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This study was conducted to optimize a fusion protein vaccine for translational

development as a vaccine against the human tropical parasitic infection,

lymphatic filariasis (LF). The vaccine candidate, His-tagged rBmHAXT was

developed previously in our laboratory and was tested in various animal

models including mouse, gerbils and Rhesus macaque where it exhibited

significant levels of vaccine-induced protection. However, for commercial

manufacturing and for regulatory approval for human use, there was a need to

modify the vaccine antigen and its production and analytical release methods.

Therefore, the major focus of this study was to develop a process for

manufacturing an affinity tag-free rBmHAXT and evaluate its immunogenicity,

potency and protective efficacy in both inbred and outbred mouse models, as

well as in outbred gerbil models. Our results demonstrate that the tag-free

rBmHAXT vaccine produced with a process suitable for cGMP production had

protective properties equivalent to the original His-tagged rBmHAXT.

KEYWORDS
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Introduction

Lymphatic filariasis (LF) is a neglected tropical parasitic disease that affects 120

million people in 49 countries worldwide and another 893 million people are at risk of

acquiring the disease (1). Commonly known as elephantiasis, the disease impairs the

lymphatic system and can cause severe edema of extremities, lowering quality of life (2, 3).

LF is a mosquito-transmitted parasitic infection caused by one of three nematodes

(Wuchereria bancrofti, Brugia malayi, and Brugia timori) with W. bancrofti being

responsible for nearly 90% of the cases. Currently, the only tools we have to control LF
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are vector control and mass drug administration (MDA).

Inadequate program budgeting for vector control has adversely

affected the ability to control all vector borne infections including

lymphatic filariasis (4). Similarly, the MDA approach, which is

aimed at reducing microfilariae in the bloodstream, has little effect

on killing the adult worms in patients leading to persistence of the

infection once the drug effect wanes (5–7). After 20 years of MDA,

it is becoming clear that there is little impact on infections globally

for several reasons - including inadequacy of the scale and

frequency of drug administration and non-compliance by

subjects in adhering to the drug regimen (8, 9). A long-lasting

vaccine that prevents or reduces infection – in conjunction with

MDA – would be a strong weapon in the fight against this

infection and could eliminate or eradicate LF (10). According to

the World Health Organization (WHO) estimates, a vaccine that

can reduce new helminth infections by at least 50% would reduce

overall morbidity and mortality (11).

It has been shown that long-term protective immunity to LF

can be induced in humans (12). Immunity against new infections

due to antigens released by established parasites increases with age

in populations repeatedly exposed to LF (13). A portion of the

population in areas where LF is endemic show natural immunity

with no existing infection (14). These endemic normal individuals

have protective antibodies in their blood that can participate in the

immune-mediated killing of the infective larvae (L3) of LF, which

can prevent the establishment of the infection (15). Since the

completion of the B. malayi genome project, many potential

candidate vaccine antigens have been identified and screened for

prophylactic efficacy (8). The most promising of these were a

combination of four protein domains from B. malayi as a

tetravalent fusion protein. The antigens identified included: Heat

Shock Protein 12.6 (HSP12.6), Abundant Larval Transcript-2

(ALT-2), Thioredoxin PeroXidase-2 (TPX-2), and the Large

Extracellular Loop of TetraSPanin-Large Extracellular Loop (TSP-

LEL) (8, 16). Each of these proteins is highly conserved across

parasitic nematodes resulting in cross-protection against all three

parasites that cause LF. The homologs of the four vaccine antigens

cloned from B. malayi and W. bancrofti showed significant

antibody cross reactivity and cross protection (unpublished data).

A his-tagged version of a fusion protein of these four protein

domains - referred to as rBmHAXT - was expressed and purified

from E. coli inclusion bodies and purified by immobilized metal ion

affinity chromatography (IMAC) (16, 17). Vaccination using this

rBmHAXT antigen combined with the AL019 adjuvant (a potent

synthetic TLR-4 agonist, glucopyranosyl lipid adjuvant (GLA)

adsorbed onto alum) (18), was tested in mouse, gerbil, and non-

human primate models. This vaccine formulation demonstrated

significant in vivo protection of 88% in mice (16), 65% in gerbils

(17) and 57% in Rhesus macaques (18) after an infectious challenge.

A partnership between the University of Illinois and a for-profit

company, PAI Life Sciences Inc., was formed to advance this
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promising vaccine through the initial steps required to file an

Investigational New Drug Application (IND) with the US Food

and Drug Administration (FDA). Pre-IND enabling activities

included the re-design of the rBmHAXT antigen without tags,

development of a process for purification of the untagged antigen

suitable for transfer toacontractmanufacturingorganization(CMO)

facility, and confirmation of biological potency in vivo. Thus, as

reportedhere,we expressed rBmHAXTwithout theHis-tag (tag-free

rBmHAXT) and optimized expression to the 2-5 liter scale with

potential for scaling to 30-100 liters. Thepurified tag-free rBmHAXT

antigen was then tested for its ability to confer protection against an

infectious challenge in BALB/cmice compared to his-tagged antigen

generated previously. Immunogenicity and protection mediated by

the tag-free rBmHAXT antigen were further confirmed in a dose

escalation study using outbred CD1mice. A final comparison of the

two antigens was done in Mongolian Gerbils (17, 19). Here we also

describe early-stage pre-clinical development activities for the tag-

free rBmHAXT antigen as the first ever clinical vaccine candidate for

human lymphatic filariasis.
Materials and methods

Cloning

To ensure traceability from clone development throughout

process development, all cloning, expression, and purification

reagents were carefully sourced and documented to ensure the

absence of animal-derived products that could introduce

adventitious agents into the drug product. The rBmHAXT DNA

sequence (1557 nt) was codon optimized for expression in E. coli

(Integrated DNA Technologies, Coralville, IA) and cloned into the

pET29a(+) expression vector (Millipore Sigma, Burlington, MA).

Sequence confirmed pBmHAXT/29a plasmid was transformed into

E. coli expression strain HMS174(DE3) (Millipore Sigma,

Burlington, MA). Subclones from each plasmid were screened for

expression following induction with 1 mM isopropyl b-D-1-
thiogalactopyranoside (IPTG) overnight at 37°C with 250 rpm

shaking. The following day, 3 mL cells were pelleted by

centrifugation and the pellet resuspended in 0.2 mL of B-PER

bacterial lysis reagent (Thermo Fisher, Waltham, MA). The

insoluble and soluble fractions were isolated separately per

manufacturer’s instructions and analyzed on reducing 4-20% Tris-

glycine SDS-PAGE gels for presence of a ~60 kDa protein

corresponding to the rBmHAXT antigen.

Generation of a traceable seed stock

A research cell bank with 180 vials of the E. coliHMS174 (DE3)

strain expressing rBmHAXT protein was laid down. The clone was

grown in animal-product free LBK broth. The final cell bank was

stored at -80°C. Confirmation of expression was performed,

documented, and included in the cell bank production batch record.
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Fermentation development

Fermentation development was pursued at the 2L scale and a

fermentation batch record was developed. Briefly, a cell bank vial

was inoculated into 2 × 200 mL of LBK broth and grown

overnight. Cultures were checked for purity and then used to

inoculate. Culture was grown in a fermenter in Terrific Broth at

37°C until OD at 600 nm reached 4.0 ± 0.2, induced for 3 hours

at a final concentration of 1 mM IPTG, harvested by

centrifugation, and cell pellets frozen for future processing.

E. coli cell pellets were thawed and suspended in lysis buffer (50

mM tris/0.5%TritonX-100 pH8) at 5mLbuffer per 1 g ofwet pellet.

The suspension was passed 3 times through a LM10 microfluidizer

(Microfluidics Corp., Westwood, MA) at 15,000 psi. The lysate was

centrifuged at 14,000 × g for 30 min to pellet insoluble material and

IB. The IB pellet was washed with 1% CHAPS followed by 25%

Isopropanol and centrifuged as before. The resulting pellet – highly

enriched for rBmHAXT – was resuspended in 20 mL per g IB of

solubilization buffer (50 mM Tris/8 M urea/50 mM DTT pH 8.0).

After overnight solubilization at 2 – 8°C, the IB solution was

centrifuged at 15,000 × g for 3 hrs at 4°C and the supernatant,

containing solubilized tag-free rBmHAXTprotein, was stored at 4°C

until purification.
Chromatography

rBmHAXT IB solution was passed over a Capto Q ImpRes

(Cytiva, Marlborough, MA) column and washed with Q wash

buffer (50 mM Tris/8 M urea/180 mM NaCl/10 mM DTT pH

8.0). Bound rBmHAXT was eluted in Q elution buffer (50 mM

Tris/8 M urea/300 mM NaCl/10 mM DTT pH 8.0). Eluted

protein was then diluted 1/8 in SP loading buffer (20 mM

acetate/8 M urea/10 mM DTT pH 4) and loaded onto a Capto

SP ImpRes (Cytiva) resin column. After washing off the

unbound protein with SP wash buffer (20 mM acetate/8 M

urea/300 mM NaCl/10 mM DTT pH 4), tag-free rBmHAXT

was eluted with SP elution buffer (20 mM acetate/8 M urea/1 M

NaCl/10 mM DTT pH 4). Elution fraction was adjusted to

pH 8.0 and urea was removed by buffer exchange with 50 mM

Tris pH 8.0. The purified tag-free rBmHAXT was adjusted to

5% glycerol, filter-sterilized through 0.2 µM filters, and stored

at -80°C at a final concentration of 1 mg/mL.
Biochemical analysis of rBmHAXT

1µg each of rBmHAXT and bovine serum albumin (BSA)

standard were separated on 4-20% Tris-glycine SDS-PAGE gel

under reducing conditions and analyzed using ImageJ

densitometry to confirm both concentration and purity.

Specificity was confirmed by Western blot analysis using
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monkey anti-rBmHAXT antisera procured as part of a

previous vaccination trial in our laboratory (17). The sera was

used at 1:5000 and detected with Goat anti-monkey IgG (H+L)

HRP antibody at a 1:10,000 dilution (Thermo Fisher Scientific,

Waltham, MA). Presence of E. coli host cell proteins was

determined by Western blot analysis using anti-E. coli HCP

antisera (Rockland Immunochemicals, Inc., Limerick, PA).

Residual endotoxin was measured using the Limulus

Amoebocyte Lysate (PTS-LAL) assay (Charles River

Laboratories, Worcester, MA).
Circular Dichroism

Protein folding and structural studies were done using Jasco

J1500 Circular Dichroism (CD) Spectroscopy (Jasco, Easton,

MD) at the University of Chicago, IL. CD was used for

determining the secondary structure of proteins and

composition (% helix, sheet, turns, etc.). Then, 100 µl of both

His-tag and Tag-free rBmHAXT protein at 1.5 mg/ml

concentration were added separately to high transparency

quartz cuvette having 1 mm path-length and placed in cuvette

holder. Data was collected in a graph format. TBS buffer with

20% glycerol was used as a blank.

Two web server software was used to analyze the CD data.

We implemented K2D3, a publicly available web server method

to predict secondary structural content from a CD spectrum.

The program accepts the CD spectrum of a protein as input and

predicts percentages of alpha helix and beta‐strand content. The

other bioinformatic tool we used for CD data analysis was

CAPITO (CD Analysis and Plotting Tool), a novel web server-

based tool for analyzing and plotting CD data. It allows reliable

estimation of secondary structure content utilizing different

approaches and gives a graph with curves pertaining to

protein secondary structures.
Animals and parasite

Humane use of animals in this study was supervised by the

IACUC committee of the University of Illinois Rockford

following the National Institutes of Health guidelines for the

care and use of laboratory animals. All animals used in this study

were purchased from Charles River Laboratories. All animals

were monitored for any adverse reactions including injection site

reaction, fever, loss of appetite, allergy, hair loss, or weight loss.

Animals showing distress were promptly removed from the

study. All animal experiments were overseen by a licensed

veterinarian. Infective larvae of B. malayi parasites were

obtained from the NIAID/NIH Filariasis Research Reagent

Resource Center (University of Georgia, Athens, GA) under

NIAID supply contract AI#30022.
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BALB/cmice. Thirty-seven 8-week-oldmale BALB/cmicewere

divided into6groupsof5 animalspergroupandonecontrol groupof

7 animals. Three groups received 200 µL injections of tag-free

rBmHAXT (PAI) at either low (5 µg), medium (15 µg) or high (40

µg) doses of antigen each formulated with 10 µg AL019 adjuvant.

Injectionswere performed subcutaneously (s.c.), split evenly between

the twoquadricepmuscles.Another three groupsof animals received

identical doses ofHis-tagged rBmHAXT inAL019. The final control

group (n=7) received AL019 adjuvant (10 µg) only. Eachmouse was

immunized three times at 15-day intervals with the vaccine plus

adjuvant (experimental group) or adjuvant alone (control group).

Blood was collected from the submandibular vein of each mouse

before and15daysafter each immunization.Fifteendaysafter the last

immunization, mice were challenged with 13-15 B. malayi infective

L3 larvae using the micropore chamber method (16). At 72 hours

post-challenge, the chamberswere collected, and live anddead larvae

were identified by microscopical examination. Percent larval death

(represented as protection) was calculated. Serum samples were

analyzed for anti-rBmHAXT IgG antibody titers and the levels of

antibody isotypes (IgG1, IgG2a, IgG2b, IgG3, IgM and IgA) by

standard ELISA as described previously (16).

CD1 mice. Twenty-eight 8-week-old male outbred CD1 mice

were divided into 7 groups of 4 animals. Each group received an

increasingdoseof tag-free rBmHAXTranging from0(adjuvant-only

control), 0.5, 5, 10, 15, 25or40µg inTBSpH8.0eachadjuvantedwith

10 µg AL019 adjuvant. Mice were injected with 200 µL volume s.c.

three times at 15 days intervals. Blood was collected as described

abovewithBALB/cmicebefore theprime injectionandevery15days

thereafter as well as prior to challenge. Mice were challenged with B.

malayi L3 larvae as described above (16).

Mongolian gerbils. Twenty-eight 12-week-old male outbred

Mongolian Gerbils (Meriones unguiculatus) were divided into 7

groups of 4 animals per group and immunized with tag-free

rBmHAXT or his-tagged rBmHAXT antigen with 3 doses of the

antigen as described for the BALB/c mice above. Three doses of the

antigen given s.c. were administered at 30-day intervals. Blood (0.5

mL) was collected from the retroorbital space before and every 30

days after immunization.Bodyweightsweremeasured for thefirst 11

weeks during the immunizations. Antibody titers were measured 30

days after each immunization by ELISA as described previously (20).

Ig antibody isotypes (IgG, IgG1, IgG2a, IgG2b, IgG3, IgM and IgA)

were evaluated using an indirect ELISA as described previously (20).

Thirtydays after thefinal immunization, gerbilswere challengedwith

80-100B.malayiL3 larvae and analyzed forwormestablishment 180

days later as described previously (20).
Antibody dependent cell-mediated
cytotoxicity assay

As a surrogate to the challenge studies, an ADCC assay was

performed as described previously (20, 21). Approximately 10

live B. malayi L3s were incubated at 37°C with 5% CO2 in
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triplicate wells together with 2×105 peritoneal cells and 50 ml of
serum samples. After a 72 h incubation, the viability of the B.

malayi L3 larvae were determined. The percentage of larval

death was expressed as the ratio of the number of dead L3 larvae

to the total number recovered from each well multiplied by 100.
Statistical analysis

GraphPad Prism version 7.0 (GraphPad Software, San

Diego, CA) was used to plot all the graphs and statistical

analysis of the data was carried out using SPSS v 26.0 (IBM

corporation, Armonk, NY). Data were analyzed for normality

assumptions using the Shapiro-Wilk Test. The hypothesis of

normality will be rejected when the p-value is less than or equal

to 0.05. Thus, a probability “p value” of < 0.05 was considered

statistically significant.
Results

rBmHAXT was expressed as a
tag-free protein

The original rBmHAXT sequence described by Chauhan

et al. (16) was used as a starting template. First, the coding

sequence was designed in silico by removing the 6 × His tag and

codon optimizing the remaining sequence to optimize

expression in E. coli. The resulting nucleic acid sequence was

76% identical to the parental sequence while the amino acid

sequence remained unchanged. The synthesized gene was

subcloned into pET29a(+) and transformed into the E. coli

expression strain HMS174(DE3) cells. Subclones from

sequence-confirmed plasmids were screened for expression

and analyzed for presence of a ~60 kDa protein corresponding

to the expected size of rBmHAXT. Western analysis of the

fractions using monkey anti-rBmHAXT confirmed the identity

of the ~60 kDa band. Clones produced protein at the expected

MW in the insoluble fraction (data not shown). Additional

experiments performed attempting to promote the protein

folding and expression in the soluble fraction including

reducing the concentration of IPTG and reducing the

expression temperatures to as low as 14°C were unsuccessful

(data not shown). Optimal expression of rBmHAXT was

determined to be at 37°C with 1 mM IPTG and a 3 hour

induction. An isolate with high expression levels was identified

and prioritized for cell banking, fermentation, and

process development.

Following fermentation, purification begins by resuspension

and lysis of the bacterial pellet followed by isolation of the IB

fraction (Figure 1A). Analysis of the IB fraction revealed that it is

highly enriched for rBmHAXT, with various other E. coli protein

and lipid contaminants present as well (data not shown). The
frontiersin.org
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IBpellet was washed in 1% CHAPS buffer followed by 25%

isopropyl alcohol. These wash steps only minimally reduced the

protein contaminants but significantly reduced the endotoxin

levels prior to chromatographic purification. The washed IB

pellet was solubilized in 8 M urea to denature the rBmHAXT

protein and promote binding to the Capto Q ImpRes anion- and

Capto SP ImpRes cation-exchange resins.

Protein was first bound to Capto Q Imp resin and

contaminant proteins eluted by washing with 180 mM NaCl.

Bound rBmHAXT was eluted at 300 mM NaCl. Elution fraction

was then bound to a Capto SP ImpRes column. Removal of

contaminants was performed at 300 mM NaCl, and elution of

rBmHAXT at 1 M NaCl. The elution fraction was adjusted to pH

8, buffer exchanged into 50 mM Tris pH 8.0, and concentrated to

~1 mg/mL final concentration. Glycerol was added to 5% before

storage at -80°C to promote stability and to reduce aggregation.

Lane 1 of Figure 1B shows the final purified rBmHAXT protein

resolved by reducing SDS-PAGE analysis. By Image J

densitometry analysis, ~70% of rBmHAXT exists as a ~60 kDa

monomer with the remaining protein forming aggregates at 100-

300 kDa or existing as degradation products in the 16-36 kDa

range. By non-reducing SDS-PAGE, the rBmHAXT tends to

form small stable aggregates (data not shown). The monkey anti-

rBmHAXTWestern in Lane 2 and the anti-E. coli HCPWestern

in Lane 3 of Figure 1B confirm that nearly all of the protein seen

in lane 1 is rBmHAXT derived and not E. coli contaminant
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proteins. Based on 3 independent runs starting with 2 L

fermentation, the final process for rBmHAXT purification

averages ~42 mg per liter of fermentation with varying levels

of endotoxin in each batch (Figure 1C). Protein stability and

quality was assessed by dynamic light scattering using a Malvern

Zetasizer™ (Figure 1D). All lots were within the acceptable

range for particle size (25-100 nm) averaging ~36.1 nm,

including lot PAI20191105 which is shown in Figure 1D.

We also performed circular dichroism (CD) studies to

determine if there are any structural differences between His-

tagged rBmHAXT and tag-free rBmHAXT. These studies

showed that the His-tagged rBmHAXT and tag-free

rBmHAXT protein had similar percentages of a-helix and b
strands (Supplementary Figures S1A, B). These findings

suggested that the tag-free rBmHAXT protein is structurally

similar to the parent His-tagged protein.
Tag-free rBmHAXT is immunogenic in
inbred Balb/c mice

To confirm retention of biological activity, the untagged

rBmHAXT was compared in vivo with the previously produced

His-tagged protein. Figure 2 shows the titers induced in mice

following immunization with 0 (adjuvant only), 5, 15, or 40 mg of
either tag-free or His-tagged rBmHAXT adjuvanted with 10 mg
A B

DC

FIGURE 1

Process development of tag-free rBmHAXT. Panel (A) A flow diagram showing the steps required for production and purification of tag-free
rBmHAXT. Panel (B) shows the quality analysis of a representative lot of rBmHAXT protein. Each lane contains 1mg antigen separated by SDS-
PAGE and either stained by Coomassie (Lane 1) or transferred to PVDF membrane and probed with non-human primate anti-rBmHAXT
polyclonal antiserum (Lane 2) or probed with anti-E. coli Host Cell Protein polyclonal antiserum (Lane 3). Panel (C) shows a table of tag-free
rBmHAXT protein produced from three independent 2L fermentations indicating yield (average = 41.7 mg/L) and endotoxin levels from each
batch. Panel (D) Dynamic light scattering scan of tag-free rBmHAXT Lot#PAI20191210 showing protein tends to form stable micro-aggregates
with an average particle size of 36.1 nm. The figure was created using GIMP at https://www.gimp.org.
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AL019. None of the immunized animals developed significant

titers of antibodies 15 days after the prime immunization

(Figure 2A). After the 1st boost, a significant increase in titers

was observed for both antigens (Figure 2B). After the 2nd boost,

both antigens resulted in a dose-dependent increase in IgG titer

with the 15 mg dose of tag-free rBmHAXT generating the highest

titers, although not statistically significant (Figure 2C). Using

immunoglobulin isotype-specific ELISAs, we measured the

levels of IgG1, IgG2a, IgG2b, IgG3, IgA and IgM antibodies

elicited by all 3 doses of both antigens after the third injection

(Figure 3). Both antigens induced similar subtype profiles, with

IgG1 levels being the highest at all three antigen doses. No

significant differences were observed with any subtype elicited by

either the tag-free or His-tagged rBmHAXT. To confirm

protection, we tested the mouse sera in an antibody-dependent

cell-mediated cytotoxic (ADCC) assay for their ability to

participate in the killing of infective B. malayi L3 larvae.

Larvae were considered dead if non-motile, limpid, or with

several cells adhered to their surface. Both antigens elicited a

strong, dose-dependent ADCC response resulting in the killing

of L3 larvae, with the 5 mg dose resulting in ~52% killing and the

40 mg dose resulting in up to 90% killing (Figure 4). Again, there

was no difference in killing between the tag-free and His-tagged

rBmHAXT antigens, but a significant difference in killing was

observed comparing the 5 mg dose to either the 15 or 40 mg doses
(p<0.05). We conclude that both antigens generate statistically

equivalent titers and that the 15 mg dose is ideal in BALB/c mice.

We also noted elicitation of similar immunoglobulin isotypes

and levels and nearly identical dose-dependent larvicidal activity

with no significant difference noted in BALB/c mice comparing

the tag-free or His-tagged rBmHAXT proteins.
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Tag-free rBmHAXT is immunogenic in
outbred CD1 mice

Given the known limited genetic diversity in BALB/c mice

and seeking a more challenging model, we confirmed protection

and dose in outbred male CD1 mice. For this study, we tested

only the tag-free rBmHAXT antigen after each of 3

immunizations with 6 doses ranging from 0.5 mg to 40 mg
with 10 mg AL019 adjuvant. In contrast to what we observed

with BALB/c mice, modest titers were observed after the prime

injection (data not shown). After the 3rd injection, we observed

significantly higher titers with both the 15 and 25 mg doses

(Figure 5A). These titers were statistically (p<0.05) higher than

those observed with 40 mg of antigen, which generated titers

similar to that of the 5 and 10 mg doses. As with BALB/c mice, we

analyzed the immunoglobulin subtype profiles elicited by the

different antigen doses (Figure 5B). We found significant dose-

dependent increases in all isotypes, especially with IgG1, IgG2a

and IgG2b. Again, the 15 and 25 mg doses generated the highest

level of all isotypes and the 40 mg dose generated slightly lower

levels with every isotype tested. Thirty days after the third

injection, CD1 mice immunized with 0 (adjuvant only), 0.5,

25, or 40 ug doses were challenged with B. malayi L3 larvae and

examined for ADCC killing 72 hours later (Figure 5C). Once

again, the 25 mg dose resulted in ~82% killing of L3 larvae which

was substantially higher (p<0.005 for 25 mg versus all other

groups) than the ~15% and ~25% killing observed with the 0.5

mg and 40 mg groups, respectively, or the ~4% killing in the

adjuvant only group. These studies with CD1 mice confirm the

protective potential of the tag-free rBmHAXT antigen and

confirm the optimal dose to be 25 mg in outbred mice.
A B C

FIGURE 2

Bridging study showing generation of high titers of antibodies in the sera of BALB/c mice after immunization with varying doses of His-tagged
and tag-free rBmHAXT antigen. Mice were primed with 5, 15, or 40 mg of either tag-free rBmHAXT or His-tagged rBmHAXT formulated with 10
mg AL019. Mice were primed on day 0 and boosted on days 15, 30 and 45. Panels (A–C) show induction of rBmHAXT-specific immune titers 15
days following the prime, 1st boost, and 2nd boost injections, respectively. Although titers do not begin to appear until after the first boost,
there was no significant difference in titers between mice injected with tag-free rBmHAXT or His-tagged rBmHAXT proteins. There was a
significant difference (p<0.05) observed between the AL019 control group and the rBmHAXT groups. N=5 for the experimental groups and n=7
for the controls; *Statistical significance P<0.001.
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Tag-free rBmHAXT is immunogenic in
outbred Mongolian gerbils

In a final bridging study, we compared the His-tagged

rBmHAXT and tag-free antigen in a yet more rigorous and
Frontiers in Tropical Diseases 07
relevant animal model – specifically in Mongolian gerbils

(Meriones unguiculatus). For B. malayi disease, gerbils are the

preferred model for lymphatic filariasis due in part to their

outbred nature and the fact that the parasites mature in the jirds

and are able to maintain infection for several weeks (19, 20).
FIGURE 4

In vitro correlates of protection. Serum samples collected from mice that were immunized with varying doses (5, 15 and 40 ug) of tag-free or
his-tagged rBmHAXT proteins were evaluated for their potential to kill infective larvae of B. malayi in an ADCC mechanism. About 100 µL of the
serum samples were incubated with 10 larvae and 1x106 PBMCs for 72 hrs. Dead and live larvae were counted and percent dead calculated.
Results show that compared to control serum samples, sera from all experimental groups showed significant killing. Sera from mice vaccinated
with 40 ug of the proteins showed the highest larvicidal activity. There were no significant differences between the tag-free and his-tagged
rBmHAXT immunized groups. N=5 *Statistical significance at p<0.05.
FIGURE 3

Immunization with tag-free and His-tagged rBmHAXT antigen induced similar levels of isotype-specific antibodies in the sera of BALB/c mice.
Data presented here are values of IgG1, IgG2a, IgG2b, IgG3, IgA and IgM in the sera of BALB/c mice collected on day 45. Levels of all isotype-
specific antibodies were significantly increased compared to the AL019 controls. There were no significant differences in the levels of isotype-
specific antibodies in the sera samples collected from the tag-free and His-tagged rBmHAXT immunized mice. The maximum response was
seen with the 15 and 40 ug dose in both the tag-free and His-tagged rBmHAXT groups. N=5 for the experimental groups and n=7 for the
controls. *Statistically significant P<0.05 all groups vs. AL019.
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Gerbils were immunized three times with 5 ug, 15 ug or 40 ug of

the tag-free rBmHAXT adjuvanted with 10 mg AL019. Adjuvant
only group remained as controls in these studies. All

immunizations were given at 30 days interval.

As with mice, total IgG antibody titers were monitored and

immunoglobulin isotypes were analyzed following the 3rd

immunization dose. IgG titers at 30 days post the 3rd

injection with His-tagged and tag-free rBmHAXT are shown

in Figures 6A, B. With both antigens, the 40 mg dose generated
the highest IgG titers with no statistically significant difference

between the two antigens. Analysis of immunoglobulin

isotypes showed a dose-dependent increase in all 6 isotypes
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tested - especially the levels of IgG3 were significantly

high (Figure 6C).
Vaccine-induced antibodies are
protective in vitro in an ADCC assay

We evaluated the potential of serum antibodies from

immunized gerbils in killing the infective larvae of B. malayi

in an ADCC assay as described previously (18). Briefly, 50 ul of

immune sera from gerbils immunized with 5 ug, 15 ug or 40 ug

of tag-free rBmHAXT along with 1x106 PBMCs from a normal

gerbil were incubated with 10 infective larvae of B. malayi for 72

hrs at 37°C and 5% CO2. At 72 hrs, there was significant killing

of the infective larvae (Figure 6D). Sera collected from gerbils

immunized with 15 ug and 40 ug of tag-free rBmHAXT showed

significant killing (67.54% and 89.58% respectively) of the

infective larvae compared to adjuvant controls (22.77%). Sera

from gerbils immunized with 5 ug of rBmHAXT showed only

36.1% killing, which was not significant compared to the

control (Figure 6D).
Worm establishment was decreased in
vaccinated gerbils

Gerbils were immunized three times with 5 ug, 15 ug or 40

ug of the tag-free rBmHAXT at 30 days interval. Thirty (30) days

following the last immunization, all gerbils were challenged with

50 L3 larvae of B. malayi. Weekly measurement of the body

weight showed no significant differences between the control

and vaccinated groups following immunization with any dose of

either antigens suggesting that the vaccination had no adverse

effect on the body weight (data not shown). Worm

establishment was determined 90 days after the challenge. Our

results showed that there was a significant decrease in the worm

establishment in all vaccinated groups compared to controls

(Figure 7). Fewer worms were recovered from gerbils

immunized with 5 ug rBmHAXT, similarly no worms were

recovered from gerbils immunized with 40 ug rBmHAXT, except

for one gerbil that had 14 male and 14 female worms. In general,

fewer male worms were recovered from vaccinated animals,

compared to controls (Figure 7).
Discussion

The goal of this study was to take a promising research

antigen, His-tagged rBmHAXT, which had previously been

purified by immobilized metal ion chromatography, and

redesign and optimize it for clinical translation and

commercial manufacturing. The rBmHAXT was redesigned by

removing the 6 × his tag, codon optimizing for E. coli, and
FIGURE 5

Dose escalation studies in outbred CD1 mice. CD1 mice were
immunized with various doses of tag-free rBmHAXT ranging
from 0.5 mg up to 40 mg in AL019. Panel (A) shows induction of
rBmHAXT-specific IgG titers 30 days following the 3rd boost.
There were significantly higher titers of IgG antibodies against
rBmHAXT in all vaccinated mice. Mice immunized with the 15 mg
dose showed the highest titers compared to all other doses and
were even higher than the mice receiving 40 mg antigen. Panel
(B) shows the isotype-specific antibody titers in the sera of
immunized mice. All isotype-specific antibodies analyzed were
significantly (P<0.05) increased compared to the control and 0.5
µg group. Panel (C) shows data from the ADCC assay using the
sera samples from mice immunized with 0.5, 25 and 40 µg
doses of tag-free rBmHAXT. Results showed that sera from mice
immunized with 25 µg of rBmHAXT had the highest larvicidal
activity compared to the other groups. N=5.
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cloning it into a commercially compliant plasmid vector and E.

coli strain resulting in a research cell bank. A robust, scalable,

and transferable process was developed for fermentation, IB

isolation, and chromatographic purification of high-quality

antigen. Master Batch Records for the production process were

written to facilitate technology transfer to a good manufacturing

practices (GMP)-compliant contract manufacturing

organization. Initial bridging studies in mice comparing the

research grade antigen with the redesigned tag-free antigen

revealed equivalent antibody titers, immunoglobulin isotypes,

and larvicidal killing by the tag-free antigen. Subsequently, the

potency of the vaccine was tested in a gerbil model and we were

able to demonstrate that the tag-free rBmHAXT antigen is

immunogenic and induces protection similar to the original

His-tagged rBmHAXT.

Previous vaccination trials in our laboratory inmouse, gerbil and

rhesusmacaquemodelsdemonstrated that rBmHAXTisanexcellent

vaccine candidate for human lymphatic filariasis (8). Vaccine-

induced protection ranged from 57% (7 out of 10 macaques did

not show infection) to 88% (in mice) following immunization with
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His-tagged rBmHAXT (16, 18). In order to get FDA approval and

bring the vaccine to human use, there is a need to remove unneeded

extraneous sequences like theHis-tag fromthevaccineantigenand to

develop a scalablemanufacturing process. Thus, our first goal was to

generate tag-free rBmHAXT and optimize the expression of the

protein for scale up for commercial manufacturing. Our initial

vaccination trials in this study using the tag-free rBmHAXT

protein in a mouse model showed that the immunogenicity and

vaccine efficacy of tag-free rBmHAXT is not affected by removal of

theHis-tag.We also performed dose escalation studies to identify an

optimal dose. Results from all these studies showed that at lower

doses of tag-free rBmHAXT, vaccine efficacy was low, however, at

higher doses, significant protectionwas achieved comparable toHis-

tagged rBmHAXT in the mouse model. Thus, our initial studies

confirmed that tag-free rBmHAXT is as efficient as the original

vaccine formulation. Unfortunately, there are no other multivalent

vaccine against LF to compare at this stage.

To mimic the genetic diversity that is innate to humans (19,

21, 22) there is a need to test the vaccine antigen in an outbred

strain. Numerous studies have suggested that inbred mouse
A B

D
C

FIGURE 6

Correlates of protection studies in Mongolian gerbils. Outbred male Mongolian gerbils were immunized with 5, 15, or 40 mg of tag-free
rBmHAXT. Panel (A) shows that significant titers of anti-rBmHAXT IgG antibodies were present in the sera of all tag-free rBmHAXT vaccinated
gerbils 30-days after the 3rd immunization. Highest titers of anti-IgG rBmHAXT were obtained with the 40 mg dose compared to the 5 and 15
µg doses. Panel (B) shows the titers of anti-rBmHAXT IgG antibodies following immunization with His-tagged rBmHAXT. Similar to Panel (A),
immunization with a 40 µg dose of His-tagged rBmHAXT gave the highest titer as with the tag-free rBmHAXT immunization. Panel (C) shows
the levels of anti-rBmHAXT antibody isotypes in the sera after immunization with tag-free or His-tagged rBmHAXT. Results show that the
antibody isotype profiles generated were similar after immunization with tag-free or His-tagged antigen. Panel (D) shows the ADCC-mediated
larvicidal activity of sera 30-days after the 3rd immunization. A statistically significant (p < 0.05 vs AL019 and 40 ug group) dose-dependent
increase in larvicidal activity was seen in the sera of tag-free rBmHAXT vaccinated animals compared to the AL019 control group. n=6-8
vaccinated and 3 controls.
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strains - such as BALB/c - will typically result in highly

reproducible results while outbred strains often tend to give

variable results based on their individual genetic makeup (22).

Similarly, the inbred and outbred mice differ in their ability to

immunosense antigens that are offered to their immune system.

The CD4 and CD8 T cells in outbred mice show equal and

higher responses compared to the inbred mice, where CD8 T cell

responses seem to predominate in inbred mice. Outbred mice

showed peak responses later in the immune responses and these

responses were prolonged compared to the inbred mice (23).

Thus, immunity is long-lived in outbred mice. Another study by

Tuttle et al. (24) demonstrated significant trait variability among

inbred mice. Thus, inbred mice are probably not an accurate

model for testing immune responses in the human (23, 24).

Therefore, in this study we used an outbred strain of mice (CD1)

and an outbred strain of gerbil to evaluate the potency and

vaccine efficacy of the antigen in genetically diverse animals.

Results from our studies confirm that the vaccine efficacy of our

tag-free rBmHAXT antigen in CD1 mice and in gerbils are

similar to that seen in inbred BALB/c mice. Thus, it can be safely

concluded that the tag-free rBmHAXT vaccine has a broad

spectrum of efficacy in genetically diverse rodent species. Dose

escalation studies in CD1 mice showed that a dose of 15-25 ug

gave the highest titer of IgG antibodies suggesting that the

optimum range of the vaccine is between 15-25 ug. These

findings also correlated with the protection studies after a

challenge infection. A dose of 25 ug showed the highest

percent of protection in CD1 mice confirming that the
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optimum dose of vaccine in an outbred strain of mice may be

different than in inbred mice.

While mice are useful for early-stage validation, they have

limitations for use with lymphatic filariasis due in part to

phenotypic manifestations of disease and their short life

span. However, they are useful to identify potential correlates

of efficacy. It has been shown that while mice can be infected

withW. bancrofti and will generate antibody titers, they do not

maintain the infection (8). The B. malayi-infected gerbil serves

as a laboratory model to mimic some of the aspects of the

filarial infection of humans producing chronic parasitism

characterized by microfilaremia and a Th2-mediated immune

response (19, 20). Analysis of the vaccine in the gerbil model in

this study showed that gerbils vaccinated with tag-free

rBmHAXT generated significant titers of total IgG and

various Ig isotypes. More importantly, the highest dose of

antigen resulted in nearly 90% of killing of L3 larvae in an in

vitro ADCC assay. This suggested that immunization with the

tag-free rBmHAXT also generated protective antibodies as

described previously with His-tagged rBmHAXT (20). Our

challenge studies in gerbils also confirmed that worm

recovery was significantly decreased in vaccinated animals

compared to placebo control. Numbers of both male and

female worms were substantially decreased. These findings

confirm that tag-free rBmHAXT has the potential to be an

excellent vaccine candidate for lymphatic filariasis. As such, we

are moving the adjuvanted vaccine formulation termed

“LFGuard™” forward to human testing.
FIGURE 7

Worm establishment following a challenge in Mongolian gerbils. Outbred male Mongolian Gerbils (Meriones unguiculatus) were immunized
three times s/c with 5, 15, or 40 mg of tag-free rBmHAXT. Control mice were given AL019 adjuvant and remained as the placebo group. Thirty
(30) days after the last immunization, all gerbils were challenged with 50 infective larvae of B. malayi. Ninety (90) days after challenge, worms
established in the internal organs and peritoneal cavity were counted. Average number of male and female worms recovered from each group
of gerbils is shown in the figure. Mean values are represented with a bar for each group. Compared to the control group (AL019), fewer worms
were recovered from all the vaccinated gerbils. .
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Currently, there is no commercially licensed prophylactic

vaccine available for LF (8). With over 880 million people at

risk, there is a greater need for developing a vaccine for LF. An

effective prophylactic vaccine should confer long-lasting and

robust protective immune responses in the vaccinated

individuals (8). Several previous attempts to develop a vaccine

against LF resulted in the identification a number of potential

vaccine candidates and approach to deliver the vaccines, such as

cocktail vaccines (25), chimeric vaccines (26, 27), multi-subunit

and multi-epitope vaccines (28–31), and multivalent vaccines (15,

16, 18). Among all these approaches, the multivalent vaccine

approach gave slightly better results when tested in experimental

rodent models. Subsequently, the best multivalent formulation,

rBmHAXT was tested in a non-human primate model and

showed great promise. In this manuscript we demonstrate that

we could improve the final down selected multivalent formulation

without losing its potency and immunogenicity.
Conclusion

From our studies in both inbred and outbred mice and

Mongolian gerbils, we conclude that the newly redesigned tag-

free rBmHAXT antigen results in equivalent protection

compared to the original His-tagged antigen. These studies

open the door for the next phase of developing this

LFGuard™ vaccine as the first ever vaccine for human

lymphatic filariasis. We are currently in the process of cGMP-

compliant manufacturing of the vaccine. GLP toxicology studies

in rabbits, developing an IND application for the FDA, and a

human phase 1 clinical trial are currently being planned.
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