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To establish the role of B cells and antibodies in destroying filariae, mice lacking mature B cells and
therefore unable to produce antibodies were used. Litomosoides sigmodontis offers a good opportunity for this
study because it is the only filarial species that completes its life cycle in mice. Its development was compared
in B-cell-deficient mice (BALB/c �MT mice) and wild-type BALB/c mice in two different in vivo situations,
vaccination with irradiated larvae and primary infection. In all cases, mice were challenged with subcutaneous
inoculation of 40 infective larvae. Vaccine-induced protection was suppressed in B-cell-deficient mice. In these
mice, eosinophils infiltrated the subcutaneous tissue normally during immunization; however, their morpho-
logical state did not change following challenge inoculation, whereas in wild-type mice the percentage of
degranulated eosinophils was markedly increased. From this, it may be deduced that the eosinophil–antibody–
B-cell complex is the effector mechanism of protection in vaccinated mice and that its action is fast and takes
place in the subcutaneous tissue. In primary infection, the filarial survival and growth was not modified by the
absence of B cells. However, no female worm had uterine microfilariae, nor did any mice develop a patent
infection. In these mice, concentrations of type 1 (gamma interferon) and type 2 (interleukin-4 [IL-4], IL-5 and
IL-10) cytokines in serum were lower and pleural neutrophils were more numerous. The effects of the �MT
mutation therefore differ from those in B1-cell-deficient mice described on the same BALB/c background, which
reveal a higher filarial recovery rate and microfilaremia. This outlines B2-cell-dependent mechanisms as
favorable to the late maturation of L. sigmodontis.

Despite new chemotherapy protocols (30), filariae are still a
major cause of serious tropical diseases (9, 35); therefore, it is
worthwhile to consider a vaccination approach as a comple-
mentary measure. We now have a particularly relevant ex-
perimental model at our disposal with the rodent filaria Lito-
mosoides sigmodontis. It is the only filarial species able to
regularly develop from the infective larvae to the patent phase
in the BALB/c mice (18, 32). Therefore, the strength of this
model is that is allows us to study and modulate the immune
reaction during vaccination as well as during primary infection
and thus to describe the immune mechanism critical for para-
site control.

The kinetics of the recovery rate have been well defined in
the L. sigmodontis mouse model; as observed in other experi-
mental filarial systems (6), the recovery rate drops a few hours
after challenge inoculation (phase 1) and then remains stable
(phase 2) for 2 months (24, 26, 29). In BALB/c mice vaccinated
with irradiated larvae, the recovery rate follows the same ki-
netics; however, there is a stronger reduction during phase 1,
amounting to 65 to 70% protection (24, 29). In both cases, the
larvae that escape the inflammatory reaction in the subcuta-
neous tissue penetrate the lymphatic vessels (39) and migrate

to the pleural cavity (6, 25, 26, 29). The late development in
vaccinated mice (adult maturation and patent phase) was sim-
ilar, except that the worm load and the cytokine production
were lower (25).

While studying the mechanisms of the vaccination induced
protection, we provided evidence that it may be due to high
subcutaneous infiltration of eosinophils that degranulate with-
in the first hours following the challenge inoculation (25, 29).
We then estimated the filaricidial capacity of the eosinophils by
treating vaccinated mice with anti-interleukin-5 (IL-5) to sup-
press the differentiation of eosinophils and their infiltration
into the subcutaneous tissue (29); these mice were no longer
protected. In nonpermissive filarial models (13, 23), eosino-
phils were also involved in protection. Another approach was
to use primary-infected mice overexpressing IL-5 and thus
eosinophilic. Filarial mortality in the pleural cavity was faster,
occurring by the first half of phase 2 (28).

Since eosinophils can mediate a special type of antibody-
dependent cell-mediated cytotoxicity directed against helminth
parasites (7), we supposed that the antibodies produced before
the challenge in vaccination and belatedly in primary infection
would induce this eosinophil degranulation and subsequently
the killing of filariae, either in the subcutaneous tissue or in
the pleural cavity (25, 29). However, while antibody-dependent
cell-mediated cytotoxicity against filariae can be easily demon-
strated in vitro (8, 14), its role in host defense in vivo is not
clearly established. Indeed, passive transfer of hyperimmune
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serum did not protect nude or BALB/c mice against a Brugia
malayi larval inoculum (17, 37).

Working on mutant mice helps clarify progressively the
mechanisms that control filarial development. Recently, fac-
tors like IL-4, IL-5, and gamma interferon (IFN-�) have been
shown to be protective (5, 28, 34, 38), and others, like NK cells,
seem to promote the infection (3), probably through their
cytokine production.

In this study, we used �MT mice, which lack mature B cells,
to analyze the consequences of this mutation on the early
subcutaneous events following vaccination and on the devel-
opment of L. sigmodontis in primary infection. With this filaria,
only the effect of the lack of B1 cells in primary infection had
been studied (1), whereas B-cell deficiency has been studied
only with the nonpermissive B. malayi mouse model in primary
infection (4, 31, 33).

MATERIALS AND METHODS

Parasites and mice. The maintenance of the filaria L. sigmodontis Chandler
1931 and recovery of infective larvae from the mite vector, Ornithonyssus bacoti,
were carried out as previously described (12, 32). Homozygous mutant mice with
a targeted disruption of the membrane exon of the immunoglobulin (Ig) � chain
gene (21) were used. These �MT mice backcrossed to BALB/c were a kind gift
of Anne O’Garra, DNAX, Palo Alto, Calif. BALB/c wild-type mice were used as
controls; they were obtained from Charles River, Cléon, France. Six-week-old
female mice were used throughout the study.

Six groups of mice were constituted: vaccinated and challenged wild-type (wt)
mice, vaccinated and challenged �MT mice, challenged-only (primary-infected)
wt type mice challenged-only �MT mice, nonvaccinated nonchallenged �MT
mice (naive), and nonvaccinated nonchallenged wild-type mice (naive). For each
time point, six mice per group were used.

Parasitological techniques. (i) Vaccination and infection protocol. As previ-
ously described (25), infected mites were irradiated at 450 Gy (cesium source)
and dissected, and the larvae were recovered and checked for motility. A total of
25 irradiated larvae were inoculated subcutaneously into each vaccinated mouse,
three times at weekly intervals. Challenged-only mice were inoculated with
RPMI 1640 at the same time points.

At 14 days following the last inoculation, all infected mice were inoculated
subcutaneously with 40 L3 larvae into the right lumbar area.

(ii) Time points of mouse necropsies and evaluation of filarial development.
As in to previous studies (24, 25, 27, 29), we limited our analysis to three time
points for the vaccination: just before the challenge; 6 h after the challenge to
study the subcutaneous tissue infiltrated cells; and 28 days after the challenge to
measure the recovery rate. In primary infection, the study was carried up to the
patent phase (day 60 postinoculation [p.i.]).

Filariae were recovered with pleural exudate cells (PLEC) by flushing the
pleural cavity with 10 ml of phosphate-buffered saline (PBS)-1% fetal calf serum
(FCS). The peritoneal cavity was also observed under a stereomicroscope in case
some rare filariae might have been present. The location, motility, and aspect of
the filariae were noted. Filariae were harvested, counted, and fixed in hot 70%
ethanol for morphological analysis. The filarial development was evaluated by
means of the following parameters: (i) percentage of mice with filarial worms
(%F); (ii) recovery rate of filariae, expressed as 100 � number of worms recov-
ered/number of larvae inoculated (F/L3); (iii) number of live worms partially
surrounded by inflammatory cells (cF) (these worms were used to calculate the
recovery rate); (iv) number of dead worms or pieces of worms in granulomas (K)
(these were not included in the recovery rate); (v) size of worms; (vi) stage of
worms; (vii) sex ratio of recovered worms, expressed as number of female
worms/total worm burden; (viii) blood microfilaremia (Mf, expressed as the
number of microfilariae/10 mm3) determined on day 60 p.i. on a 10-mm3-thick
blood smear stained with Giemsa; (ix) and percentage of mice with blood mi-
crofilariae. Protection (%P) was expressed as F/L3 (primary infected � vacci-
nated) � 100/(F/L3 primary infected) (23, 24, 28).

Histology and immunohistochemistry. In the four infected groups, six mice
each were sacrificed prior to the challenge inoculation (H0) and 6 h later (H6).
Two skin and subcutaneous tissue samples from the inoculation area were re-
moved post mortem from each mouse and fixed in 10% buffered formaldehyde,
cut transversely with a razor blade into small pieces, and then paraffin embedded.
For each mouse, two different 5-�m sections from two different sites distant

from the puncture point were observed. Infiltrated cells in the connective tissue
beneath the platysma muscle were analyzed at the highest magnification of the
optical microscope, as described previously (25, 29).

(i) HES staining. Sections were colored with hemalun-eosin-safran (HES) for
counting the infiltrated eosinophils, neutrophils, mast cells, and lymphocytes.
The characteristics of the nucleus and cytoplasm were used to identify eosino-
phils and neutrophils.

Eosinophils in general had annular or twisted, heterogeneously patched nuclei.
However, they had different colorations of the cytoplasm; either it was stained
with red-orange granules and the cell membrane was regular (Fig. 1A) or the
cytoplasm was uncolored with extremely few granules and the cell membrane was
irregular and locally disrupted (Fig. 1B). We called the first morphological type
nondegranulated or intact eosinophils and the second type degranulated eosin-
ophils. Neutrophils had a uniformly and densely stained lobed nucleus, and the
cytoplasm was transparent (Fig. 1E). Eosinophils, neutrophils, mast cells, and
lymphocytes were counted with a 100� objective in 10 consecutive fields (at this
magnification, the diameter of each field is 200 �m) in two different places. In
total, 20 fields were observed for each mouse. The mean number of cells per 10
fields was calculated for each group of mice at each time point.

(ii) Eosinophil MBP and neutrophil staining. To detect major basic protein
(MBP) and neutrophils, we used either rabbit antiserum to murine MBP (rb�-
mMBP) (2, 14) or an anti-neutrophil monoclonal antibody NIMP-R14 (rat
IgG2b) (12), (Fig. 1C to E). To block nonspecific binding of antibodies to FcεRII
or FcεIII, sections were incubated for 1 h with anti-CD16/CD32 (5 �g/ml)
(Pharmingen, Heidelberg, Germany) in 1% (wt/vol) bovine serum albumin and
0.1% (wt/vol) saponin in PBS. Sections were incubated either with rb�-mMBP at
a 1:100 dilution in 1% bovine serum albumin in 0.05 M PBS or with NIMP-R14
(100 �l of a hybridoma culture supernatant containing 100 �g of protein per ml)
at room temperature in a humidified chamber for 2 h. Thereafter, biotinylated
goat anti-rabbit Ig (1:200) (Pharmingen) or biotinylated goat anti-rat Ig (10
�g/ml) (Pharmingen) was added for 30 min. The slides were further incubated
with prediluted alkaline phosphatase-conjugated streptavidin (1:100) (Calbio-
chem, San Diego, Calif.). The color reaction was developed using Naphthol Fast
Red (Sigma, Deisenhofen, Germany); slides were counterstained with Hemalun
for 10 min and destained with tap water.

Immunological techniques. (i) Cytokine assays. Concentrations of one type 1
cytokine, IFN-�, and three type 2 cytokines, IL-4, IL-5, and IL-10 (which was
shown to be deficient in mice lacking B1 B cells, 1), in serum were determined
by specific two-site enzyme-linked immunosorbent assay (ELISA) using standard
protocols on days 0, 2, 28 (same mice for these two time points), and 60 p.i. The
monoclonal antibody pairs for the detection were purchased from Pharmingen
(BVD4-1D11 and BVD6-24G2 for IL-4; TRFK5, and TRFK4 for IL-5; MP5-
20F3 and MP5-32C11 for IL-10, and JES5-2A5 and SXC-1 for IFN-�), as well as
recombinant cytokines used as standards. AMDEX streptavidin-peroxidase con-
jugate (1:6,000) was added, and the reaction was revealed by addition of tetra-
methylbenzidine substrate-H2O2 (Kirkegaard & Perry Laboratories, Gaithers-
burg, Md.) and stopped with a 1 M H2SO4 solution. The absorbance was read at
450 nm with an LP400 ELISA reader.

(ii) Ig assays. Adult somatic extract antigen was obtained from mature female
and male L. sigmodontis worms by the method previously described (25). L.
sigmodontis-specific IgG1 and IgG2a in serum samples were quantified on days
28 and 60 p.i. by coating microtiter plates with 5 �g of adult somatic extract
antigen per ml. After incubation with sera (1:400) and washing (using standard
procedures), the plates were incubated with biotin-conjugated anti-mouse IgG1
and IgG2a at a dilution of 1:1,000 and 1:2,000 respectively. All ELISAs were
developed as described above for cytokine ELISAs.

Other observations performed on mice. (i) Blood leukocyte counts. Blood
leukocyte counts were performed on days -21 and -15 before the challenge
inoculation for vaccinated mice, on days 0, 2, and 28 p.i. for all groups, and on
day 60 p.i. for both primary-infected groups. Smears of tail blood were stained
with May-Grünwald-Giemsa, and the percentages of leukocytes were determined
with 200 cells. Total leukocytes were enumerated with a Malassez cell, using
Unopettes (Becton Dickinson). Leukocyte counts are expressed as a number per
milliliter of blood.

(ii) Inflammatory cells in pleural cavity fluid on day 28 p.i. PLEC were
enumerated on a Malassez cell. After adjustment to 106 cells/ml in RPMI, 400 �l
of the cell suspension was distributed in a flexiPERM (Unisyn) and centrifuged
against the glass slide at 1,000 rpm (112 � g) for 15 min. The slides were stained
with May-Grünwald-Giemsa and the inflammatory cells were differentially enu-
merated approximately on 400 cells. They are expressed in total numbers.

Statistical analysis. The nonparametric Kruskall-Wallis H test and the Mann-
Whitney U test were used to assess non-normally distributed parameters such as
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filarial recovery rates, cell numbers, and cytokine and Ig levels. Only significant
differences (P � 0.05) are presented in the text unless otherwise specified.

RESULTS

Vaccine-induced protection is suppressed in �MT mice. On
day 28 p.i., �MT mice had the same recovery rate whether
vaccinated or not (Fig. 2). In contrast, vaccinated wt mice had
a lower recovery rate than the three other groups, and protec-
tion was within the range described previously (25), i.e., 65%
(P � 0.03). Neither granulomas nor inflammatory cell-covered

worms were found in all four groups of mice on day 28 p.i. The
other parameters (length, stage, localization, and sex ratio)
were also similar in the four groups.

In primary-infected �MT mice, the development is dramat-
ically impaired at on day 60 p.i. although the recovery rate is
unchanged. The recovery rate was similar in both primary-
infected groups, �MT and wt, and its value did not vary be-
tween days 28 and 60 p.i. (Fig 2; Table 1). The length of the
filariae was the same in both groups. However, all �MT mice
were amicrofilaremic on day 60 p.i., none of the female filariae

FIG. 1. Polymorphonuclear infiltrated cells in the subcutaneous tissue of mice. (A and B) Intact (A) and degranulated (B) eosinophils, HES
staining; (C and D) intact (A) and degranulated (B) eosinophils, MBP immunostaining; (E) neutrophil, HES staining; (F) three intact and two
degranulated eosinophils in vaccinated wt mice 6 h p.i., HES staining; (G), intact eosinophils in vaccinated �MT mice 6 h p.i., MBP immuno-
staining.
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had uterine microfilariae, and one-quarter of the filariae were
totally surrounded by inflammatory cells; these were still mo-
bile but were damaged.

Subcutaneous infiltrated eosinophils do not morphologi-
cally change in �MT-vaccinated mice after the challenge in-
oculation. Just before challenge inoculation (H0), primary-
infected groups, wt and �MT mice, had very few infiltrated
cells in the subcutaneous tissue. In contrast, both vaccinated
groups, wt and �MT, had a large number of infiltrated cells
before the challenge inoculation. The majority of these cells
were eosinophils. With the HES staining, the degranulated
eosinophils were rarely identified in the wt mice or in the �MT
mice (Table 2). With the MBP staining, the proportion of these
degranulated eosinophils was around 30% higher in both vac-
cinated groups of mice. No neutrophils were identified in the
four groups with HES staining or with NIMP R14 neutrophil-
specific staining.

Six hours after the challenge, the neutrophil density was high
and was similar in the four groups (HES and NIMP R14
staining); they were the only cells that were recruited in the
primary-infected wt and �MT mice (Table 2). In both vacci-
nated groups, the eosinophil density remained unchanged
compared to H0; nevertheless, the eosinophils in �MT mice
were in a different state from those in wt mice. With HES
staining, a high proportion of degranulated eosinophils was
identified in the vaccinated wt mice whereas this proportion
was low in the vaccinated �MT mice (71.8 and 8.9%, respec-
tively; P � 0.01 [Table 2; Fig. 1F]). With MBP immunostain-

ing, no extracellular MBP deposits were detected; however, the
percentages of degranulated eosinophils (Fig. 1D) were 84 and
26% (P � 0.01), respectively, in vaccinated wt mice and vac-
cinated �MT mice (Fig. 1G); these percentages were not dif-
ferent between MBP and HES staining.

Mast cell and lymphocyte densities were extremely low, and
no differences were observed among the four groups regardless
of the time schedule. No larvae were detected in any samples.

The cellular immune response is decreased in vaccinated
and primary-infected �MT mice. No IL-4 was detected in the
four groups on day 28 p.i.; on day 60 p.i., it was measurable in
primary-infected wt mice and hardly present in primary-
infected �MT mice (Table 3). The baseline level of IL-5 was
lower in �MT mice; however, the kinetics were similar when
the two groups of vaccinated mice were compared, as between
the two groups of primary-infected mice (Table 3). IL-10 was
detected only in wt mice: before challenge inoculation and 2
days p.i. in vaccinated wt mice and only on day 28 p.i. in
primary-infected wt mice. IFN-� levels recovered in �MT mice
were lower in both vaccination and primary infection com-
pared to those in wt mice.

As expected, specific antibodies were absent in both vacci-
nated and primary-infected groups of �MT mice. In contrast,
IgG1 and IgG2a production was elevated in vaccinated wt mice

FIG. 2. L. sigmodontis recovery rate on day 28 p.i. in �MT and wt mice. vacc, vaccinated; PI, primary-infected. Individual values (n � 6) are
presented with the median indicated (bar). �, significant difference between the vaccinated wt group and the others.

TABLE 1. L. sigmodontis infection on day 60 p.i. in
primary-infected wt and �MT mice

Group F/L3 % cF

Length (mm)
Sex

ratioa
%

Mf ut.
%

MfsFemale
worms

Male
worms

wt 17.8 	 6.6 8.9 67.1 	 1.9 22.7 	 0.4 51.2 69 50
�MT 19.5 	 4.2 26b 59.8 	 2.6 20.2 	 0.4 51.1 0c 0c

a Sex ratio is given as number of female worms/total number of worms.
b % Mf ut., percentage of female worms with uterine microfilariae; % Mfs,

percentage of mice with blood microfilariae.
c Significantly different from wt.

TABLE 2. Number of eosinophils and neutrophils and percentage
of degranulated eosinophils in the subcutaneous tissue of the

inoculation area prior to the challenge (H0) and 6 h later (H6)a

Groupb Time No. of
neutrophils

No. of
eosinophils

% of degranulated
eosinophils

Vacc wt H0 0 98 	 11 0.3 	 0.1
H6 44 	 6.6c 101 	 19 71.8 	 5.4c

Vacc �MT H0 0 148 	 32 0.1 	 0.1
H6 30 	 3.4c 163 	 29 8.9 	 2.5c,d

PI wt H0 0 8.7 	 2.4 0.4 	 0.2
H6 54 	 9.2c 7 	 1.3 1.4 	 0.8

PI �MT H0 0 9.3 	 3.4 0.1 	 0.1
H6 58 	 9.2c 14 	 2.3 0.3 	 02

a Cells detected after HES staining. Values are means 	 standard deviations.
b Vacc, vaccinated mice; PI, primary-infected mice.
c Significant difference between H0 and H6 within a group.
d Significant difference between the two vaccinated groups at H6.
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by 28 days p.i. However, they were not detected on day 28 p.i.
and were highly elevated on day 60 p.i. in primary-infected wt
mice (data not shown).

Blood leukocytes. Blood leukocyte counts were lower in
�MT mice than in wt mice, as seen on day 28 p.i. (6.8 � 106/ml
in vaccinated �MT mice versus 12.9 � 106/ml in vaccinated wt
mice, and 7.2 � 106/ml in primary-infected �MT mice versus
10 � 106/ml in primary-infected wt mice [P � 0.05]) and
day 60 p.i. (6.9 � 106/ml in primary-infected �MT mice versus
10.4 � 106 in primary-infected wt mice [P � 0.05]). The num-
ber of lymphocytes was half that in wt vaccinated or primary-
infected mice. Blood leukocyte counts rose significantly in wt
mice after challenge infection, whereas they did not rise in
�MT mice because the lymphocyte numbers did not increase.
Eosinophil numbers were similar in both vaccinated groups
and in both primary-infected groups (0.6 � 106 to 0.8 � 106/
ml).

Inflammatory pleural cells. PLEC were less numerous
in �MT mice than in wt mice, whether naive, vaccinated, or
primary-infected, on day 28 p.i. (P � 0.05), but eosinophil
recruitment was similar in wt and �MT mice. Neutrophils
appeared to be more numerous in primary-infected �MT mice
than in primary-infected wt mice (Table 4).

DISCUSSION

The effects of deficiency of B cells and antibodies are first
discussed in the vaccination protocol (25, 29). We focused on
the early events because our previous data have shown that
protection is established at the subcutaneous site within 2 days
following the challenge inoculation (25, 29). We observed that
no protection was induced by vaccination in �MT mice (Fig. 2)
whereas in wt mice, as supported by parasitological and histo-
logical studies, the expected 65% protection was demonstrated
1 month p.i.

The quantity and nature of the infiltrated cells in the sub-

cutaneous tissue were equivalent between wt and �MT vacci-
nated mice and consisted of large amounts of eosinophils be-
fore and after the challenge and arrival of neutrophils within a
few hours following the challenge inoculation. The lack of B
cells and/or antibodies therefore has no influence on the re-
cruitment of eosinophils in the subcutaneous tissue of vacci-
nated mice (Table 2), as seen in the nonparasitic airway hy-
perresponsiveness models (22). In contrast, the state of the
eosinophils after the challenge inoculation differed. A delicate
question arose about the diagnosis of their degranulation, es-
pecially since there is a controversy about the capacity of mu-
rine eosinophils to degranulate, i.e., in asthma models (11, 15,
36; G. J. Gleich, personal communication); the activation and
life span of eosinophils in tissues appear extremely complex
and diverse depending on the tissue involved.

In our filarial model, both HES and MBP staining showed a
significant difference in the number of degranulated eosino-
phils between vaccinated wt and �MT mice 6 h p.i. HES
staining showed that in vaccinated �MT mice intact eosino-
phils were prevalent (Table 2) and rich in red-orange granules

TABLE 3. Concentrations of cytokines in serum in �MT and wt mice

Groupa Time (days) p.i.
Concnb (pg/ml) of:

IL-4 IL-5 IL-10 IFN-�

Vacc wt 0 0 253 (56–426)c 61 (0–213)c 419 (271–513)c

2 0 283 (207–334)c 275 (204–445)c 332 (285–447)c

28 0 198 (158–406) 0 1,175 (885–1908)c

Vacc �MT 0 0 150 (127–299) 0 32 (0–64)
2 0 123 (84–207) 0 132 (112–168)

28 0 165 (99–284) 0 0 (0–818)

Naive wt 0 0 17.3 (14–24)d 0 0
PI wt 2 0 29 (28–35) 0 144 (77–277)d

28 0 128 (62–180)d 85 (59–114)d 465 (65–1023)d

60 3.3 (2.1–3.8)d 84 (44–138)d 0 3,046 (1057–5091)d

Naive �MT 0 0 1.3 (0–18) 0 0
PI �MT 2 0 26 (22–42) 0 105 (70–165)

28 0 88 (78–139) 0 0 (0–1560)
60 0.2 (0.02–0.41) 19 (15–29) 0 147 (52–249)

a Vacc, vaccinated; PI, primary infected; naive, noninfected.
b Results are expressed as medians, and ranges are given in parentheses.
c Significant difference between vaccinated �MT mice and vaccinated wt mice.
d Significant difference between PI �MT mice and PI wt mice.

TABLE 4. Inflammatory cells in pleural cavity fluid on day 28 p.i.

Groupa

No. of cells (106)b

PLEC Eosinophils Neutrophils Lymphocytes plus
macrophages

Naive wt 2.7 	 0.5 0.03 	 0.003 0 2.7 	 0.04
Naive �MT 0.7 	 0.1c 0.12 	 0.01 0.002 	 0.002 0.6 	 0.01c

PI wt 24.6 	 3.8 6.5 	 1 0.07 	 0.02 17.4 	 1.2
PI �MT 15.4 	 2.4c 9.8 	 0.6 0.3 	 0.1c 5.3 	 0.6c

Vacc wt 30 	 4.9 10.4 	 1.4 0.8 	 0.5 18.8 	 1.9
Vacc �MT 19.7 	 4.8c 12.1 	 0.5 0.5 	 0.1 7.1 	 0.8c

a Vacc, vaccinated; PI, primary infected; naive, noninfected.
b Values are means 	 standard deviation represents.
c Significant difference between the �MT group and its control wt group.
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(Fig. 1A); in contrast, eosinophils that were poor in granules or
even had none (Fig. 1B) were prevalent in vaccinated wt mice
(Table 2). With the MBP immunostaining, two states of eosin-
ophils could also be distinguished: one with a red intracellular
coloration (Fig. 1C), representing 74% of all eosinophils in
vaccinated �MT mice in contrast to 16% in vaccinated wt
mice, and the other with no intracellular coloration (Fig. 1D).
We interpreted this result as a much weaker degranulation in
the �MT group of mice, although, even in wt mice, we did not
observe any tissue deposits of MBP around the eosinophils.
However, the possibility exists that our assays were not suffi-
ciently sensitive to detect them, taking into account the fact
that eosinophils are dispersed in the connective tissue.

Close to the larvae, it is possible that the adherence of the
eosinophils to the filariae and maybe even their degranulation
were promoted in the subcutaneous tissue of vaccinated mice
in which mobility of filariae was reduced (S. Babayan, C. Mar-
tin, J. Dufaux, G. Guiffant, J. C. Gantier, and O. Bain., sub-
mitted for publication). On histological sections, eosinophils
were studied distant from the antigenic sources, the infective
larvae, but the medium inoculated with them contains excre-
tory-secretory antigens. At the time of challenge inoculation,
the antibodies were present only in the vaccinated wt mice
(reference 25 and unpublished data) in which there was a high
density of degranulated eosinophils 6 h later. The murine eo-
sinophils do not express cell surface receptors that bind IgE
(10, 20), but IgG receptors are present and sufficient to activate
the degranulation; indeed, it has been shown in vitro in a
Candida albicans infection that human eosinophil degranula-
tion can be induced by IgG only (19). The B-cells deficiency
induces complex events such as a decrease in type 1 and type
2 responses (Table 3) and especially the lack of antibodies, as
well as particularly low eosinophil degranulation ability. This
strongly suggests, along with our previous results (24, 25, 29),
that protection against filarial infection in vaccinated mice can
be associated with (i) a high level of eosinophil recruitment in
the subcutaneous tissue and (ii) an antibody-dependent de-
granulation of these eosinophils within a few hours following
the challenge inoculation.

Considering the primary infection, we show that the mature
B-cell deficiency on BALB/c background does not induce a
change of the recovery rate during the first 2 months of obser-
vation. However, 2 months p.i., the �MT mutation has a neg-
ative effect on the development of the filariae: female matu-
ration was abnormal, since none of the filariae was able to
produce microfilariae. Furthermore, one of four worms was
covered with inflammatory cells from head to tail. The B-cell
deficiency has different parasitological consequences from
those of the lack of the B1-cell subset in BALB/c Xid mice, in
which the L. sigmodontis recovery rate and the microfilaremia
are higher (1); in the nonpermissive B. pahangi CBA/N Xid
model, the recovery rate is also improved. Therefore, B1 and
B2 cells may have opposite effects on filarial infection. How-
ever, this mutation induces important modifications that can
modify the filarial survival: the composition of the pleural
inflammatory cells shows that the number of lymphocytes plus
macrophages, but not that of the eosinophils, is markedly di-
minished (Table 4). Neutrophils are present in these mice but
are rare in wt mice on day 28 p.i. As shown in an IFN-�-

deficient mouse study (34), increased numbers of neutrophils
are associated with impaired filarial development.

Furthermore, B cells seem to regulate the immune response
to filariae, since wt mice harbored higher cytokine levels in
serum than did �MT mice, in which both type 1 and type 2
cytokine levels were decreased (Table 3). This can be linked to
the antigen-presenting role of the B cells, as well as to their
capacity to produce cytokines. Two different subsets of efficient
B cells have indeed been identified, producing either type 1 or
type 2 cytokines, depending on the immunological environ-
ment (16). These facts could explain the global decrease of
cytokine production. The negative effect of the lack of B cells
on the late maturation of L. sigmodontis seems to indicate a
positive effect of the B2 cells on that part of the development.
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