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Infection of BALB/c mice with Brugia pahangi third-stage larvae (L3) results in the production of interleu-
kin-4 (IL-4), IL-5, and IL-10 with a resultant down-regulation in Th1 responses. Previously, this was thought
to reflect a skewing of immune responses towards a Th2 phenotype by the infective stage of the parasite. In this
study, we show that exposure to the L3 of Brugia also induces the expansion of a population of CD4 cells that
express CD25 and cytotoxic-T-lymphocyte-associated antigen 4 in an IL-4-independent fashion. By quantitative
reverse transcription-PCR, we show that the CD25� population is highly enriched in mRNA for the Foxp3
transcription factor and that these cells express significantly more IL-10 mRNA than the CD25� population,
suggesting a likely regulatory phenotype. The functional capacity of these cells was demonstrated using a
neutralizing CD25 monoclonal antibody (MAb). Mice treated with this MAb demonstrated elevated levels of
antigen (Ag)-specific proliferation in vitro, and levels of Ag-specific Th2 cytokines were significantly increased.
These results suggest a complex network of regulation in L3-infected mice with Th2 cells limiting the Th1
response, while T-regulatory cells modulate Th2 responses.

T-regulatory (Treg) cells are a family of CD4� cells that are
antiinflammatory and profoundly suppressive. Three popula-
tions of Treg cells have been characterized to date: Th3, Tr1,
and CD4� CD25� cells. Each of these populations differs in
specific details such as the profile of cytokines secreted, the
expression of cell surface markers, and their probable mode of
action. Perhaps the best characterized of these populations are
the naturally occurring CD4� CD25� cells (36), which differ
from Tr1 and Th3 in that they preexist in the thymus as sup-
pressor cells, while Th3/Tr1 cells can arise from naı̈ve periph-
eral CD4� cells (35). Tr1 and Th3 cells have the capacity to
inhibit potentially harmful immune responses via the secretion
of cytokines such as transforming growth factor � (TGF-�) and
interleukin-10 (IL-10), while the role of secreted cytokines is
more controversial in the activity of CD4� CD25� T cells. This
latter population is thought to mediate suppression of CD25�

cells via a direct T-cell–T-cell interaction, a mechanism asso-
ciated with surface-bound TGF-� (27) and/or cytotoxic-T-lym-
phocyte-associated antigen 4 (CTLA-4) (14, 34), that results in
inhibition of the IL-2 receptor �-chain.

The original studies of Sakaguchi et al. (37) demonstrated
the function of CD4� CD25� cells in tolerance to self, and
subsequent studies have implicated these cells in the preven-
tion of inflammatory bowel disease in mice (34) and the inhi-
bition of autoimmune diabetes in rats (40) and have defined
their role in transplant tolerance (reviewed in reference 43). In
contrast, their role in regulating immune responses to infec-
tious agents is less well understood. However, recent studies in
the mouse model of Leishmania major have demonstrated that
CD4� CD25� cells regulate the production of early IL-4, a key

cytokine determining whether an infected animal will progress
towards a resistant (Th1) or a susceptible (Th2) phenotype (1).
In an additional study, parasite-specific CD4� CD25� cells were
shown to accumulate at the site of L. major infection in the dermis
of infected mice, where they suppressed the ability of effector
T cells (CD4� CD25�) to eliminate the parasite (2). In that
study, depletion of the CD4� CD25� population resulted in
total eradication of the parasite from the site of infection and
the loss of concomitant immunity, demonstrating that the reg-
ulatory subset also functions in the maintenance of memory.

Helminth parasites typically produce chronic infections in
their natural hosts and are frequently associated with a pro-
found skewing of the immune response (reviewed in reference
24). Human filariasis, caused by vector-borne nematode para-
sites, is typical in this respect, with the adult worms surviving
for several years while producing many millions of microfi-
lariae (MF) (first-stage larvae), which circulate in the blood-
stream or the skin. Peripheral blood mononuclear cells from
individuals actively infected with the lymphatic filarial parasite
Wuchereria bancrofti or Brugia malayi exhibit suppressed anti-
gen (Ag)-specific T-cell-proliferative responses while secreting
little or no gamma interferon (IFN-�) and elevated levels of
IL-4 and IL-10 (44). This antiinflammatory/antiproliferative
response appears to enhance survival of the parasite while
protecting the host from the tissue destruction that may occur
due to an acute inflammatory response. TGF-� and IL-10 have
been shown to be important antiproliferative cytokines in both
lymphatic filariasis (17, 22, 23) and infection with the related
parasite Onchocerca volvulus (7). Indeed, Tr1 cells, which pro-
duced no IL-2 and high levels of IL-10 and TGF-�, were
cloned from individuals with generalized onchocerciasis and
were proposed to be involved in maintaining the hyporespon-
sive state (7). These cells displayed elevated levels of CTLA-4
after Ag stimulation and, importantly, were able to inhibit the
proliferation of other T cells in coculture (38).
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In the studies referred to above, in filaria-infected humans,
the presence of a Treg population has been associated with
active infection with adult parasites and/or MF, consistent with
the concept that these cells are important in regulating im-
mune responses in chronic conditions. In this study, we inves-
tigated the potential of the infective third-stage larvae (L3) of
Brugia pahangi to elicit a Treg population in a well-character-
ized murine model of infection. L3 are known to have the
capacity to modulate immune responses in both exposed hu-
mans (16) and mice (32) at least in part through the induction
of IL-4 and IL-10. Here, we show that infection with L3 spe-
cifically elicits a population of CD4� CD25� CTLA-4� cells
that are IL-4 independent. The CD25� population expresses
high levels of Foxp3 mRNA and significantly increased levels
of IL-10 mRNA compared to those of the CD25� population.
The regulatory function of these cells was demonstrated by in
vivo depletion, which resulted in a severely dysregulated im-
mune response to parasite Ag.

MATERIALS AND METHODS

Animals and infection protocols. B. pahangi L3 were harvested from infected
Aedes aegyptii mosquitoes at day 9 postinfection (p.i.) as described previously (5).
Six-week-old male BALB/c mice were purchased from Harlan-Olac (Bicester,
United Kingdom), while IL-4�/� mice on the BALB/c background were bred at
the University of Glasgow. Animals were housed in filter-topped cages and
maintained in accordance with local and Home Office regulations. Groups of 5
to 10 BALB/c or IL-4�/� mice were infected subcutaneously (s.c.) with 50 L3 of
B. pahangi or an equivalent volume of Hanks balanced salt solution in the scruff
of the neck. In some experiments, a further group of five mice was infected with
105 MF by the s.c. route. At day 12 p.i., the mice were killed by CO2 inhalation
and spleens were removed under asceptic conditions.

Preparation of spleen cells, proliferation, and cytokine assays. Single-cell
suspensions were prepared in RPMI medium by homogenization through Nytex
mesh (Cadish and Sons, London, United Kingdom) using a syringe barrel exactly
as described previously (28). The cells were resuspended at 1 � 107 cells per ml
(for proliferation assays) or 2 � 107 cells per ml (for cytokine assays) in RPMI
1640 medium (Dutch modification, containing 5 mM glutamine, 5 mM HEPES,
100 U per ml penicillin, and 100 �g per ml streptomycin [all from Invitrogen])
and 20% heat-inactivated fetal calf serum (FCS) (Invitrogen) to give a final
concentration of 10%. Soluble extract of B. pahangi adult worms for use in cell
culture was prepared by extensive homogenization of frozen mixed-sex adult
worms on ice exactly as described previously (28).

Proliferation of splenocytes was measured by the incorporation of [3H]thymi-
dine. Triplicate 100-�l cultures (5 � 105 cells per well) in half-area 96-well
flat-bottomed plates (CoStar) were incubated in the presence or absence of 10
�g antigen per ml. Cells were cultured at 37°C in an atmosphere of 5% CO2 and
pulsed with 0.5 �Ci of [3H]thymidine/well (Amersham) during the last 16 h of
incubation. The cells were harvested, and radioactivity was measured in a “Top-
count” Microplate scintillation counter (Canberra Packard Instrument Co.).

For cytokine assays, spleen cells were incubated at 1 � 107 cells per ml in 1-ml
cultures in 24-well flat-bottomed plates (Co-star) in the presence of Ag at 10 �g
per ml or medium only. Supernatants were harvested at 48 h, unless otherwise
stated, and levels of IL-2, IL-4, IL-5, IL-10, and IFN-� were determined by
two-site enzyme-linked immunosorbent assay using antibody (Ab) pairs pur-
chased from Pharmingen, as described previously (28). Results are expressed as
picograms per milliliter in reference to commercially available standards (IL-12,
IL-4, IL-5, and IL-10 from Pharmingen and IFN-� from R & D Systems). The
sensitivity of the assay was determined as the mean plus three standard devia-
tions (SD) of the 16 wells containing medium only (RPMI–10% FCS).

Cell depletions and purifications. Splenocytes from L3-infected animals were
depleted of either CD4� or B220� cells by magnetic separation prior to in vitro
culture. In brief, splenocytes pooled from 10 infected mice were washed in
phosphate-buffered saline (PBS) and stained with either fluorescein isothiocya-
nate (FITC)-conjugated anti-CD4 (L3T4) or anti-B220 (RM4-5) monoclonal Ab
(MAb) (both from Pharmingen) in 500 �l of PBS on ice for 20 min. Both Abs
were used at 1 �g per 2 � 106 cells. Prior to depletion, unseparated cells were
plated out and 5 � 106 cells were removed for fluorescence-activated cell sorter
(FACS) analysis and stained with an isotype control antibody (KLH/G2a-1-1;

Pharmingen). The cells were then resuspended in 90 �l degassed buffer per 107

cells (prepared to MACS [Miltenyi Biotech Ltd.] specifications) with anti-FITC
beads (10 �l of beads per 107 cells) and incubated on ice for 15 min, and then
�2.5 � 108 cells were loaded onto the column. The flowthrough cells were
washed in PBS, and 5 � 107 cells were removed for FACS analysis to determine
the efficiency of the depletion. The remaining cells were then resuspended in
RPMI–20% FCS and plated out as described previously. For purification, bound
cells were flushed from the column using 5 ml of buffer, following the manufac-
turers recommendation. Purified CD4� and B220� cells were stored in liquid
nitrogen prior to analysis. Purification of CD25� cells was carried out using the
same method as described above with cells stained with CD25 (IL-2 receptor
�-chain p55) (7D4) (Pharmingen).

RT-PCR detection of IL-10, TGF-�, and Foxp3 mRNA by TaqMan. Total RNA
was extracted using Trizol (Invitrogen) according to the manufacturer’s protocol.
RNA was stored in diethyl pyrocarbonate-treated H2O at �70°C until use.
Levels of mRNA for IL-10 and TGF-� were quantified from CD4 or B220
populations purified as described above, while levels of Foxp3 mRNA were
quantified in CD25� and CD25� populations. Reverse transcription (RT) was
carried out in a total of 20 �l using 2 �l of random primers (Promega) and 2 �g
of total RNA in a volume of 10 �l. The mix was heated to 70°C for 10 min and
then cooled on ice for 10 min. Four microliters of first-strand buffer (Invitrogen),
2 �l dithiothreitol (Invitrogen), and 1 �l 10 �M deoxynucleoside triphosphate
mix were added and incubated at 42°C. One microliter of Superscript was added
to the mix, which was heated to 42°C for 50 min with a final extension of 70°C.
One microliter of RNase was added, and the reaction was incubated at 37°C for
20 min.

TaqMan quantitative reverse transcriptase PCR used gene-specific primers
and internal probes for IL-10, TGF-�, and hypoxanthine phosphoribosyltrans-
ferase (HPRT) (Table 1) (Cruachem) designed to specifically amplify the target
cDNA. For the TaqMan protocol, probes were used at a concentration of 5 �M
and primers were used at 10 �M. Each 25-�l reaction mixture contained 12.5 �l
TaqMan Universal PCR Master Mix (Applied Biosystems), 1 �l probe, 0.75 �l
each primer, and 9 �l H2O with 1 �l cDNA. TaqMan cycling conditions were
50°C for 2 min, 95°C for 10 min, 95°C for 15 s, and 60°C for 1 min. Results are
expressed relative to the level of HPRT mRNA.

In vivo administration of PC61 and GL113. Five mice were injected intraperi-
toneally with 0.5 mg (total protein) of neutralizing CD25 MAb (PC61) (21, 30)
or isotype-matched control (GL113) on days �4 and �2 prior to infection. Both
Abs were prepared by ammonium sulfate precipitation of hybridoma superna-
tant and subsequent dialysis against PBS. The Ab was sterilized by passage
through a 0.45-�m filter and stored at 4°C. Proliferation assays, cytokine assays,
and FACS analysis were carried out on the splenocytes from each group of
animals.

Three-color FACS analysis. Cells to be stained were removed from culture,
transferred to FACS tubes (Falcon), and washed twice in 200 �l of staining buffer
by centrifugation at 1,000 rpm for 5 min. Cells were stained with 2 �g/test of
fluorochrome-conjugated antibody in staining buffer or staining buffer only (100

TABLE 1. Primer and probe sequences for amplification
of IL-10, TGF-�, and Foxp3

Gene Sequencea

HPRT Forward, 5	-GCA GTA CAG CCC CAA AAT GG-3	
Reverse, 5	-AAC AAA GTC TGG CCT GTA TCC AA-3	
Probe, 5	-FAM-TAA GGT TGC AAG CTT GCT GGT GAA

AAG GA-TAMRA-3	

IL-10 Forward, 5	-ACA ACA TAC TGC TAA CCG ACT CCT T-3	
Reverse, 5	-AGG TAA AAC TGG ATC ATT TCC GAT A-3	
Probe, 5	-FAM-TGG CAA CCC AAG TAA CCC TTA AAG

TCC TG-TAMRA-3	

TGF-� Forward, 5	-CCC CAC TGA TAC GCC TGA GT-3	
Reverse, 5	-ACA AGA GCA GTG AGC GCT GA-3	
Probe, 5	-FAM-TGA ACC AAG GAG ACG GA-TAMRA-3	

Foxp3 Forward, 5	-CCC AGG AAA GAC AGC AAC CTT-3	
Reverse, 5	-TTC TCA CAA CCA GGC CAC TTG-3	
Probe, 5	-FAM-ATC CTA CCC ACT GCT GGC AAA TGG

AGT C-TAMRA-3	

a FAM, 6-carboxyfluorescein; TAMRA, 6-carboxytetramethylrhodamine.
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�l/sample) on ice for 20 min. Cells were washed twice in staining buffer as before
and resuspended in 300 �l of fixation buffer if not analyzed immediately. Stained
samples were stored in the dark at 4°C. Samples were gated on lymphocytes, as
determined by size and granularity (forward and side scatter). The following
monoclonal antibodies were used: FITC-labeled anti-mouse CD4 (L3T4), phy-
coerythrin (PE)-labeled anti-mouse CD152 (CTLA-4, UC10-4F10-11), and an-
tigen-presenting cell (APC)-labeled anti-mouse CD25 (PC61) (all Pharmingen).
Fc block (Pharmingen) was used at a concentration of 1 �g per test to reduce
nonspecific binding. Isotype controls were used in all experiments and included
the following: FITC-labeled rat immunoglobulin G2a (IgG2a) (KLH/G2a-1-1;
Southern Biotechnology Associates), APC-labeled rat IgG2a (R35-95), and PE-
labeled rat IgG1 (both from Pharmingen).

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

RESULTS

Depletion of CD4� cells from spleens of L3-infected mice
results in decreased levels of IL-10. Splenocytes from L3-
infected mice are known to produce high levels of IL-10 when
restimulated with parasite Ag in vitro. To characterize the
cellular source of IL-10, selected populations were depleted
from the spleens of L3-infected BALB/c mice using magnetic
beads and the relevant cell surface MAb. Depletions were
monitored by FACS analysis and were �95% efficient in all
experiments. Depletion of CD4� cells resulted in a dramatic
decrease in Ag-stimulated IL-10 relative to unseparated
splenocytes from the same animals, although levels of IL-10
were never reduced to background. The results of three sepa-
rate experiments are shown in Table 2 and demonstrate a 75%
reduction in IL-10 in response to Ag stimulation when CD4�

cells were removed. In addition, levels of both IL-4 and IL-5
were also decreased (data not shown). No Th1 cytokines were
detected in supernatants from CD4�-depleted cultures or
whole-splenocyte cultures.

Depletion of B220� cells resulted in a more modest effect on
Ag-specific IL-10 production relative to unseparated spleno-
cytes from the same animals. Table 2 shows the results of three
separate experiments in which B-cell depletion resulted in
�39% decrease in IL-10 production compared to that of
whole-splenocyte cultures.

CD4� cells from L3-infected mice express IL-10 and TGF-�
mRNA in an IL-4-independent fashion. While the results of
the depletion experiments suggested that CD4� cells were the
major producers of IL-10, it was not possible to rule out indi-
rect effects of depletion; e.g., the depletion of one cell type
could affect the ability of another cell to produce IL-10. There-
fore, levels of expression of IL-10 mRNA were assessed in
purified populations by quantitative RT-PCR. These experi-
ments demonstrated that CD4� cells express approximately
twofold more IL-10 mRNA than do B cells relative to HPRT
(Fig. 1a), similar to results from cell depletion experiments. In
the same experiments, levels of TGF-� mRNA were also de-
termined and the CD4� population was shown to be the source
of TGF-� mRNA (Fig. 1b). As both IL-10 and TGF-� can be
expressed by Th2 cells, which are also elicited in response to L3
infection, expression of IL-10 and TGF-� mRNA was investi-
gated in IL-4�/� or wild-type (WT) mice. However, both cy-
tokines were expressed at approximately equal levels in CD4�

T cells from L3-infected IL-4�/� mice and their wild-type
counterparts (Fig. 1).

Foxp3 is expressed only in the CD25� population. In order
to further characterize the cellular source of IL-10, splenocytes
from L3-infected mice were separated into CD25� and CD25�

fractions directly ex vivo. TaqMan RT-PCR was then carried

FIG. 1. IL-4�/� mice express levels of IL-10 and TGF-� mRNA
equivalent to those of BALB/c WT mice following L3 infection.
Ten IL-4�/� (black bars) or WT (white bars) mice were infected s.c.
with 50 L3 of B. pahangi or were given an equal volume of HBSS only
(C). At day 12 p.i., splenocytes from L3-infected mice were pooled and
separated into purified CD4� and B220� cells using magnetic beads.
The efficiency of the purification was analyzed by FACS at 
95%.
Quantitative RT-PCR was carried out on the separated populations
using primers specific for IL-10, TGF-�, or HPRT (constitutive gene).
Expression of IL-10 mRNA (a) and TGF-� mRNA (b) was measured
relative to HPRT in CD4� and B220� cells from BALB/c WT mice or
IL-4�/� mice, immediately ex vivo. Graphs show mean values of trip-
licate wells � SD.

TABLE 2. CD4� cells are the major source of
IL-10 in L3-infected micea

Expt
IL-10

(pg per ml) in
whole splenocytes

IL-10
(pg per ml) in

splenocyte pools
depleted of

CD4� or B� cells

%
Reduction

Avg %
reduction

1 14,535 2,892 80
2 16,070 4,376 73 75
3 19,805 5,440 73
4 28,434 16,218 43
5 10,834 6,975 36 39
6 31,559 19,343 39

a Mice were infected s.c. with 50 L3 of B. pahangi or an equal volume of HBSS
only. At 12 d.p.i., splenocytes pooled from 10 L3-infected mice were depleted of
CD4� cells (experiments 1 to 3) or B220� cells (experiments 4 to 6) by magnetic
separation. Pooled cells prior to separation or purified populations were plated
out at 1 � 107 cell per ml and cultured in the presence of Brugia Ag at 10 �g per
ml. IL-10 levels were measured in 48-h supernatants by two-site enzyme-linked
immunosorbent assay.
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out on cDNA prepared from RNA from each population using
primers designed to amplify IL-10 or Foxp3, a transcription
factor expressed in regulatory T cells. These experiments showed
that the CD25� population expressed the majority of IL-10
mRNA (Fig. 2a). Moreover, selection of the CD25� popula-
tion resulted in very high levels of Foxp3 expression, indicating
the significant enrichment of regulatory T cells within the
CD25� population (Fig. 2b).

CD4� CD25� CTLA-4� cells are expanded in cultures from
L3-infected BALB/c WT and IL-4�/� mice. An alternative
means of identifying Treg cells is to analyze cell surface mark-
ers associated with this population. Such markers include co-
expression of CD4 with one or more of the following: CD25,
CTLA-4 (CD152), glucocorticoid-induced tumor necrosis
factor receptor, OX40 (CD134), CD103, and Ly6 (25). Three-
color FACS analysis was carried out on splenocytes from L3-
infected, MF-infected, or control uninfected mice using anti-
CD4 MAb (FITC), anti-CD25 MAb (APC), and anti-CTLA-4
MAb (PE). Mice infected with MF were included in these
experiments, as splenocytes from these animals display a Th1-
type cytokine profile, and it was of interest to determine wheth-
er a Treg population would be expanded in these animals. In
these experiments, cells were analyzed directly ex vivo or fol-
lowing culture with Ag for 72 h prior to labeling and flow
cytometry. There was no difference in the percentage of triple-

positive cells obtained from any group of mice directly ex vivo.
However, following in vitro restimulation with Ag, CD4�

CD25� CTLA-4� cells were expanded only in cultures from
L3-infected mice, where they comprised 7% � 0.9% of total
CD4� cells. In these experiments, the CTLA-4� population
could be easily distinguished from activated CD25hi T cells
(Fig. 3). In contrast, these cells were not expanded in culture
from control mice or MF-infected animals, where this popu-
lation accounted for only 1 to 2% of total CD4� cells (L3
versus MF or control; P � 0.034).

Further analysis of these data (Table 3) demonstrated that
the percentage of lymphocytes expressing CD4� was equiva-
lent in the three groups of mice. Approximately 25% of CD4�

cells from L3-infected mice expressed CD25, while CD4� cells
from control uninfected or MF-infected mice expressed lower
levels of CD25 (�6 to 7%). Similarly, CTLA-4 was expressed
only on a significant percentage of cells from L3-infected mice.
Although CD25 is a marker of T-cell activation, the coexpres-
sion of CTLA-4 on a proportion of the CD25� population
indicates that L3, but not MF, elicit a population of cells with
the characteristics of Treg cells.

A similar analysis was also carried out in which IL-4�/� mice
or wild-type BALB/c mice were infected with L3 and CD4�

FIG. 2. Foxp3 and IL-10 mRNA is enriched within the CD25�

population in splenocytes from L3-infected mice. Ten mice were in-
fected s.c. with 50 L3 of B. pahangi or an equal volume of HBSS only
(C). At 12 days p.i. (d.p.i.), splenocytes from L3-infected mice were
pooled and magnetically separated into purified CD25� and CD25�

cells. Quantitative RT-PCR was carried out on these cells and whole
unseparated splenocytes from L3-infected (WHOLE L3) or naı̈ve mice
(C) using the TaqMan method. Levels of IL-10 (a) and Foxp3 (b)
mRNA were expressed relative to the constitutive gene HPRT. Graphs
show mean values of triplicate wells � SD.

FIG. 3. Three-color FACS analysis demonstrates that a population
of CD4� cells which coexpress CD25 and CTLA-4 are expanded only
in culture from L3-infected mice. Mice were infected s.c. with 50 L3 or
1 � 105 MF of B. pahangi or were given an equal volume of HBSS only.
At day 12 p.i., splenocytes from L3-infected, MF-infected, or control
mice were cultured with 10 �g B. pahangi Ag per ml for 72 h. Cells
were harvested and stained with FITC anti-mouse CD4 MAb, PE
anti-mouse CD25 MAb, and APC anti-mouse CTLA-4 MAb. Cells
were analyzed by flow cytometry using gates set with isotype-matched
control MAb. Panels show the staining profile of an individual mouse
from each group. The numbers at the top right-hand corner of each
panel indicate the percentage of CD4� cells that coexpress CD25� and
CTLA-4�. These figures are representative of the responses of five
animals per group.
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CD25� CTLA-4� cells were quantified by three-color FACS
following restimulation in vitro with Brugia Ag. These experi-
ments confirmed the significant expansion of CD4� CD25�

CTLA-4� cells in L3-infected mice compared to that of unin-
fected controls (data not shown), but no difference was ob-
served in the percentage of these cells between L3-infected
BALB/c mice and IL-4�/� mice (P � 1) (Fig. 4).

CD25� cells play a regulatory role in vivo. The experiments
described above demonstrate that a population of T cells with
some of the characteristics of regulatory T cells was expanded
only in cultures from L3-infected mice. In order to determine

whether these cells were present in vivo and to investigate their
likely function, further experiments were carried out using a
neutralizing Ab (PC61) to deplete CD25� cells in vivo, prior to
L3 infection.

In these experiments, mice were treated with PC61 (anti-
CD25 MAb) or GL113 (isotype-matched control MAb) on
days �4 and �2 prior to s.c. infection with 50 L3 of B. pahangi.
Administration of the MAb prior to infection is important to
ensure that T cells activated by infection are not targeted (30).
On day 12 p.i., spleens were harvested and splenocytes were
cultured in vitro for 72 h with 10 �g B. pahangi Ag per ml.
Three-color FACS analysis was then carried on splenocytes
from L3-infected mice that were given either PC61 or GL113,
as described previously. In mice that received PC61 MAb,
there was a significant reduction in the percentage of CD4�

CD25� CTLA-4� cells compared to those given the isotype
control (P � 0.0122), indicating that the Ab was effectively
depleting these cells (compare Fig. 5a and b). However, at the
concentration administered, the PC61 Ab did not completely
ablate the CD25� CTLA-4� population. In most experiments,
a �50% reduction in the numbers of these cells was observed
(Fig. 5c). Importantly, analysis of these data also showed that
the number of CD4� cells expressing CD25 but not CTLA-4
did not decrease in mice that were given PC61, demonstrating
that T cells could still be activated to a similar extent despite
the previous treatment (11.6% of CD4� cells from GL113-
treated mice expressed CD25 but not CTLA-4, while 14% of
CD4� cells from PC61-treated mice expressed CD25 but not
CTLA-4 [P � 0.6756]).

To determine whether the removal of a significant propor-
tion of the CD25� CTLA-4� population affected immune re-
sponses, proliferation and cytokine assays were carried out.
Proliferative responses of splenocytes from L3-infected mice
that were given either PC61 or GL113 were measured over a
time course of in vitro culture with medium only or 10 �g
B. pahangi Ag per ml. Control mice received HBSS alone.
Three experiments were carried out, each of which gave similar
results (see Fig. 6 for a representative example). Two points
are immediately obvious from these experiments: first, levels of
Ag-specific proliferation were significantly higher in spleno-
cytes from mice given PC61 than in those from mice given
GL113 after 72 and 96 h incubation (P � 0.0122 and P �
0.0367, respectively). Second, it was notable that levels of pro-
liferation in medium alone were significantly increased in cul-
tures from PC61-treated mice at all time points (at 48 h, P �
0.0216 and at 72 and 96 h, P � 0.0122 for PC61-treated versus
GL113-treated mice).

Ag-specific cytokine responses were measured in splenocyte
culture from L3-infected mice that were given either PC61 or
GL113 or from naı̈ve animals after 72 h of in vitro culture. The
results of a representative experiment are presented in Fig. 7.
Mice depleted of CD25� cells in vivo produced significantly
more IL-10 (PC61 versus GL113, P � 0.0216) and IL-4 (PC61
versus GL113, P � 0.0367) than animals given the isotype
control MAb or mice given no treatment. There was also a
trend for levels of IL-5 to increase, but this did not reach sta-
tistical significance in any experiment (P � 0.0947 in the ex-
periment shown). Interestingly, cells from PC61-treated mice
also produced large amounts of cytokines in medium-only cul-

FIG. 4. CD4� cells coexpressing CD25 and CTLA-4 are expanded
in splenocyte cultures from L3-infected IL-4�/� mice. Splenocytes
from L3-infected WT (a) and IL-4�/� (b) mice were cultured with 10
�g B. pahangi Ag per ml for 72 h. Cells were harvested and stained
with FITC anti-mouse CD4 MAb, PE anti-mouse CD25 MAb, and
APC anti-mouse CTLA-4 MAb and analyzed by flow cytometry. Gates
were set on CD4� cells, and these cells were analyzed for the expres-
sion of CD25 and CTLA-4. Each panel shows the staining profile of an
individual mouse from each group. The numbers at the top right-hand
corner of each panel indicate the percentages of CD4� cells that
coexpress CD25� and CTLA-4�. These figures are representative of
the responses of five animals per group.

TABLE 3. Expression of cell surface markers on CD4� cells
from L3-infected, MF-infected, and control micea

Mouse
group % CD4

% CD4
coexpressing

CD25

% CD4
coexpressing

CTLA-4

% CD4
coexpressing
CD25 and
CTLA-4

L3 17.7 � 1.8 24.6 � 1 7.6 � 0.6 6.9 � 0.4
MF 23 � 2.7 7.93 � 0.7 1.82 � 0.2 1.32 � 0.2
C 20 � 0.9 6.77 � 0.3 3.34 � 0.5 2.1 � 0.2

a Mice were infected s.c. with 50 L3 or 1 � 105 MF of B. pahangi or an equal
volume of HBSS only. At 12 d.p.i., splenocytes from L3-infected (L3), MF-
infected (MF), and HBSS control (C) mice were cultured with 10 �g B. pahangi
Ag per ml for 72 hours. Cells were harvested and stained with anti-CD4 MAb
and CD25 MAb and CTLA-4 MAb, each bound to a different flurochrome
(CD4-FITC, CD25-PE, and CTLA-4-APC). Figures show the percentage of
splenocytes which express CD4�, the percentage of CD4� cells which express
CD25� alone or CTLA-4 alone, and the percentage of CD4� cells which coex-
press both of these cell surface markers.
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tures, including IL-2 and IFN-�. In contrast, splenocytes from
PC61-treated mice cultured with Ag did not secrete IL-2.

DISCUSSION

Filarial infections are characterized by profoundly sup-
pressed T-cell-proliferative and IFN-� responses, which at one
time were interpreted as being a result of a Th2 bias. While
these infections undoubtedly elicit Th2 cells, more recent
thinking proposes a role for regulatory T cells in maintaining
the hyporesponsive state (7, 24, 38). In this study, we show that
exposure to the infective form of filarial nematodes, the L3,

results in the expansion of a regulatory T-cell population. Pre-
vious results in the B. pahangi mouse model had demonstrated
that infection with L3 induces elevated levels of IL-10 that
functions to suppress Th1 responses (31). By cell depletion
experiments and quantitative RT-PCR on purified popula-
tions, we now show that CD4� cells are the primary source of
IL-10 in the B. pahangi mouse model, with the CD25� popu-
lation expressing the most IL-10 mRNA. In addition, the CD4�

population was also shown to express TGF-� mRNA, indicat-
ing the presence of a possible regulatory population (reviewed
in reference 35). CD4� cells from L3-infected IL-4�/� mice
expressed levels of IL-10 and TGF-� mRNA similar to those of
WT mice, supporting the hypothesis that these suppressive cy-

FIG. 5. Administration of PC61 MAb results in decreased expan-
sion of CD4� cells coexpressing CD25 and CTLA-4. Splenocytes from
two groups of mice given GL113 (a) or PC61 (b) prior to infection with
50 L3 of B. pahangi were cultured with 10 �g/ml B. pahangi Ag for 72 h.
Cells were harvested and stained with FITC anti-mouse CD4 MAb, PE
anti-mouse CD25 MAb, and APC anti-mouse CTLA-4 MAb and an-
alyzed by flow cytometry. Each panel shows the staining profile of an
individual mouse from each group. The numbers at the top right-hand
corner of each panel indicate the percentage of CD4� cells that coex-
press CD25� and CTLA-4�. These figures are representative of the
responses of five animals per group. Panel c shows mean values � SD
of CD4� cells coexpressing CD25 and CTLA-4 in mice given PC61 or
GL113 MAb or in naı̈ve mice (C). *, significant difference between
L3-infected mice given PC61 and isotype control (P � 0.0122) and
control (P � 0.0369) animals.

FIG. 6. Ag-specific and spontaneous proliferation is increased in
splenocyte culture from mice given PC61 MAb. Five mice were given
PC61 or GL113 prior to s.c. infection with 50 L3 of B. pahangi. Control
animals (C) received no treatment or infection. At day 12 p.i., spleno-
cytes from the three groups of mice were cultured with medium only or
restimulated with 10 �g B. pahangi Ag per ml for 48 h (a), 72 h (b), and
96 h (c), and proliferative responses were measured. Results are ex-
pressed as counts per minute (cpm). *, significant difference between
PC61 and GL113 in medium-only cultures at all three time points and
significant difference in Ag-stimulated cultures at 72 and 96 h.

VOL. 73, 2005 REGULATORY T CELLS IN BRUGIA INFECTION 4039



tokines may be produced by T cells other than Th2 cells. How-
ever, as IL-4-independent pathways of Th2 differentiation have
been reported (3, 12, 18), additional studies will be required to
definitively prove the cellular source of these cytokines.

Until recently, little was known about the molecular mech-
anism of development of CD25� regulatory cells, but several
studies have now demonstrated that Foxp3, a fork head tran-
scription factor, is highly expressed in naturally arising CD25�

Treg cells (11). Purification of CD25� cells from L3-infected
mice confirmed this finding and showed a significant enrich-
ment of Foxp3 mRNA in the CD25� population. In an addi-
tional experiment, CD25� cells were purified from control or

L3-infected mice and Foxp3 expression was investigated by
RT-PCR. Foxp3 levels were twofold higher in CD25� cells
from L3-infected mice than in those from control animals
(data not shown), supporting the concept that regulatory T
cells are induced by infection with the L3 of Brugia.

The identification of CD25� regulatory T cells has been the
source of some controversy, as specific markers for this popu-
lation are not readily available. For example, two commonly
used cell surface markers, CD25, the �-chain of the high-
affinity IL-2 region, and glucocorticoid-induced tumor necrosis
factor receptor-related protein, are also up-regulated upon
activation of conventional T cells (8). In this study, we concen-
trated on the CD4� CD25� CTLA-4� population, as many
studies have now demonstrated the regulatory function of
these cells (10, 19, 20, 26, 27, 41) and CTLA-4 has been im-
plicated in immune regulation in human filarial infection (7,
38, 39). This population was expanded only in splenocyte cul-
ture from L3-infected animals restimulated with parasite Ag.
Indeed, essentially all the CTLA-4� cells in these cultures were
also CD25� (Table 3). The regulatory population was ex-
panded in splenocyte cultures from IL-4�/� mice to a similar
extent as those from WT mice, confirming that their differen-
tiation is IL-4 independent. In contrast, these cells were not
observed in cultures from MF-infected animals or in control
cultures restimulated with parasite Ag. However, cells from
MF-infected mice are clearly activated as demonstrated by the
production of Ag-specific IFN-� and the expression of CD44
and high levels of CD4 (29). These observations are intriguing,
as the most significant suppression in human studies is ob-
served in the MF-positive (MF�) population, and a recent
study showed that MF� patients had a higher frequency of
CD4� cells coexpressing CTLA-4� than MF� patients. In that
study, the greatest intensity of CTLA-4 expression was on
CD4� CD25� cells. Blocking CTLA-4 interactions in vitro
resulted in increased production of IL-5 and decreased levels
of IFN-�, indicating that CTLA-4 expression affects the Th1/
Th2 balance (39). Our preliminary data from L3-infected mice
show that blockade of CTLA-4 results in increased levels of
both IL-2 and IL-5, while other type 2 cytokines were unaf-
fected (our unpublished observations).

To determine whether the CD25� population had the func-
tional characteristics of regulatory T cells, depletion experi-
ments were carried out in L3-infected mice using a MAb
(PC61) that eliminates CD25� cells. This MAb was adminis-
tered prior to infection to exclude the possibility of depleting
activated T cells (37). FACS analysis of splenocyte cultures
from animals that were given PC61 revealed a significant re-
duction (approximately 50%) in the expansion of CD4�

CD25� CTLA4� cells. However, there was no significant dif-
ference in the percentage of CD4� cells coexpressing CD25
but not CTLA-4, suggesting that activated T cells were not
targeted by the MAb. Depletion of Treg cells had a profound
effect on Ag-specific responses. Splenocytes from mice given
PC61 showed significantly higher levels of proliferation than
those from isotype control-treated mice, demonstrating dys-
regulation of immune responses following removal of �50% of
the Treg population. Broadly similar results were observed
with Ag-specific cytokine responses, with elevated levels of
IL-4 and IL-10 in splenocyte cultures from mice given PC61.
The increased levels of IL-10 secreted by splenocytes depleted

FIG. 7. Administration of PC61 MAb results in increased Ag-spe-
cific and spontaneous cytokine production. Mice were given either
PC61 or GL113 prior to s.c. infection with 50 L3 of B. pahangi. Control
animals (C) received no treatment or infection. At day 12 p.i., spleno-
cytes from the three groups of mice were cultured with 10 �g B. pah-
angi Ag per ml or medium only. Ag-specific and spontaneous cytokine
responses were measured at 72 h. Results are expressed as picograms
per milliliter, and all values represent the means and standard devia-
tions of five mice per group. *, significant differences in levels of IL-4
and IL-10 in mice given PC61 or GL113.
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of Treg cells in vivo might at first glance appear contradictory,
as the CD25� population appears to be the major source of
IL-10 in these animals (Fig. 2a). However, as activated T cells
(CD25� CTLA4�) are not depleted from these cultures, this
population may have an increased capacity for cytokine pro-
duction in the absence of regulatory T cells.

A notable feature of these results was an increase in the
background level of proliferation (medium only) in mice de-
pleted of Tregs. Levels of proliferation in medium alone are
always negligible in splenocyte culture from L3-infected mice,
and these animals never secrete detectable levels of any cyto-
kine, demonstrating the suppressive capacity of regulatory T
cells in intact mice. However, further studies will be required
to define the mechanism by which CD25� T cells regulate
responses in L3-infected mice. For example, do regulatory T
cells directly silence Ag-primed T cells or do they act indirectly
via an APC population?

CD25� T-regulatory cells account for a minor proportion of
the peripheral T-cell pool (5 to 10%) and act via a cell contact-
dependent mechanism, yet they exert a major effect on con-
ventional T cells. Several recent studies have demonstrated
that naturally arising CD25� Treg cells may promote the dif-
ferentiation of other suppressive regulatory T-cell populations,
such as Tr1 or Th3, which act more broadly via secretion of
suppressive cytokines (15). For example, coculture of CD25�

and CD25� T cells was shown to induce high levels of IL-10 in
the CD25� population, which then gave rise to a population of
suppressive CD25� T cells that were anergic (6). APC can also
influence the generation of regulatory T cells as shown by
recent studies on the trematode parasite Schistosoma mansoni.
Exposure of dendritic cells to a lipid molecule, lyso-phospha-
tidylserine, derived from S. mansoni induced the differentia-
tion of naı̈ve Th cells down the Treg pathway in a Toll-like-
receptor-2-dependent fashion (42). Whether a similar scenario
is involved in the initiation of responses that result in the
expansion of regulatory T cells in the L3-infected BALB/c
mouse awaits further study.

The L3 of Brugia are known to prime early IL-4 responses,
resulting in the induction of Th2 cells and the down-regulation
of IFN-� production (32). Now we show that exposure to this
life cycle stage also induces regulatory T cells. While Treg cells
are best characterized for their ability to suppress potentially
damaging Th1 inflammatory responses, they can also suppress
Th2 responses (4). The elevated levels of proliferation ob-
served in cultures from PC61-treated mice presumably reflect
increased proliferation of Th2 cells when Treg cells are de-
pleted, as demonstrated by the abundant secretion of IL-4 and
IL-10 in these cultures. In our model system, we observed no
effects of PC61 depletion on Ag-specific Th1 responses, but
this likely reflects the intensity of the Th2 response elicited by
the L3 (33). Interestingly, the presence of parasite Ag in cul-
tures from L3-infected mice given PC61 appeared to suppress
the production of type 1 cytokines, with levels of IFN-� and
particularly IL-2 being elevated in medium only but not Ag-
stimulated cultures. These results indicate a complex network
of regulation in L3-infected mice in which Th1 responses are
limited by Th2 cells, with Treg cells preventing an overwhelm-
ing Th2 response, which can also be damaging to the host (24).
The complexities of the regulatory network are well exempli-
fied by studies in other mouse models of parasite infection. For

example in L. major and Plasmodium infection, Treg cells are
required for persistence of the low-level parasitemia, which is
essential for the maintenance of immunity (2, 9). In the context
of lymphatic filariasis, there are many outstanding questions:
does constant exposure to L3 in areas of endemicity elicit a
Treg population in humans? Do these cells regulate immune
responses that might otherwise kill adults and MF? How does
immunity arise in this situation?

In conclusion, our results have shown that infection with the
L3 of Brugia drives the expansion of CD25� T-regulatory cells
and that depletion of this population affects Ag-specific Th2
responses. By a process of “infectious tolerance,” these cells may
then prime the expansion of CD25� Tr1 cells, resulting in the
profound hyporesponsiveness observed in lymphatic filarial in-
fection.
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