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Introduction

Strongyloides stercoralis is an intestinal nematode that
inhabits the human small intestine. It is capable of
chronic, persistent infection or hyperinfection of the host,
involving the pulmonary and gastrointestinal tracts and
leading, in some cases, to dissemination to other organs.
Disseminated Strongyloides stercoralis infection occurs
mainly in certain immunosuppressive states, such as haemato-
logical malignancies, human immunodeficiency virus
(HIV) infection/acquired immune deficiency syndrome
(AIDS), T-cell leukaemia virus type-1 (HTLV-1) infection
and long-term corticosteroid use. In these cases, the infec-
tion can become severe and result in the death of the

. : 1-3
immunocompromised host.

Summary

Strongyloides stercoralis is an intestinal nematode capable of chronic,
persistent infection and hyperinfection of the host; this can lead to dis-
semination, mainly in immunosuppressive states, in which the infection
can become severe and result in the death of the host. In this study, we
investigated the immune response against Strongyloides venezuelensis
infection in major histocompatibility complex (MHC) class I or class 1I
deficient mice. We found that MHC II"/~ animals were more susceptible
to S. venezuelensis infection as a result of the presence of an elevated
number of eggs in the faeces and a delay in the elimination of adult
worms compared with wild-type (WT) and MHC 1™/~ mice. Histopatho-
logical analysis revealed that MHC 11"/~ mice had a mild inflammatory
infiltration in the small intestine with a reduction in tissue eosinophilia.
These mice also presented a significantly lower frequency of eosinophils
and mononuclear cells in the blood, together with reduced T helper type
2 (Th2) cytokines in small intestine homogenates and sera compared
with WT and MHC I"/~ animals. Additionally, levels of parasite-specific
immunoglobulin M (IgM), IgA, IgE, total IgG and IgGl were also signif-
icantly reduced in the sera of MHC I~ infected mice, while a non-sig-
nificant increase in the level of IgG2a was found in comparison to WT
or MHC I"’" infected mice. Together, these data demonstrate that
expression of MHC class II but not class I molecules is required to
induce a predominantly Th2 response and to achieve efficient control of
S. venezuelensis infection in mice.

Keywords: immune response; immunosuppression; MHC class I; MHC
class II; Strongyloides venezuelensis; strongyloidiasis

Little is known about the protective immune response
against this nematode, but infection is generally character-
ized by the development of a T helper type 2 (Th2)
immune response. In human and murine models, Strong-
yloides sp. induces the production of cytokines such as
interleukin (IL)-3, IL-4 and IL-5, with subsequent secre-
tion of specific immunoglobulin M (IgM), IgG, IgA and
IgE, which is essential for the elimination of the parasite.
The inflammatory response in the intestine is usually
accompanied by intestinal eosinophilia, mastocytosis and
increased numbers of goblet cells*® which together
induce changes in gut physiology which act in concert to
create an environment that is hostile to the worm.*’

During thymic selection for development of the T-cell
repertoire, major histocompatibility complex (MHC) class
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II molecules are required for CD4" commitment, while
self antigen recognition on the surface of the MHC class I
molecule leads to CD8" T-cell selection.'™"" Subsequently,
in the peripheral tissues, the immune response against for-
eign antigens, for example in helminth infections, involves
the interaction of peptide-MHC class II complexes with
CD4" T cells,'”* which differentiate into Th2 lymphocytes
and provide the basis for the protection against the nema-
tode infection.”>”'® Conversely, the interaction between
peptide-MHC class I complexes and CD8" T cells seems
to be involved in the suppression of immune responses in
chronic helminthiasis.!””'® In MHC class I deficient (MHC
I"/7) mice, which are unable to express p2 microglobulin,
infection with Nippostrongylus brasiliensis induces an intact
Th2 response,'® while MHC 11/~ mice are completely sus-
ceptible to this worm.'®'> Moreover, strongyloidiasis is
usually asymptomatic and restricted to the gastrointestinal
tract in the majority of patients; however, the failure of an
effective host immune response in cases of reduced or
absent CD4" or CD8" T cells in immunocompromised
hosts may culminate in the hyperinfection syndrome, dis-
semination and death. Nevertheless, the roles of class I
and II MHC molecules in the induction of a specialized
CD8" or CD4" T-cell response to Strongyloides are still
poorly understood. Accordingly, in this study, we investi-
gated the role of MHC molecules in the development of
the immune response in immunocompromised mice
infected with Strongyloides venezuelensis.

Materials and methods

Animals

C57BL/6 wild-type (WT) mice weighing 20-25 g were
obtained from the animal facilities of the Centro Multi-
disciplinar para Investigagdo Biologica (CEMIB), Univer-
sidade Estadual de Campinas, SP, Brazil. C57BL/6 MHC
"'~ mice, lacking B, microglobulin (B6-129P2-BM™"™)
and MHC II"~ mice lacking the C,TA transactivation
molecule (B6-129 $2-CD4™'™%) were purchased from
Jackson Laboratories (Bar Habor, ME) and maintained in
the Faculdade de Medicina de Ribeirao Preto, Universid-
ade de Sao Paulo, Brazil. All animals used for the experi-
ments were male and aged 8-10 weeks. Experimental
procedures were approved by the Animal Ethics Commit-
tee of the Universidade Federal de Uberlandia.

Parasites

An S. venezuelensis strain was isolated from the wild
rodent Bolomys lasiurus in April 1986 and since then it
has been maintained in the Departamento de Parasitolo-
gia, Instituto de Biologia, Universidade Estadual de
Campinas, Brazil, by serial passages in Wistar rats (Rattus
norvegicus).

Infection of mice with S. venezuelensis

Strongyloides venezuelensis third-stage infective larvae (L3)
were obtained from charcoal cultures of infected rat fae-
ces. The cultures were incubated at 28° for 72 hr, and the
infective larvae were collected and concentrated using a
Baermann apparatus. The recovered larvae were then
counted and C57BL/6 WT, MHC I/~ or MHC II"’~ mice
were individually inoculated by subcutaneous (s.c.) injec-
tion with 3000 S. venezuelensis L3 larvae. Uninfected mice
were used as controls (day 0).

Egg and adult worm counts

Eggs per gram of faeces were counted according to Mach-
ado e al®® on days 5, 8, 13 and 21 post-infection (p.i.).
The parasitological examination was performed three
times, and the average of the three results was recorded.
At the same time-points, groups of six mice were placed
individually on clean, moist absorbent paper and allowed
to defecate to recover faeces. For recovery adult worms,
the upper half of the small intestine from each infected
mouse was removed after killing of the mouse, washed,
cut open longitudinally, placed in Petri dishes containing
saline, and incubated for 2 hr at 37°. The worms were
counted under light stereomicroscopy and worm fecun-
dity was estimated by dividing the number of eggs elimi-
nated in faeces by the number of worms recovered from
the intestine of each mouse on days 5, 8, 13 and 21 p.i.*!

Experimental procedure and histological analysis

Tissue samples of the small intestine were collected, fixed
in 10% buffered formalin and processed routinely for
paraffin embedding and sectioning. The small intestine
was cut into four pieces and rolled to make a ‘Swiss roll’.
Tissue sections (4 pm) were mounted on slides and
stained with haematoxylin and eosin. The entire length of
the small intestine was examined histologically. Lesions
were scored in a blind manner and graded based on the
severity of inflammation according to inflammatory cell
infiltration in the lamina propria (LP), epithelium and
submucosa, as previously described.”” The inflammatory
score was represented by arbitrary units: 0-2, mild; 24,
moderate; 4-6, severe; above 6, very severe. Eosinophil
numbers were determined by counting the cells in 40
microscopic fields (1 X 400) for two intestinal histological
sections from each of six mice per group.

Blood and serum collection

On days 5, 8, 13 and 21 p.i., mice were anaesthetized and
blood samples were collected by retrorbital puncture.
Total blood cell counts were immediately assayed in a
Neubauer chamber. Differential counts were obtained
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using Panotico staining (Renylab, Barbacena, MG, Brazil).
Blood was then centrifuged, and the serum was stored at
—20° until use.

Cytokine measurement in intestinal homogenates
and sera

Cytokines were quantified in homogenates prepared from
the small intestine and sera. Gut samples (100 mg of duo-
dena) obtained from WT, MHC I’ or MHC II"’~ mice
on days 5, 8, 13 and 21 p.i. were homogenized in 500 ml
of phosphate-buffered saline (PBS) plus 0-05% Tween 20
containing protease inhibitors [1-6 mm phenylmethyl-
sulphonyl fluoride, 100 pg/ml leupeptin hemisulphate,
10 pg/ml aprotinin, 1 mm benzamidine hydrochloride
hydrate and 10 mm ethylenediaminetetraacetic acid
(EDTA)]. Each sample was then centrifuged for 10 min at
3000 g, and the supernatant was used for the assays. Con-
centrations of IL-4, IL-5, IL-12 and interferon (IFN)-y
were determined by enzyme-linked immunosorbent assay
(ELISA) using commercially available kits (Duoset; R&D
Systems, Minneapolis, MN), according to manufacturer’s
instructions. The detection sensitivity ranged from 15 to
31 pg/ml for each assay.

Alkaline parasite extracts

Strongyloides venezuelensis alkaline extracts were prepared
according to the protocol previously described.” In brief,
1 ml of 0-15 M NaOH was added to ~300-000 S. venezuel-
ensis L3 larvae, which were maintained under gentle shak-
ing for 6 hr at 4°. Subsequently 0-3 M HCl was added
until pH 7-0 was reached. This preparation was then cen-
trifuged at 12 400 g for 30 min at 4°. The protein content
of the supernatant was determined by the Lowry
method.** The antigenic extract was used for ELISA.

Measurement of antibodies in sera

Parasite-specific IgM, IgA, IgE, total IgG, IgGl and IgG2a
were quantified by ELISA in serum samples of S. venezu-
elensis-infected and non-infected mice. Briefly, high-bind-
ing microtitre plates (Corning-Costar; Laboratory
Sciences Company, New York, NY) were coated with
10 pg/ml S. venezuelensis alkaline extract in 0-06 M car-
bonate buffer (pH 9-6) for 18 hr at 4°. After three washes
in PBS containing 0-05% Tween 20 (PBS-T), non-specific
binding sites were blocked with PBS-T plus 1% bovine
serum albumin (BSA; Sigma Chemical Co., St Louis,
MO) (PBS-T-BSA) for 1 hr at 37°. Serum samples (50 pl
each) were added (50 pl/well) at dilutions of 1/10 (total
IgG, IgGl1, IgG2a and IgE), 1/80 (IgA), and 1/100 (IgM)
in block buffer, except for IgA which was diluted in PBS-
T. After incubation for 45 min (IgM, IgA and total IgG)
or 1 hr (IgGl, IgG2a and IgE) at 37°, plates were washed

and peroxidase goat anti-mouse IgM (1/1500; Sigma), IgA
(1/100; Sigma), total IgG (1/1000; Sigma), IgG1 (1/4000;
Santa Cruz Biotechnology, Paso Robles, CA) or IgG2a
(1/2000; Santa Cruz Biotechnology) conjugates were
added to the plates which were incubated for 45 min
(IgM, IgA and total I1gG) or 2 hr (IgGl and IgG2a) at
37°. For IgE assays, biotinylated goat anti-mouse IgE
(1/250; Caltag Lab, San Francisco, CA) was added and
plates were incubated for 2 hr at 37°, and then streptavi-
din-peroxidase conjugate (Sigma) (1/1000) was added
and plates were incubated for 30 min at 37°. The reaction
was developed with 0-03% H,O, in 0-1 M citrate-
phosphate buffer (pH 4-5) containing 3,3'5,5 tetramethyl-
benzidine (Sigma). For development of IgM, IgA, total
IgG, IgGl and IgG2a reactions, the enzyme substrate,
consisting of 0-05% H,O, in 0-1 M citrate-phosphate buf-
fer (pH 5-0) containing 0-4 mg/ml o-phenylenediamine
(Sigma-Aldrich Co., Deisenhofen, Germany), was added
to the plates. Absorbance was read at 450 (IgE) or
492 nm (IgM, IgA, IgG, IgGl and IgG2a) in a plate
reader (Titertek Multiskan; Flow Laboratories, McLean,
VA). The results were expressed as an ELISA index (EI),
as follows: EI = absorbance of test sample/cut-off, where
the cut-off was the mean absorbance of three negative
sera plus three standard deviations. Values of EI > 1.0
were considered positive.

Statistical analysis

Data are reported as mean * standard error of the mean
(SEM) and analysed using one-way analysis of variance
(anova), followed by Tukey’s test. Student’s #-test was
used in the analysis of parasite and egg numbers. Values
of P < 0-05 were considered statistically significant.

Results

MHC II"/~ mice have increased numbers of eggs in
the faeces and delayed elimination of S. venezuelensis

To determine whether immunocompromised mice were
more susceptible to S. venezuelensis infection, the num-
bers of eggs in faeces and adult worms recovered from
the small intestine and the fecundity rate were evaluated
in WT, MHC I~ and MHC I~ infected mice (Fig. 1).
There were no differences in the number of eggs excreted
in the faeces at 5 days p.i. among the groups studied.
However, at 8 days p.i. the number of eggs recovered in
the faeces of MHC I~ infected mice was significantly
higher than that in WT or MHC I/~ mice (Fig. la). At
13 days p.i. a significant reduction in the number of eggs
excreted in the faeces was observed in WT and MHC 17/~
mice and the infection was completely eliminated at
21 days p.i. in these animals. In contrast, at 21 days p.i.
the number of eggs recovered in the feces of MHC 117/~
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Figure 1. Parasite burdens in wild-type (WT), major histocompati-
bility complex (MHC) I/~ and MHC II"'~ mice after subcutaneous
(s.c.) infection with 3000 Strongyloides venezuelensis L3 larvae. The
number of eggs per gram of faeces eliminated in faeces (a), adult
worms recovered from the small intestine (b), and the fecundity rate
(c) were evaluated at 0, 5, 8, 13 and 21 days post-infection. Data are
expressed as mean * standard error of the mean (SEM) (n =6).
Results are representative of two or three independent experiments.
*WT versus MHC 1775 *WT versus MHC 11”75 *MHC I™'" versus
MHC II"'7; P < 0-05.

mice was significantly higher than that in WT or MHC
I/~ animals (Fig. 1a). A significant difference was found
in the number of adult worms that were established in
the small intestine at 5 days p.i. in MHC I/~ mice com-
pared with WT mice (Fig. 1b). At 8 days p.i., the number
of worms recovered from the small intestine was similar
in all groups studied. However, at 13 days p.i., S. venezu-
elensis infection in WT and MHC I/~ mice was signifi-
cantly reduced compared with that in MHC I/~
animals. The infection was completely eliminated at
21 days p.d. in WT mice and we observed a significant

reduction in the number of worms recovered from the
small intestines of MHC 1™/~ mice compared with MHC
I~ mice (Fig. 1b). The fecundity of worms from MHC
1"~ mice was significantly higher than that of worms
from WT and MHC 1™~ animals at 8, 13 and 21 days p.i.
(Fig. 1¢).

Inflammatory damage was reduced in the intestines of
S. venezuelensis-infected MHC 1T~ mice

The infection of WT mice induced higher inflammatory
infiltration in the LP and submucosa of the small intes-
tine compared with MHC II”'~ animals on days 5, 8 and
13 p.., this infiltration consisting of polymorphonuclear
eosinophils and mononuclear cells. Inflammatory lesions,
localized mainly in the duodena, were observed on day 5
p-i., and were more severe on day 8 p.i. These lesions
were associated with elevated numbers of worms in the
mucosa in addition to the inflammatory reaction and the
presence of oedema at the ends of villi in the LP. On day
13 p.i. the inflammatory reaction was reduced in the
small intestine of WT mice, coinciding with the clearance
of the parasite from the organ (Fig. 2a).

The presence of inflammatory infiltration was also
observed in the duodena of MHC I/~ mice. The lesions
were observed as early as 5 days p.i., peaked at day 8 and
decreased at day 13 p.i. (Fig. 2a), and eosinophils were
also found in the inflammatory lesions (Fig. 2b). In con-
trast, the MHC II”'~ mice presented mild inflammatory
infiltration in all portions of the small intestine and
oedema in the LP at the ends of villi, which was associ-
ated with the presence of worms (Fig. 2a). The MHC 11"/~
mice presented statistically lower numbers of polymor-
phonuclear eosinophils on days 5, 8 and 13 p.i. compared
with WT mice and lower numbers on day 13 p.i. com-
pared with MHC I/~ mice (Fig. 2b).

Circulating mononuclear cells and eosinophils are
decreased in the blood of S. venezuelensis-infected
MHC II""~ mice

As S. venezuelensis infection affected the inflammatory
infiltrate in the intestine, we next investigated whether
other parameters such as circulating leucocytes were also
affected in mice deficient in MHC I or MHC II mole-
cules. Then, after counting total leucocyte numbers in the
blood (data not shown), differential cell counts were per-
formed to quantify the numbers of mononuclear cells and
eosinophils. There were noticeable differences in the fre-
quency of mononuclear cells at 8 days p.i., when WT and
MHC I"/~ mice showed higher cell counts than MHC 1™/~
mice. At 21 days p.i.,, a significant difference in mono-
nuclear cell counts was found between MHC I/~ and
MHC II"/" mice (Fig. 3a). On day 5 p.i., eosinophils were
diminished in MHC II""~ mice compared with MHC 17/~
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Figure 2. Histopathological analysis of the small intestines of wild-
type (WT), major histocompatibility complex (MHC) I/~ and MHC
11"~ mice infected with 3000 Strongyloides venezuelensis L3 larvae.
(a) Inflammatory scores on days 5, 8 and 13 post-infection, repre-
sented in arbitrary units (A.U.): 0-2, mild; 2—4, moderate; 4-6,
severe; above 6, very severe. (b) Eosinophil counts in the intestinal
tissues in the same time periods. The number of eosinophils was
determined by counting the cells in 40 microscopic fields (1 x 400)
for two intestinal histological sections from each mouse. Data are
expressed as mean + standard error of the mean (SEM) (n = 6).
Results are representative of two or three independent experiments.
*P < 0-05.

animals. In addition, a significant increase in the eosino-
phil percentage was seen in WT mice compared with both
deficient animals at 13 and 21 days p.i. (Fig. 3b). Interest-
ingly, we also observed an elevated frequency of eosin-
ophils in MHC I/~ animals in comparison to MHC I/~
mice on day 21 p.. (Fig. 3b).

Gut inflammation and systemic response are
modulated by differential cytokine production in
S. venezuelensis-infected mice

To determine whether the histopathological features
found in WT and MHC-deficient mice were related to
differential modulation of intestinal immunity, we quanti-
fied the cytokines produced at the site of worm establish-
ment. The results showed that levels of IL-4, IL-5, IL-12
and IFN-y remained unchanged throughout the infection
in MHC II"’™ mice, similar to the situation in non-
infected controls (Fig. 4a—d). WT infected mice presented
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Figure 3. Leucocyte counts in the blood of wild-type (WT), major
histocompatibility complex (MHC) 17/~ and MHC II""~ mice, after
subcutaneous (s.c.) infection with 3000 Strongyloides venezuelensis L3
larvae. Mononuclear cells (a) and eosinophils (b) were evaluated at
0, 5, 8, 13 and 21 days post-infection. Data are expressed as
mean + standard error of the mean (SEM) (1 = 6). Results are rep-
resentative of two or three independent experiments. *P < 0-05.

the greatest increase in IL-4, IL-5 and IFN-v on day 8 p.i.
when compared with the other groups (Fig. 4a,b and d).
Moreover, at the same time-point, IL-12 levels were sig-
nificantly elevated in WT mice compared with MHC 117/~
mice (Fig. 4c). On day 13 p.i., the concentration of IL-4
in the WT gut was higher than that observed in the intes-
tines of MHC I/~ or MHC II"/~ mice (Fig. 4a). IL-12
detection in WT infected animals was also elevated in
comparison to the other groups on day 13 p.i., although
these differences were not statistically significant (Fig. 4c).
The IFN-y concentration was also significantly increased
in WT infected mice compared with MHC II™'~ infected
mice on day 13 p.i. (Fig. 4d).

In order to evaluate the systemic consequences of
S. venezuelensis infection in immunocompetent and com-
promised animals, cytokine concentrations were also mea-
sured in mice sera. Similarly to IL-4 detected in the
intestine homogenates, the concentration of IL-4 in WT
sera exhibited a significant increase on days 8 and 13 p.i.,
compared with MHC II”'~ mice (Fig. 5a). Moreover, at
5 days p.i., the concentration of IL-5 was significantly
higher in WT than in MHC II"'" infected sera. The
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concentration of IL-5 exhibited a significant increase in
WT and MHC 1™~ mice compared with MHC I/~ mice
at 8 days p.i. On days 13 and 21 p.i., MHC I"'~ animals
exhibited higher levels of IL-5 compared with MHC 117/~
mice (Fig. 5b). We did not find any significant difference
in IL-12 levels among the groups studied, which
presented similar production of this cytokine at all the
time-periods evaluated (Fig. 5c). Additionally, the concen-
tration of IFN-y was below the limit of detection in the sera
of all infected animals analysed (data not shown).

Production of antibodies is reduced in the sera of
S. venezuelensis-infected MHC 1™/~ mice

To evaluate the humoral response against S. venezuelensis,
parasite-specific IgM, IgA, IgE, total IgG, IgGl and IgG2a
antibodies were measured in the sera of infected mice on
days 5, 8, 13 and 21 p.., and compared with values
obtained in controls (day 0). Parasite-specific IgM was
significantly higher in WT sera than in MHC II™'~ sera
on days 8, 13 and 21 p.., and was also significantly
higher in MHC 1™~ sera than in MHC II""~ sera at 13
and 21 days p.. (Fig. 6a). Interestingly, there was a
greater increase in the levels of parasite-specific IgA in the
sera of MHC 1™/~ mice compared with WT or MHC 11"/~
animals on days 5, 8, 13 and 21 p.i. (Fig. 6b).

Levels of parasite-specific IgE in the sera of WT and
MHC I"'" infected mice increased significantly on days 5,
8 and 13 p.i., and on days 8 and 13 p.i. there was a sig-
nificant difference between WT and MHC I~ animals
(Fig. 6¢). Moreover, we observed elevated levels of IgE in
MHC I'"'~ sera compared with MHC II”’~ sera on days 5,
8 and 13 p.i. Regarding total IgG, WT and MHC I/~
infected mice presented significantly higher levels than
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MHC II"~ mice on days 13 and 21 p.i. (Fig. 6d). Para-
site-specific IgG1 from MHC II"’~ infected mice was also
significantly lower than the values found in the other ani-
mals on days 8, 13 and 21 p.i. (Fig. 6e) and a significant
increase was also observed in WT sera compared with
MHC I/~ sera at 13 and 21 days p.i. A non-significant
increase in IgG2a levels was detected in the sera of MHC
II"'~ infected mice, on days 8, 13 and 21 p.i., although
differences relative to the other groups were not statisti-
cally significant (Fig. 6f).

Discussion

Although it is well established that Th2 cytokine
responses are related to host protection against gastro-
intestinal nematodes, " in Strongyloides experimental
infection the role of MHC class I and II molecules in
mediating worm elimination and host protection has not
been clarified. Studies with other experimental nematode
infections, for example Brugia malayai,”" Nippostrongylus
brasiliensis > and Angiostrongylus costaricensis,” demon-
strated the role of MHC class II molecules in the induc-
tion of the Th2 response during infection.

Here, we demonstrated that intestinal establishment of
S. venezuelensis was affected by the absence of MHC class
II molecules during parasite infection. Moreover, MHC
I~ infected mice exhibited higher susceptibility to
S. venezuelensis, with impaired responses to the worm,
suggesting that the failure of MHC class II expression
affects the antigen presentation to CD4" T cells that is
necessary for the initiation of an effective Th2 response
against this parasite. In contrast, MHC I/~ mice pre-
sented an immune response against the parasite similar to
that of WT mice. These findings are in agreement with
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Figure 5. Levels of interleukin (IL)-4 (a), IL-5 (b) and IL-12 (¢)
determined by enzyme-linked immunosorbent assay (ELISA) in the
sera of wild-type (WT), major histocompatibility complex (MHC)
I/~ and MHC II""" mice, after subcutaneous (s.c.) infection with
3000 Strongyloides venezuelensis L3 larvae. Analyses were performed
at 0, 5, 8, 13 and 21 days post-infection. Dashed lines indicate the
detection limit for the cytokines. Data are expressed as mean + stan-
dard error of the mean (SEM) (n = 6). Results are representative of
two or three independent experiments. *P < 0-05.

those of previous studies, which showed that proteins
secreted by N. brasiliensis drive specific IL-4 production,
essentially confined to the CD4" T-cell population," and
that without CD4 ligation to MHC II molecules the
response to N. brasiliensis infection is absent.'* In addi-
tion, MHC 17/~ animals infected with N. brasiliensis pre-
sented an intact Th2 response.'’

In human hosts and experimental models, infection
with Strongyloides sp. is characterized by tissue eosino-
philia>® and intestinal mastocytosis,””>** with produc-
tion of Th2-type antibodies >’ and cytokines.”**’ In the

present study, for the first time, the roles of MHC I and
MHC II molecules were investigated in S. venezuelensis
infection in mice. We found that S. venezuelensis induced
mild inflammatory changes in the small intestines of
MHC I~ infected mice, accompanied by reduced eosino-
phil counts. This strongly suggested that the lack of
MHC class II expression may have accounted for the
delayed intestinal elimination of the worms by reducing
eosinophil accumulation and the local inflammatory
response, as it is known that eosinophils play a role in
the killing of this nematode.”””*®* Moreover, eosinophils
can also express MHC class IT molecules,” and the exact
function of these molecules on eosinophils as well as their
role in the regulation of CD4" T-cell responses to
helminths are still not known.

Infection with S. venezuelensis induced an intestinal
Th2 response in WT mice. Although Thl cytokines were
predominantly observed at 8 days p.i., the parasite also
induced a notable increase in IL-4 and IL-5 at the same
time, and this was accompanied by eosinophil accumula-
tion in the gut together with the peak of parasite recov-
ery. Interestingly, MHC I~ mice presented a Th2
response similar to that seen in WT mice, but with lower
tissue levels of cytokine production. In contrast, MHC
1"~ infected mice had overall reduced levels of cytokines,
even in the absence of worm infection, demonstrating
that these animals presented a global defect in cytokine
production, with consequent failure in mounting effective
immune responses. In fact, this defective response
resulted in increased parasitism and a delayed elimination
of adult worms. In agreement with these results, MHC II
molecule activation has been demonstrated to drive spe-
cific Th2 cytokine production in helminth infection,'**!
inducing the differentiation and activation of basophils
and mast cells,””*” as well as stimulating B cells to pro-
duce specific IgGl and IgE,””*' which are required to
expel gastrointestinal nematodes.””*?

The reduction in leucocyte recruitment to the blood
(data not shown) accompanied by a low frequency of
eosinophils and mononuclear cells in MHC 117"~ S. venezu-
elensis-infected mice coincided with the peak in egg num-
bers in faeces and increased worm fecundity. Consistent
with these results, a previous study showed that platelet-
activating factor receptor-deficient (PAFR™™) mice
infected with S. venezuelensis presented reduced numbers
of circulating leucocytes and eosinophils, coinciding with a
delay in the elimination of adult worms and decrease in
worm fecundity compared with infected WT controls.?'

In this study, cytokine production was also evaluated in
the sera of infected animals, and the results suggested that
there was an increase in IL-5 just before the onset of an
increase in the numbers of eosinophils in the blood of
WT infected mice. This is in accordance with the facts
that IL-5 induces eosinophil recruitment from the bone
marrow to the blood*’ and that these cells are involved in
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independent experiments. *P < 0-05.

protective immunity against migrating larvae in tissues.’
As described above, MHC I~ mice also exhibited an
incapacity to mount effective systemic cytokine responses,
while MHC I molecules did not appear to influence cyto-
kine production, in particular that of IL-5, in response to
S. venezuelensis, although reduced frequencies of circulat-
ing eosinophils were also found in these animals in the
late response to the infection. It is possible that other
immune mechanisms dependent on MHC I molecules, in
addition to IL-5 production, are necessary to recruit
eosinophils in these mice. Moreover, previous studies
demonstrated that CD8-deficient hosts, in addition to
having high serum IL-5 levels, show accumulation of
eosinophils in the lymph nodes,** suggesting that these
cells may accumulate in other sites.

Immunity against S. stercoralis larvae has been shown
to be dependent not only on eosinophil recruitment*>*®
but also on immunoglobulin production and complement
activation.””** As described here, together with increased
production of Th2 cytokines, the production of parasite-
specific antibodies seemed to be essential to induce a pro-
tective immune response mediating worm expulsion.
These results support the hypothesis that class switching
from IgM to IgG (and also to IgA or IgE) isotypes
requires cognate interactions between CD4" T cells and
antigen-specific B cells,* while the absence of MHC class
II molecules accounted for the failure of the immune
response mediated by these antibodies in the deficient
mice. Interestingly, there was a significant increase in

parasite-specific IgA in the sera of MHC I™'~ infected mice,
although the reasons for such an increase are still not
known. Moreover, in the absence of Th2 cytokines, there
is no induction of B-cell activation and differentiation
into IgA-secreting plasma cells,”® as observed in the pres-
ent experiments in MHC II”’~ mice. In addition, our
results indicated an elevated production of parasite-
specific IgE and IgGl in WT and MHC 17" infected
mice, in contrast to MHC II™'~ animals, which presented
lower levels of IgE and IgG1 and a non-significant 1gG2a
elevation. These results demonstrated that Strongyloides
infection induces a predominantly Th2-type antibody
response that contributes to the process of adult worm
elimination, while in the absence of MHC class II mole-
cules a tendency towards Thl antibody production is
observed. This is in accordance with the results of
previous studies showing roles for IgGl and IgE in
S. venezuelensis elimination.**”'

Our results indicate that expression of MHC class II
molecules is essential to the induction of protective Th2
immunity in S. venezuelensis elimination. The finding that
MHC I""" infected mice responded similarly to WT ani-
mals suggested that, as expected, immunosuppression
through the depletion of CD8" T cells has little effect on
nematode control.'” In contrast, we have provided strong
evidence to support a role for class II molecules in the
development and function of CD4" T cells, which are
necessary for the generation of an effective immune
response against Strongyloides infection.
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Finally, we conclude that MHC class II but not MHC I
molecules are required for the efficient control of S. vene-
zuelensis infection in mice.
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