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Abstract

Lymphatic filariasis (LF) affects 120 million people around the world and another 856 million
people are at risk of acquiring the infection. Mass Drug Administration (MDA) spearheaded by the
World Health Organization is the only current strategy to control this infection. Recent reports
suggest that despite several rounds of MDA, elimination has not been achieved and there is a need
for more stringent control strategies for control of LF. An effective prophylactic vaccine combined
with MDA has significant potential. Initial trials using a prophylactic trivalent recombinant Brugia
malayiheat shock protein 12.6, abundant larval transcript 2 and tetraspanin large extra cellular
loop (rBmHAT) vaccine developed in our laboratory conferred only 35% protection in macaques.
Therefore, the focus of the present study was to improve the current vaccine formulation to obtain
better protection in non-human primates. We made two modifications to the current formulation:
(i) the addition of another antigen, thioredoxin peroxide (TPX-2) to make it a tetravalent vaccine
(rBmHAXT) and (ii) the inclusion of an adjuvant; AL019 (alum plus glucopyranosyl lipid
adjuvant-stable emulsion) that is known to promote a balanced Th1/Th2 response. A double-
blinded vaccination trial was performed with 40 macaques that were divided into three treatment
groups and one control group (7= 10/group). Vaccinated animals received 4 immunizations at
month intervals with 150 pg/ml of rBmHAT plus alum, rBmHAT plus AL019 or rBmHAXT plus
AL019. Control animals received AL019 only. All vaccinated macaques developed significant
(P<0.003) titers of antigen-specific IgG antibodies (1:20,000) compared with the controls. One
month after the last dose, all macaques were challenged s.c. with 130-180 B. malayrL3s. Our
results showed that seven out of 10 (70%) of macaques given the improved rBmHAXT vaccine did
not develop the infection compared with AL019 controls, of which seven out of 10 macaques
developed the infection. Titers of antigen-specific IgG1 and 1gG2 antibodies were significantly
(P<0.01) higher in vaccinated animals and there was an increase in the percentage of IL-4 and
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IFN-+y secreting antigen-responding memory T cells. These studies demonstrated that the
improved formulation (rBmHAXT plus AL019) is a promising vaccine candidate against human
lymphatic filariasis.
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1. Introduction

Lymphatic filariasis (LF) is a chronic tropical filarial parasitic infection caused by
Wichereria bancrofti, Brugia malayiand Brugia timori and is transmitted by mosquitoes.
The disease is characterized by severe physical disability and morbidity in infected
individuals (Brady and Global Alliance to Eliminate Lymphatic Filariasis, 2014). Significant
progress has been made in the last decade to interrupt the transmission of the disease by
administering a selected combination of three drugs annually to all the individuals living in
an endemic area (mass drug administration, MDA) (Brady and Global Alliance to Eliminate
Lymphatic, 2014; Ramaiah and Ottesen, 2014; Bhattacharjee, 2016). Although this MDA
approach is highly effective in reducing the transmission of LF infection in most countries,
there are several reports of non-compliance by the person being treated, leading to
reemergence of the disease in a few parts of the world (Das et al., 2002; Anil, 2012; Lima et
al., 2012; Nujum et al., 2012; Krentel et al., 2013; Sunish et al., 2014; Bhattacharjee, 2016;
NVBDCP,, 2016; WHO, 2016; Dyson et al., 2017). These findings brought to light the
critical need for a more sustainable approach such as a prophylactic vaccine together with
MDA to interrupt the transmission and control of LF infection in endemic areas
(Ramaswamy 2016). Our laboratory and others have identified and characterized several
potential candidate vaccine antigens of LF and evaluated their vaccine potential in rodent
models (Denham, 1980; Dissanayake et al., 1995; Gregory et al., 1997; Anand et al., 2008,
2011; Gnanasekar et al., 2008; Vedi et al., 2008; Veerapathran et al., 2009;

Int J Parasitol. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Khatri et al.

Page 3

Kalyanasundaram and Balumuri, 2011; Babayan et al., 2012; Dakshinamoorthy et al., 2012;
Anugraha et al., 2013; Dakshinamoorthy et al., 2013a; Gomase et al., 2013; Arumugam et
al., 2014; Gupta et al., 2016). Among the various antigens that we characterized, four
antigens, abundant larval transcript-2 (ALT-2) (Anand et al., 2008; Kalyanasundaram and
Balumuri, 2011; Madhumathi et al., 2017), heat shock protein (HSP) 12.6
(Dakshinamoorthy et al., 2012), thioredoxin peroxidase-2 (TPX-2) (Anand et al., 2008;
Anugraha et al., 2013) and tetraspanin large extracellular loop (TSP-LEL) (Gnanasekar et
al., 2008; Dakshinamoorthy et al., 2013a) gave excellent protection in rodent models.
Subsequently, we showed that combining three of these antigens as a multivalent fusion
protein, rBMHAT (recombinant B. malayiHSP12.6, ALT-2 and TSP-LEL) gave close to
sterile immunity in mouse and jird models (Dakshinamoorthy and Kalyanasundaram, 2013;
Dakshinamoorthy et al., 2013a). Based on these promising results in rodents, we performed
a vaccination trial in rhesus macaques with rBmHAT and alum adjuvant (Dakshinamoorthy
et al., 2014). Unfortunately, however, we only obtained approximately 35% protection
against challenge infections in macaques and the immune response elicited was
predominantly 1gG1/1L-10 driven due to the alum adjuvant. Subsequent vaccination trials
with AL019 in a mouse model showed that AL019 (alum plus GLA, a synthetic TLR4
agonist) is a better adjuvant for rBmHAT than alum (Dakshinamoorthy and
Kalyanasundaram, 2013; Chauhan et al., 2017). Protective responses in humans and rodents
correlated with a balanced Th1/Th2 response and AL019 was shown to promote a balanced
Th1/Th2 response (Dakshinamoorthy and Kalyanasundaram, 2013; Dakshinamoorthy et al.,
2013a). Therefore, we decided to evaluate the potential of AL019 as an adjuvant, for
vaccination in rhesus macaque in this study. In an attempt to improve the vaccine antigen
formulation, we included TPX2 as the fourth antigen to the trivalent rBmHAT to make a
tetravalent (rBmHAXT) vaccine construct. Thus, the major aim of this study was to evaluate
the vaccine potential of rBmHAXT together with AL019 in the rhesus macaque model, to
determine whether the improved vaccine formulation gave better protection in rhesus
macaques against challenge infections with B. malay7infective larvae and assess the
immunological correlates of protection.

2. Materials and methods

2.1

2.2.

Ethics statement

Use of macaques and the experimental procedures performed in this study were reviewed
and approved by the The Institutional Animal Care and Use Committee (IACUC) committee
at Bioqual Inc, Rockville, MA, USA and by the University of Illinois College of Medicine at
Rockford, USA. Humane use of animals was performed in this study according to the
guidelines for the care and use of laboratory animals and with the rules formulated under the
Animal Welfare Act by the U.S. Department of Agriculture.

Non-human primates

Forty male or female disease-free rhesus macaques (3 to 5 years old) were purchased from
PrimGen (Hines, IL, USA) and housed at the facility of Bioqual at Rockville, MD, USA. All
the procedures for maintenance of the animals were as described previously
(Dakshinamoorthy et al., 2013a). All animals were screened for the absence of filarial
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infections prior to enrolling them in the study by analyzing the blood for the presence of
microfilarial Hha-1by PCR (Hoti et al., 2003; Rao et al., 2006); and serum for the presence
of antibodies against rBmSXP-1 (Vasuki et al., 2003; Abdul Rahman et al., 2007), and
rBmHAXT proteins were analyzed using an ELISA. Animals that were positive for any of
the proteins were not enrolled in the study.

2.3. Parasites

Brugia malayi infective L3s were obtained from the National Institute of Allergy and
Infectious Diseases/National Institute of Health (NIAID/NIH), USA, Filariasis Research
Reagent Resource Center (University of Georgia, Athens, GA, USA) under an NIAID
supply contract Al#30022

2.4. Adjuvants

Two different adjuvants were compared in this study. Alum (AL007) and Alum plus a
synthetic TLR4 agonist GLA (AL019) purchased from the Infectious Disease Research
Institute, Seattle, WA, USA.

2.5. Cloning and expression of multivalent recombinant proteins

2.6.

rBmHAT protein was expressed in the Escherichia coli BL21 strain (DE3), purified and
analyzed as described previously (Dakshinamoorthy et al., 2014). The coding sequence
(CDS) of multivalent fusion protein rBmHAT (consisting of bmhsp 12.6, bmalt-2 and
bmtsp) and r BmHAXT (consisting of brmhsp 12.6, bmalt-2, bmipx2and bmtsp) were
synthesized at GenScript (Piscataway, NJ, USA). The sequences were provided in a pUC 51
vector. Both CDS were PCR amplified using the same gene-specific primers (Forward
primer: 5> CGGGATCCATGGAAGAAAAGGTAGTG 3’ & Reverse primer: 5’
CGGAATTCTCAATCTTTTTGAGATGAAT 3’) with restriction sites for BamH| and
EcoRl, and cloned into the expression vector pRSETA (Invitrogen, Carlsbad, CA, USA)
with the 6X Histidine tag. The ligated constructs for both bmhat and bmhaxt were further
transformed into the expression strain of £. co/iBL21 (DE3). Expression of recombinant
proteins was induced with 1 mM Isopropyl B-D-1-thiogalactopyranoside (IPTG). The
recombinant proteins were purified using Nickel affinity column chromatography (GE
Healthcare Life Sciences, Pittsburg, PA, USA) and the purity of the recombinant proteins
was confirmed in a 12% SDS PAGE gel and by western blot using anti-penta His antibodies
(Qiagen, Velencia, CA, USA). Endotoxin in the final purified recombinant protein was
removed using an endotoxin removal column (Thermo Fisher Scientific, Rockford, IL,
USA). The final concentrations of rBmHAT and rBmHAXT proteins were determined by
Bradford assays (BioRad Laboratories, Hercules, CA, USA).

Immunization of macaques

This was a double-blinded vaccination trial. A total of 40 macaques were randomly divided
into three treatment groups and one control group with 10 macaques per group. All the
treated animals received four doses of 150 pg of the vaccine antigen and 2 mg of the
adjuvant on days 0, 28, 56 and 84. Treatment group 1 received rBmHAT plus alum,
treatment group 2 received rBmHAT plus AL019 and treatment group 3 received rBmHAXT
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plus AL019. Control animals received AL019 adjuvant only. The injection sites were
monitored daily for any adverse reactions (redness, swelling, etc.) for up to 7 days post
immunization. Blood samples were collected prior to each immunization and before
challenge.

2.7. Cell Counts, serum chemistry and completebBlood count (CBC) analysis

CBC and serum chemistries were analyzed using commercial automated hematology and
serum chemistry analyzers by IDEXX Laboratories (Westbrook, ME, USA). Samples
collected prior to the initiation of the study served as a normal reference baseline for each
animal.

2.8. Analysis of the levels of antigen-specific antibodies in the sera of macaques

Levels of r BmHAT, rBmHAXT, rBmHSP, r BmALT-2, r BmTPX, or r BrmiT SP specific total
1gG, 1gG1, 1gG2, 19gG3, IgM and IgE antibodies were determined in the serum of each
rhesus macaque using an indirect ELISA as described previously (Dakshinamoorthy et al.,
2014).

2.9. Antibody-Dependent Cell-mediated Cytotoxicity (ADCC) assay

The ADCC assay was performed as described previously (Dakshinamoorthy et al., 2014).
Approximately 10 live B. malayiL3s were incubated at 37°C with 5% CQO2 in triplicate
wells together with 2x10° peripheral blood mononuclear cells (PBMCs) and 50 pl of sera
samples. After 72 h incubation, viability of the B. malayiL3s was determined. The
percentage of larval death was expressed as the ratio of the number of dead L3s to the total
number recovered from each well multiplied by 100.

We also collected the culture supernatant from the ADCC assay to determine the level of
myeloperoxidase (MPO) activity using a kit purchased from Biovision (Milpitas, CA, USA)
and the values are expressed as mU/min per ml of culture supernatant.

2.10. Antigen-specific proliferation of peripheral blood mononuclear cells (PBMC)

PBMCs (1x107 cells /well in 1 ml of complete RPMI 1640 medium) were incubated at 37°C
in the dark for 15 min with 5 mM of carboxyfluorescein diacetate succinimidyl ester
(CFSE). Following incubation, cells were washed, incubated for an additional 30 min at
37°C and plated at 2 x108 cells/well in 1 ml of complete RPMI 1640 medium in a 24-well
tissue culture plate. Medium (500 pl) was removed the next day and rBmHAXT at 1 pg in
500 ul of complete RPMI medium was added to the wells. Cells incubated with RPMI
medium alone served as negative controls and concanavalin A (1 mg/ well) stimulated cells
served as positive controls. Cells were harvested on day 5 after culture, labeled with anti-
CD3-APC antibody, fixed in 4% paraformaldehyde for 10 min at room temperature and data
were acquired on a BD FACS Calibur flow cytometer and analyzed using ModFit LT
software (Verity Software House, Topsham, ME, USA).

Parallel cultures of cells incubated for 3 days were harvested, paraformaldehyde fixed and
labeled with combinations of anti-CD3-APC (allophycocyanin), anti-CD4-FITC (fluorescein
isothiocyanate), anti-CD8-PE (phycoerythrin), anti-CD28-PE, or anti-CCR7-FITC
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Intracellular IFN-y and IL-4 were determined after fixing and permeabilization. Data was
acquired on a BD FACS Calibur flow cytometer and analyzed using Flow Jo v10.1 (FlowJo,
LLC, Ashland, OR, USA).

Secreted levels of cytokines (Granulocyte-macrophage colony-stimulating factor (GM-CSF),
Interferon (IFN)--y, IL-12p70, IL-1pB, IL-4, IL-5, IL-6, IL-15, IL-16 and Tumor Necrosis
Factor (TNF)-a) in the cell culture supernatants were measured using an antibody-based
Rhesus Cytokine Quantibody Array GSI (RayBiotech, Inc., Norcross, GA, USA) according
to the manufacturer’s protocol. The intensity of the fluorescence signals from the slide
arrays was scanned and data analyzed after subtracting the background signals and
normalization to positive controls.

2.11. Challenge with Brugia malayi infective L3

One month after the last immunization, all macaques were challenged s.c. with 130-180 B.
malayi L3s. All the larvae were examined microscopically for their viability, counted and
only the viable larvae were used for challenge. Following challenge, all the macaques were
monitored routinely for any possible alterations in the clinical biochemistry panel (serum
chemistry, hematology, complete blood count analysis and CD4+/CD8+ T-cell counts),
physical parameters (signs of adverse reactions at the site of challenge, body weight, body
temperature, body condition, lymphoedema and lymph node measurements) and behavioral
patterns.

2.12. Confirming the establishment of challenge infection in macaques

It is difficult to count the number of adult worms established in each macaque. However,
several pieces of evidence were used to confirm the presence of active infection in
macaques.

2.12.1. Microscopic analyses—In weeks 5, 10, 15 and 18 post challenge, 10 ml of
blood were collected from each macaque between 18:00 and 22:00 h, and screened for the
presence of microfilariae using a modified Knott technique (Dakshinamoorthy et al., 2014).

2.12.2. Hha-1 PCR analyses—DNA isolated from 200 ul of blood samples using the
Gen Elute blood genomic DNA kit (Sigma-Aldrich) were PCR amplified for Hha-1 tandem
repeat genes as described previously (Hoti et al., 2001) and the amplified PCR products
were sequenced to confirm the Hha-1 sequence.

2.12.3. ELISA to determine the titer of anti-rBmSXP-1 antibodies in the sera
—BmSXP-1 is a highly sensitive and specific diagnostic antigen for B. malayi infections
(Vasuki et al., 2003; Abdul Rahman et al., 2007). Typically, a single sex infection will not
have any microfilariae (Mf) in the peripheral circulation. Thus, microscopy and PCR
approaches may not detect these dormant infections. However, the presence of active worms
in infected patients or animals can be confirmed by determining the titer of 1IgG4 antibodies
against the BmSXP-1 antigen. We used an ELISA to determine the titer of these antibodies
in the sera of macaques. Since there was no reliable commercial anti-macaque 1gG4
antibodies (we screened several human antibodies however none of these antibodies cross-
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reacted), we used a titer of anti-rBmSXP-1 1gG antibodies as a marker to detect dormant
infections.

Lymphoscintigraphy analysis

The lymphoscintigraphic analysis was carried out as described previously
(Dakshinamoorthy et al., 2014).

Statistical analysis

Data are presented as the mean + S.D. Statistical significance of mean differences among
different sample groups was analyzed using a non-parametric Kruskal-Wallis test followed
by Bonferroni correction for multiple tests using SPSS software (v24.0, IBM, NY, USA).
The significance level was defined as A<0.05.

To analyze the vaccine-induced protection, a Chi-square test was used to compare the
proportions across the groups and a Fisher’s exact test was used where appropriate. Odds
ratios (OR) were calculated to determine the differences between groups.

3. Results

3.1

Immunization with the vaccine candidates generated high titers of antigen-specific

IgG antibodies and their isotypes.

The molecular mass of rBmHAT is approximately 39 kDa and rBmHAXT is approximately
60 kDa. We were able to express both the proteins to over 95% purity with endotoxin levels
< 10 EU/ug of the protein (data not shown). Immunization of macaques with the purified
proteins generated high titers of antigen-specific 1gG antibodies (Fig. 1 A). The 1gG
antibodies were specific to each component of the fusion protein (Fig. 1B-E). The maximum
IgG antibody titer was achieved after the second immunization dose (Table 1), suggesting
that two doses of vaccine is sufficient to achieve maximum antibody titer. IgG1 and IgG2
were the most predominant isotype of IgG antibodies in the sera of all immunized animals
(Fig. 2). Levels of 1gG3 antibodies were significantly elevated in the sera of the rBmHAXT
plus AL019 immunized group compared with the control animals (Fig. 2). IgM and IgE
antibodies were not significantly different from controls in the sera of vaccinated animals.

3.2. Antigen responding memory cells were present in the blood of vaccinated macaques

The proliferation index of PBMCs from vaccinated animals was high in response to the
respective antigens compared with controls (Fig. 3A). Cells from the control group
replicated only once during the 5 days in culture compared with the vaccinated group where
the cells divided up to eight generations (Fig. 3B). Evaluation of the memory cell population
within the dividing antigen-responding CD4+ and CD8+ T cells (Fig. 4) showed that both
CD28+CCR7-effector memory T cells (Tgp) and CD28+ CCR7+ central memory T cells
(Tcm) were selectively expanded in rBmHAXT plus AL019 and r BmHAT plus ALOQO7
immunized macaques (Fig. 4B). The Tgp cells were predominantly positive for intracellular
IFN-y and T¢m cells predominantly positive for intracellular IL-4 (Fig. 4D). Analysis of the
culture supernatants of the PBMCs showed marked increases in the secreted levels of
cytokines (GM-CSF, IFN-y, I1L-12p70, IL-1p, IL-4, IL-5, IL-6, IL-15, IL-16 and TNF-a.)
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compared with AL019 controls (Fig. 5). PBMCs from rBmHAXT+ALO 19 vaccinated
animals secreted nearly 10-fold higher levels of IFN-y compared with AL019 controls (Fig.
5).

Immunization with rBmHAXT conferred maximum protection

Ten weeks after challenge with B. malayi L3s, seven out of 10 control animals (70%)
showed Mf in their peripheral blood and they continued to be positive for Mf until
completion of the experiment (18 weeks post challenge). However, only three out of 10
macaques (30%) in the rBmHAXT plus AL019 group showed Mf in their blood ( Fig. 6).
There was significant reduction in the Mf counts in the peripheral blood of vaccinated
animals (Fig. 7A). These findings were further confirmed by PCR analyses of the blood
samples for the presence of B. malayi-specific Hha-1 (Fig. 7B) and by an ELISA for IgG
antibodies against the SXP-1 antigen (Fig. 7C). Repeated examination of the blood did not
show any evidence of infection challenge in any of the negative animals until completion of
the experiment (18 weeks post challenge) suggesting that immunization with rBmHAXT
plus AL019 conferred 57.14% protection after adjusting for the 30% of amicrofilaremic
macaques in the control group (£=0.073, OR=0.18; Fig. 7). Five out of 10 animals in the
rBmHAT plus AL019 group (P=0.649, OR =0.42) and seven out of 10 animals in the
rBmHAT plus ALOQ7 group (P=1.0, OR =1.0) were positive for Mf. Statistical correlation
between different groups showed that rBmHAXT plus AL019 conferred better protection
than other vaccinated groups and the AL019 control (rBmHAXT+ALO019 versus AL019
control - P=0.073; rBmHAXT+ALO19 versus rBmHAT+ALO019 - P=0.649; rBmHAXT
+AL019 versus rBmHAT+AL007 - P=0.073 and r BmHAT+ALO019 versus r BmHAT+AL007
- P=0.649). Thus, based on the OR, the odds that the AL019 control group would be positive
for Mf were 2.33 times higher than the odds that the rBmHAT+AL019 group would be Mf-
positive. The odds that the AL019 control group would be positive for Mf were 5.43 times
higher than the odds that the rBmHAXT+ALO019 group would be Mf-positive. The odds that
the rBmHAT+ALO019 group would be positive for Mf were 1.95 times higher than the odds
that the rBmHAXT+ALO019 group would be Mf-positive. These statistical analyses suggest
that protection conferred by the rBmHAXT+ALO019 immunization was significantly better
than the rBmHAT+ALOO07 or rBmHAT+ALO019 immunizations.

We also performed an ADCC assay as an in vitro surrogate to determine vaccine-induced
protection. These assays also confirmed that sera samples from macaques vaccinated with
rBmHAXT plus AL019 was more efficient in killing the B. malayi L3s in vitro compared
with the sera samples from the other two vaccinated groups (Fig. 8A). Several cells were
found attached to the dead larvae (Fig. 8B). In fact, many of the dead larvae were completely
covered by cells within 24 h after incubation. In this study we did not identify the
morphology of the cells. However, previous studies suggested that the bound cells are
predominantly monocytes. To determine the activation status of these cells, we measured
levels of MPOs in the culture supernatants from these ADCC assays. Our results showed
increases in the secreted levels of MPO (2.08 to 2.78 mmol/min/ml) in the wells containing
sera from vaccinated animals and PBMCs (Fig. 9) compared with the wells containing sera
from control animals (1.99 mmol/min/ml), suggesting activation of MPO producing cells.
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3.4. Mf-negative vaccinated animals did not develop lymphatic pathology

Adult filarial parasites living within the lymphatic vessels cause severe inflammation leading
to lymphedema and blockage of lymph flow. The presence of lymphatic blockage in this
study was determined by lymphoscintigraphy. Lymph flow was compared between the right
and left legs of the same animal. Challenge infections were given on the right leg. Our
results show that at week 16 post challenge, there was a significant reduction in the lymph
flow in the right leg of all Mf-positive animals compared with their left leg (Fig. 10),
suggesting lymph blockage. Lymph flow did not show any significant difference between the
right and left leg in any Mf-negative animals in the vaccinated group (Fig. 10). These
findings thus suggested that lymphatic pathology was minimal or was absent in vaccinated
and challenged macaques that did not show Mf in their peripheral blood.

4. Discussion

Several recent reports suggest that despite significant progress made towards elimination of
LF from endemic regions using the MDA approach, active transmission of LF continues at
low levels (Drexler et al., 2012; Cano et al., 2014; Sunish et al., 2014; Ramaswamy, 2016;
Sangshetti et al., 2017). Human subject non-compliance appears to be one of the major
factors hindering the success of the elimination strategy based on MDA only (Nujum et al.,
2012; Krentel et al., 2013). Another issue with MDA only approach is that the drug used in
the mass control (Diethylcarbamazine (DEC) and albendazole) has very little effect on the
adult parasites living inside the lymphatic vessels (Critchley et al., 2005; Sangshetti et al.,
2017) that continue to cause lymphatic damage and pathology (Bennuru and Nutman, 2009;
Babayan et al., 2012). These adult parasites can also produce Mf that will start appearing in
the circulation as the effects of the drug wane. Since mature adult female parasites can live
in the host for approximately 10 years producing Mf, annual MDA treatment is critical to
clear Mf from the circulation (Brady and Global Alliance to Eliminate Lymphatic, 2014;
Ramaiah and Ottesen, 2014). The 10 years of control strategy proved that MDA treatment
alone is not sufficient as a sustainable approach to eliminate LF (Ramaswamy, 2016;
Sangshetti et al., 2017). There is a need for other sustainable approaches such as an effective
prophylactic vaccine to supplement the MDA approach. A prophylactic vaccine has the
potential to protect the at-risk population from getting the infection and possibly boost
immunity by natural exposure to a low-level infection in endemic areas. Our group and
others have been working during the last decade to develop an effective prophylactic vaccine
against LF (Denham, 1980; Dissanayake et al., 1995; Gregory et al., 1997; Anand et al.,
2008; Gnanasekar et al., 2008; Vedi et al., 2008; Veerapathran et al., 2009; Anand et al.,
2011; Kalyanasundaram and Balumuri, 2011; Babayan et al., 2012; Dakshinamoorthy et al.,
2012; Anugraha et al., 2013; Dakshinamoorthy et al., 2013a; Gomase et al., 2013;
Arumugam et al., 2014; Gupta et al., 2016). A multivalent rBmHAT vaccine developed in
our laboratory showed significant protection against challenge infections in rodent models
(Dakshinamoorthy and Kalyanasundaram, 2013; Dakshinamoorthy et al., 2013a). However,
when evaluated in a non-human primate model, the vaccine was only partially effective
(Dakshinamoorthy et al., 2014). This encouraged us to improve the current vaccine
formulation and test it again in the non-human primate model. Results presented in this
double blinded study show that the new tetravalent vaccine formulation, r BmHAXT,
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conferred 57.14% protection against challenge infections in rhesus macaques and prevented
the development of lymphatic pathology, which is a typical clinical feature of chronic LF
infection. According to the WHO, a vaccine that can lower helminth parasite burden by 50%
will be effective in lowering morbidity and mortality and in reducing disease transmission
(Ahmad et al., 2011). Therefore, the 57% protection conferred by the improved vaccine
formulation meets the WHO recommendation and thus has great potential for moving this
vaccine to testing in human clinical trials.

In addition to improving the vaccine antigen composition, we compared two different
adjuvant formulations in this study to determine their ability to promote vaccine-induced
protection. Previous vaccination trials in the macaque showed that when alum was used as
the adjuvant, the immune response generated was predominantly Th2 (IL-4/1gG1) biased
and the protection was weak (Dakshinamoorthy et al., 2013a). Protective immune responses
in the rodent model and in the human correlated with the development of antigen-specific
IFN-y/19G2 (Th1) and IL-4/IgGlI (Th2) responses (Dakshinamoorthy and Kalyanasundaram,
2013; Dakshinamoorthy et al., 2013a). Therefore, in this study we used AL019 adjuvant that
is known to promote both Th1 and Th2 responses (Didierlaurent et al., 2009; Fox et al.,
2010; Dakshinamoorthy and Kalyanasundaram, 2013; Baldwin et al., 2016; Carter et al.,
2016). When AL019 was used as the adjuvant for rBmHAXT in this study, antigen-specific
IgG1 and 1gG2 antibodies were produced and the PBMCs from the rhesus macaque also
secreted Th1/Th2 cytokines. The balanced Th1/Th2 responses elicited following
immunization with rBmHAXT plus ALO19 also correlated with high protection, suggesting
that the improved formulation is significantly better than the original formulation.

Absence of infection in vaccinated animals was determined by (i) confirming the absence of
Mf in the peripheral circulation by light microscopy and (ii) PCR analysis of the blood for
the parasite-specific gene Hha-1, which is a definite method for confirming LF infection
(Hoti et al., 2001; Vasuki et al., 2003). Additional confirmation included (iii) determining
the titer of anti- BmSXP-1 antibodies in the sera using an ELISA (Abdul Rehman et al.,
2007). BmSXP-1 is a diagnostic antigen that showed high sensitivity and specificity for the
detection of LF infection in humans and in infected animals (Vasuki et al., 2003; Rao et al.,
2006). We performed this ELISA because establishment of adult female or adult male
worms (single sex infection) will not produce any Mf in the peripheral circulation and will
be negative by microscopy or PCR. Such dormant single sex infections can be detected by
measuring the titer of anti- BrmSXP-1 antibodies antibodies in the sera. (iv) The fourth
confirmatory data came from our lymphoscintigraphy studies, where the absence of
lymphatic pathology correlated well with the absence of Mf in the circulation. In infected
animals, the worms within the lymphatic vessels cause damage to the vessel wall, leading to
decreased lymph flow that can be detected by lymphoscintigraphy (Dennis et al., 1998;
Dakshinamoorthy et al., 2014). In our Mf-negative animals, especially from the rBmHAXT
+AL019 vaccinated group, there was no change in the lymphatic flow, suggesting the
absence of any adult worms in these animals. (v) Finally, we believe that the challenge
infective larvae were killed by the protective antibodies and cells in vaccinated animals. We
confirmed this using an in vitro ADCC assay that acts as a surrogate to demonstrate larval
killing by protective antibodies and cells in vaccinated animals (Dakshinamoorthy et al.,
2013b, 2014; Chauhan et al., 2017). Although protective antibodies were present in all the
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vaccinated animals, their ability to kill B. malayiL3s in vitro was different. rBmHAXT plus
ALO019 vaccination appeared to be slightly better than the other two vaccination protocols.
More evidently, sera from Mf-negative animals in the rBmHAXT vaccinated group were
more efficient in killing B. malayiL3s in the ADCC assay, confirming the presence of high
levels of protective antibodies in these animals.

Analyses of the PBMCs confirmed the presence of antigen-responding T cells and these
were predominantly central (T¢y) and effector (Tgp) memory cells. These antigen
responding cells were predominantly positive for intracellular IFN-y (Tgpm) and IL-4 (Tcm):
Culture supernatants from the PBMCs of rBmHAXT+ALO019 vaccinated animals secreted
high levels of IFN-y. This pattern of cytokine responses also correlated with higher
protection and reduced pathology, suggesting that the improved formulation is significantly
better than the original formulation in inducing balanced Th1/Th2 patterns of humoral and
cellular responses.

One of the observations in our ADCC assay was the presence of large numbers of cells
attached to the surface of dead larvae. In this study, we did not determine the phenotype or
morphology of these attached cells. However, one of our previous studies using immune
human sera suggested that the larval surface binding cells are predominantly macrophages
(Ramaswamy, 2016). Therefore, in this study we wanted to see if these cells are activated
upon binding to the larvae. We measured MPO as an indicator of activated cells. Our results
showed that the MPO activity was significantly elevated when sera samples from r BmHAXT
vaccinated animals were used compared with controls. The MPO activity was high when
sera from Mf-ve rBmHAXT+ALO019 vaccinated animals were used in the ADCC. We
hypothesize that the protective antibodies in the sera of vaccinated animals bind to the larval
surface (all four antigens used in the vaccine are expressed on the surface of the parasite)
(Gnanasekar et al., 2004, 2008; Anand et al., 2008; Kalyanasundaram and Balumuri, 2011,
Dakshinamoorthy et al., 2012, 2013a; Madhumathi et al., 2017) and the fragment
crystallizable (Fc) regions of these antibodies bind macrophages and activate them. These
activated macrophages secrete MPO as an effector molecule helping in the killing of the
larvae. Further studies are needed to confirm the role of macrophages and their effector
molecules in the Killing of the infective larvae in vaccinated animals.

In conclusion, the results presented in this study show that immunization with r BmHAXT
plus ALO019 generated functional protective antibodies and memory T cells that conferred
57% protection against challenge infections in macaques. Based on the recommendation
from the WHO that if a helminth vaccine can lower the parasite burden by 50%, it will be
effective in lowering morbidity and mortality and in reducing disease transmission; the
rBmHAXT vaccine is a significantly improved lymphatic filariasis vaccine formulation that
is potentially ready to advance to testing in a human clinical trial.
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Highlights

. A prophylactic vaccine (rBmHAXT) developed against lymphatic filariasis
conferred 57.14% protection in rhesus macaques.

. Immunization with rBmHAXT induced high titers of antigen-specific 1gG1,
1gG2 and IgG3 antibodies in rhesus macaques.

. IL-4 and IFN-vy secreting antigen-specific memory T cells were generated in
rBmHAXT-vaccinated rhesus macaques.

. rBmHAXT vaccinated rhesus macaques had reduced lymphatic pathology.
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Fig. 1.

Ti?er of antigen-specific total 1gG antibodies against recombinant Brugia malayi
(rBmHAXT, rBmHAT, rBmHAP 12.6, rBmALT-2, r BmTPX and r BmTSP antigens in the
sera of macaques. Macaques were immunized (s.c.) with four doses (150 ug each dose) of
respective protein in AL007 (alum) or A1019 (alum plus glucopyranosy! lipid adjuvant-
stable emulsion) as adjuvant on days 0, 28, 56 and 84. Blood samples were collected prior to
each immunization and the levels of antigen-specific total 1gG antibodies were analyzed in
all the groups of immunized animals using sera after the fourth immunization. (A) Titer of
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anti-rBmHAXT (rBmHSP12.6+ALT-2+TPX+TSPLEL) IgG antibodies. (B-E) Titer of 1I9G
antibodies against each component antigen of the vaccine formulation. The variables are
mean + S.D. n=10macaques per group. */£<0.003 in comparison with the AL019 group as
analyzed by a Kruskal-Wallis test followed by Bonferroni correction for multiple tests.
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Fig. 2.

Levels of antigen-specific 1gG1, 1gG2, 1gG3, IgM and IgE antibody isotypes in the sera of
macaques. The levels of antigen-specific 1gG1, 1gG2, 1gG3, IgM and IgE antibody isotypes
were measured using an ELISA. The variables are mean + S.D. n=10macaques per group
*£<0.01 in comparison with the AL019 (alum plus glucopyranosyl lipid adjuvant-stable
emulsion) group as analyzed by a Kruskal-Wallis test followed by Bonferroni correction for
multiple tests.
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Fig. 3.
Proliferative response of antigen-responding peripheral blood mononuclear cells (PBMCs))

in the blood of vaccinated macaques. (A) PBMCs (1x106) were labeled with
carboxyfluorescein diacetate succinimidyl ester (CFSE) and stimulated with 1 ug/ml of
rBmHAT or rBmHAXT (recombinant Brugia malayiHSP12.6+ALT-2+TPX+TSPLEL) or
ConA for 5 days. Dividing cells were counted in a flow cytometer. Each data point
represents a proliferation index. “+’indicates the mean proliferation index for each group.
(B) Representative flow cytometer data from the experimental group. Up to eight
generations of dividing cells were present in the PBMC cultures that were stimulated with
rBmHAXT. n=10macaques per group. ALO07, alum; AL019, alum plus glucopyranosyl
lipid adjuvant-stable emulsion; FL1-H, fluorescence relative intensity.
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Fig. 4.
T cell population and their cytokine profile in the peripheral blood mononuclear cells

(PBMCs) from rBmHAT and r BmHAXT (recombinant Brugia malayi HSP/ALT-2/TPX/
TSPLEL) vaccinated macaques. PBMCs (1x107) were incubated with rBmHAT or
rBmHAXTfor 3 days. Following incubation, cells were stained with fluorescent antibodies
and processed for flow cytometry. Cells were initially gated for CD3 and the population of
CD4, CD8 and CD28 positive cells was identified as indicated in (A). The CD28 positive
cells were then further gated to determine the population of CCR7 positive cells with
intracellular IFN-y or IL-4. (B) Percentage of CCR7+ and CCR7- cells among CD28+ cell
populations. (C) Percentage of IFN-y+ and (D) IL-4+ cells among CCR7-CD28+ cell
populations. The values represent percentage of cell population in each group (n =10
macaques per group). (SC-H, side scatter-height; FSC-H, forward scatter-height; PE,
phycoerythrin; TCM, T central memory cells; TEM, T effector memory cells; Interferon
IFN)-y; Interleukin (IL)-4; CD, cluster of differentiation; CCR, C-C chemokine receptor

type.
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Fig. 5.

Secreted levels of cytokines in the culture supernatants of peripheral blood mononuclear
cells. (PBMCs) (1x10°) were cultured with rBmHAT and rBmHAXT (recombinant Brugia
malayr HSP/ALT-2/TPX/TSPLEL) for 5 days. Secreted levels of cytokines in the culture
supernatants were determined using an antibody slide array. Median fluorescence intensities
were calculated after adjusting the background fluorescence values and normalizing the data
with intensity of fluorescence in the positive control. The values represent fold changes in
the mean fluorescence intensity relative to the AL019 (alum plus glucopyranosyl lipid
adjuvant-stable emulsion) control group (7=10 per group). GM-CSF, Granulocyte-

macrophage colony-stimulating factor.

Int J Parasitol. Author manuscript; available in PMC 2019 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Khatri et al.

Page 22

P=1.0

P=0.649
P=0.073 P=0.073
l

P=0.649

80 -

70 A
60 |
50
40 -

30 A

% MI positive animals

20 A

10 -

rBmHAT+AL007 rBmHAT+ALO019 rBmHAXT+ALO19 ALO019

Fig. 6.
Vaccine-induced protection against Brugia malayi infection in macaques. All animals

(vaccinated and control) were challenged with 130-180 L3s of Brugia malayi1 month after
the last immunization. In weeks 5, 10, 15 and 18 post challenge, 10 ml of blood were
collected from each macaque between 18:00 and 22:00 h and screened for the presence of
microfilariae using a modified Knott technique (Dakshinamoorthjy et al., 2014) and
analysed by PCR for the Hha-1 gene (Hoti et al., 2001). Absence of infection in microfilaria
(Mf)-negative animals was further confirmed by SXP-1 (B. malayi diagnostic antigen)
ELISA (Abdul Rehman et al., 2007). Results show that rBmHAXT+AL019 (alum plus
glucopyranosyl lipid adjuvant-stable emulsion) is a better vaccine formulation than the other
formulations tested. (7=10per group). Chi-square test and Fisher’s exact test were used to
compare the proportions across the groups.
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Fig. 7.

Screening macaques for the presence of filarial infection. One month after the last dose of
the vaccine, all macaques were challenged s.c. with 130-180 Brugia malayiL3s. Blood was
collected from all the animals between 18:00 and 22:00 h in weeks 5, 10, 15 and 18 post
challenge and were screened for the presence of microfilariae using the Knott’s technique.
(A) Microfilaria (Mf) counts in per ml of final blood collection samples. (B) DNA was
isolated from the blood samples and analyzed by PCR to detect the Mf-specific Hha-1 gene
in a 1% agarose gel. Lanes: M, 100 bp DNA ladder; lanes 1 to 10, Hha-1 PCR amplified
sample from each macaque. (C) An ELISA was performed to detect the levels of anti-
rBmSXP-1 (recombinant B. malayi diagnostic antigen) IgG antibodies in the sera of
animals. Each data point represents an animal within the group and the bar indicates the
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average value of Mf-negative animals. Values above the bar were considered positive and the
values below the bar were considered negative. (7=10per group). AL007, alum; ALO19,
alum plus glucopyranosyl lipid adjuvant-stable emulsion; rBmHAXT, recombinant B. malyi
HSP/ALT-2/TPX/TSPLEL.
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Fig. 8.

Antibody-dependent cell mediated cytotoxicity (ADCC) assay. Approximately 10 Brugia
malayilarvae were incubated for 72 h at 37°C with 2x10° peripheral blood mononuclear
cells (PBMCs) and 50 ul of sera samples from each macaque. Larval death in each well was
monitored under a light microscope. (A) Each data point indicates the percent larval death
using a serum sample from one animal. ‘+’ indicates the average percent larvicidal activity
for that group. (B) Note the large number of cells attached to the dead larva when a serum
sample from a vaccinated macaque was used. No cells were found attached to the live larvae
when serum sample from control macaque were used. 7=10 macaques per group. *~<0.005
compared with the AL019 (alum plus glucopyranosy! lipid adjuvant-stable emulsion) group.
Statistical analysis was performed by a Kruskal-Wallis test followed by Bonferroni
correction for multiple tests. rBmHAXT, recombinant B. malyi HSP/ALT-2/TPX/TSPLEL.

Int J Parasitol. Author manuscript; available in PMC 2019 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Khatri et al. Page 26

7 -
@
6 -
Es -
£
=
2, ] . "
g
; ®
&3
> -
-1
SEn
Z e
1 =
L 2
rBmHAT rBmHAT rBmHAXT AL019
0% LAL007  +ALO19  +AL019

Fig. 9.
Myeloperoxidase (MPO) activity in the culture supernatants of the cells from the antibody

dependent cell mediated cytotoxicity (ADCC) assay. Culture supernatants from the ADCC
assay were analyzed for the MPO activity using a colorimetric assay. Data (mean+ S.D.) are
presented in box plots showing the upper (75%) and lower (25%) quartiles, with the
horizontal line as the median and the whiskers as the maximum and minimum values
observed, ‘+’ indicates mean myeloperoxidase activity per ml in the culture supernatant
(n=10per group). rBmHAXT, recombinant B. malyi HSP/ALT-2/TPX/TSPLEL.
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Fig. 10.

Rgpresentative data from the lymphoscintigraphy analyses of macaques 16 weeks post
challenge with Brugia malayi L3s. Lymphoscintigraphy analysis was performed in all the
groups of macaques on weeks 12 and 16 post challenge to assess the lymph flow and
associated lymphatic pathology. All macaques were challenged on the right thigh. Data was
compared between the left and right thighs of the same animal. Representative data are
shown for one animal from each group at 16 weeks post challenge. In the AL019 (alum plus
glucopyranosyl lipid adjuvant-stable emulsion) control animal, lymph flow in the right leg
was significantly blocked. However, in all vaccinated animals, the lymph flow appeared to
be comparable between the left and right legs. Lymph flow was least affected in the
rBmHAXT+ALO019 vaccinated animals. rBmHAXT, recombinant B. malyi HSP/
ALT-2/TPX/TSPLEL; CPM, counts per minute.
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Table 1.

Titer of antigen-specific 1gG antibodies in the sera of rBmHAXT or rBmHAT vaccinated macaques. Macaques
were immunized (s/c) with four doses (150 pg each dose) of respective protein (rBmHAXT/r BmHAT) in
ALO0Q7 (alum adjuvant) or Al019 (alum plus glucopyranosyl lipid adjuvant-stable emulsion) as adjuvant on
days 0, 28, 56 and 84. Blood samples were collected prior to each immunization and the levels of antigen-
specific total 1gG antibodies were analyzed in all the groups of immunized animals. The variables are mean of
each group. 7=10macaques per group.

Macaque groups Immunizations

(n=10) First Second Third Fourth

rBmHAT+ALO007 1:1250  1:20,000 1:20,000 1:20,000
rBmHAT+ALO019 1:10,000 1:20,000 1:20,000 1:20,000
rBmHAXT+AL019  1:1250  1:20,000 1:20,000 1:20,000
ALO019 1:125 1:125 1:125 1:125

rBmHAT, recombinant Brugia malayi HSP12.6+ALT-2+TSPLEL); rBmHAXT, recombinant B. malayi HSP12.6+ALT-2+TPX+TSPLEL.
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