samples. Circulating IgG1 antibody titers
against E/S Ags showed a significant increase at day 58 until
day 135 in E/S mice compared to control or OVA mice (P <
0.05) (Fig. 2). Moderate production of anti-E/S IgG2a anti-
body was also observed, with a significant increase after 21 days
and a gradual increase until 128 days after oral administration
of E/S Ags compared to control or OVA mice (P < 0.05) (Fig.
2). No positive reaction against E/S Ags was observed with
serum samples from control or OVA mice.

Oral administration of G. infestinalis E/S Ags induced a
systemic or mucosal specific IgA response. Specific serum IgA
antibody titers of E/S mice showed a mild increase at day 35,
with a significant increase by day 58, compared to the control
and OVA groups (P < 0.05) and subsequently remained stable
until the end of the study (Fig. 3). On the other hand, levels of
fecal anti-E/S Ag IgA antibody increased clearly after day 14,
but not significantly, and pursued a gradual increase until day
96. Significant levels of fecal IgA antibodies compared to those
observed in control or OVA mice were detected at days 128
and 135 (P < 0.05) (Fig. 3).

E/S Ags from G. intestinalis induced both specific and total
IgE responses. Oral administration of E/S Ags induced a sig-
nificant increase of total IgE serum levels in E/S mice from day
35 to day 96 after oral immunization (P < 0.05). A decline in
the concentration of total IgE was recorded after day 135 (Fig.
4). Specific IgE antibody levels were increased after day 58,
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with a peak at day 96 (P < 0.05) followed by a gradual decrease
at the end of the kinetic follow-up (Fig. 4).

Identification of G. intestinalis E/S Ags by the sera of E/S-
immunized mice. To further support our observation that a
specific humoral response occurred after oral administration of
E/S Ags, we attempted to identify the proteins recognized by
the specific serum antibodies (Fig. 5). Sera of E/S mice recog-
nized eight protein bands. When anti-mouse IgG1 isotype an-
tibody was used to identify the reacting serum antibody, eight
15- to 72-kDa bands were revealed. The anti-mouse IgA iso-
type antibody revealed three E/S antigenic bands of 50, 58, and
63 kDa, whereas the anti-mouse IgE isotype antibody revealed
at least three bands of 15, 58, and 63 kDa, respectively (Fig. 5).
No reactivity for IgG2a antibody was detected. It has to be
noted that proteolytic activity was revealed by zymogram anal-
ysis in the zone of bands of 15, 17, 58, 63, and 72 kDa (Fig. 5).
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FIG. 2. Kinetics of serum antibody response of BALB/c mice orally
immunized against Giardia E/S Ags. Antibody was revealed by using
anti-IgG1 (top) or anti-IgG2a isotype antibody (bottom) (ELISA).
Mice were orally administered Giardia E/S Ags (E/S), PBS, or OVA
(see Materials and Methods). Each point represents the mean titer
value = SD obtained from individual serum samples from 10 mice. *,
significant difference (P < 0.05).



VoL. 11, 2004
100
—o— E/S
—O— PBS
—i— ova
L .
2
B~
>
k]
o
L2 e
c
[
£
2
O
[4)]
10!

OD (450 nm)

00+ T T T T T T

0 25 50 75 100 125 150 175
Days post immunization
FIG. 3. Kinetics of IgA antibody response in serum or fecal sam-
ples of BALB/c mice orally immunized against Giardia E/S Ags. Indi-
vidual levels of specific IgA antibody in serum (top) and fecal (bottom)
samples were determined. Mice were orally administered Giardia E/S
Ags (E/S), PBS, or OVA (see Materials and Methods). Each point
represents the mean titer value = SD obtained from individual serum

or fecal samples from 10 mice. OD values were measured at 450 nm.
*, significant difference (P < 0.05).

Activity of anti-E/S Ag serum antibody on G. intestinalis
trophozoite growth. To evaluate the functional activity of the
serum of E/S mice against Giardia trophozoites, parasites were
incubated in the presence of pooled E/S mouse heat-inacti-
vated serum samples obtained at 7, 42, 88, 135, and 158 days
after oral administration of E/S Ags. Incubation of Giardia
trophozoites with pooled heat-inactivated mouse serum ob-
tained on day 88 after immunization resulted in a significant
growth inhibition of the parasites (P < 0.05). Parasite micro-
cultures incubated with PBS or sera from OVA mice were used
as controls of trophozoite growth (Fig. 6).

G. intestinalis E/S Ags induced histological changes in the
intestines of BALB/c mice. Histological analysis of intestinal
samples (Fig. 7 and 8) from E/S mice sacrificed at day 158 has
revealed moderate to important changes in the duodenum,
ileum, and colon. In the duodenal sections (Fig. 7a to d),
moderate changes included discontinuities of the enterocytic
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lining, intraepithelial leukocytes (Fig. 7c), mild chorion hyper-
cellularity with moderate eosinophilic infiltrate (Fig. 7b to d),
and edema in the submucous (Fig. 7b) and subserous layers.
The ileum did not show important changes, except an apparent
thickening of the submucous layer (Fig. 7e and f). Most
marked changes were observed in the colon (Fig. 8), which
showed enterocyte desquamation (Fig. 8e and f), invasion of
the enterocyte lining by leukocytic cells, and mild hypertrophy
of Lieberkiihn crypts (Fig. 8b). A remarkable chorion hyper-
cellularity (Fig. 8d), which sometimes evolved into extensive
mononuclear cell infiltrates (Fig. 8¢ and f), which included
macrophages, lymphocytes, fibroblasts, and mast cells, was also
observed. These changes were usually associated with a mild
submucous edema.

G. intestinalis E/S Ags induced increased eosinophilic cell
numbers in BALB/c mouse intestines. The presence of eosin-
ophils was evaluated in sections of the small and large intes-
tines of mice 158 days after oral administration of E/S Ags. In
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FIG. 4. Kinetics of total and specific IgE antibody responses in
serum samples of BALB/c mice orally immunized against Giardia E/S
Ags. Mice were orally administered Giardia E/S Ags (E/S), PBS, and
OVA (see Materials and Methods). Each point represents the total
IgE concentration (in micrograms per milliliter) += SD (top) or specific
IgE (bottom) mean titer value = SD obtained from individual serum
samples from 10 mice. *, significant difference (P < 0.05).
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FIG. 5. Serum reactivity of BALB/c mice orally immunized with
Giardia E/S Ags evaluated by Western blotting. Mouse sera were
sampled 96 days after oral immunization with Giardia E/S Ags. Each
lane contains 50 pg of Giardia E/S products. Immunoblotted proteins
were probed with pooled sera from 10 mice diluted 1:100 (IgG1 anti-
body) (lane 2), 1:25 (IgA antibody) (lane 3), or 1:25 (IgE antibody)
(lane 4). Antibody binding for IgG1 and IgA was detected with a goat
HRP-conjugated anti-isotype antibody, whereas IgE antibody was de-
tected with biotinylated rat anti-mouse IgE antibody. Bands of 15, 17,
36, 42, 50, 58, 63, and 72 kDa were recognized by serum IgG1 antibody
(lane 2). Serum IgA antibody recognized proteins of 50, 58, and 63
kDa (lane 3), and serum IgE antibody recognized proteins of 15, 58,
and 63 kDa (lane 4). Sera of pooled mice which have received PBS
(control mice) are shown on the left side of each lane. Lane 5 shows
gelatinase activity of E/S Ags as revealed in an SDS-10% PAGE gel
copolymerized with 0.1% (wt/vol) gelatin. A proteolytic activity is
visible in bands of 15, 17, 58, 63, 72, and 175 kDa. Molecular sizes are
indicated in kilodaltons on the left side of the picture.

the control group, eosinophils were predominantly located in
the crypts, whereas in E/S mice, eosinophils were detected
throughout the villi. Eosinophil counts in small and large in-
testine segments revealed that these cells were more numerous
in E/S mice than in control mice. Mice in the E/S group had 5.3
+ 2.3 eosinophils/VCU in the small intestine, while control
mice had 1.5 = 1.0 eosinophils/VCU (P < 0.05). Likewise, in
the large intestine, a value of 8.3 = 3.7 eosinophils/VCU was
found in the E/S mouse group versus 3.0 = 1.4 eosinophils/
VCU (P < 0.05) for the control group.

DISCUSSION

On the basis of the present results, it can be suggested that
G. intestinalis E/S Ags administered orally to BALB/c mice in
the absence of adjuvant can elicit an antibody response char-
acterized by production of high levels of circulating anti-E/S
Ag IgG1 antibody and moderate levels of specific IgG2a anti-
body. Moreover, production of total or specific IgE and spe-
cific serum or fecal IgA anti-E/S Ag antibodies was observed.
Until now, the nature and the role of E/S Ags from G. intes-
tinalis have not been widely investigated. The E/S products for
G. intestinalis trophozoites were initially described as polydis-
persed Ags ranging between 94 and 225 kDa (35). In the
present study, electrophoresis analysis of E/S products showed
a complex pattern of 15- to 175-kDa proteins, whereas zymo-
graphic analyses confirmed our previous results, i.e., identifi-
cation of 36- to 175-kDa E/S Ags as proteins partially charac-
terized as cysteine proteases (19). Moreover, in the present
study two additional proteolytic bands of 15 and 17 kDa were
revealed.

Cysteine proteases have been identified as responsible for
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the major proteolytic activity in trophozoites of G. infestinalis
(16, 37, 47, 49). A 30-kDa protease directly involved in the
excystation of the parasite was identified; it was inhibited by
E-64, a specific inhibitor of cysteine proteases. In addition, it
was demonstrated that cysteine proteases play an important
role in parasite differentiation (49). The results of the present
work suggest that E/S products are responsible, at least par-
tially, for the local and humoral response observed. It was
previously reported that specific IgG1 antibody was induced in
mice by oral administration of a Giardia 72-kDa recombinant
variable surface protein (43). In the present work, E/S Ags
elicited high titers of specific IgG1, IgA, and IgE antibodies, a
profile that is consistent with a Th2 response, and recognized
proteins of 15, 63, and 72 kDa, which seemed to support
proteolytic activity.

On the other hand, Giardia serum IgA antibody plays an
important role in parasite clearance as well as control of Gi-
ardia infection (25). Moreover, studies in natural and experi-
mental hosts suggested that local secretory IgA-specific anti-
body are involved in the elimination of parasites from the
intestine (44, 45). Under our work conditions, the oral admin-
istration of E/S Ags induced a specific IgA serum antibody
response that was detected from day 58 after immunization to
the end of the study. Moreover, significant fecal IgA-specific
antibody was also detected. These results indicate that E/S Ags
were able to stimulate the systemic and local specific IgA
antibody responses. The induction of both systemic and local
specific IgA responses might be the result of interleukin 6
(IL-6) production in response to continuous exposure to E/S
Ags, a cytokine that has been implicated in the switching of
IgA production (14, 30).

Intestinal parasite helminthic infections in the mouse model
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FIG. 6. Effect of sera from BALB/c mice immunized with Giardia
E/S Ag on parasite viability. Trophozoites from the P1 strain (6 X 10*
parasites/ml) were preincubated with heat-inactivated pooled serum
samples obtained at 7, 42, 88, 135, and 158 days after immunization
and diluted 1:20. Parasites were then subcultivated in fresh medium
under optimal growth conditions for 24 h (open bars) or 48 h (filled
bars). The data represent growth rates of Giardia trophozoites prein-
cubated in serum from E/S-immunized mice, control mice (PBS), or
OVA-immunized mice (OVA). Data represent mean values *+ SD
obtained from two triplicate individual experiments. *, significant dif-
ference (P < 0.05).
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FIG. 7. Histological changes in the small intestines of BALB/c mice induced by G. intestinalis E/S Ags. (a to d) Duodenum; (e to f) ileum; (a
and e) control mice, hematoxylin-eosin stain; (b, ¢, d, and f) mice orally inoculated with E/S Ag; (b) May-Griinwald-Giemsa stain, arrowheads
indicate eosinophilic cells and the star indicates submucous edema; (c) May-Griinwald-Giemsa stain, arrowheads indicate eosinophilic cells, thick
arrows indicate intraepithelial leukocytes, and the thin arrow indicates enterocytic discontinuity; (d) May-Griinwald-Giemsa stain, a Lieberkiihn
gland is clearly visible in the center, arrowheads and circle indicate eosinophilic cells; (f) apparent thickening of the submucous layer. Bars, 20 pm.

show a clear-cut association between the presence of mole-
cules with cysteine protease activity and the increase of IgE
production, which is involved in the polarization of the im-
mune response to a Th2 type profile (23, 42). Consistently, in

the present study, total and specific IgE antibody against E/S
Ag was detected. This result suggested that E/S Ags could
contain allergen-like molecules able to enhance the total and
specific IgE production. For example, the E/S Ags of 15, 63,
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eosin stain; (b, d, e, and f) mice orally inoculated with E/S Ag; (b) mild hypertrophy of Lieberkiihn glands, hematoxylin-eosin stain; (d) marked
hypercellularity in the chorion layer associated with enterocytic desquamation, May-Griinwald-Giemsa stain; (e to f) noticeable, extensive,
mononuclear cell infiltrates in the chorion associated with enterocytic desquamation (arrowheads), May-Griinwald-Giemsa stain. Bars, 20 pm.

and 72 kDa could be potential candidates responsible for these brane fractions of G. infestinalis to C57BL/6 mice was unable to
effects. However, the link between the allergenicity of Giardia induce either specific IgE or mucosal IgA antibodies (11). This
Ags and the proteolytic activity of some E/S proteins of G. unresponsiveness to parasite Ags could be related to the
intestinalis remains to be determined. mouse strain. Actually, BALB/c mice exhibit an innate Th2

The oral administration of E/S Ags or cytosolic or mem- response to parasite infections or exogenous Ags, whereas
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C57BL/6 mice promote a dominant innate Th1l response to
the same stimuli. This divergence could be explained by the
genetic modulation of IL-4 production in BALB/c mice (33,
40).

The incubation of strain P1 Giardia trophozoites with heat-
inactivated serum of mice inoculated with E/S Ags deeply
impaired the in vitro parasite growth, suggesting that anti-E/S
Ag antibody exerted a cytotoxic effect. Similar results have
been described for monoclonal antibodies produced against
Giardia surface Ags (4, 17, 36). These antibodies were able to
induce the immobilization and aggregation of parasites, lead-
ing to their subsequent entrapment in the intestinal mucus
(45). These results emphasize the interest of a better under-
standing of mechanisms underlying the control of the parasite
infection, the nature of the Ags involved in such a response,
and the identification of antibody isotypes involved in the cy-
totoxic effect.

Although G. intestinalis infection is not invasive, it is capable
of causing brush border alteration, diarrhea, and malabsorp-
tion (6, 7). The oral administration of E/S Ags induced intes-
tinal alterations similar to those reported during Giardia in-
fection in the mouse model (41, 52). This result suggests that
one or several components of E/S Ags may interact with the
absorptive cells promoting alterations of enterocyte function
(52). Recently, Teoh et al. (46) demonstrated that living par-
asites, parasitic extracts, and E/S Ags were able to induce
alterations of cytoskeleton proteins (such as F-actin and a-ac-
tin) as well as the reduction of electrical resistance (46). More
recently, it was demonstrated that contact with parasites in-
duced apoptosis in nontransformed human duodenal epithelial
cells, and this effect was abolished in the presence of a
caspase-3 inhibitor (9). The assumption that cysteine proteases
present in E/S Ags of G. intestinalis impair the enterocyte
function is based on results in which cysteine proteases present
in Entamoeba histolytica acts as an IL-1B-converting enzyme
(ICE). ICE was able to activate the transcription of NF-«kB in
the human intestinal epithelial cell, a molecule involved in the
inflammatory response (53). The potential implication of pro-
teases or other proteins of Giardia E/S Ags with similar mech-
anisms should be explored. Gastrointestinal tract diseases like
eosinophilic gastroenteritis, inflammatory bowel diseases, hel-
minthic or protozoan infections, and allergic disorders are usu-
ally associated with eosinophil infiltration (2). However, the
links between Giardia infection and this phenomenon have not
been elucidated. In the present study, an increase of eosinophil
numbers in villi of E/S mice was observed, suggesting that E/S
Ags can induce the migration and local accumulation of these
cells. These processes can be regulated by the local production
of chemoattractants such as eotaxin (29). Actually, this che-
mokine represents the primary regulator of the intestinal hom-
ing of eosinophils and also displays a basic role in innate
immunity (32). E/S Ags could promote the local production of
eotaxin by the enterocytes, a process that could explain the
eosinophil accumulation recorded in the guts of mice that
received E/S Ags. On the whole, our findings open new ways
for understanding the immune response to Giardia infection as
well as the potential involvement of Giardia E/S Ags in the
mucosal injuries associated with giardiasis.
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