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Infection with the third-stage larvae (L3) of the filarial nematode Brugia results in a Th2-biased immune
response in mice and humans. Previously we have shown that the production of interleukin 4 (IL-4) is critical
for down-regulating polyclonal Th1 responses in L3-infected mice. However, the in vitro neutralization of I1L-4
did not fully recover the defective polyclonal Thl responses, nor did it result in the production of any antigen
(Ag)-specific Thl cytokines, suggesting that perhaps infection with L3 does not result in priming of Th1 cells
in vivo. In this study, we analyzed the role of IL-10 and Ag-presenting cells (APCs) in the spleen as additional
factors controlling the Th2 bias in infected mice. Our data show that IL-10 and APCs also contribute to the
suppression of mitogen-driven Th1 responses of spleen cells from infected mice. In addition, the neutralization
of IL-10 or the replacement of the resident APC population from spleen cell cultures resulted in the production
of Ag-specific Thl cytokines. Irradiated spleen cells from either L3-infected or uninfected mice were able to
restore Ag-specific Thl responses in vitro. Therefore, it appears that Brugia-reactive Thl cells are primed
following infection with L3, but are actively suppressed in vivo by a mechanism that involves IL-10 and the
resident APC population, but not IL-4. These results indicate that a complex interplay of cytokines and cell

populations underscores the Th2-polarized response in L3-infected mice.

Infection with the third-stage larvae (L3) of the filarial nem-
atode Brugia results in a Th2-biased immune response in mice
(25) and humans (22, 34). Several mechanisms have been sug-
gested to play a role in the impairment of Thl cell responses
following infection, including the overproduction of Th2 cyto-
kines (15, 25, 26), selective Th1 tolerance or deletion (14, 23,
33), suppression by adherent cell populations (3, 17, 18, 29,
30), or the secretion of inhibitory factors directly by the para-
site (16, 20, 28).

Mice infected with L3 display a particularly severe impair-
ment of mitogen-driven proliferation and interleukin 2 (IL-2)
and gamma interferon (IFN-y) production and a complete
absence of any antigen (Ag)-specific IFN-y secretion in vitro.
Instead, their responses are completely Th2 dominated, as
characterized by elevated levels of IL-4, IL-5, and IL-10 in
spleen cell cultures in response to concanavalin A (ConA) and
Ag. IL-4 appears to be critical, at least in part, for down-
regulating the polyclonal Thl responses in these mice. How-
ever, neutralization of IL-4 in vitro did not result in the ex-
pression of any Ag-specific Th1 cytokines, nor did it impair the
prevailing Th2 cytokine response (25). Furthermore, infection
of IL-4 KO mice with L3 (19) did not elicit an Ag-specific Thl
response, suggesting that Ag-specific Thl cells are not primed
as a result of infection with L3. To investigate whether this is
indeed the case, or whether Ag-specific Thl cells are primed
following infection, but are suppressed by IL-4-independent
mechanisms, we analyzed the role of IL-10 and adherent APCs
in the spleen as possible additional factors controlling the Th2
imbalance in L3-infected mice.
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MATERIALS AND METHODS

Mice and infection protocols. Brugia pahangi 1.3 were harvested from infected
Aedes aegyptii mosquitoes at day 9 postinfection (p.i.) as previously described (7).
Six-week-old, male BALB/c mice (purchased from Harlan-Olac, Bicester, United
Kingdom) were injected with 50 L3 or an equivalent volume of Hanks balanced
salt solution (HBSS). In most experiments, mice were injected with L3 by the
subcutaneous (s.c.) route in the scruff of the neck, mimicking the natural route
of infection. In some experiments, mice were injected by the intraperitoneal (i.p.)
route with L3 as an alternative route of Ag entry. The mice were maintained in
filter-top cages. At day 12 p.i., mice were sacrificed by CO, inhalation, and the
spleens were removed.

Spleen cell preparation. Spleens were washed in RPMI (RPMI 1640 Dutch
modification with 5 mM HEPES, 5 mM glutamine, 100 U of penicillin per ml,
and 100 pg of streptomycin per ml, all from Gibco, Life Technologies, Inc.,
Gaithersburg, Md.) and teased apart to a single-cell suspension. Erythrocytes
were lysed by treatment with 0.83% NH,CI (pH 7.2). The remaining cells were
washed twice in RPMI, and the number of viable lymphocytes was assessed by
trypan blue exclusion. The cells were then resuspended in RPMI supplemented
with 10% heat-inactivated fetal calf serum (FCS) (Australian, Gibco). The pro-
liferation assays for IL-10 neutralization were carried out by using cells from
individual animals (five per group), as were the experiments which investigated
the effect of the route of infection. The experiments involving separation of the
APC population were performed with spleen cells that were pooled from 5 to 10
animals per group. Experiments were performed at least in triplicate and gave
similar results.

Spleen cell cultures. For proliferation assays, cells were added in triplicate to
flat-bottom wells of 96-well plates in a total volume of 200 pl in the presence or
absence of 1 pg of ConA per ml (Sigma Chemical Co., St. Louis, Mo.) or 10 g
of adult Ag per ml. The Ag was a soluble extract of B. pahangi adult worms
prepared by homogenization of the worms in RPMI on ice. In preliminary
experiments, cells were stimulated with a range of concentrations of ConA or Ag
to determine the optimal amount of each. After 48 h (ConA) or 72 h (Ag) of
incubation at 37°C and 5% CO,, the cells were pulsed for 16 h with 0.5 wCi of
[*H]thymidine/well (1 mCi/mmol; Amersham, Buckinghamshire, United King-
dom). The cells were harvested, and the incorporation of [*H]thymidine was
measured in a TopCount Microplate scintillation counter (Canberra Packard
Instrument Company, Meriden, Conn.).

For cytokine assays, cells were incubated in 1-ml cultures in the presence of
ConA (5 pg/ml) or Ag (10 wg/ml), and the supernatants were harvested after
48 h. Levels of IL-2, IFN-y, IL-4, IL-5, and IL-10 were measured by two-site
sandwich enzyme-linked immunosorbent assay (ELISA) using antibody pairs
purchased from PharMingen (San Diego, Calif.). The results are expressed as
units per milliliter by reference to commercially produced standards of recom-
binant IL-2 (rTL-2) (Sigma), rIL-4, rIL-5, rIFN-y (PharMingen), or rIL-10 (Gen-
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zyme, Cambridge, Mass.). The limit of detection for each assay was defined as
the mean + 3 standard deviations of 16 wells containing medium only.

Neutralizing IL-10 treatment. In certain experiments, rat anti-mouse IL-10
monoclonal antibody (MAb) JES5-2A5 (a kind gift from R. Grencis) or an
immunoglobulin G1 (IgG1) isotype-matched control MAb (R59-40; PharMin-
gen) was added simultaneously with ConA or Ag at a final concentration of 10
pg/ml. After such treatment, the proliferation and cytokine responses of the cells
were assessed as described before. IL-10 was assayed for and not detected in any
JESS5-2A5-treated cultures, demonstrating that the cytokine had been success-
fully neutralized.

Preparation of selected populations. Adherent cells were depleted from
spleens of L3-infected mice by passing the pooled spleen cell suspension over
nylon wool columns. Nylon wool-nonadherent (T-enriched) cells were eluted
from the columns, counted, and resuspended in fresh RPMI containing 10%
FCS. Two sources of APC were prepared by irradiating pooled spleen cells from
uninfected or infected mice; 107 spleen cells/ml in RPMI with 10% FCS were
gamma irradiated at 2,500 rads. Following irradiation, the APCs were washed,
recounted, and resuspended in fresh RPMI containing 10% FCS. The nylon
wool-nonadherent cell population (T cells) and irradiated spleen cell populations
(APCs) were then combined at various ratios determined to be optimal in
preliminary experiments. For proliferation assays, 4 X 10° T cells and 3 X 10°
irradiated spleen cells from infected or uninfected mice were added per well. For
cytokine assays, 6 X 10° T cells and 4 X 10° irradiated spleen cells from infected
or uninfected mice were added per well. Unseparated spleen cells from infected
and uninfected mice were cultured at 7 X 10° cells per well (proliferation) or 1 X
107 cells per well (cytokines). Nylon wool-nonadherent cells or irradiated spleen
cells incubated alone were unable to proliferate or to produce significant levels
of cytokines in response to stimulation with ConA or Ag, demonstrating that the
nylon wool depletion and gamma irradiation treatments had been successful.

Statistical analysis. The Mann-Whitney U test was used to determine the
statistical significance of differences between groups. P < 0.05 was considered to
be a significant difference.

RESULTS

In vitro treatment with anti-IL-10 MAb partially restores
the defective mitogen-driven Thl responses of spleen cells
from mice infected with L3. In these experiments, a neutraliz-
ing anti-IL-10 MAb (JES5-2A5) or an isotype-matched control
MAD (R59-40) was added to ConA-stimulated spleen cell cul-
tures from mice infected with L3 or from uninfected control
mice, and the proliferation and cytokine responses were com-
pared. Figure 1 shows that neutralization of IL-10 produced an
outcome similar to that previously described following in vitro
treatment with anti-IL-4 antibody. There was a significant in-
crease in the ConA-induced proliferative response (stimula-
tion index [SI] for L3-infected mice plus JES5-2A5 of 84.6
compared to the SI for L3-infected mice plus R59-40, 1.2; P =
0.0097), although not to the level of uninfected mice (SI of
uninfected plus R59-40 mice of 143.3; P = 0.048) (Fig. 1A). In
addition, anti-IL-10 treatment dramatically enhanced ConA-
stimulated IL-2 and IFN-y secretion (Fig. 1B and C), but had
no effect on IL-4 or IL-5 production by spleen cells from
L3-infected mice (data not shown).

In vitro neutralization of IL-10 allows the expression of
Ag-specific Thl responses in mice infected with L3. IL-10 has
previously been implicated in inhibiting parasite-specific Th1l
responses in filariasis. Mice chronically infected with another
life cycle stage of the parasite, the microfilariae (mf), or mul-
tiply immunized with mf extract generate Th2 responses, char-
acterized by the secretion of Ag-specific IL-4 and IL-5 by
CD4" spleen and lymph node cells (26). Addition of neutral-
izing anti-IL-10 to these cultures significantly increased Ag-
driven IFN-y production. Therefore, we examined whether
IL-10 was performing a similar function in L3-infected mice.
As with the analysis of mitogen-driven responses, neutralizing
anti-IL-10 MAb was added to Ag-stimulated spleen cell cul-
tures either from mice infected with L3 or from uninfected
controls, and the proliferation and cytokine responses were
measured. Anti-IL-10 antibody had no effect on the Ag-stim-
ulated proliferation (Fig. 2A) or on the secretion of IL-4 and
IL-5 (data not shown) by spleen cells from L3-infected mice.
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FIG. 1. Effect of neutralizing anti-IL-10 MAb on ConA-driven responses of
spleen cells from mice infected with L3. Mice were injected s.c. with 50 L3 or
HBSS, and spleens were removed at day 12 p.i. ConA-stimulated cultures were
incubated alone (OJ) or with 10 pg of either an isotype-matched control (R59-40)
(@A) or anti-IL-10 (JES5-2A5) (%) per ml. After 48 h of incubation, proliferation
(A) and IL-2 (B) and IFN-y (C) production were measured. (A) The means of
triplicate wells are expressed as SIs (cpm with ConA/cpm with medium alone).
The SIs represent the means = standard deviations of five animals per group, *,
significant difference (P < 0.05) between the values obtained with JES5-2A5 and
R59-40. SIs were also significantly different (P < 0.05) between the cells of
L3-infected mice treated with JES5-2A5 and uninfected mice with no treatment.
(B) and (C) Cytokine assays were performed with spleen cells pooled from five
animals in each group. The results presented were comparable in two additional
experiments.

However, the presence of neutralizing anti-IL-10 MAb in the
spleen cell cultures from L3-infected mice resulted in the pro-
duction of IL-2 and IFN-vy in response to Ag (Fig. 2B and C).
Spleen cells from L3-infected mice cultured in the presence of
the isotype-matched control MAb did not produce any Ag-
stimulated IL-2 and IFN-vy.

Effect of route of infection on Th responses elicited by in-
fection with L3. The nature of the Th cell response, including
T-cell unresponsiveness, can be influenced by the route of
inoculation, which is thought to reflect differential targeting of
APC populations (1, 5). Therefore, to examine a possible role
for APCs in down-regulating responses, mice were infected by
the natural s.c. route or by an alternative (i.p.) route, and the
cytokine and proliferative responses of spleen cells from both
sets of mice were compared. Uninfected control mice were
given an s.c. injection of HBSS.

The results of this experiment, shown in Fig. 3, demonstrate
that, unlike s.c. infection with L3, i.p. infection fails to down-
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FIG. 2. Effect of neutralizing anti-IL-10 MAb on Ag-driven responses of
spleen cells from mice infected with L3. Mice were injected as described in the
legend to Fig. 1. Ag-stimulated cultures were incubated with 10 pg of either an
isotype-matched control (R59-40) (&) or anti-IL-10 (JES5-2A5) (&) per ml, and
proliferation (A) and IL-2 (B) and IFN-y (C) production were measured, as
described previously. (A) The SIs shown are the means = standard deviations of
five animals per group. (B and C) Cytokine assays were performed with spleen
cells pooled from five animals in each group. The results presented were com-
parable in two additional experiments.

regulate the ConA-driven proliferative IL-2 and IFN-y re-
sponses of spleen cells (Fig. 3A and Table 1). Consistent with
these data, L3-injected i.p. provoked only a weak Th2-type
response, as signified by the production of ConA-driven IL-4
and IL-10 (P = 0.004 for both cytokines, compared to unin-
fected controls), but at significantly lower levels than in mice
infected with L3 by the s.c. route (P = 0.016 for IL-4, P = 0.004
for IL-10) (Table 1). In addition, L3 given by the i.p. route
failed to generate a significant Ag-specific proliferative re-
sponse (Fig. 3B) and were unable to stimulate the secretion of
IL-4, IL-5, or IL-10 in response to Ag.

Depletion of nylon wool-adherent cells from spleens of L3-
infected mice dramatically enhances mitogen-driven Thl re-
sponses. The results of the previous experiment suggest that
APCs do play a functional role in down-regulating polyclonal
Th1 responses following s.c. infection with L3. Since adherent
cells have been implicated as a major suppressor population in
jirds infected with B. pahangi L3 (17, 18, 30) or mice with B.
malayi adult worms, mf, or L3 implanted i.p. (3), the role of the
adherent APC population in inhibiting Thl responses in our
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FIG. 3. Proliferative responses of spleen cells from BALB/c mice following
s.c. or i.p. injection with L3 to ConA and B. pahangi adult Ag. Mice were injected
s.c. or i.p. with 50 L3. Uninfected controls were injected s.c. with HBSS. At day
12 p.i., proliferation of spleen cells from the three groups of mice to ConA (A)
or B. pahangi adult Ag (B) was measured. The SIs represent the means *
standard deviations of five animals per group. *, significant difference (P < 0.05)
compared to uninfected controls.

model was assessed more directly. Spleen cells, pooled from
five L3-infected mice, were depleted of adherent cells by pass-
ing the cell suspension over a nylon wool column. The nonad-
herent population, enriched for T cells, was then incubated
with irradiated, syngeneic spleen cells from either uninfected
mice or L3-infected mice in the presence of ConA or Ag. The
ratios of nylon wool-nonadherent cells to irradiated spleen
cells used in the proliferation (4:3) and cytokine (3:2) assays
were determined to be optimal in preliminary experiments.

Spleen cells depleted of adherent cells were unable to re-
spond to ConA or Ag (data not shown), indicating that the
nylon wool-adherent population in the spleens of L3-infected
mice contains the APC population. In addition, the irradiated
spleen cell populations were unable to proliferate normally or
produce significant levels of cytokines in response to ConA or
Ag, when cultured alone, demonstrating that the irradiation
treatments were successful (data not shown).

Figure 4A shows that the depletion of nylon wool-adherent
cells resulted in a dramatic increase in polyclonal proliferation
relative to unseparated spleen cells from the same animals and
to a level comparable to that of spleen cells from uninfected
animals. This effect was independent of the source of the APC
population, since irradiated spleen cells from both uninfected
and infected mice restored the defective T-cell proliferative
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TABLE 1. An i.p. infection with L3 does not inhibit polyclonal Th1
cell cytokine responses®

Cytokine level (U/ml) in group’:

Stimulus L3
Uninfected
s.C. ip.
1L-2
Ag 1.99 = 0.9* 2.3 + 1.5% 0
ConA 37.4 + 15.3* 95.6 £ 37.1 89.4 + 20.5
IFN-vy
Ag 0 0 0
ConA 62.6 = 31.7* 200.6 = 140.1 93.1 =134
1L-4
Ag 0.7 = 0.3* 0 0
ConA 20.8 = 6.6* 13.5 = 3.0* 6.8 04
IL-5
Ag 9.6 = 2.1* 0 0
ConA 13.5 = 3.9 0 0
1L-10
Ag 0.4 = 0.2% 0 0
ConA 0.6 + 0.3* 0.3 = 0.07* 0.2 = 0.02

“ Mice were injected s.c. or i.p. with 50 L3 or s.c. with HBSS (uninfected). At
day 12 p.i., cytokine levels in 48-h supernatants from spleen cells at 107 cells/ml
in response to ConA (5 pg/ml) or B. pahangi adult antigen (10 wg/ml) were
measured by two-site ELISA with reference to standards of a known concentra-
tion (units per milliliter).

b A value of 0 indicates a reading below the sensitivity of the assay. The values
are means *+ standard deviations of five animals per group. *, significant differ-
ence (P < 0.05) between infected mice and uninfected controls.

response to mitogen (Fig. 4A). Furthermore, depletion of ny-
lon wool-adherent cells restored ConA-driven IL-2 and IFN-y
(Fig. 4B and C) to the level present in uninfected animals while
dramatically reducing the production of IL-4, IL-5, and IL-10
(Fig. 4D, E, and F). Therefore, removal of the resident APC
population and replacement with APCs from infected or un-
infected mice switched the established phenotype of the in
vitro polyclonal response from Th2 to Thl.

Depletion of nylon wool-adherent cells from spleens of L3-
infected mice stimulates Ag-specific Th1 responses. Because
replacement of the adherent cell population switched the in
vitro polyclonal response from Th2 to Thl, the involvement of
adherent cells in suppressing Ag-specific Th1l responses in
these mice was assessed. The ratios of the different cell popu-
lations were the same as those for the analysis of mitogen-
driven responses.

Figure SA shows that the removal of the adherent cell pop-
ulation and replacement with irradiated spleen cells from in-
fected or uninfected mice did not effect the level of Ag-specific
proliferation of T cells from L3-infected mice. Furthermore,
the ability of irradiated spleen cells from both uninfected and
L3-infected mice to support the Ag-specific proliferation of T
cells from L3-infected mice to levels comparable to that of
unseparated spleen cells indicates that both irradiated popu-
lations were able to act as a source of functional APCs.

Strikingly, the removal of adherent cells and the addition of
irradiated spleen cells from either infected or uninfected ani-
mals enabled cells from L3-infected mice to produce IL-2 and
IFN-y (Fig. 5B and C). Unseparated spleen cells from L3-
infected mice did not secrete IL-2 and IFN-y in response to
Ag. Furthermore, the replacement of the resident adherent
APC population reduced the production of Ag-stimulated IL-4

INFECT. IMMUN.

and IL-10 in the cultures to undetectable levels (Fig. 5D and F)
and IL-5 to near background levels (Fig. SE). Therefore, as
with the polyclonal response, the removal of the adherent cells
from the spleens of L3-infected mice switched the in vitro
Ag-driven response of the cultures from Th2 to Thl.

DISCUSSION

The mechanisms by which Th-polarized responses evolve
and are maintained following Ag encounter are likely to be
both diverse and complex. This complexity clearly applies to
the situation in mice and humans following infection with Bru-
gia L3, for which a number of mechanisms have been suggested
to underlie the profound Th2-biased immune response. These
include selective Th1 clonal deletion, anergy, and suppression.
Previously, we have shown that the production of IL-4 is a
critical factor in down-regulating polyclonal Th1 responses in
L3-infected mice (25). However, it is clear that the direct
inhibitory action of IL-4 on Thl cell activity is not the only
immunomodulatory mechanism operating in these mice. The
addition of rIL-2 to spleen cell cultures from L3-infected mice
also resulted in the recovery of proliferation and IFN-y pro-
duction in response to ConA, suggesting that Th1 down-regu-
lation following infection with L3 may operate via a block in
IL-2 production (25). In addition, neutralization of IL-4 in
vitro only partially recovered the polyclonal Thl response and
was unable to activate any Ag-specific Th1 responsiveness. The
aim of the experiments in this study was to investigate the
additional mechanisms by which both polyclonal and Ag-spe-
cific Thl responses are suppressed in L3-infected mice.

The results of these experiments clearly demonstrate that, in
addition to IL-4, IL-10 and a nylon wool-adherent APC pop-
ulation in the spleens of infected mice play an important role
in down-regulating polyclonal Th1 responses. When neutraliz-
ing anti-IL-10 MADb was added to ConA-stimulated spleen cells
from mice infected with L3, production of IL-2 and IFN-y was
dramatically augmented, while proliferation was partially re-
stored. This result is similar to that previously described fol-
lowing treatment with a neutralizing anti-IL-4 MAb. Indeed,
while anti-IL-4 treatment had no effect on mitogen-driven
IL-10 (or IL-5) secretion, anti-IL-10 treatment also had no
effect on mitogen-driven IL-4 (or IL-5) secretion. The pres-
ence of both IL-4 and IL-10 in the treated cultures may explain
the inability to fully recover the proliferative response by using
anti-IL-4 MAb or anti-IL-10 MAD alone. Alternatively, the
proliferative defect may be more profound and thus less easily
reversed following short-term in vitro culture than the cytokine
impairment. Other studies have demonstrated that prolifera-
tion and cytokine production can be differentially regulated (3,
10).

In addition to the role of down-regulatory cytokines, the
results presented implicate the adherent cell (APC) population
in the suppression of Thl responses. The first evidence that
APCs may be involved in down-regulating Thl responses in
these mice was obtained by infecting mice by alternative routes
and comparing the Th cell responses that develop. The route
of inoculation can influence the induction of T-cell unrespon-
siveness due to the utilization of distinct APC populations (1).
Mitogen-driven Thl responses were impaired only when L3
were given by the natural s.c. route; infection with L3 by the i.p.
route was unable to down-regulate polyclonal Th1 responses in
the spleen even when mitogen-stimulated IL-4 and IL-10 could
be detected. However, spleen cells from i.p.-infected mice were
able to mount only a weak Th2 response to the parasite in
comparison to that of s.c.-infected animals. The results suggest
that the magnitude of the Th2 response elicited by L3 may be
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FIG. 4. Effect of depletion of nylon wool-adherent cells from spleens of L3-infected mice on mitogen-driven responses. Mice were injected as described in the legend
to Fig. 1. Spleen cells from five mice in each group were pooled. Splenic T cells from L3-infected mice, purified by passing the pooled spleen cell suspension over nylon
wool columns, were incubated with irradiated syngeneic spleen cells from uninfected mice (7) or with irradiated spleen cells from L3-infected mice (@). ConA-
stimulated proliferation (A) and cytokine production (B to F) were measured in these cultures and in cultures of unseparated spleen cells from L3-infected (g ) and

uninfected (&) mice.

the critical factor in down-regulating polyclonal Th1 responses
in the spleen. Consistent with this observation, mitogen-driven
Th1 responses are normal at day 4 after s.c. infection with L3,
prior to the induction of a measurable Th2 response (data not
shown).

The role of APCs in suppressing Thl responses was inves-
tigated more directly by depleting spleen cell preparations
from L3-infected mice of nylon wool-adherent cells and replac-
ing them with irradiated spleen cells from uninfected or in-
fected mice. It is important to note that neither the nylon
wool-nonadherent (T enriched) cells nor the irradiated spleen
cell populations could respond to ConA or Ag when cultured
alone. Therefore, any differences in the proliferative or cyto-
kine responses were due to the combination of T cells and a
fresh APC population. In these experiments, it was found that
mitogen-stimulated proliferation of splenic T cells from L3-
infected mice was restored to that of uninfected controls. Fur-
thermore, the production of ConA-stimulated IL-4, IL-5, and
IL-10 was reduced to near background levels, while production
of IL-2 and IFN-y was completely recovered. Therefore, the
resident APC population in the spleen following s.c. infection
with L3 appears to have a more profound effect on polyclonal
Th1 responsiveness than that of IL-4 and IL-10 alone.

Finally, we investigated whether Ag-specific Th1 cells simply
do not exist in L3-infected mice or whether they are present
but are rendered unresponsive in vivo. In contrast to previous
results with anti-IL-4 Mab (25), addition of neutralizing anti-
IL-10 MADb to Ag-primed cultures of splenocytes from L3-
infected mice resulted in the production of IL-2 and IFN-y.
Furthermore, the replacement of the APC population in the

spleen preparations from L3-infected mice completely
switched the Ag-specific cytokine response in vitro from Th2 to
Thl, indicating the central role played by the resident APC
population in maintaining the Th2 imbalance in these mice.
The results of these experiments indicate that Brugia-reactive
Th1 cells are primed following infection with L3, but are ac-
tively suppressed in vivo by a mechanism that involves IL-10
and the resident APC population, but not IL-4. How IL-4,
IL-10, and APCs interact in the spleens of infected animals to
induce this state of Th1l unresponsiveness is not clear. Previ-
ously, IL-4 was thought to directly inhibit the activity of estab-
lished Th1 cells (27), while IL-10 is known to inhibit T cells
indirectly by acting on accessory cells (9). However, a recent
study has shown that both IL-4 and IL-10 can directly affect the
ability of a macrophage APC population to support the prim-
ing of Th1 cells (6). In addition, IL-10 can inhibit T-cell pro-
liferation and IL-2 production in the absence of APCs (8).
The results of this study demonstrate that s.c. infection with
L3 has a profound influence on the function of adherent APCs
in the spleen resulting in the inhibition of certain Th1 activities
(e.g., ConA-stimulated proliferative responsiveness) to such an
extent that it is not fully recoverable by neutralizing Th2 cyto-
kines. Various APC-derived factors, in addition to IL-10 (11,
31), are known to suppress T-cell proliferation, including NO,
prostaglandin E,, H,O,, and transforming growth factor 8 (2,
4,11, 24). The addition of known inhibitors or the appropriate
neutralizing antibodies would determine whether any of these
mediators are operative in ConA-stimulated spleen cell cul-
tures from L3-infected mice. One clue as to the identity of the
suppressor adherent cell population in the spleens of infected
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FIG. 5. Effect of depletion of nylon wool-adherent cells from spleens of L3-infected mice on Ag-driven responses. Mice were injected as described in the legend
to Fig. 1. Splenic T cells from L3-infected mice, purified by passing the pooled spleen cell suspension over nylon wool columns, were incubated with irradiated syngeneic
spleen cells from uninfected mice (&) or with irradiated spleen cells from L3-infected mice (H). Ag-stimulated proliferation (A) and cytokine production (B to F) were
measured in these cultures and in cultures of unseparated spleen cells from L3-infected (@g) and uninfected (&) mice.

mice was provided by the finding that ConA-stimulated prolif-
eration was recovered completely and the Th cell response
switched when irradiated spleen cells from L3-infected mice
were added back as a source of APCs. Since B cells are more
susceptible to the effect of gamma irradiation than other APC
types (e.g., dendritic cells) (32), B cells may be the nylon
wool-adherent APC population involved in inducing Th1 un-
responsiveness in the infected spleen.

The complexity of this infection model is underscored by
results from other laboratories. Allen and colleagues (3) have
previously highlighted the role of peritoneal exudate APCs in
generating defective proliferative responses in a mouse model
of filariasis. Their recent results suggest that in vivo, IL-4, but
not IL-10, is critical for the induction of the defective APC
population in the peritoneal cavity (21). Excreted or secreted
molecules of filarial nematodes have also been implicated in a
range of suppressive activities. Hartmann et al. (13) demon-
strated that a recombinant cystatin cloned from the filarial
parasite Acanthocheilonema viteae down-regulated mitogen-
and Ag-driven proliferative responses in vitro and up-regu-
lated IL-10 secretion from BALB/c splenocytes, while the stud-
ies of Harnett and Harnett have shown that filarial excretory or
secretory products containing phosphorylcholine have pro-
nounced down-regulatory effects on B-cell function (12).

While the nature of the cellular and cytokine network fol-
lowing infection with L3 remains to be clarified, the results of
this study indicate that the overwhelmingly Th2-biased re-
sponse in L3-infected mice is maintained by a complex inter-
play of cytokines and cell populations that actively induce a

state of profound Th1 unresponsiveness. Furthermore, the re-
versibility of this Th1 defect in the face of strong, ongoing Th2
responses provides us with a greater understanding of the
possible mechanisms of suppression generated by the parasite
in human filarial infection.
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