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ABSTRACT

Eosinophils play a central role in the pathogenesis of

tropical pulmonary eosinophilia, a rare, but fatal, mani-

festation of filariasis. However, no exhaustive study has

been done to identify the genes and proteins of eosin-

ophils involved in the pathogenesis of tropical pulmonary

eosinophilia. In the present study, we established a

mouse model of tropical pulmonary eosinophilia that

mimicked filarial manifestations of human tropical pul-

monary eosinophilia pathogenesis and used flow

cytometry-assisted cell sorting and real-time RT-PCR to

study the gene expression profile of flow-sorted, lung

eosinophils and lung macrophages during tropical pul-

monary eosinophilia pathogenesis. Our results show

that tropical pulmonary eosinophilia mice exhibited in-

creased levels of IL-4, IL-5, CCL5, and CCL11 in the

bronchoalveolar lavage fluid and lung parenchyma along

with elevated titers of IgE and IgG subtypes in the serum.

Alveolar macrophages from tropical pulmonary eosino-

philia mice displayed decreased phagocytosis, attenu-

ated nitric oxide production, and reduced T-cell

proliferation capacity, and FACS-sorted lung eosinophils

from tropical pulmonary eosinophilia mice upregulated

transcript levels of ficolin A and anti-apoptotic gene

Bcl2, but proapoptotic genes Bim and Bax were down-

regulated. Similarly, flow-sorted lung macrophages

upregulated transcript levels of TLR-2, TLR-6, arginase-1,

Ym-1, and FIZZ-1 but downregulated nitric oxide

synthase-2 levels, signifying their alternative activation.

Taken together, we show that the pathogenesis of

tropical pulmonary eosinophilia is marked by functional

impairment of alveolar macrophages, alternative acti-

vation of lung macrophages, and upregulation of anti-

apoptotic genes by eosinophils. These events combine

together to cause severe lung inflammation and com-

promised lung immunity. Therapeutic interventions that

can boost host immune response in the lungs might thus

provide relief to patients with tropical pulmonary eosin-

ophilia. J. Leukoc. Biol. 99: 619–628; 2016.

Introduction

TPE is a rare and serious inflammatory disorder of the lungs that
is seen in a small minority of patients infected with the filarial
parasites Wuchereria bancrofti and Brugia malayi [1]. Although the
hypersensitive response of eosinophils due to degranulation and
release of antigenic constituents of microfilariae entrapped in
the lung vasculature of infected persons causes TPE, untreated
TPE can lead to lung fibrosis and even death [2]. The clinical
symptoms of TPE include peripheral eosinophilia, eosinophilic
alveolitis, and parasite-specific IgE and IgG antibodies in serum,
and lung lavage and lung biopsies of such patients show the
dominance of eosinophils that correlate with the pathologic
manifestations of TPE.
Although eosinophils have been a subject matter of intense

investigation during helminthes infections, their study has been
complicated by their relatively fragile nature and low numbers
present under homeostatic conditions, making their isolation and
subsequent comparisons between healthy and infected individuals
extremely difficult. Moreover, the dual nature of eosinophils
under different diseased conditions results in both protective and
pathologic outcomes (e.g., eosinophils help in parasite killing, but
activated eosinophils are injurious to the host, because they secrete
many inflammatory molecules that have immunomodulatory
effects on the host immune system) [3–6]. It is this behavior of
eosinophils that has made the immunologic etiology of TPE very
confusing and complicated [6]. However, even so, no exhaustive
study has been done to identify the genes and proteins of
eosinophils that play a central role in the pathogenesis of TPE.
In the present study, we developed a mouse model of TPE

that exhibited cardinal features of human TPE pathogenesis
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and used FACS combined with real-time RT-PCR to analyze the
gene expression patterns of flow-sorted, highly purified lung
eosinophils and macrophages. The results of the study showed
elevated levels of eosinophil chemoattractants and Th2
cytokines in the BAL fluid and lung parenchyma of TPE mice
that correlated with heavy eosinophil infiltrations and patho-
logic manifestations in the lungs of infected animals. FACS
eosinophils from TPE mice exhibited upregulated mRNA levels
of the anti-apoptotic gene, Bcl2, and proapoptotic genes Bim
and Bax were significantly downregulated. Furthermore, AMF

from TPE mice showed functional impairment, and lung
macrophages were alternatively activated. Taken together, we
show that host lung immunity is severely compromised during
TPE pathogenesis; therefore, strategies that can boost the
immune response in the lungs might provide relief to persons
with TPE.

MATERIALS AND METHODS

Animals
Animals were procured from the national animal house facility of Council of
Scientific and Industrial Research–Central Drug Research Institute and were
used according to the guidelines of the institutional animal ethics committee.
BALB/c mice were used to establish a mouse model of TPE, and previously
infected Meriones unguiculatus [Mongolian jird (or gerbil)] were used for
recovery of Bm-mf.

Reagents
Collagenase-1, DNase-1, MTT, Griess reagent, FITC-dextran, concanavalin-A,
and mouse Ig subtyping kit were all purchased from Sigma-Aldrich (St.
Louis, MO, USA). cDNA synthesis kit and SYBR green master mix were
purchased from Applied Biosystems (Perkin Elmer, Forster City, CA, USA).
Lymphocyte separation media were purchased from Lonza (Walkersville,
MD, USA). May-Grünwald-Giemsa stain and H&E stains were purchased
from Merck & Co. (Darmstadt, Germany). CD11c, F4/80, and CD4 MACS kit
were purchased from Miltenyi Biotec (Bergisch-Gladbach, Germany). Trizol
reagent and F4/80 anti-mouse monoclonal antibody were purchased from
Invitrogen (Paisley, United Kingdom). PDCA-1 anti-mouse monoclonal
antibody was purchased from eBioscience (San Diego, CA, USA). The IL-5
ELISA kit, mouse cytometric bead array kit, and all other anti-mouse
monoclonal antibodies (i.e., CD11c, CD11b, CD8a, CD45, Gr-1, Siglec-F,
MHC-II, and CD49d) were purchased from BD Biosciences (Heidelberg,
Germany).

Development of mouse model of TPE
A mouse model of TPE was developed essentially as described previously [7].
In brief, the peritoneal cavities of previously infected gerbils were lavaged, and
microfilariae were separated from contaminating leukocytes using lymphocyte
separation media. The animals were separated into 3 groups. The animals in
group 1 (sham infected) received PBS intravenously. The animals in group 2
received a single dose of 2 3 105 live Bm-mf (primary infection control).
Finally, the animals in group 3 were first sensitized by 3 repeated
subcutaneous doses of 1 3 105 frozen Bm-mf spaced 1 week apart, followed by
a gap of 1 week and subsequent administration of 2 3 105 live Bm-mf. After
another gap of 10 d, the animals in group 3 exhibited the typical
manifestations of TPE (TPE group).

BAL fluid and estimation of cytokines
The animals were sacrificed, and BAL fluid was collected into 2 separate
aliquots of 1.5 ml and 4.5 ml, as described previously [8]. Supernatant from
the 1.5-ml aliquot was used for estimation of cytokines using the mouse

cytometric bead array kit or ELISA, and cells from the fractions were pooled,
counted, and used to estimate leukocyte differentials, as described previously
[9]. In brief, BAL fluid cells from different treatment groups were
cytocentrifuged at 600 rpm for 8 min, and the deposited cells were fixed and
stained with May-Grünwald-Giemsa stain. Leukocytes were classified as
eosinophils, neutrophils, and mononuclear cells according to the cellular
staining and morphology characteristics. In each case, 200 cells were counted,
and the percentage of each type of cell was calculated. The remaining BAL
fluid cells were used to estimate the NO levels, phagocytosis, and T-cell
proliferation capacity, as described in the subsequent sections.

Estimation of NO production, phagocytosis, and T-cell
proliferation ability of AMF
AMF were isolated, as described previously [10]. In brief, BAL fluid cells were
plated for 2 h in a CO2 incubator. Thereafter, the supernatant was removed,
and the adherent cells (mostly macrophages) were counted and cultured for
an additional 48 h. The NO levels were estimated in the culture supernatant
by Greiss reagent, as described previously [11]. For estimation of phagocytosis,
AMF were cultured in the presence of FITC-dextran (1 mg/ml) for 2 h, and
the increase in FITC fluorescence was measured using flow cytometry, as
described previously [12]. For estimation of T-cell proliferation, CD4+ T cells
purified from the spleens of naive mice using CD4 magnetic beads were
cocultured with AMF in the presence of concanavalin A for 48 h.
Mitochondrial activity, as a measure of T-cell proliferation, was subsequently
measured by MTT assay, as described previously [11].

Lung histopathologic examination
The mice were sacrificed and their lungs gently perfused with ice-cold PBS
supplemented with 2 mM EDTA until visually free of blood. Next, the lungs
were infused with neutral-buffered formalin, carefully excised, and immersed
in formalin for 24 h at room temperature. After fixation, lungs were
embedded in paraffin, sectioned into 5-mm-thick sections, and stained with
H&E for assessment of the overall inflammatory response, as described
previously [13].

Flow cytometry and sorting of lung eosinophils
and macrophages
The mouse lungs were carefully perfused, excised, cut into small pieces, and
incubated for 30 min in a digestion medium containing 2 mg/ml
collagenase and 80 U/ml DNase-1. Thereafter, the digested lung tissue was
processed into single cell suspension by passage through a 40-mM cell
strainer. CD11c-positive cells (mostly lung macrophages and DCs) were
enriched using CD11c beads, as described previously [9], and both CD11c-
positive and CD11c-negative cell fractions were collected. Monoclonal
antibodies directed against CD11c, CD11b, CD8a, F4/80, and PDCA-1 were
used for immunophenotyping the lung leukocyte subsets present in the
CD11c-positive cell fraction, and monoclonal antibodies directed against
CD45, Gr-1, CD49d, CD11b, Siglec-F, and MHC-II were used for immuno-
phenotyping the cells present in the CD11c-negative cell fraction. In a
separate set of experiments, single cell lung suspensions from $5–6
identically treated mice were pooled and enriched using F4/80 beads. Lung
eosinophils and lung macrophages were then sorted from this fraction on a
high-speed FACS Aria flow cytometer (BD Biosciences) fitted with a 70-mm
nozzle, as described previously [9]. In brief, flow cytometric data were
acquired on 5-decade log-scale dot plots displaying FSC area vs. side scatter
area to exclude contaminating dead cells and debris. A second hierarchy
gate was set in FSC-A vs. FSC-H dot plot to exclude cell doublets. Thereafter,
the cell populations within the FSC-A/FSC-H dot plot were segregated
according to their differential expression profile of the stated markers. After
sorting, the sorted cells were subjected to postsort analysis to ascertain their
purity, and a small fraction was used to prepare cytospins. The remaining
cells were immediately lysed in Trizol reagent to extract total cellular RNA.
The details of the antibodies, their clones, and their fluorochrome
specification are listed in Table 1.
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Total cellular RNA isolation, cDNA synthesis, and
real-time RT-PCR
Total cellular RNA was isolated, quantified, and reverse transcribed, as
described previously [8]. In brief, total cellular RNA was isolated using
Trizol reagent and quantified using NanoDrop 2000 spectrophotometer
(Thermo Scientific, Hudson, NH, USA). Isolated RNA was subjected to
DNase-1 treatment (1 U/mg RNA) to rule out any traces of genomic DNA
contamination, and only those RNA preparations exceeding A260/280

$1.90 were processed for reverse transcription and real-time RT-PCR
analysis. Reactions were run on an iQ5 cycler (Bio-Rad, Hercules, CA,
USA) using the SYBR green master mix. b-Actin was used as the reference
gene, and the mean fold changes were calculated using the 22DDCT

method [14]. Primer sequences were either taken from previously
published reports [15] or were designed using the Primer3 input software
(http://bioinfo.ut.ee/primer3-0.4.0/). The primer sequences designed by
us are listed in Table 2.

Statistical analysis
All data are presented as mean 6 SD derived from 3 independent
experiments, with $5–6 animals per group. Statistical analysis was performed
using the Student t test, and P # 0.05, P # 0.01, and P # 0.001 between the
different groups were considered significant, highly significant, and very
highly significant, respectively.

RESULTS

TPE mice show lung eosinophilia, elevated levels of IgE
and IgG in serum, and rapidly clear microfilariae from
the peripheral circulation
Different groups of mice were infected as described in Materials
and Methods (Fig. 1A). The results showed that TPE mice rapidly
cleared microfilariae from the peripheral circulation by
10 d after infection compared with the primary infection control
mice (Fig. 1B; P # 0.001). Also, cytospins from the BAL fluid of
TPE mice showed higher leukocyte counts, with domination of
eosinophils and macrophages compared with either control (Fig.
1C and D). Eosinophils constituted 30% of the total BAL fluid
cell pool in the TPE mice and was about 25-fold (P # 0.001) and
7-fold (P # 0.001) greater than those in the sham-infected and
primary infection control mice, respectively (Fig. 1C). Histo-
pathologic analysis of the TPE mice lungs also revealed damaged
lung architecture, thickened septa, and heavy perivascular and
peribronchiolar leukocytic infiltrations, which were absent in
either control group (Fig. 1D). Elevated titers of IgE, IgG1,
IgG2a, IgG2b, and IgG3 were also noted in the serum of TPE

mice (Fig. 1E and F). Overall, these results show that infection
with live Bm-mf alone does not cause pathologic manifestations
in the lungs; however, sensitization with Bm-mf, followed by
administration of live microfilariae, led to the development of
TPE [6].

Eosinophil chemoattractants and Th2 cytokines
dominate lung cytokine milieu in TPE mice
AMF from TPE mice showed elevated transcript levels of Th2
cytokines IL-4 (P # 0.01) and IL-5 (P # 0.05), along with the
eosinophil chemoattractant CCL11 (P # 0.01) and the monocyte
chemoattractant CCL2 (P # 0.05). The levels of Th1 cytokine IL-
12 decreased significantly (P # 0.001) compared with those in
the primary infection control mice (Fig. 2A). Similarly, the lung
parenchymal cells from the TPE mice showed significantly
upregulated levels of IL-4 (P# 0.01), IL-5 (P# 0.05), and CCL11
(P # 0.01), and the levels of IL-12 were downregulated (P #

0.01). Low expression levels of IL-10 (P # 0.05), CCL-2 (P #

0.05), and CCL-5 (P # 0.01) were observed in the TPE mice
compared with the levels in the primary infection control mice.
However, no significant differences were observed in the
expression levels of the other mediators studied (Fig. 2B). We
validated these findings at the protein level and found that
changes at the transcript level were largely preserved (Fig. 3).
Although the levels of the proinflammatory cytokines IL-6,
TNF-a, and IFN-g were significantly higher in the primary
infection control mice (P # 0.001), we did not observe any major
change in the level of IL-17. These results suggested domination
of eosinophil chemoattractants and Th2 cytokine milieu in
the lungs of the TPE mice.

Neutrophils and eosinophils increase in the lungs of
TPE mice
Immunophenotyping of the leukocyte subsets present in the
lungs of mice from different treatment groups was performed
using a combination of different surface markers, as described
previously [16, 17]. Lung DCs and macrophages were identified
in the CD11c-positive fraction, and eosinophils were identified in
the CD11c depleted fraction, as described previously [18]. Our
results revealed significantly reduced percentages of AMF

(CD11chi, F4/80pos), plasmacytoid DCs (CD11cmid, PDCA-1pos),
lymphoid DCs (CD11cpos, CD11bneg, CD8apos), resident mono-
cytes (CD45pos, Gr1neg, CD49dpos), and inflammatory monocytes
(CD45pos, Gr1mid, CD49dpos) in the lungs of TPE mice (Fig.
4A–C). The percentages of IMF (CD11cmid, F4/80pos), neu-
trophils (CD45pos, Gr1hi, CD49dlo/mid), and eosinophils
(CD45pos, Gr1low, CD49do/mid, CCR3hi) increased compared
with the levels in the sham-infected and primary infection
control mice (Fig. 4A–C). However, no major change was seen
in the percentage of myeloid DCs (CD11cpos, CD11bhi, CD8aneg,
Fig. 4A–C) among the different groups. Eosinophils from the
TPE mice showed downregulation of surface receptor CCR-3
(Fig. 4B; P # 0.05 between the TPE and sham infected groups
and P # 0.001 between the TPE and primary infection control
groups). Taken together, these results show impaired traffick-
ing of major APCs in the lungs of TPE mice, and reduced
percentages of AMF might result from the early apoptosis of
these cells, as reported previously [19–21].

TABLE 1. Specification of monoclonal antibodies

Antigen Clone Fluorochrome Company

F4/80 BM8 Pac Blue Invitrogen
PDCA-1 eBio927 PE eBioscience
CD11c HL3 FITC BD Bioscience
CD11b M1/70 APC BD Bioscience
CD8a 53-6.7 PerCP Cy5.5 BD Bioscience
CD45 30-F11 PerCP BD Bioscience
Gr-1 RB6-8C5 V450 BD Bioscience
Siglec-F E50-2440 PE BD Bioscience
MHC-II 2G9 FITC BD Bioscience
CD49d R1-2 PE BD Bioscience
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AMF are functionally impaired during
TPE pathogenesis
AMF are the main phagocytic cells in the lungs and play a
central role in the regulation of eosinophilia [22]. AMF from
TPE mice displayed impaired phagocytosis, which was evident by
reduced uptake of FITC-labeled dextran beads (MFI 39.13 6
2.84) compared with the sham-infected (MFI 52.9 6 2.47) and
primary infection control (MFI 46.60 6 3.47) mice (Fig. 5A; P #

0.05 for both comparisons). Furthermore, they showed a
significantly reduced NO production capacity (Fig. 5B; P # 0.001
between the TPE and sham-infected groups and P # 0.01
between the TPE and primary infection control groups) and
drastically attenuated T-cell proliferation capacity (Fig. 5C; P #

0.01 between the TPE and sham-infected groups and P # 0.05
between the TPE and primary infection control groups),
signifying their complete functional impairment during TPE
pathogenesis.

Eosinophils from TPE mice upregulate anti-apoptotic
gene, and lung macrophages are alternatively activated
Lung eosinophils (CD45pos, MHC IIneg, Siglec Fpos) and lung
macrophages (CD45hi, MHC IIpos, Siglec Fpos) were sorted from
mice of different treatment groups, as described in Materials and
Methods. The postsort analysis and May-Grünwald-Giemsa–
stained cytospin preparations of sorted cells confirmed their very
high purity ($98%; Fig. 6A). Real-time RT-PCR analysis of flow-
sorted eosinophils from TPE mice showed significantly upregu-
lated levels of ficolin A (P # 0.01), a secretary protein, and the
levels of FIRE (P # 0.01) and inhibitory tyrosine receptors (P #

0.001; Axl) were heavily downregulated (Fig. 6B). Eosinophils
from TPE mice upregulated Bcl-2, a key anti-apoptotic gene, and
the proapoptotic genes, Bim (P # 0.05) and Bax (P # 0.01), were
significantly downregulated (Fig. 6B). No significant differences
were, however, observed in the expression levels of other
eosinophil proteins studied (Fig. 6B).
Similarly, flow-sorted macrophages from TPE mice upregu-

lated the key alternative activation marker, Arginase-1 (P# 0.05),
and eosinophil chemotactic proteins Ym-1 (P # 0.05) and FIZZ-1
(P # 0.01). However, the classic activation marker, NOS-2, was
significantly downregulated (P # 0.05; Fig. 6C). These results
showed alternative activation of lung macrophages in TPE mice.
Similarly, lung macrophages from TPE mice significantly
upregulated the levels of TLR-2 and TLR-6 (Fig. 6D; P # 0.01 for
both). However, the levels of TLR-4 and TLR-7 were significantly
downregulated (Fig. 6D; P # 0.01 for both). Quite interestingly,
TLR-3 was upregulated in the primary infection control mice
(Fig. 6D; P # 0.01), but no significant differences were observed
in the other TLRs studied.

DISCUSSION

The exact mechanism behind the pathogenesis of TPE is not
clear; however, the heavy influx of eosinophils into the lungs of
TPE patients is believed to contribute to the pathologic features
of TPE, much the same as eosinophils have been implicated in
the pathogenesis of many other allergic diseases [22–26].
However, no exhaustive study has been done to identify the
genes and proteins of eosinophils that might be responsible for

TABLE 2. Primer sequences used for real-time RT-PCR

Sr. No. Gene Forward primer (59-39) Reverse primer (59-39)

1 IL-10 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG
2 IL-12 CTCAGGATCGCTATTACAATTCCT TTCCAACGTTGCATCCTAGGATC
3 CCL2 TTAAAAACCTGGATCGGAACCAA GCATTAGCTTCAGATTTACGGGT
4 CCL5 TGCCTCACCATATGGCTCGG GGACTAGAGCAAGCGATGAC
5 CCL11 GCAGAGCTCCACAGCGCTTC AGTCCTTGGGCGACTGGTGT
6 CCL24 GCTCTGCTACGATCGTTG AGCAAACTTGGTTCTCACTG
7 ARG-1 GTATGACGTGAGAGACCACG CTCGCAAGCCAATGTA
8 NOS-2 GTTCTCAGCCCAACAATACAAGA GTGGACGGGTCGATGTCAC
9 FIZZ-1 CCAATCCAGCTAACTATCCCTCC ACCCAGTAGCAGTCATCCCA
10 YM-1 CAGGTCTGGCAATTCTTCTGAA GTCTTGCTCATGTGTGTAAGTGA
11 MBP GAGCGTCTGCTCTTCATCTG GAACTTCCATCAACCCATCG
12 FCNA GGAGAAAGGCGATACAGGAG TTGGACTGGTGGCAGTTGTG
13 EPX CATACATGAAGGTGGCATCG CTCTCGAAACCGTGGTGATG
14 FIRE CTGGAATGCTGCTTATCTGGTC GACATTTCTCATGGGGCTCAAT
15 Bcl-2 ATGCCTTTGTGGAACTATATGGC GGTATGCACCCAGAGTGATGC
16 Bim CCCGGAGATACGGATTGCAC GCCTCGCGGTAATCATTTGC
17 Bax TGAAGACAGGGGCCTTTTTG AATTCGCCGGAGACACTCG
18 TLR-1 TGAGGGTCCTGATAATGTCCTAC AGAGGTCCAAATGCTTGAGGC
19 TLR-2 CACCACTGCCCGTAGATGAAG AGGGTACAGTCGTCGAACTCT
20 TLR-3 GTGAGATACAACGTAGCTGACTG TCCTGCATCCAAGATAGCAAGT
21 TLR-4 ATGGCATGGCTTACACCACC GAGGCCAATTTTGTCTCCACA
22 TLR-5 GCAGGATCATGGCATGTCAAC ATCTGGGTGAGGTTACAGCCT
23 TLR-6 TGAGCCAAGACAGAAAACCCA GGGACATGAGTAAGGTTCCTGTT
24 TLR-7 ATGTGGACACGGAAGAGACAA GGTAAGGGTAAGATTGGTGGTG
25 TLR-8 GAAAACATGCCCCCTCAGTCA CGTCACAAGGATAGCTTCTGGAA
26 TLR-9 ATGGTTCTCCGTCGAAGGACT GAGGCTTCAGCTCACAGGG
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the TPE pathogenesis. Although eosinophils increase under
allergic and inflammatory conditions, they are often accompa-
nied by other contaminating leukocytes, making their isolation
and comparisons between homeostatic and diseased conditions
extremely difficult.
In the present study, we used FACS combined with real-time

RT-PCR to study the changes in the gene expression patterns of
the flow-sorted lung eosinophils and macrophages in a mouse
model of TPE. In addition, we performed immunophenotyping
studies of the different leukocyte subsets present in the lungs of
TPE mice and investigated the role of AMF during TPE
pathogenesis. We compared our results with those from sham-
infected mice that had received PBS and primary infection
control mice that had received only live microfilariae. The
rationale behind using 2 different controls was that although the
TPE mice represented a pathologic condition, the sham-infected
and primary infection control mice represented the homeostatic
and nonpathologic setting, respectively, which helped us in
understanding and comparing the gene expression profile of
eosinophils under 3 different conditions. This comparative
rationale finds resonance in an earlier work by Cadman et al. [6],
who showed that eosinophils offer protection during primary

infection with Bm-mf, and their activation during a secondary
challenge (eg, in the case of TPE) results in injurious lung
pathologic features.
In the present study, TPE mice exhibited peripheral eosino-

philia, eosinophilic alveolitis, and elevated titers of IgE and IgG
subtypes in the serum, in agreement with previous reports [7].
Moreover, eosinophils from TPE mice downregulated surface
expression of CCR3, which is responsible for differentiation and
activation of eosinophils during inflammatory processes [27].
Higher expression of CCL-5 and CCL-11 during TPE could be
responsible for CCR-3 downregulation, because CCR-3 internal-
ization has been reported after prolonged exposure of eosino-
phils with CCR-3 ligands [28]. Also, studies have reported that
IL-3–mediated downregulation of CCR-3 in human eosinophils
[29]. Thus, the exact role of CCR-3 during TPE pathogenesis
needs evaluation. Because the cytokine milieu helps in de-
termining the immunologic etiology of any disease [30], we
elucidated the prevailing cytokine milieu in the lungs of TPE
mice. Our results showed elevated levels of eosinophil chemo-
attractants, IL-5 and CCL11, in the lungs of TPE mice. This is an
important finding, because CCL-11 has been shown to interact
with CCR-3, thereby promoting maturation, activation, and

Figure 1. Mouse model of TPE. (A) Schematic
representation of the animal treatment protocol
for establishment of the mouse model of TPE.
BALB/c mice were infected with either live BM-
mf (primary infection control) or sensitized and
challenged with BM-mf (TPE mice) at indicated
time points. Immunologic studies were per-
formed as described in Materials and Methods.
(B) Comparison of microfilariae (mf) counts in
the blood of primary infection control and TPE
mice. (C) Total and differential leukocyte counts
in different groups of infected mice. (D) May-
Grünwald-Giemsa–stained cytospins from BAL
fluid (upper) and H&E–stained lung sections
(lower) of mice lungs from different groups of
infected mice. (E and F) Concentration of
parasite-specific IgE and IgG subtypes, IgM, and
IgA in sera of mice from different treatment
groups. Data are representative of 3 independent
experiments with 5–6 mice per group. *P # 0.05,
**P # 0.01, and ***P # 0.001 was considered
significant, highly significant, and very highly
significant, respectively.
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differentiation of eosinophils [27]. Also, previous studies of
CCL-11 KO mice have shown drastically reduced eosinophil
counts and alleviated airway hyperresponsiveness, highlighting
the importance of CCL11 and CCR3 interactions [31].
Similarly, elevated levels of Th2 cytokines and the presence of
AAMF, such as were observed in the present study, could be
additional factors responsible for promoting pulmonary eosin-
ophilia. Previous studies have documented reversal of patho-
logic symptoms in mice after attenuation of Th2 cytokines [32,
33]. AAMF have been shown to aid in the recruitment of
eosinophils from the peripheral circulation [25].
Surprisingly, monocyte recruitment was hampered in TPE

mice despite increased transcript levels of the monocyte
chemoattractant, CCL2, in their BAL fluid. This was an
unexpected finding, because CCL2 has been shown to exert its
protective role in the activation of macrophages and induction of
eosinophilia [34]. However, this observation could have resulted
from either filaria-induced monocyte dysfunction [35, 36], or
induction of a regulatory monocyte/macrophage phenotype
which suppresses innate and adaptive immune responses in
B. malayi–infected animals [37]. However, as expected, reduced

monocyte counts corroborated with reduced AMF in the lungs
of TPE mice, which might have resulted from either impaired
differentiation of monocytes into macrophages or early apoptosis
of macrophages during filarial infection. Although we did not
directly address the apoptosis issue in the present study, previous
reports have documented the role of caspases in causing
apoptosis during filarial infection [19]. Moreover, it is important
to reconcile the findings from Semnani et al. [20]. They showed
that B. malayi contains a homolog of human macrophage
inhibitory factor, which activates monocytes and macrophages to
produce IL-8 and TNF-a. This suggests that parasite-derived
products also serve to induce indirect apoptosis through
induction of cytokines and chemokines [20]. Finally, we believe
that apoptosis of macrophages could also have resulted from
microfilaria-induced cell death, a key feature seen during TPE
pathogenesis [21].
We also observed rapid clearance of microfilariae from the

peripheral circulation of the TPE mice. This signifies 2 points.
First, this indicates entrapment of microfilariae into the
pulmonary vasculature of these animals. Second, it highlights an
important correlation with the hypersensitive response, as
reported previously [6, 38]. The results of the present study also
yielded interesting insights into the functional status of AMF in
TPE mice. Our findings showed considerable functional impair-
ment, which was evident by their reduced phagocytosis capacity,
drastically attenuated NO release capacity, and an inability to
cause T-cell proliferation. Also, flow-sorted, and thus highly
purified, lung macrophages exhibited an alternatively activated
profile, with downregulated NOS and elevated Arg-1, Ym-1, and
FIZZ-1 transcription levels. These findings are interesting,
because classically activated macrophages not only eliminate
airway hyperresponsiveness but also offer protection against
many pathogens [39]. Also, AAMF help in helminth survival and
cause pulmonary eosinophilia [25, 40]. Similarly, IMF, which

Figure 2. mRNA expression profile of cytokines. Real-time RT-PCR was
used to measure the transcript levels of the different cytokines present
in (A) BAL fluid and (B) lung parenchyma of different groups of
infected mice. Data are representative of 3 independent experiments
with 5–6 mice per group. *P # 0.05, **P # 0.01, and ***P # 0.001 was
considered significant, highly significant, and very highly significant,
respectively.

Figure 3. Concentration of different cytokines. Mouse cytometric bead
assay kit or ELISA was used to measure concentrations of different
cytokines present in the BAL fluid of different groups of infected mice.
Data are representative of 3 independent experiments with 5–6 mice
per group. *P # 0.05, **P # 0.01, and ***P # 0.001 was considered
significant, highly significant, and very highly significant, respectively.
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help in maintaining lung homeostasis, were increased in the
lungs of TPE mice. This might have resulted from the prevailing
inflammatory conditions in the lungs, because these cells
exaggerate pulmonary inflammation, thereby contributing to-
ward the pathologic manifestations observed during TPE [41,
42]. Taken together, these findings are novel, especially in the
context of exploring the therapeutic potential of alternative
activation pathways of macrophages, because the functional
adaptivity of macrophages allows for reversal of phenotypes with
proinflammatory stimuli that can be used for therapeutic
benefits [23].
Among the other leukocyte subset studied, neutrophils in-

creased in the lungs of the TPE mice. This might have resulted
from the degenerating Wolbachia present inside the microfilariae,
which releases neutrophil chemoattractants [43], or the presence
of monocytes, which help in alveolar neutrophil emigration
during inflammatory conditions [44]. Also, the contribution of
increased expression of TLR-2 on macrophages cannot be ruled

out, because increased TLR2 expression has been implicated in
neutrophil recruitment during hypersensitivity pneumonitis
[45]. Similarly, reduced percentages of plasmacytoid DCs and
lymphoid DCs, but not myeloid DCs, in the lungs of TPE mice
could be a result of either microfilaria-induced death of APCs, as
reported previously [46], or a microfilaria-induced inflammatory
response, because pDCs have been shown to induce regulatory
T cells in the lungs that aid in allergen-specific tolerance [47, 48].
However, it is important to note that although the exact
mechanism of parasite-induced cell death is still a matter of
investigation, what is clear, is that neither Fas/FasL expression
nor NO activation of caspases underlies the apoptosis seen
in APCs [19]. Also, even those DCs that remain alive are
functionally impaired to produce inflammatory cytokines [46].
Furthermore, downregulation of lymphoid DCs can be linked to
type 2 immunity during TPE pathogenesis, because they have
been reported to induce a Th1 response in a mouse model [49].
pDCs have been shown to exhibit a regulatory role and drive a

Figure 4. Identification of different leukocyte
subsets present in the lungs of mice. (A) Gating
strategy for identification of DC and macrophage
subsets present in the CD11c-positive cell fraction
of mice from different treatment groups. (B)
Gating strategy for identification of neutrophils,
eosinophils, resident, and inflammatory mono-
cytes present in the CD11c-negative cell fraction
of mice from different treatment groups. (C)
Percentages of respective respiratory leukocyte
subsets present in the lung digests of mice from
different treatment groups. Data are representa-
tive of 3 independent experiments, with $ 5–6
animals per group. *P # 0.05, **P # 0.01, and
***P # 0.001 was considered significant, highly
significant, and very highly significant, respec-
tively. AM = alveolar macrophages, DC = den-
dritic cells, Eos = eosinophils, IM = interstitial
macrophages, Inf. Mono = inflammatory mono-
cytes, LDC = lymphoid dendritic cells, Neutro =
neutrophils, pDC = plasmacytoid dendritic cells,
Res. Mono. = resident monocytes.
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potent Th1 polarization both in vitro and in vivo [50]. However,
some contradictory studies have reported that pDCs induce Th2
polarization of allogeneic naive T cells [51]; thus, their exact role
in T-cell polarization during TPE pathogenesis needs to be
evaluated in greater detail.

Considering the importance of TLRs in sensing pathogen-
associated molecular patterns, we investigated the expression
patterns of TLRs in flow-sorted lung macrophages and found
selective upregulation of TLR-2 and TLR-6, with subsequent
downregulation of TLR-4 and TLR-7. This is important, because
downregulation of TLR-4 has been correlated with AAMF [52],
and TLR-2–dependent functional anarchy of AMF has been
reported during a secondary challenge with B. malayi [53].
Finally, flow-sorted lung eosinophils from TPE mice revealed

significantly upregulated levels of ficolin A, a lectin molecule
involved in the activation of complement pathways, which aids in
parasite killing [54, 55]. However, other eosinophil surface
receptors (i.e., Axl and FIRE) were significantly downregulated.
This finding is significant, because Axl is not only upregulated
during maturation and activation of eosinophils in the lungs [25,
56], but previous studies have also documented the potential
involvement of Axl in the removal of apoptotic cells under
inflammatory conditions. The absence of Axl and the down-
regulation of FIRE have been reported during infection with
other helminths, where they exaggerate inflammatory conditions
in the lung [25, 57]. Furthermore, we also evaluated the key gene
of the intrinsic apoptotic pathways and found that Bcl-2, a key

Figure 5. Assessment of AMF functions. (A) Measurement of phagocy-
tosis capacity of AMF after incubation with FITC-Dextran. (B)
Estimation of NO production by macrophages. (C) Estimation of T-cell
proliferation capacity of AMF after coculturing with CD4+ T cells. Data
are representative of 3 independent experiments, with $5–6 animals
per group. *P # 0.05, **P # 0.01, and ***P # 0.001 was considered
significant, highly significant, and very highly significant, respectively.

Figure 6. Sorting of lung eosinophils and macro-
phages and assessment of their gene expression
profile. (A) Gating strategy for identification of
lung eosinophils and macrophages present in
F4/80-enriched lung digests of mice from differ-
ent treatment groups. Postsort dot pots and May-
Grünwald-Giemsa–stained cytospins illustrate very
high purity ($98%) of sorted cells. (B) mRNA
expression level of cell surface markers and
apoptotic and anti-apoptotic genes present in
flow-sorted eosinophils. (C) mRNA expression
level of classic and alternative activation markers
present in purified lung macrophages. (D)
mRNA expression level of different TLRs present
in purified lung macrophages. Data are repre-
sentative of 3 independent experiments, with
5–6 mice per group. *P # 0.05, **P # 0.01, and
***P # 0.001 was considered significant, highly
significant, and very highly significant,
respectively.
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anti-apoptotic gene, was upregulated in eosinophils, along with
significantly downregulated levels of the proapoptotic genes Bim
and Bax. This result was along expected lines, because Bcl
proteins have been shown to delay apoptosis in eosinophils [58].
This means that eosinophils, by doing so, stayed longer in the
inflamed lungs of TPE mice without becoming phagocytosed
and, therefore, were able to release excessive amounts of
cytosolic proteins, contributing to TPE pathogenesis. The
prolonged survival of eosinophils in the airways is maintained by
Th2 cytokines and is supported by the neutralization of IL-4 and
IL-5, which leads to eosinophils apoptosis and alleviates
pathogenesis in the mice model [59, 60]. In TPE patients,
eosinophilia is also driven by Th2 cytokines, and the clinical
relevance of the present study is supported by the similar
behavior of human eosinophils in the presence of GM-CSF, IL-3,
and IL-5 [59, 60]. Furthermore, anti-inflammatory drugs such as
glucocorticoids and leukotriene antagonists promote eosinophil
apoptosis and alleviate asthmatic symptoms in patients,
strengthening the hypothesis that anti-apoptotic genes play an
important role in the pathogenesis of TPE [61, 62].
In conclusion, we have shown that the pathogenesis of TPE is

marked by functional impairment of AMF, alternative activation of
lung macrophages, and upregulation of anti-apoptotic genes by
eosinophils. Together, these events compromise host lung immunity
and contribute to exaggerated pathologic manifestations in the
lungs. A deeper understanding of the immunomodulatory roles of
eosinophils is clearly needed, because targeting the eosinophil
apoptosis pathway can boost host lung immunity, which could be
beneficial to patients experiencing the filarial manifestations of TPE.
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