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Summary

Lymphatic filariasis leads to profound impairment of parasite-specific T

helper type 1 (Th1) and Th2 immune responses and significantly increases

the expression of regulatory networks and regulatory effectors like trans-

forming growth factor-b, CD25, cytotoxic T-lymphocyte antigen 4, gluco-

corticoid-induced tumour necrosis factor receptor (GITR) and regulatory T

(Treg) cells, which together play an important role in immunosuppression.

While Treg cells suppress the activity of effector cells, monocyte dysfunc-

tion, characterized by an alternatively activated immunoregulatory pheno-

type, is one hypothesis that explains the lack of an antigen-specific T-cell

response in infected individuals. In the present study, we administered neu-

tralizing antibodies against the Treg cell-associated markers CD25 and

GITR and observed its effects on filaria-induced immunosuppression. Our

results show that administration of anti-CD25 and anti-GITR in infected

animals not only arrested the accumulation of Treg cells and reduced argi-

nase activity, but also led to an increase in the percentages of Th17 cells in

the secondary lymphoid organs of mice. Elevated levels of interferon-c and

decreased levels of interleukin-10 were also noted in the culture super-

natants of mouse splenocytes that were treated with neutralizing antibodies.

Furthermore, treatment with neutralizing antibodies enhanced the expres-

sion of inducible nitric oxide synthase on host macrophages and CD40 on

host dendritic cells with concomitant decreased expression of alternative

activation markers Arg1, Ym1 and Fizz1, which together lead to reduced

parasite burden in treated animals. In summary, administration of neutral-

izing antibodies helps in breaking the regulatory network in mice and limits

parasite-induced immunosuppression at the earliest host–parasite interface.

Keywords: anti-CD25; anti-glucocorticoid-induced tumour necrosis factor

receptor; immunosuppression; lymphatic filariasis; Wolbachia surface pro-

tein.

Introduction

During filarial infection, parasites promote their survival

through suppression of the host immune response.1,2

Impaired immune response in chronically infected filarial

patients shows down-modulation of both T helper type 1

(Th1) and Th2 pathways to parasite antigens with signifi-

cant increase in the expression of regulatory T (Treg)

cell-associated markers, namely CD25, cytotoxic T-lym-

phocyte antigen 4 (CTLA-4) and glucocorticoid-induced

tumour necrosis factor receptor (GITR).3,4 Therefore,

strategies to induce long-term protective immunity are

needed to counteract parasite-induced immune deregula-

tion. It is known that co-stimulation of T cells is essential

for generating efficient T-cell responses and many reports

indicate that agonistic signalling can enhance immunity

through T-cell co-stimulatory receptors.5,6 The GITR

family-related protein is one such receptor that has

received significant attention in recent years.7,8 GITR is

expressed at low levels by various immune cells but is

highly expressed on CD4+ Foxp3+ Treg cells and is also

up-regulated on conventional CD4+ and CD8+ T cells
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upon activation.9,10 Agonistic antibody DTA-1 has been

shown to break immunological self-tolerance in mice

through stimulation of GITR, which abrogates Foxp3+

Treg-mediated immune-suppression and augments the

CD4+ effector T cell response.8,10 Besides anti-GITR, anti-

CD25 administration also depletes natural Treg cells

in vivo and augments protective immune response and

enhances pathogen control.11,12

Previous work in our laboratory has shown that Wol-

bachia surface protein of Brugia malayi acts synergistically

with infective larvae stage 3 of B. malayi (Bm-L3) in pro-

moting a pro-inflammatory response by increasing the

numbers of Th17 cells and at the same time diminishes the

host immunological tolerance by decreasing Treg cells and

transforming growth factor-b (TGF-b).13 We also reported

that administration of recombinant Wolbachia surface pro-

tein (r-wsp) induces a Th1 response in BALB/c mice, which

may facilitate B. malayi by activating multiple regulatory

signalling pathways.13 As such, filariasis infected host is

under constant and repetitive exposure to lipopolysaccha-

ride-like molecules either due to release of products from

Wolbachia, death of parasites, or upon exposure to infected

mosquitoes, which induces chronic inflammation and gives

rise to immune tolerance with increasing parasite load.14

In the present study, we tested the hypothesis of

whether breaking immunological tolerance in mice would

increase the effector T-cell activity, which may help in

controlling the infection. Results of our study show that,

in vivo administration of neutralizing antibodies against

CD25 and GITR (anti-CD25 and anti-GITR) in mice

infected with Bm-L3 arrested the accumulation of Treg

cells and reduced the activity of arginase in mouse peri-

toneal exudate cells (PECs). Furthermore, neutralizing

antibodies increased the percentages of Th17 cells and

Th1 cytokine interferon-c (IFN-c) but decreased inter-

leukin-10 (IL-10) levels in the culture supernatants of

splenocytes of treated mice. Moreover, anti-CD25 and

anti-GITR administration reduced alternative activation

of host macrophages and enhanced the expression of co-

stimulatory marker CD40 on host dendritic cells, which

contributed to reduced parasite burden in infected ani-

mals. These results highlight that filaria-induced

immunosuppression can be managed at the earliest host–
parasite interface by using neutralizing antibodies directed

against markers expressed on Treg cells, which is effective

in reducing parasite load in infected animals.

Materials and methods

Animals

BALB/c mice between 6 and 8 weeks old were used for all

experimental studies. Animals were housed in our insti-

tute’s laboratory animal facility under pathogen-free condi-

tions and fed a standard pellet diet and water ad libitum.

Ethics statement

All the animals used for experiments and their handling

procedures were duly approved by the Animal Ethics

Committee of the Central Drug Research Institute consti-

tuted under the provisions of the Committee for the Pur-

pose of Control and Supervision on Experiments on

Animals, Government of India. The study bears the

approval no. IAEC/2011/145 dated 03/07/2013.

Reagents and antibodies

Freund’s complete adjuvant, Freund’s incomplete

adjuvant and protease inhibitor cocktail were purchased

from Sigma (St Louis, MO). Monoclonal antibodies

FoxP3-phycoerythrin (PE) (clone-MF23), CD4-FITC

(clone-H129.19), Ly6C/G-PE-Cy7 (clone-RB6-8C5),

CD11c-PE-cy7 (clone-HL-3), CD40-FITC (clone-3/23),

CD80-PE (clone-16-10A1) and CD86-allophycocyanin

(clone-GL1) were purchased from BD Biosciences (San

Jose, CA). F4-80 Pacific Blue (clone-BM8) was purchased

from Invitrogen (Carlsbad, CA). IL-17-PE was purchased

from eBioscience (San Diego, CA) and CCR2-PE (clone-

475301) was purchased from R&D Systems (Minneapolis,

MN). In vivo neutralizing antibodies, namely anti-GITR

(clone-DTA-1) and anti-mouse CD25 (clone-PC61) and

their relevant isotype controls rat IgG1 (clone-HRPN)

and rat IgG2b (clone-LTF-2), were purchased from BioX-

cell (West Lebanon, NH). Arginase activity assay kit was

purchased from Sigma Aldrich (St Louis, MO), and the

ELISA kit for IFN-c and IL-10 was purchased from Biole-

gend (San Diego, CA).

Collection of Bm-L3 and infection of mice

Bm-L3 were recovered from infected Aedes aegypti that

were maintained in the insectarium of our Institute. To

elucidate the effect of neutralizing antibody treatment on

parasite load and recruitment pattern of leucocytes in the

secondary lymphoid organs of mice, mice were divided

into six different experimental groups each having five or

six animals. Mice in group 1 were left untreated (control

group); whereas mice in group 2 were challenged with 50

live Bm-L3 (L3 group). Mice in groups 3 and 4 were

challenged with 50 live Bm-L3 and given either 1 mg

each of anti-CD25 and anti-GITR neutralizing antibodies

(group 3, L3 + Ab group) or their respective isotype con-

trols (group 4, L3 + Iso group) as described below. Mice

in group 5 were first immunized with 25 lg of r-wsp fol-

lowed by infection with 50 live Bm-L3 along with admin-

istration of neutralizing antibodies (r-wsp + L3 + Ab

group) whereas mice in group 6 served as immunization

controls (r-wsp group). Administration of r-wsp was

done via the subcutaneous route whereas L3 were admin-

istered via the intraperitoneal route. All the experiments

ª 2015 John Wiley & Sons Ltd, Immunology, 147, 190–203 191

Neutralization of Tregs boosts Th17 response



were repeated thrice using the same number of mice in

each group.

Immunization of mice

For immunization studies, mice were immunized subcu-

taneously on day 0 with 25 lg of r-wsp emulsified in

100 ll of Freund’s complete adjuvant. This was followed

by two booster doses on weeks 2 and 3 in Freund’s

incomplete adjuvant. One week after the final booster

dose, mice were infected with 50 live Bm-L3 and killed

1 week later. Spleens and mesenteric lymph nodes

(MLNs) were collected and immunological studies were

carried out as described below.

In vivo antibody treatment

Anti-CD25 and anti-GITR were administered to animals

in the L3 + Ab group and r-wsp + L3 + Ab group as

mentioned above. Briefly, 1 day before (day �1) and

3 days after Bm-L3 challenge (day +3), mice received (in-

travenously) either 1 mg of each neutralizing antibody

(total volume 300 ll, L3 + Ab group) or their respective

isotype controls (111 ll, L3 + Iso group). Similarly, mice

in r-wsp + L3 + Ab group were first immunized with

r-wsp on day 0, followed by two boosters on day 15 and

day 21. Thereafter mice were infected with Bm-L3 and

given neutralizing antibodies on day �1 and day +3 as

described above. Mice were given neutralizing antibodies

1 day before Bm-L3 infection so as to achieve sufficient

antibody levels in the peripheral circulation. The second

dose of neutralizing antibody was given 3 days after the

L3 challenge because Bm-L3 undergoes its first moulting

(L3–L4) in about a week’s time inside the host and day 3

was chosen to fit in between this time limit as we hypoth-

esized that two separate doses would be sufficient to

affect the larval moulting process.

Differential leucocyte counts in peritoneal lavage

Peritoneal cavities of infected animals were lavaged to col-

lect PECs using standard protocol. Briefly, small aliquots of

incomplete RPMI-1640 medium supplemented with

100 U/ml penicillin, 100 mg/ml streptomycin, 2�5 mg/ml

amphotericin B and 5 U/ml heparin was injected into the

mouse peritoneum with the help of a needle attached to a

syringe, and gently aspirated. The procedure was repeated

until 8–10 ml of peritoneal fluid was collected from each

mouse. Thereafter, peritoneal fluid was centrifuged at

300 g for 10 min at 4° and pelleted cells were washed twice

with RPMI-1640 medium and counted. A small sample of

cells was taken for preparation of cytospins, air-dried and

stained with 0�1% Giemsa to assess cell differentials by

standard morphology and staining characteristics under a

bright-field microscope.

Immunophenotyping of dendritic cells, inflammatory
monocytes and macrophages

Immunophenotyping of dendritic cells, inflammatory

monocytes and macrophages present in the secondary

lymphoid organs of mice was performed as described

below. Briefly, single cell suspension from spleen and

MLNs was incubated with seroblock FcR on ice for

10 min to block non-specific antibody binding. After

incubation, cells were washed and stained with antibodies

specific for each cell type analysed, e.g. CD11c CD40,

CD80 and CD86 for dendritic cells, CD11c and F480 for

macrophages and CCR2 and Ly6C/G for inflammatory

monocytes. Flow cytometric data was acquired on four-

or five-decade log-scale dot plots displaying forward scat-

ter (FSC) area versus side scatter area (SSC). First, hierar-

chy gates were set in FSC versus SSC dot plots to exclude

remaining lymphocytes and cell debris. Thereafter, cell

populations were differentiated according to their respec-

tive expression profiles. Acquisition was carried out using

FACS-DIVA software on a FACS Aria cell sorter (BD Bio-

sciences) or FACS-Cell quest software on FACS Calibur

(BD Biosciences) and analysis was performed using FLOW

JO software (Tree Star Inc., Ashland, OR).

Estimation of Th17 cells

The Th17 cells were enumerated in the spleens and MLNs of

mice essentially as described earlier.13 Briefly, 3 9 106 ery-

throcyte-free splenocytes and MLNs were incubated with

50 ng PMA, 1 lM ionomycin and 10 lg/ml of Brefeldin A

(BD Biosciences) for 6 hr in a CO2 incubator set at 37°.
After incubation, cells were washed and incubated with

mouse seroblock FcR (BD Biosciences) to curtail the back-

ground signal. Thereafter, anti-CD4 antibody was added

and after a brief incubation, cells were fixed and permeabi-

lized using fixation and permeabilization buffer (BD Bio-

sciences). Fixed and permeabilized cells were then stained

with anti-IL-17 antibody followed by incubation at 4°.
Acquisition and analysis was carried out as described above.

Estimation of Treg cells

Regulatory T cells were enumerated in the spleens and

MLNs of mice as described earlier.13 Briefly, single-cell sus-

pensions from spleens and MLNs were first blocked using

mouse seroblock FcR and incubated with anti-mouse CD4

antibody for 20 min. Cells were then fixed, permeabilized

and anti-mouse FoxP3 antibody was added. Acquisition

and analysis were carried out as described above.

Real-time RT-PCR

Real time RT-PCR analysis of PECs was carried out as

described earlier.13 Briefly, total RNA was extracted from
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PECs using Trizol reagent and reverse transcribed into

cDNA using oligo(dT) primers. The cDNA fragments

were then amplified using SYBR green master mix and

gene-specific primers against Arg1, Ym1, Fizz1, iNOS, T-

bet and GATA-3. Primer sequences are listed in Table 1.

Conditions for PCR were 95° for 4 min, followed by 35

cycles of 95° for 20 seconds, 58° for 15 seconds and 72°
for 30 seconds. Mouse glyceraldehyde-3-phosphate dehy-

drogenase was used as an endogenous control and relative

fold change was determined by comparative DCT

method.15

Arginase assay and estimation of cytokines

Arginase activity in PECs from different groups of treated

mice was estimated using an Arginase assay kit following

the manufacturer’s instructions. Briefly, 1 9 106 PECs

were lysed using lysis buffer [Tris–HCl, pH 7�4, contain-
ing protease inhibitor cocktail and 0�4% (weight/volume)

Triton-X-100] for 10 min and centrifuged at 10,303 g for

10 min to remove insoluble material. Thereafter, super-

natant was collected and arginase activity was measured

by comparison with a urea standard. Similarly, levels of

cytokines IFN-c and IL-10 were estimated in the culture

supernatants of splenocytes using commercially available

ELISA kits.

Statistical analysis

Parasite load was calculated from at least five different

animals/group. For all other experiments, data were col-

lected from at least five or six animals/group and the

experiment was repeated thrice. Mean � SEM values are

shown in the Supplementary material (Fig. S1). Statistical

analysis was carried out using one-way analysis of vari-

ance using Dunnett’s test. P-values of ≤ 0�05, ≤ 0�01 and

≤ 0�001 between different groups were considered as

significant, highly significant and very highly significant

and marked with *, ** and *** respectively.

Results

Anti-CD25 and anti-GITR treatment increases
parasite clearance in mice

Mice were divided into six different experimental groups

as described in Materials and methods. Pictorial represen-

tation of the experimental plan and treatment schedule is

shown in Fig. 1(a). Our results show highest parasite bur-

den (18 � 0�86) in the peritoneal cavities of mice belong-

ing to the r-wsp group, followed by the L3 infected group

(13 � 0�70), whereas it was lowest (4 � 0�44) in the

L3 + Ab treated group (Fig. 1b; P ≤ 0�001). Mice in the

r-wsp + L3 + Ab treated group showed slightly higher

parasite burden (7�3 � 0�30) than the L3 + Ab group but

it was significantly less when compared with the L3

infected group (Fig. 1b; P ≤ 0�01). These findings show

that administration of neutralizing antibodies directed

against CD25 and GITR is helpful in reducing the para-

site burden in infected animals. We have previously

shown that immunizing mice with r-wsp promotes para-

site survival,13 hence an increase in parasite burden in the

r-wsp and r-wsp + L3 + Ab treated groups is in line with

our earlier findings.13

Anti-CD25 and anti-GITR treatment affects
eosinophil accumulation in the peritoneal cavity of
mice

Analysis of cytospins prepared from PECs of mice from

different treatment groups showed that mice in the

L3 + Ab group exhibited significantly decreased percent-

ages of eosinophils (15�6 � 0�88) in their peritoneal cav-

ity compared with the L3 group (23 � 3�7), (Fig. 1c;

P ≤ 0�001 between control and L3 + Ab groups and

P ≤ 0�01 between L3 and L3 + Ab groups). Also, mice in

the r-wsp and rwsp + L3 + Ab groups showed signifi-

cantly elevated percentages of neutrophils (28 � 0�50 and

31 � 1�00, respectively) compared with mice from other

groups (Fig. 1c; P ≤ 0�001 between control and

rwsp + L3 + Ab groups and P ≤ 0�001 between L3 and

rwsp + L3 + Ab groups). However, no differences were

seen with regard to the percentages of peritoneal macro-

phages and lymphocytes among different treatment

groups (Fig. 1c). These findings are interesting because

previous studies have shown that helminth infection

induces infiltration of eosinophilic granulocytes to host

tissues, which causes extensive tissue damage, whereas

inoculation of L3 into the peritoneal cavity of mice

recruits eosinophils.16 Also, studies have shown that Wol-

bachia delays apoptosis in neutrophils, which contributes

to persistent inflammation during filarial infection and

Table 1. Primer sequences used in real-time RT-PCR

Gene Forward primer (50–30) Reverse primer (50–30)

Arg1 CAGAAGAATG

GAAGAGTCAG

CAGATATGCAG

GGAGTCACC

Ym1 TCACAGGTCTG

GCAATTCTTCTG

TTTGTCCTTAGGA

GGGCTTCCTC

Fizz1 TCCCAGATAC

TGATGAGA

CCACTCTGGAT

CTCCCAAGA

iNOS TGCACTACCAA

GCCACAAAGCAG

AGTAAGAGCAGG

CAGCATAGCA

GAPDH ACGACCCCTT

CATTGACC

CCAGTGAGCT

TCCCGTTCAGC

T-bet GCCAGGGAA

CCGCTTATATG

GACGATCATCT

GGGTCACATTGT

GATA-3 CTACGGTGCA

GAGGTATCC

GATGGACGTC

TTGGAGAAGG
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could be the reason why we observed elevated neutrophil

counts in mice immunized with r-wsp.17

Treatment with anti-CD25 and anti-GITR antibodies
increases Th1 but decreases Th2 cytokine response

We evaluated the expression patterns of transcription

factors T-bet and GATA-3 in the PECs of mice from dif-

ferent treatment groups and found that T-bet was down-

regulated approximately 10-fold in L3 infected mice, but

increased to about sevenfold in the r-wsp treated group

and 17-fold in the r-wsp + L3 + Ab treated group

(P ≤ 0�001; Fig. 2a). Similarly, GATA-3 was up-regulated

approximately sevenfold in mice infected with L3, but

decreased about fivefold in the r-wsp treated group and

sixfold in mice belonging to the r-wsp + L3 + Ab treated

group (P ≤ 0�001; Fig. 2a). The increase in T-bet and

concomitant decrease in GATA-3 levels in r-wsp and

r-wsp + L3 + Ab treated mice was also reflected in

significantly elevated levels of the Th1 cytokine IFN-c in

the r-wsp, L3 + Ab treated and r-wsp + L3 + Ab treated

groups (Fig. 2b; P ≤ 0�05 between L3 and L3 + Ab

treated groups and P ≤ 0�001 between L3 and

r-wsp + L3 + Ab treated groups). We also observed

decreased levels of Th2 cytokine IL-10 in the r-wsp,

L3 + Ab treated and r-wsp + L3 + Ab treated groups

(Fig. 2c; P ≤ 0�001 between L3 and L3 + Ab treated

groups and P ≤ 0�001 between L3 and r-wsp + L3 + Ab

treated groups). These results show that infection with L3

not only promotes GATA-3 expression, which leads to

elevated Th2 cytokine production, but administration of

anti-CD25 and anti-GITR antibodies arrests GATA-3

expression and in turn promotes T-bet expression leading

to a dominant Th1 response.

Treatment with anti-CD25 and anti-GITR antibodies
increases the percentage of Th17 cells but decreases
Treg cell accumulation in the secondary lymphoid
organs of mice

Th17 cells play an important role in the establishment

and maintenance of a variety of chronic inflammatory

diseases, autoimmune disorders and in filarial infection.18

To study the role of Th17 cells and their interplay with

Treg cells, mice were treated with anti-CD25 and anti-

GITR antibodies as described in the Materials and meth-

ods. The results show that spleens in L3 + Ab treated

mice had marginally increased percentages of CD4+ Th17
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Figure 1. (a) Pictorial representation and

treatment schedule of mice. (b) Mice were

challenged intraperitoneally with 50 infective

larval stage 3 of Brugia malayi (L3) and killed

on day 7 post infection to recover pre-adults.

Parasite load among different groups is shown.

(c) Leucocyte differentials in peritoneal exu-

date cells present in different groups of mice

are shown. Giemsa-stained cytospin prepara-

tions were used to assess leucocyte differentials

by standard morphology and staining charac-

teristics. Statistical significance between differ-

ent groups is depicted as *P ≤ 0�05,
**P ≤ 0�01 and ***P ≤ 0�001 (n = 5 or n = 6

animals/group).
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cells (0�31 � 0�01) compared with the L3 infected group

(0�26 � 0�02), but it increased significantly in the r-

wsp + L3 + Ab treated group (0�59 � 0�008), (Fig. 3a;

P ≤ 0�001 between L3 and r-wsp + L3 + Ab treated

groups). The results were similar in MLNs where the

highest percentage of CD4+ Th17 cells was found in the

r-wsp + L3 + Ab treated group (0�54 � 0�003) compared

with the L3 (0�25 � 0�019) and L3 + Ab treated mice

(0�42 � 0�021), (Fig. 3a; P ≤ 0�01 between L3 and

L3 + Ab groups and P ≤ 0�001 between L3 and

r-wsp + L3 + Ab treated groups). Since Treg cells also

play an important role in promoting parasite survival by

suppressing the host’s effector T-cell response, we studied

the recruitment pattern of Treg cells in the secondary

lymphoid organs of mice following administration of

anti-CD25 and anti-GITR antibodies and found drastic

reduction in the accumulation of Treg cells in the spleens

of L3 + Ab treated mice (0�78 � 0�043) compared with

the L3 infected group (Fig. 3b; P ≤ 0�001). Interestingly,
mice in the r-wsp + L3 + Ab group showed even more

significant reduction in the percentages of Treg cells

(0�58 � 0�042) compared with L3 infected mice (Fig. 3b;

P ≤ 0�001). The results were similar in MLNs where

reduction in Treg cell percentage was noted in the

r-wsp + L3 + Ab treated group (0�67 � 0�010) compared

with the L3 (1�9 � 0�06) and L3 + Ab treated mice

(0�81 � 0�02), (Fig. 3b; P ≤ 0�001 between L3 and

L3 + Ab and P ≤ 0�001 between L3 and r-wsp + L3 + Ab

treated group). Taken together, these results show that

administration of anti-CD25 and anti-GITR antibodies

decreases the accumulation of Treg cells, but increases the

percentage of Th17 cells in the secondary lymphoid

organs of mice. Interestingly, immunization of mice with

r-wsp further enhances the accumulation of Th17 cells,

which might be helpful in breaking the immunological

tolerance in mice.

Anti-CD25 and anti-GITR treatment has no effect on
recruitment of inflammatory monocytes in mice

Patients with filariasis have impaired monocyte function,

which is reflected by their inability to produce cytoki-

nes/chemokines in response to activating stimuli and by

alteration in their basal gene expression. To study the

effect of anti-CD25 and anti-GITR administration on

the recruitment pattern of the inflammatory monocyte

subset in the secondary lymphoid organs, mice were

treated as described in the Materials and methods. The
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Figure 2. (a) Real time RT-PCR analysis of

mRNA expression levels of transcription factor

T-bet and GATA-3 from different groups of

mice. Values given are mean fold regulation

compared with uninfected control. Statistical

significance between different groups is

depicted as *P ≤ 0�05, **P ≤ 0�01 and

***P ≤ 0�001. (b,c) Cytokine levels in culture

supernatant of splenocytes from mice of differ-

ent treatment groups was estimated using

commercially available ELISA kits as described

in Materials and methods. Values represent

mean � SEM values from three separate

experiments (n = 5 or n = 6 animals/group).

Statistical significance between groups is

depicted as *P ≤ 0�05, **P ≤ 0�01 and

***P ≤ 0�001.
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Figure 3. Flow cytometric identification of (a) T helper type 17 (Th17) cells and (b) regulatory T (Treg) cells present in the spleens and mesen-

teric lymph nodes (MLNs) of mice from different groups. Figure is a representative dot plot from one of five animals.

ª 2015 John Wiley & Sons Ltd, Immunology, 147, 190–203196

M. Pathak et al.



results show almost no change in the percentages of

inflammatory monocytes (CCR2+, Ly6C/G+) in the

spleens (1�90 � 0�09) and MLNs (3�0 � 0�088) of L3

infected mice (Fig. 4) compared with untreated controls

(1�97 � 0�085 in control spleen and 2�8 � 0�088 in con-

trol MLN). However, inflammatory monocytes increased

significantly in spleens (3�3 � 0�12) and MLNs

(4�5 � 0�008) of r-wsp immunized mice compared with

controls (P ≤ 0�001 in both spleen and MLN), but no

difference was observed in the percentages of inflamma-

tory monocytes between the L3 and L3 + Ab groups.

Interestingly, mice in the r-wsp + L3 + Ab treated

group also showed a significant increase in the percent-

ages of inflammatory monocytes compared with the L3

group (P ≤ 0�001 in both spleen and MLN). These find-

ings are important, not only because they show that

treatment with anti-CD25 and anti-GITR does not affect

the recruitment pattern of inflammatory monocytes in

the secondary lymphoid organs of mice, but also

because they reconfirm earlier findings of our group

wherein we documented the inflammatory nature of

r-wsp.

Anti-CD25 and anti-GITR treatment up-regulates
CD40 expression on host dendritic cells

Antigen-presenting cell dysfunction is one of the mecha-

nisms used to explain the profound parasite-specific T-

cell hyporesponsiveness seen in chronic, patent lymphatic

filariasis.19 To study the effect of anti-CD25 and anti-

GITR administration on the maturation and activation

status of dendritic cells, mice were treated as described in

the Materials and methods. The results show similar per-

centages of splenic dendritic cells between the control and

L3 infected groups, but significantly increased dendritic

cell numbers were noted in the r-wsp immunized group

(4�0 � 0�037), L3 + Ab group (4�3 � 0�072) and was

highest in the r-wsp + L3 + Ab treated group

(5�5 � 0�006), (Fig. 5; P ≤ 0�01 between L3 and L3 + Ab

and P ≤ 0�001 between L3 and r-wsp + L3 + Ab treated

groups), similarly P ≤ 0�001 between control and r-wsp,

between control and L3 + Ab and between control and r-

wsp + L3 + Ab treated groups. Similar results were

obtained in MLNs where increasing percentages of den-

dritic cells were noted in the r-wsp immunized group

(3�4 � 0�05), L3 + Ab group (4�06 � 0�17) and r-

wsp + L3 + Ab treated group (5�4 � 0�17) (Fig. 5;

P ≤ 0�001 between L3 and L3 + Ab and between L3 and

r-wsp + L3 + Ab treated groups), similarly P ≤ 0�001
between control and r-wsp, between control and L3 + Ab

and between control and r-wsp + L3 + Ab treated

groups). However, surprisingly, we did not observe any

significant difference in the expression patterns of CD80

and CD86 in the spleens and MLNs of mice from differ-

ent treatment groups (see Supplementary material,

Fig. S2). These results show that administration of neu-

tralizing antibodies results in activation of dendritic cells,

which might help in the initiation of adaptive immunity

in infected hosts.

Anti-CD25 and anti-GITR treatment arrests
alternative activation of F4/80+ host macrophages

Filarial parasites have evolved mechanisms to down-regu-

late the classical activation pathway of macrophages and

in turn stimulate their induction towards an alternatively

activated phenotype.20 Alternatively activated macro-

phages predominantly express Arg1, Ym1 and Fizz1 and

show down-regulation of NOS2 expression. To study the

effect of anti-CD25 and anti-GITR administration on the

macrophages present in the secondary lymphoid organs,

mice were treated as described in the Materials and meth-

ods. The results show a significant increase in the per-

centages of macrophages in the spleens (6�9 � 0�26) and

MLNs (5�3 � 0�09) of L3 infected mice compared with

control (Fig. 6a; P ≤ 0�001). Interestingly, administration

of anti-CD25 and anti-GITR antibodies resulted in a sig-

nificant drop in the percentages of macrophages in the

spleens of mice in the L3 + Ab group (4�6 � 0�38) and

r-wsp + L3 + Ab treated group (3�5 � 0�25) compared

with the L3 infected group (Fig. 6; P ≤ 0�01 between L3

and L3 + Ab and P ≤ 0�001 between L3 and

r-wsp + L3 + Ab treated groups). Similar results were

obtained in the MLNs of L3 + Ab group (3�15 � 0�21)
and r-wsp + L3 + Ab treated group (2�7 � 0�31) com-

pared with the L3 infected group (Fig. 6; P ≤ 0�001
between L3 and L3 + Ab and between L3 and

r-wsp + L3 + Ab treated groups). Furthermore, adminis-

tration of anti-CD25 and anti-GITR was successful in

arresting the alternative activation of macrophages as was

evident by 6-, 2- and 2�5-fold decreased expression of

alternative activation markers Arg1, Ym1 and Fizz1,

respectively, in the L3 + Ab group compared with the L3

infected group (Fig. 6b). Interestingly, expression of

iNOS, the classical macrophage activation marker was

four-, three- and sixfold higher in the r-wsp, L3 + Ab

and r-wsp + L3 + Ab treated groups, respectively com-

pared with the L3 infected group (Fig. 6b). To further

confirm these findings, we measured the activity of argi-

nase in the culture supernatants of splenocytes of mice

from different treatment groups and found the highest

arginase activity (19 � 1�0 u/l) in the L3 treated group

which was reduced in r-wsp (9�5 � 0�50), L3 + Ab

(10�50 � 0�50) and r-wsp + L3 + Ab treated groups

(9�0 � 1�0), (Fig. 6c; P ≤ 0�001 between L3 and L3 + Ab

group and between L3 and r-wsp + L3 + Ab treated

group). These results show that infection with L3 gener-

ates an alternatively activated phenotype in the host that

is rescued by the administration of anti-CD25 and anti-

GITR antibodies.
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Figure 6. (a) Flow cytometric identification of macrophages present in the spleens and mesenteric lymph nodes (MLNs) of mice from different

groups. Figure is a representative dot plot from one of five animals. (b) Real time RT-PCR analysis of mRNA expression levels of classical (iNOS)

and alternative (Arg1, Ym1, Fizz1) activation markers from different groups of mice. Values given are mean fold regulation compared with unin-

fected control. Statistical significance between different groups is depicted as **P ≤ 0�01 and ***P ≤ 0�001. (c) Estimation of Arginase activity

present in the lysates of peritoneal exudate cells (PECs) from mice of different groups by ELISA. Data represents mean � SEM values from three

separate experiments (n = 5 or n = 6 in each group). Statistical significance between treated and control groups is depicted as ***P ≤ 0�001.
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Discussion

The role of Wolbachia in filarial pathogenesis is a matter of

intense investigation but its contribution to parasite sur-

vival or immune response is not completely clear. Previous

work by our group showed that Wolbachia surface protein

promotes a pro-inflammatory response by increasing the

accumulation of Th17 cells and decreasing the percentages

of Treg cells and cytokine TGF-b in the secondary lym-

phoid organs of mice. We also reported that this activity

of r-wsp was further enhanced in mice immunized with

r-wsp and challenged with Bm-L3, thereby underlining the

synergistic action of r-wsp and L3, which not only dimin-

ished host immunological tolerance but at the same time

led to an attenuated Th2 response and heightened Th1

response in infected animals.13

Previous studies have shown that functional hypore-

sponsiveness in filarial infection is associated with an

increase in the expression of Treg cell-associated markers

CD25, CTLA-4, and GITR and that co-stimulation of

GITR through agonistic monoclonal antibodies augments

the effector T-cell response,21,22 overcomes Foxp3+ Treg

cell-mediated suppression,10,23 and boosts resistance to

infection with helminths, protozoa and viruses.24 Anti-

CD25 antibody administration has also been shown to

reduce Foxp3+ cells by depleting natural Treg cells

in vivo.25 In the present study, we hypothesized that com-

bined administration of anti-CD25 and anti-GITR anti-

bodies might be more effective in breaking self-tolerance

than either antibody alone because of their more potent

synergistic action on the host Treg cell pool. Hence in the

current study, mice infected with L3 were treated with

neutralizing antibodies directed against CD25 and GITR

and the effect of these antibodies was evaluated in terms

of parasite burden and recruitment and activation pattern

of different leucocyte populations present in the sec-

ondary lymphoid organs of mice.

Our results demonstrate that in vivo administration of

neutralizing antibodies reduced parasite burden in L3

infected mice (L3 + Ab group) and decreased the per-

centage of Treg cells along with a concomitant increase in

the percentages of Th17 cells in the spleens and MLNs of

infected mice. Parasite burden was slightly higher in r-

wsp + L3 + Ab mice compared with L3 + Ab treated ani-

mals, which is not surprising because the inflammatory

milieu generated by r-wsp immunization provides the

parasites with an alternative mechanism to survive in

inflammatory conditions, which is more relevant in cases

where release of Wolbachia after post-drug treatment or

worm death provides tolerance to filarial infection.13,26,27

We also observed increased T-bet expression, which is an

important and critical regulator of the Th1 response, and

decreased GATA-3 expression, which orchestrates the Th2

cell migratory programme in r-wsp + L3 + Ab treated

mice, which was associated with elevated levels of the

Th1 cytokine IFN-c and decreased levels of the Th2 cyto-

kine IL-10. These findings lend support to our hypothesis

that combined administration of anti-CD25 and anti-

GITR antibodies dampens the protective immunity to

filarial parasites. To understand if administration of neu-

tralizing antibodies does affect the recruitment and accu-

mulation patterns of other leucocyte subsets like

inflammatory monocytes, macrophages and dendritic cells

in the secondary lymphoid organs of mice we estimated

the percentage of these cells in the secondary lymphoid

organs of mice and our rationale behind these experi-

ments was that previous reports had shown that filarial

infection causes impairment of monocyte function by

altering the basal gene expression of these cells as a result

of which they fail to produce cytokines/chemokines in

response to activating stimuli. Monocytes are divided into

two main subsets: a short-lived ‘inflammatory subset’ that

homes to inflamed tissue, where it can trigger immune

responses, and a ‘resident subset,’ with a longer half-life,

that homes to non-inflamed tissues.28 Inflammatory

monocytes express CCR2 and Ly6C/G in mice and CD14

and CD16 in humans, but on the contrary monocytes

from filaria-infected individuals have been shown to be

studded with internalized filarial antigens,29 due to which

they show altered lymphoproliferative responses.30,31 In

our study, significant increase in the percentages of

inflammatory monocytes was noted in the r-wsp immu-

nized group compared with untreated controls. However,

no major differences were observed between the L3 + Ab

group and r-wsp + L3 + Ab group, which shows that

immunization with r-wsp does generate an inflammatory

milieu within the host tissue that remains unaffected by

administration of neutralizing antibodies.

Studies in humans and animal models have demon-

strated that filarially induced immune inhibition extends

to many arms of the immune response, including den-

dritic cells,32,33 macrophages/monocytes and T cells and

that parasites secrete numerous molecules to aid in this

task.34 Many in vitro studies have also shown that differ-

ent life-cycle stages of the filarial parasite induce down-

regulation of activation markers, co-stimulatory molecules

and cytokines released by monocyte-derived macrophages

and dendritic cells.20 In fact, an important feature of filar-

ial infection is the significant expansion in F4/80+ macro-

phages at patency with development of a phenotype of

‘alternative activation’, which is distinct from the classical

phenotype.32,35 F4/80 antigen is a widely used marker for

murine macrophages and is expressed by all kinds of

macrophages present in spleen, lung, liver, peritoneal cav-

ity and nervous system.36,37 In the present study, F4/80+

macrophages increased significantly upon L3 infection;

however, hardly any change in their numbers was

reported in the r-wsp immunized group, L3 + Ab group

or r-wsp + L3 + Ab group, which again shows that as with

inflammatory monocytes, recruitment of macrophages
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remained unaffected by administration of neutralizing

antibodies. However, despite no change in the numbers

of F4/80+ macrophages, activation status of macrophages

differed significantly among different groups. We found

increased expression of alternative activation markers

Arg1, Ym1 and Fizz1 in L3 infected mice, which

decreased significantly in the L3 + Ab and

r-wsp + L3 + Ab treated groups. Interestingly, expression

of the classical activation marker iNOS was highest in the

r-wsp + L3 + Ab treated group which shows that admin-

istration of anti-CD25 and anti-GITR was helpful in pre-

venting alternative activation of host macrophages. Also,

when we measured arginase activity among different

groups of treated mice, we found the highest arginase

activity in the L3 treated group and lowest in the

L3 + Ab and r-wsp + L3 + Ab group highlighting the

significance of neutralizing antibodies in arresting

the alternative activation of host cells. In the current

study, we also evaluated the effect of anti-CD25 and anti-

GITR administration on the maturation and activation

state of dendritic cells because antigen-presenting cell dys-

function is responsible for parasite-specific T-cell hypore-

sponsiveness during lymphatic filariasis, and genes related

to antigen processing and presentation pathway exhibit

diminished expression after L3 inoculation.19,32 The

results show significantly increased activation status of

dendritic cells, as evident by increased expression of

CD40 in spleens and MLNs of mice in the r-wsp immu-

nized group and L3 + Ab group, and was highest in the

r-wsp + L3 + Ab group, which shows that administration

of anti-CD25 and anti-GITR antibodies helped in over-

coming parasite-induced suppression by increasing the

expression of co-stimulatory molecules on dendritic cells,

which might have helped in the initiation of adaptive

immunity in infected animals.

Taken together, our results show that anti-CD25 and

anti-GITR antibodies help in reducing the accumulation

of Treg cells in the secondary lymphoid organs of mice.

Neutralizing antibodies also help in increasing the accu-

mulation of Th17 cells, activation of host dendritic cells

and arresting the alternative activation of host cells, which

together result in heightened effector T-cell activity

thereby reducing parasite burden in treated animals. Such

approaches are useful and must be explored further in

greater detail to develop new adjuncts that have the abil-

ity to control the spread of filarial infection at the earliest

host–parasite interface.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Leucocytes present in the spleens and

mesenteric lymph nodes of different groups of mice were

estimated by flow cytometry as described in the Materials

and methods. Histograms represents mean � SEM per-

centages from at least three separate experiments (n = 5

or n = 6 in each group). Statistical significance between

different groups is depicted as *P ≤ 0�05; **P ≤ 0�01 and

***P ≤ 0�001.
Figure S2. (a,b) Surface expression patterns of CD80

and CD86 on dendritic cells present in the spleens and

mesenteric lymph nodes of mice from different groups.

Figure is a representative histogram plot from one of five

animals.
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