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Lymphatic filariasis causes global morbidity. Wolbachia, an endo-symbiotic intracellular bacterium of the
filarial nematode helps in their growth and development, regulates fecundity in female worms and con-
tributes to the immunopathogenesis of the disease. However, genes and proteins of Wolbachia that may
act as putative vaccine candidates are not known. In this study, we cloned recombinase-A protein of
Wolbachia from Brugia malayi (wBmRecA) and carried out its detailed biochemical and immunological
characterization. Bioinformatics analysis, circular dichroism and fluorescence spectral studies showed
significant sequence and structural similarities between wBmRecA and RecA of other alpha-proteo- bac-
terial species. wBmRecA was ubiquitously expressed in all the three major life stages of B. malayi, includ-
ing excretory-secretory products of the adult worm. In silico studies suggested immunogenic potential of
wBmRecA, and mice immunized with wBmRecA exhibited elevated levels of immunoglobulins IgG1,
IgG2a, IgG2b and IgG3 in their serum along with increased percentages of CD4+, CD8+ T cells and
CD19+ B cells in their spleens. Notably, splenocytes from immunized mice showed increased m-RNA
expression of T-bet, elevated proinflammatory cytokines IFN-c and IL-12, while peritoneal MUs exhibited
increased levels of iNOS, downregulated Arg-1 and secreted copious amounts of nitric oxide which con-
tributed to severely impaired development of the infective larvae (Bm-L3). Interestingly, sera from
immunized mice promoted significant cellular adherence and cytotoxicity against microfilariae and
Bm-L3. Importantly, wBmRecA demonstrated strong immuno-reactivity with bancroftian sera from
endemic normal individuals. These results suggest that wBmRecA is highly immunogenic, and should
be explored further as a putative vaccine candidate against lymphatic filariasis.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Human Lymphatic filariasis (LF) is a devastating vector borne
neglected tropical disease that is caused by Wuchereria bancrofti,
Brugia malayi and Brugia timori. Globally, 120 million people are
infected, 40 million people are debilitated, and 856 million people
are threatened by LF [1,2]. The disease damages the lymphatic sys-
tem and causes severe and permanent disability and social stigma
that leads to huge socioeconomic loses [2]. Presently Albendazole
in combination with either Ivermectin or Diethylcarbamazine
citrate (DEC) is the frontline chemotherapeutic option for prevent-
ing LF. However, since these drugs are mainly microfilaricidal, and
exhibit only limited adulticidal efficacy, there is an urgent and
unmet need for new and effective ways to treat LF [3–6].

Recently, Wolbachia, an obligate alpha-proteobacterial
endosymbiont of the filarial nematodes has been suggested as a
promising new target to control LF as it maintains a mutualistic
relationship, regulates fecundity in female worms, and plays an
indispensable role in worm development and survival [7–9]. Fur-
thermore, Wolbachia contributes to pathological manifestations
of LF, and its depletion eventually leads to death of the adult
worms, making it an attractive target for anti-filarial drug therapy
[7,10–13]. However, information about genes and proteins of Wol-
bachia that may act as putative vaccine candidates is relatively
unknown. In this study, we focused our attention on Recombinase
A (RecA) protein that is evolutionary conserved in many bacterial
species and plays a crucial role in maintaining the integrity of
the bacterial genome. RecA monomer consists of three domains;
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the central domain is involved in DNA and ATP binding while
amino and carboxy domains are important for the formation of
RecA polymer and interfilamentous associations respectively.
Besides being involved in homologous recombination and recom-
binational DNA repair, the two processes that maintain genome
stability and genetic diversification, Rec A also acts as a co-
protease for the LexA protein which is a repressor of genes encod-
ing DNA repair proteins (SOS genes). Upon DNA damage, LexA
catalyses its own digestion in the presence of ssDNA-RecA fila-
ment, thereby allowing synthesis of necessary SOS proteins. Thus,
RecA plays a crucial role in SOS response that allows bacteria to
survive sudden increase in DNA damage [14–18].

Here, we cloned, expressed and purified RecA ortholog from
Wolbachia endosymbiont of B. malayi (wBmRecA) and evaluated
its prophylactic potential.

2. Materials and methods

2.1. Animals and parasite

Six- to eight-week-old BALB/c mice were used for all experi-
ments in accordance with our Institutional Animal Ethical Commit-
tee guidelines. B. malayi was maintained in Mastomys coucha, and
the third infective larval stage of the parasite (Bm-L3, n = 50)
recovered from infected Aedes aegypti was used to infect mice
(i.p.). Control animals received sterile phosphate-buffered saline
(i.p.).

2.2. Bioinformatics studies, cloning and biophysical studies of
wBmRecA

Detailed methodology is given in the supplementary file.

2.3. Antibody generation and immunoblotting

Antibody against recombinant wBmRecA (r-wBmRecA) was
generated, and its specificity was confirmed via immunoblotting
as described earlier [19].

2.4. Presence of wBmRecA in different life stages of parasite

Total RNA from Adult worms (AW), Bm-L3 and Mf was isolated;
reverse transcribed and amplified using wBmRecA gene specific
primers. For immunoblotting, protein lysate from different life
stages was used, resolved on to 12% SDS-PAGE and detected using
anti-wBmRecA antibodies as described earlier [20,21]. To ascertain
the presence of wBmRecA in the excretory-secretory (ES) product,
female worms (n = 4/ml) were maintained in vitro in serum-free
RPMI 1640 medium that was subsequently concentrated, and pro-
cessed for SDS-PAGE analysis. Anti-wBmRecA antibody and goat
anti-mouse IgG-HRP antibody was used to detect wBmRecA as
described earlier [19].

2.5. Immunization of mice

BALB/c mice were immunized with r-wBmRecA as described
previously [22]. Next, they were divided into four groups with 6
mice each. Animals in group 1 received PBS (non-immunized
control group), animals in group 2 received Freund’s complete
adjuvant (FCA) and Freund’s incomplete adjuvant (FIA) in PBS
(Adjuvant group). Animals in the third group received
r-wBmRecA, while animals in the fourth group received
r-wBmRecA along with the adjuvant (r-wBmRecA+FCA). One week
after the final booster, 3 mice from each group were randomly
selected and euthanized to measure various immune parameters.
Additionally, sera was collected and stored at �20 �C for subse-
quent experiments. Remaining mice were used for protection stud-
ies as described earlier [19].
2.6. Estimation of wBmRecA specific immunoglobulins

Antibody titers were measured in the sera of mice by indirect
ELISA as described earlier [19] and subtyping was done using com-
mercially available antibody isotyping kit (Sigma-Aldrich, USA).
2.7. In vitro antibody dependent cell mediated cytotoxicity (ADCC)

Peritoneal exudate cells (PECs; 1 � 106) from naive mice were
cultured in the presence of immunized or non-immunized mouse
serum along with Live Mf (�100) or Bm-L3 (�20) and cellular
adherence and cytotoxicity to parasite stages was examined micro-
scopically as described earlier [23]. Percentage killing of Bm-L3 or
Mf was calculated using the formula (Number of dead Bm-L3 or
Mf/Total number of Bm-L3 or Mf) � 100.
2.8. Isolation of peritoneal exudate cells and splenocytes

PECs and splenocytes were isolated following previously pub-
lished protocols [24,25]. Erythrocytes in the splenocytes fraction
were lyzed and cells were suspended in ice cold MACS buffer
[1 � PBS pH 7.2, 0.5% bovine serum albumin (BSA), 2 mM EDTA]
for further use.
2.9. Flow cytometry

Splenocytes (1 � 106 cells) were incubated with CD4-FITC, CD8-
PE and CD19-FITC monoclonal antibodies (BD Biosciences, USA)
and subjected to flow-cytometric analysis as described earlier
[26]. Acquisition was done on FACS Calibur using Cell quest
software (BD Biosciences, USA) and analysis was done using
FACS-DiVA software.
2.10. Real time RT-PCR

RNA from splenocytes and peritoneal MUs was isolated, quanti-
fied, reverse transcribed and processed for real time RT-PCR using
the SYBR green master mix as described previously [25,27]. Primer
sequences listed in Supplementary Table 1 were either taken from
previously published reports [28,29] or were designed using the
Primer3 input software (http://bioinfo.ut.ee/primer3-0.4.0/).
2.11. ELISA

Splenocytes (�2 � 106) were incubated with either LPS (1 lg/
mL) or r-wBmRecA (2.5 lg/mL) for 48 h at 37 �C in a humidified
CO2 incubator and concentrations of Th1 (IFN-c, IL-12) and Th2
cytokines (IL-4 and IL-10) were measured in the culture super-
natant using ELISA kit (R&D, USA) [30].
2.12. Estimation of nitric oxide (NO)

PECs were plated for 2 h in a humidified CO2 incubator at 37 �C.
Thereafter, supernatant was removed and adherent cells (mostly
MUs; 1 � 106 cells/well) were cultured for an additional 48 h with
either r-wBmRecA (2.5 lg/mL) or LPS (1 lg/mL). NO generation
was quantified by measuring the accumulation of nitrite in culture
supernatant using Griess reagent [29].

http://bioinfo.ut.ee/primer3-0.4.0/
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2.13. In vitro lymphocyte proliferation

Splenocytes (�0.5 � 106) were stimulated with either r-
wBmRecA (2.5 lg/ml), concanavalin A (2.5 lg/ml) or LPS (1 lg/
mL) for 48 h in a humidified CO2 incubator at 37 �C. Thereafter,
mitochondrial activity as a measure of T-cell proliferation was
measured by XTT assay as described earlier [31].
2.14. Sero-reactivity of wBmRecA

Sero-reactivity of r-wBmRecA was ascertained using sera from
W. bancrofti infected individuals viz. endemic normals (EN),
asymptomatic microfilariaemics (MF+), or symptomatic microfila-
raemic carriers (SYMPT) based on the clinical manifestations and
presence or absence of microfilariae (Mf) in the blood as described
earlier [19].
2.15. Statistical analysis

Data shown are mean ± standard deviation (SD) of at least two-
three different sets of independent experiments containing 3–5
animals/group. Human sera sample size was 10 individuals/group.
Results were analyzed by Student’s t test or one-way ANOVA fol-
lowed by Dunnett’s post-test using Graph Pad Prism software (ver-
sion 5.0). P value of �0.05, �0.01, and �0.001 between different
Fig. 1. Sequence analysis and evolutionary relationship of wBmRecA. (A) Multiple sequ
performed using CLUSTALW software. Identical and similar residues are denoted by red c
the alignment. The amino acid residues involved in ATP binding (phosphate binding P
Complete species name and their respective gene bank accession number/swissprot are
pestis (YP_002348203.1), Vibrio cholerae (EET24901.1), Haemophilus influenzae (NP_438
endosymbiont of Culex quinquefasciatus (WP_007302323.1), Wolbachia endosymbiont of
(WP_011256625.1) Agrobacterium tumefaciens (WP_003495306.1) Bacillus subtilis (NP_38
tuberculosis (NP_217253.1). (B) Evolutionary relationship of wBmRecA was studied by c
bacterial species. Multiple sequence alignments of these sequences were obtained from C
6.0. (For interpretation of the references to color in this figure legend, the reader is refe
groups were considered significant, highly significant, and very
highly significant respectively.
3. Results

3.1. Sequence analysis and phylogenetic studies of wBmRecA

Multiple sequence alignment revealed that wBmRecA was 92%
identical with RecA of Wolbachia endosymbiont of Armadillidium
vulgare, Culex quinquefasciatus, and Drosophila simulans, while
>60% similar to RecA from other bacterial species (Fig. 1A) Phyloge-
netic tree showed that RecA formed a distinct cluster that was fur-
ther subdivided into three branches containing RecA proteins from
alpha-proteo bacteria (group I), beta and gamma proteobacteria
(group II) and gram positive bacteria (group III). Detailed analysis
showed that wBmRecA was most closely associated with group I
(Fig. 1B).
3.2. Cloning, expression and purification of recombinant wBmRecA

wBmRecA gene was PCR amplified and an amplicon of 1068 bp
was obtained (Fig. 2A, lane1). Next, it was cloned into pTZ57R/T
(T/A) cloning vector (Supplementary Fig. 1) and sub-cloned into
pET28a vector for over-expression into the bacterial system.
wBmRecA-pET28a clone was confirmed through DNA sequencing
ence alignment of wBmRecA amino acid sequence with other RecA sequences was
olor background and boxed, respectively. The secondary structure is displayed onto
-loop), single and double strand DNA binding are represented as bold underline.
as follows: Escherichia coli (NP_417179.1), Salmonella typhi (NP_457222.1), Yersinia
757.1), Wolbachia endosymbiont of Armadillidium vulgare (AIT39401.1), Wolbachia
Drosophila simulans (WP_010963008.1), Wolbachia endosymbiont of Brugia malayi
9576.2), Staphylococcus aureus (WP_000368166.1/AAK15276.1), and Mycobacterium
onstructing phylogenetic tree using a total set of 31 RecA sequences from different
LUSTALW and bootstrapped neighbor-joining tree was obtained using MEGA version
rred to the web version of this article.)



Fig. 2. Cloning, overexpression, purification and western blotting of wBmRecA. (A) wBmRecA gene was PCR amplified using gene specific primers from genomic DNA and
cloned in expression vector pET28a as described in materials and methods. Lane M - DNA ladder, lane 1 - amplified wBmRecA gene, lane 2 - undigested pET28a vector, lane 3 -
undigested construct wBmRecA-pET28a, lane 4 - NcoI and XhoI digested wBmRecA-pET28a. (B) Recombinant wBmRecA-pET28a was transformed into E. coli strain BL21 (DE3,
lane 2 and 3) and BL21 (DE3) Rossetta strain (lane 4 and 5) and induced with IPTG (0.5–1.0 mM) at 37 �C. (C) Soup and pellet fractions from induced whole cell lysates were
separated on 12% SDS–PAGE. (D) Recombinant construct wBmRecA-pET28a was transformed and overexpressed in E. coli, BL21 (DE3) Rossetta strain at different temperatures
(0.5 mM IPTG). Following IPTG induction soup and pellet fractions were separated and analyzed on 12% SDS–PAGE. (E) Purification of recombinant wBmRecA from soluble
fraction was carried out using Ni-NTA affinity chromatography. (F) Specificity of wBmRecA was analyzed by western blotting using anti-His and anti-wBmRecA antibodies.

574 M. Gangwar et al. / Vaccine 37 (2019) 571–580
and restriction digestion (Fig. 2A, lane 2–4) and showed retarded
mobility in comparison to pET28a vector (Fig. 2A, lane 2 and 3).
Restriction digestion of wBmRecA-pET28a liberated a fragment of
1068 bp equal to that of wBmRecA (Fig. 2A, lane 4).

Next, wBmRecA-pET28a clone was transformed in BL21 (DE3)
and Rossetta strain of E.coli and induced with IPTG. Rossetta strain
showed enhanced expression of wBmRecA with 1 mM IPTG as
compared to BL21(DE3) strain (Fig. 2B). Most wBmRecA (�80%)
aggregated and accumulated as inclusion bodies in the pellet,
and only �15–20% was observed in the soup (Fig. 2C), hence, pro-
tein expression conditions were optimized and best results were
seen with 0.5 mM IPTG, at 20 �C temperature for 16 h (Fig. 2D).
Next, r-wBmRecA was purified to �90% purity using Ni-NTA col-
umn chromatography and a single band of 40 kDa was obtained
(Fig. 2E), this was further verified by MALDI-TOF analysis and
found to be 39574.23 Da (Supplementary Fig. 2A). Specificity of
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r-wBmRecA was further confirmed by immunoblotting using com-
mercially available anti-His and generated anti-wBmRecA antibod-
ies (Fig. 2F).
3.3. wBmRecA is present in all the major life-cycle stages of B. malayi

RT-PCR (Fig. 3A) and immunoblotting (Fig. 3B) showed presence
of wBmRecA (�38 kDa) in all the life stages of B. malayi with high-
est expression seen in adult worms followed by Bm-L3 and Mf.
Notably, anti-wBmRecA antibodies showed cross reactivity with
ES product from female worms highlighting the secretory nature
of wBmRecA (Fig. 3C).
3.4. wBmRecA is a potent immunogen and anti-wBmRecA antibodies
provide protection to the host

In silico studies revealed highly immunogenic nature of
wBmRecA (Supplementary Tables 3 and 4). Also, mice immunized
with r-wBmRecA showed significantly elevated levels of antigen
specific IgG antibody (Fig. 4A) as well as concentrations of IgG1,
IgG2a, IgG2b and IgG3 but not that of IgA and IgM when com-
pared to other groups (Fig. 4B). Also, PECs cultured in the pres-
Fig. 3. Expression of wBmRecA in different life stages of B. malayi (A) RT-PCR analysis u
worms (AW); lane 2 - third stage infective larva (Bm-L3); lane � 3 microfilariae (Mf).
subjected to western blotting using anti-wBmRecA antibody. (C) Cross reactivity of anti- w
in case of control sera. Lane M: Protein molecular weight marker; Lane 1: ES product tre
ence of serum from r-wBmRecA immunized mice showed
considerable cellular adherence to the surface of Bm-L3 and Mf
as compared to sera from non-immunized mice (Fig. 4C and E)
resulting in death of Bm-L3 (53.87%) and Mf (64.03%) within
48 h of incubation (Fig. 4D and F). Furthermore, larval develop-
ment in immunized mice was severely impaired with 53.01%
and 64.50% reduction observed in the recovery of Bm-L3 in r-
wBmRecA and r-wBmRecA+adjuvant group respectively as com-
pared to control and/or adjuvant administered mice (Fig. 4G).
Interestingly, wBmRecA exhibited strong immuno-reactivity with
human bancroftian sera from EN individuals, followed by MF+
and SYMPT individuals, but no cross-reactivity was observed with
sera from NEN individuals (Fig. 4H). Taken together these results
showed that anti-wBmRecA antibodies provided protection to the
host.
3.5. Immunization with wBmRecA recruits lymphocytes in the spleens
of mice

Multi-colour immunophenotyping showed significant expan-
sion of CD4+ T helper cells, CD8+ T cytotoxic cells and CD19+ B cells
in the spleens of r-wBmRecA immunized mice (Fig. 5A–D). While
sing cDNA from different stages of B. malayi. Lane M - DNA ladder; lane 1 - adult
(B) Protein lysate from Bm-L3, Mf and AW was resolved onto 12% SDS-PAGE and
BmRecA antibody with ES product from female worms. No reactivity was observed
ated with anti-wBmRecA antibodies; Lane 2: ES product treated with control sera.



Fig. 4. Host protective nature of wBmRecA. (A) IgG titers, (B) r-wBmRecA specific Immunoglobulins in pooled sera of mice. (C–F) Peritoneal exudate cells from naive mice
were separately cultured with (C) Bm-L3 and (E) Mf in the presence or absence of sera from r-wBmRecA immunized animals and (D) Bm-L3 and (F) Mf killing was observed
microscopically. Representative images (C and E) were taken by phase contrast microscope (Carl-Ziess, Germany) at 10� (Bm-L3) and 20�magnification (Mf). Boxed region of
the respective image was further photographed at 40� magnification. Images are representative from one of the three independent experiments. (G) Recovery of Bm-L3 in
mice from different treatment groups. (H) Sero-reactivity of wBmRecA with human bancroftian serum samples. Lane 1- Protein molecular weight marker; lane 2- serum from
endemic normal (EN); lane 3- serum from asymptomatic microfilariaemic carriers (MF+); lane 3- serum from symptomatic microfilariaemic (SYMPT) and lane 4- serum from
non-endemic normal (NEN) controls. Data shown are mean ± SD values from three independent experiments having 3–5 mice/group. Statistical significance between
experimental groups was calculated by one-way ANOVA with Dunnett’s post-test (A-B, G) and Student’s t test (D, F) using Graph Pad Prism version 5.0 and indicated as
*p < 0.05; **p < 0.01 and ***p < 0.001.

576 M. Gangwar et al. / Vaccine 37 (2019) 571–580
both CD4+ and CD8+ T cells almost doubled (15% CD4+ Th cells in
control and 31.8% CD4+ Th cells in immunized mice; 8.8% CD8+

Tc cells in control and 16.2% CD8+ Tc cells in immunized mice), that
of CD19+ B cells increased by 1.3-fold in immunized mice (50.6%
CD19+ B cells in control and 64.7% CD19+ B cells in immunized
mice) (Fig. 5A–D). These results showed that T and B lymphocytes
helped in boosting the host immune response thereby attenuating
parasite growth and development.



Fig. 5. Immunophenotyping of T and B lymphocytes in the spleens of mice. (A–C) Percentages and (D) representative flow cytometry dot plots of (A) CD4+ T helper cells, (B)
CD8+ T cytotoxic cells and (C) CD19+ B cells present in the spleens of different groups of mice as enumerated by multicolor flow cytometry using fluorochrome conjugated
monoclonal antibodies. Data shown are mean ± SD values from three independent experiments having 3–5 mice/group. Statistical significance between experimental groups
was calculated by one-way ANOVA with Dunnett’s post-test using Graph Pad Prism (version 5.0) and indicated as **p < 0.01 and ***p < 0.001.
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3.6. Immunization with wBmRecA generates Th1 biased pro-
inflammatory response

r-wBmRecA alone or in combination with adjuvant significantly
upregulated Th1 transcript T-bet in splenocytes, while almost no
change was reported for Th2 transcript GATA-3 (Fig. 6A). Notably,
upregulation of T-bet was marked by 6-fold and 4-fold increased
transcript levels of pro-inflammatory cytokines IFN-c and IL-12
in immunized mice as compared to adjuvant administered mice
(Fig. 6B). Interestingly, moderate increase in the transcripts of IL-
4 and IL-10 was also observed, but this was significantly lower
when compared to the overall transcript levels of Th1 cytokines
(Fig. 6B). Peritoneal MUs from immunized mice also showed
increased transcript levels of iNOS along with concomitantly
reduced expression of Arg-1 which showed that immunization
with r-wBmRecA generated a biased Th1 pro-inflammatory
response that classically activated peritoneal MUs and arrested
their alternative activation (Fig. 6C).

Assessment of wBmRecA specific recall response showed that
concentration of IFN-c and IL-12 increased significantly, while that
of IL-4 and IL-10 increased moderately in immunized mice which
corroborated with our real time RT-PCR data (Fig. 6D–G). Similarly,
peritoneal MUs from r-wBmRecA immunized mice produced sig-
nificantly higher nitric oxide (NO) as compared to non-
immunized animals. (Fig. 6H). Similarly, r-wBmRecA induced pro-
liferation of lymphocytes from immunized animals which proved
its ability to generate a strong memory T helper cell response
(Fig. 6I).
4. Discussion

Lymphatic filariasis is a major health problem due to lack of a
safe adulticidal drug and absence of any effective vaccine that
can control the disease [1,2,32–34]. In recent years, new advances
in the understanding of the disease etiology have offered hope by
targeting the filarial endosymbiont Wolbachia because of its mutu-
alistic relationship with the parasite and its unambiguous role in
regulating the fecundity in female worms [12].

Past research has shown that the removal of Wolbachia using
tetracycline class of antibiotics results in sterilization of the
female worm [10,35–38]. However, duration and dose of treat-
ment coupled with the risk of introducing resistance against
antibiotics means that such strategies cannot be adopted on a
mass scale [7,10,11,13,35]. Previously we showed that recombi-
nant Wolbachia surface protein (r-Wsp) induced expansion of



Fig. 6. Host immune response to wBmRecA. Transcript levels of (A) T-bet and GATA-3, (B) IFN-c, IL-12, IL-4 and IL-10, and (C) Arg1 and iNOS were ascertained in either
splenocytes or peritoneal MUs frommice of different experimental groups using SYBR green chemistry and fold changes were calculated using 2^-DDCT method as described
in material and methods. b-actin served as internal reference control. Splenocytes were stimulated by either LPS or r-wBmRecA and concentrations of (D) IFN-c, (E) IL-12, (F)
IL-4 and (G) IL-10 were measured in the culture supernatant by ELISA. (H) Nitric oxide (NO) levels present in the culture supernatant of peritoneal MUs was estimated by
Griess assay. (I) Lymphocyte proliferation was assessed by XTT-dye based assay by stimulating splenocytes with either LPS, concanavalin A (Con A) or recombinant wBmRecA
as described in materials and methods section. Data shown are mean ± SD values from three independent experiments having 3–5 mice/group. Statistical significance
between experimental groups was calculated by one-way ANOVA with Dunnett’s post-test using Graph Pad Prism (version 5.0) and indicated as *p < 0.05; **p < 0.01 and
***p < 0.001.
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Th-17 cells, which was further enhanced by neutralization of reg-
ulatory T cells leading to reduced parasite burden in Bm-L3
infected mice [22,28].

Since very limited information is available regarding the genes
and proteins of Wolbachia that can be targeted, we set out to
explore genes and proteins of Wolbachia that may act as possible
vaccine candidates. We came across RecA protein which plays an
important role in the maintenance of bacterial genome integrity
under basal and stress (SOS response) conditions [18], thus making
it a vital factor for further characterization in Wolbachia [14,15].
In-silico analysis showed that very high sequence similarity existed
between wBmRecA and RecA of other species, while phylogenetic
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studies showed wBmRecA to be most closely associated with
alpha-proteo bacteria.

Cloning, characterization, CD and fluorescence spectroscopic
studies showed that r-wBmRecA was a �40 kDa protein with
mixed a/b topology. Further investigations revealed ubiquitous
nature of wBmRecA as it was expressed during all the major life
stages of B. malayi and was also found in the ES products of the
female worm. Interestingly, r-wBmRecA immunized mice
responded with significantly high host protective IgG antibodies
and robust expansion of antigen specific IgG1, IgG2a IgG2b, and
IgG3 immunoglobulins along with moderate increase in the levels
of IgM and IgA which highlighted generation of a mixed Th1 and
Th2 response. Of note, Th1 cells drive a dominant IgG2a response
and to a lesser, but significant extent, isotype switching to IgG1
and IgG2b, whereas Th2 cells induce Ig isotype switching to IgG1
which confirms the established notion that immunoglobulins play
a major role in mediating protection to filarial infections and that
protective immunity to filarial infection requires co-ordination of
both Th1 and Th2 responses. Similarly, pentameric IgM antibodies
have been shown to play major role in parasite killing in vitro and
in vivo, while the expansion of secretory IgA antibodies is impor-
tant for mucosal associated parasitic infections [39]. In fact, studies
have shown that immunoglobulins are required for eliciting an
optimal immune response against filarial infection which res-
onates with the findings of the present study [40,41].

Mice immunized with r-wBmRecA and challenged with Bm-L3
showed significant reduction in the recovery of pre-adult parasites
(Bm-L4 stage). These results were further supported by in vitro
ADCC assay where prominent cell adhesion and killing of Bm-L3
and Mf was observed when these parasite stages were incubated
with PECs in the presence of immunized mouse serum. In sum,
these results showed that increased titers of different
immunoglobulins provided significant protection against Bm-L3
which corroborated with previously published reports [42].

r-wBmRecA immunizedmice also showed significant expansion
of CD4+ T helper cells, CD8+ T cytotoxic cells and CD19+ B cells
which was noteworthy as filarial infections are associated with
impaired parasite specific proliferative responses, as well as down
regulation of CD4+ T cell responses [43]. It is worth mentioning
that while T cells are absolutely critical for elimination of filarial
infection, both T and B cells are required for protective immunity.
Though we did not look specifically into the role of plasma cells in
the present study, but elevated levels of serum immunoglobulins
might signify expansion of plasma cells.

r-wBmRecA immunized mice also responded with a mixed
T-helper response albeit with a skewed Th1 bias that was charac-
terized by elevated levels of Th1 transcription factor T-bet, and
cytokines IFN-c and IL-12 in their spleens. Notably, splenocytes
from immunized mice also induced proliferation of lymphocytes,
while peritoneal MUs showed increased transcript level of iNOS
and high secretion of nitric oxide along with concomitantly down-
regulated expression of Arg-1. These results highlighted the classi-
cal activation of MUs (CAMs) and signified that immunization with
r-wBmRecA successfully prevented the polarization of splenic MUs
fromM1 (classical activation) to M2 phenotype (alternative activa-
tion) which was noteworthy as infection with B. malayi has been
reported to hijack the classical activation pathway in host MUs,
while promoting an alternatively activated phenotype (AAMs) that
help in parasite establishment and survival within the host.

Interestingly, wBmRecA showed highest cross reactivity with
human bancroftian sera collected from endemic normal individu-
als which suggested that humans infected with W. bancrofti con-
tained anti-wBmRecA antibodies thereby underscoring the
prophylactic potential of wBmRecA. In summary, we demonstrate
that immunization with r-wBmRecA elicits a robust host protective
immune response that contributes to reduced parasite burden in
infected animals. Further studies in a permissive rodent model will
be needed to fully explore the immunoprophylactic potential of
wBmRecA, and evaluate its potential as a putative vaccine candi-
date against lymphatic filariasis.
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