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Lyme disease (LD) is the most prevalent tick-borne disease in both Europe and North
America. The development of effective Lyme disease vaccines is complicated by the
complex biology of Borrelia species and alterations in the expression of outer surface
membranes. In this work, PepB, which is Borrelia burgdorferi BB0172-derived peptide
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was evaluated in scaffolded formulation as a vaccine candidate in murine model of LD. In
brief, four groups of 6-8 weeks old C3H/HeN breed of mice (n=6 per group) were
immunized subcutaneously with BBA34: PepB (BP), outer surface protein C (OspC),
BBA34 and a naive control group. In 8 weeks, post-priming blood samples were collected,
and specific 1gG titers were evaluated by ELISA. After that, A dose of 10° B. burgdorferi

/mouse was administered subcutaneously to all animals as a challenge. The mice were
euthanized at 4 weeks post-challenge and then blood and tissue samples were collected to
evaluate bacterial burden by real time gPCR, and bacterial recovery from tissues. Taken
together, and considering both bacterial burden and bacterial recovery, immunization with
BP was not able to confer protection against borreliosis in this experiment, and
consequently it was not considered as a potential vaccine formulation in subsequent
studies. It was concluded, that other alternative antigen platforms and delivery methods
might be considered to improve the immunogenicity of the PepB-based vaccine candidate.
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Introduction

Lyme disease (LD) is a zoonotic tick-borne disease
caused by bacterial spirochetes within the Borrelia
burgdorferi sensu lato complex. In humans, the disease
manifests as the emergence of the recognizable skin rash
(erythema migrans), arthritis, cardiac, and neurological
involvements. The disease is mainly transmitted by hard
ticks of Ixodes spp (1). The most successful preventive
strategy to reduce the prevalence of LD worldwide is
vaccination; unfortunately, no vaccine is currently
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accessible for human use. To date, a lot of Scientific works
has been applied into creating a vaccine that will protect
humans. Finding a conserved antigen to combat the variety
of Lyme spirochetes is difficult, though. Protein scaffold is
an alternative method used to generate immunogenicity of
poorly or non-immunogenic antigens (2,3). Naturally
synthesized proteins with rigid, well-defined structure and
intrinsic stability are considered effective scaffold that can
be used for antigen presentation (4,5). Some studies
revealed that inserted epitopes into an unrelated scaffold
protein structure was a feasible strategy to display the HIV-
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1 gp4l epitopes 2F5 and 4E10. In such experiments,
scientists observed that after immunization, the scaffolded
antigens produced significant high-binding affinity
antibodies compared to the epitope peptide alone (4,6).
Suitable scaffolds are molecules with sufficiently broad
molecular surface areas that can withstand replacements or
insertions without compromising the integrity of the overall
three-dimensional structure (7). Also, scaffolds are
considered efficient immunogens in many respects to other
antigen  presentation  platforms, including peptide
conjugates (3).

Reverse vaccinology has enabled us to discover and
characterize the antigenic maps of different infectious
agents, and the structural vaccinology, which tremendously
assist in identifying the three-dimensional structure of
pathogen-specific components, and potentially recognize
pathogen-specific antigens as well (8). Therefore, the
epitope-based vaccination can be used to mainly target
critical neutralizing epitopes, and avoid inducing non-
protective antibodies in vaccinated individuals (9).

There are a number of scaffolding alternatives such as
Virus-Like Particles (VLPs) and backbone grafting. The
virus-like particles (VLPs) have been used as vaccine
development platforms for years. Furthermore, VLP
scaffolds have been used to present immunogenic antigens
from various viral, bacterial, or parasitic pathogens, known
as chimeric VLPs (10). Viral capsid proteins can be
synthesized in vitro through exploiting the advancing
biotechnology, and creating self-assembled, empty virus-
like particles (11-13). Furthermore, VLPs can be presented
by Antigen Presenting Cells (APC) and stimulate B and T-
lymphocytes. Therefore, scientists have taken advantage of
these immunogenic viral particles and used them as
platforms to display different antigens with the objective of
inducing a strong immune response (12). Backbone grafting
is a strategy that implies using protein scaffolds as a
presentation platform, in which a protein backbone can be
engrafted with different epitopes (14,15). Correia and
collaborators showed that a viral epitope, derived from
respiratory syncytial virus and inserted in a protein
scaffold-based structure was able to elicit potent
neutralizing antibodies (16).

Borrelia burgdorferi has a single peptide transport
system of the ABC transporters family, which resembles
oligopeptide permease (Opp) and dipeptide permease (Dpp)
transport systems that are found in other bacteria (17,18).
BBA34 is a 61 kDa surface lipoprotein, and one of five
oligopeptide permease A homologs present in B.
burgdorferi, and is designated OppA5 (19). Furthermore,
BBA34 participates in the transport of solutes like acetate
and bicarbonate. Moreover, BBA34 is a lipoprotein
exposed to the periplasmic environment of the B.
burgdorferi, and on linear plasmid 54 (Ip54) resides the
bba34 gene. In addition, BBA34 is upregulated when the
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spirochetes are growing under tick feeding and mammalian
host conditions (20).

Based on the evidences described above, the borrelial
membrane protein BBA34 was considered as a potential
protein  scaffolding  molecule.  Consequently, we
hypothesized that by engrafting PepB into an exposed
region of the borrelial protein BBA34, known as solute
binding domain, It could be able to improve the
presentation of the PepB to the immune system, and
therefore stimulate the generation of protective specific
antibodies against B. burgdorferi.

Materials and methods

Ethics statement

The Institutional Animal Care and Use Committee
(IACUC) of Texas A&M University granted approval to all
animal-related treatments. The mice were housed in an
Association for Assessment and Accreditation of
Laboratory Animal Care-approved facility at Texas A&M
University (AAALAC).

Cloning and expression of scaffolded antigen

The scaffolded construct BBA34:PepB (BP) was
synthesized in the expression vector pET23a by Genscript
(Piscataway, NJ, USA) with optimized codon usage for
expression in Escherichia coli. The plasmid was
transformed into Rosetta™ (DE3) pLysS E. coli strain
(Novagen, Madison, WI, USA). Clones were verified by
PCR and protein expression, and kept at -80°C for further
use. Transformed cells were recuperated in LB medium
containing appropriate antibiotics, and overexpression of
BP was done at 37°C using 1mM isopropyl-B-D-
thiogalactopyranoside (IPTG) for 4 hours. After
overexpression, cells were harvested and lysed via
sonication in lysis buffer (20 mM imidazole; pH 7.4) with
addition of the protease inhibitor cocktail, HALT™
(Thermo Scientific, Inc., USA). The sonicated suspension
was centrifuged, and the supernatant was run through
affinity purification column using a His60 Ni Superflow
resin (Clontech, Mountain View, USA) according to
manufacturer’s recommendations. Following binding of
proteins, the affinity column was washed with 30ml of
wash buffer (40 mM imidazole; pH 7.4). Finally, the bound
6xHis-tagged proteins was released by elution buffer (300
mM imidazole; pH 7.4), and the collected protein fractions
were aliquoted and stored at -80°C. Samples were separated
and analyzed under SDS-12.5% PAGE conditions (21).

Purification of BBA34: PepB (BP) construct

The highest protein-containing fractions were combined
and concentrated with Spin-X™ centrifugal filters
(Corning, Lowell, USA) with a 10 kDa MWCO. Then,
concentrated proteins were passed through a column of
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Sephadex G-75 resin for size exclusion chromatography.
Pierce™ BCA Protein Assay (Thermo Scientific, Inc.,
Rockford, USA) was used to quantify protein concentration
of the collected fractions. Then, fractions with relatively
high concentration were pooled and centrifuged as
mentioned previously, and used on a desalting column PD-
10 (GE Healthcare, Piscataway, USA). SDS-12.5% PAGE
was used to evaluate the collected fractions, and the
fractions with the highest protein content were combined
and concentrated using a Spin-X centrifugal filters. A 61.5-
KDa BBA34: PepB was purified and kept at 4°C until
further use in animal experiments (21) (Figure 1).

(A4)

BBA34

BBA34:Pep

(B)

BRAN PopB

Figure 1: Illustration of scaffolding protein BBA34. (A)
The models depict BBA34:PepB and the expected
structural modifications to the protein as a result. (B) The
lipoprotein  signal peptide, which directs surface
localization (gray part). The PepB scaffolding molecule
BBA34, in which the solute-binding domain has been
substituted by PepB (pink part) (22).

Expression and purification of control proteins

Control proteins OspC and BBA34 were cloned into the
cloning vector (pET23a) and then transformed into
Rosetta™ (DE3) pLysS Escherichia coli (Novagen,
Madison, USA), and kept at -80°C for further use.
Transformed cells were recovered in LB medium
containing appropriate antibiotics, and overexpression of
BBA34:PepB was done at 37°C using 1mM isopropyl-[1-D-
thiogalactopyranoside (IPTG) for 3 hours. After
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overexpression, cells were harvested, washed, and
sonicated for 10 minutes in lysis buffer (20 mM imidazole;
pH 7.4) with addition of the protease inhibitor (Thermo
Scientific, Rockford, USA). The sonicated suspension was
centrifuged, and the supernatants were applied to a His60
Ni Superflow resin (Clontech, Mountain View, USA), for
affinity purification following the protocol provided by the
manufacturer. Proteins were processed after binding with
30ml of wash buffer (40 mM imidazole; pH 7.4). The
6xHis-tagged proteins were then extracted using an elution
buffer (300 mM imidazole; pH 7.4), and the obtained
fractions were subsequently subjected to SDS-PAGE
analysis (22).

Purification of the control proteins was started with
dialysis of the concentrated fractions of protein into dialysis
buffer (50 mM Sodium Phosphate, 300 mM Sodium
Chloride, 0.1% Triton X-100; pH 7.4) by using dialysis
cassettes (Thermo Scientific, Rockford, USA). Dialyzed
proteins were then concentrated with a 10 kbDa MWCO
(EMD Millipore, Billerica, USA). After that, Using BCA
Protein Assay, the control proteins were measured and they
were then kept at 4°C.

Immunization

Six to eight weeks old C3H/HeN mice (n=6 per group)
were immunized subcutaneously with decreasing antigen
dosages of 50ug/mouse for priming followed by
10pg/mouse at 14-days post-priming, and a final booster
dose of 5ug/mouse at 28-days post-priming in combination
with 5% Adjuplex™ adjuvant (Advanced Bio-Adjuvants
LLC, USA). In this study we included the following
groups: BP, BBA34, OspC and a naive control group. Eight
weeks post-priming blood samples were collected, and
specific 1gG titers were evaluated by using ELISA methods
previously described by others (22).

Infection

To evaluate protection induced by the scaffolded
antigen BP, mice (n=6) were infected subcutaneously ten
weeks post-priming with a dose of 10° Borrelial cells per
mouse. First, PCR screening was conducted to detect the
presence of essential plasmids required for the survival and
infection of B. burgdorferi strain that was used in the
challenge studies. The primers for PCR screening method
were previously described (23). Mice were euthanized four
weeks after the challenge, and blood and tissue samples
were taken to evaluate the level of protection. Skin, spleen,
inguinal lymph nodes, heart, bladder, and tibiotarsal joints
were among the tissues that were sampled.

At 32°C and 1% CO?2, tissues were grown in (Barbour-
Stoenner- Kelly) BSK-1I media supplemented with 6%
inactivated naive rabbit serum. After 5 days from the
original inoculation, the cultures were blindly transferred to
new BSK-IlI media, where they were cultured for up to 21
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days at 32°C and 1% CO2. At 14 and 21 days after
inoculation, the original and blind passaged cultures were
examined for bacterial growth under dark field microscopy
(24). By using real-time gPCR, the number of bacteria were
assessed in the skin, spleen, inguinal lymph node, and
tibiotarsal joint as mentioned in (25).

Statistical analysis

Two-way ANOVA was used to analyze antibody titers
in order to determine whether there were any significant
differences between the various immunized groups (26).
The Mann Whitney U test was used in quantitative real-
time PCR data to statistically compare between groups.
Using Prism 7.0 (GraphPad Software, Inc., USA), all
graphs and analyses were produced.

Results

Plasmid profile of B. burgdorferi

The results of PCR screening showed that all essential
plasmids were detected in the B. burgdorferi B31 strain that
was used in challenge protocol to confirm the ability of that
strain to colonize and induce infection in a host (Figure 2).

Efficacy of BBA34: PepB construct

It was demonstrated that the immunization schedule
described above was able to induce specific IgG antibodies
in immunized animals using BBA34: PepB. Furthermore, it
was showed the presence of comparable antibody titers in
both BBA34 and BP immunized mice. Hence, in this study

(A) (B)

the presence of protective antibodies was evaluated in the
immunized animals. To this end, both control and
immunized  groups  were  infected  with  10°
spirochetes/mouse via needle inoculation (Figures 3 and 4)
immunized animals were able to induce high specific
antibody titers 8-weeks post-priming. In addition, all groups
developed specific antibodies against B. burgdorferi post-
challenge.
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Figure 2: Plasmid profile of Borrelia burgdorferi B31 strain.
Conventional PCR screening on 1% agarose gel revealed
presence of all essential plasmids. Ld: DNA Ladder (LD)
weight is represented in base pairs (bp) on the left of the
image. 1: cp26; 2: Ip5; 3: 1p17; 4: 1p25; 5: 1p28-1; 6: 1p28-2;
7: 1p28-3; 8: 1p28-4; 9: 1p36; 10: Ip38; 11: Ip56.
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Figure 3: BBA34, BP and OspC induce specific antibodies in immunized C3H/HeN mice. (A) Specific IgG titers in the
immunized groups. HA denotes Homologous Antigen; Bb denotes Borrelia burgdorferi whole cell lysates; PepB denotes the
specific peptide B antigen used as coating agents in the ELISA. (B) anti-Borrelia burgdorferi IgG levels in the different groups
4 weeks post challenge. * Denotes significant differences: * P value < 0.05; *** P value < 0.001.
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On the other hand, and as shown in Figure 4 immunized
mice were not able to clear the infection when tissues were
inoculated in BSK-II medium and incubated at 32°C and
1%CO,. As shown in this figure, even though there is
significantly lower bacteria recovery from tissues isolated
from immunized animals, most tissues were able to grow
viable bacteria in media, and therefore, we considered that
immunized animals were not protected.

Furthermore, the bacterial burden was evaluated in the
collected tissues by means of gPCR. As shown in figure 5,
there was significantly low bacterial burden in all examined
tissues of BBA34: PepB compared with the control group.
Interestingly, BBA34 and OspC groups generally had lower
bacterial load in all tissues compared with the control group
and the BP group. Taken together, and considering both
bacterial burden and bacterial recovery from tissues,
immunization with BP was not able to clear the infection in
this experiment, and consequently we did not consider this
alternative as a potential vaccine formulation in subsequent

studies.
] ‘

100+

Jt

Il Bid
B = N H
e LN
Spl
il =

% Tissues positive for growth
g

o e <
Qa*"‘s & ,_}3‘30 o
&
Groups

Figure 4: Bacterial restoration. In BSK-11 specific media for
Borrelia spp. In vaccinated groups 1/6 animals showed
clean tissues. In BBA34: PepB immunized animals 2/6
spleens and 3/6 joints showed clearance. * Denotes
significant differences: * P value < 0.05; *** P value <
0.001.

Discussion

The increasing of geographic distribution and
prevalence of LD cases has been associated with expanding
of public health concern since the disease was identified.
Vaccination is an effective approach that can be used
efficiently to control the LD cases in humans and reduce
the economic burden of the disease (27). Different studies
have evaluated several vaccine candidates against LD
including outer surface lipoproteins and other antigens
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(28,29). In previous study, PepB has shown promising
results as a vaccine candidate against LD, providing 50%
protective efficacy in tick challenge model when the
peptide was conjugated to KLH (22).

Scaffolding molecule BBA34 in conjunction with
PepB was used in this study to enhance the efficacy of the
selected peptide in the murine model of LD. The use of
scaffold protein BBA34 excludes introducing foreign
immunostimulants that might induce adverse reactions,
after administration in a host. Evaluation of immune
response in immunized mice revealed presence of
significant high antibody titers compared to the control
group, however, PepB specific antibody titer was very low.
Therefore, it may be revealed that the immune response
was not enhanced against the PepB, this might be due to the
fact that the scaffolding molecule impeded the appropriate
exposure of the peptide to the immune system. The
scaffolding molecule with inserted PepB might require
additional optimization in order to be effective. This
outcome is similar to the study of McLellan et al. (15) in
which authors showed that the use of scaffolding structure
was unable to induce antibody response in immunized mice
against an antigen derived from respiratory syncytial virus
(RSV).

Bacterial burden in tissues was evaluated to determine
a protective efficiency of the scaffolded PepB antigen in
immunized mice. The BBA34: PepB construct, and the
BBA34 and OspC proteins showed a reduction in the
bacterial load in the examined tissues compared with the
control group. In addition, viable spirochetes were grown in
the cultured tissues in BSK-11 media from all immunized
groups. Hence, the PepB was not considered protective in
the scaffolding context, and other alternatives could be
investigated to formulate an efficient PepB-based vaccine
candidate. The 12-mer peptide (PepB) is unable to induce
an immune response by itself, because of its small size,
therefore it is essential to increase its size to render it
immunogenic. The PepB design can be further explored in
the context of a multiple-copy peptide antigen approach. In
fact, multiple-copy peptide method has been shown that it
induced a more efficient immunological response than a
single copy peptide linked to KLH did (30).

In the multiple-copy peptide design the selected
antigen is exposed in a well-defined orientation, and it
excludes any unnecessary structural components that may
include suppressor epitopes that might be found in
scaffolding, and/or carrier molecules. In addition, a
multiple-copy peptide is considered highly immunogenic,
and can induce both humoral and cellular immune
responses against HIV infection in human (31).
Furthermore, previous studies showed that a multiple-copy
peptide antigen derived from the circumsporozoite protein
(CSP) of Plasmodium yoelii was able to confer protection
in mice against malaria infection (32). Also, other antigen
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delivery systems can be used with PepB to improve its
protective efficacy such as use of liposomes, archaeosomes,

polymersomes, and immuno-stimulating complexes
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(ISCOMs) (33,34). These methods can be used to improve
antigen persistence, uptake, and presentation, and thus able
to effectively potentiate the immune response.
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Figure 5: BBA34: PepB did not confer protection in immunized mice inoculated with B. burgdorferi. Real time qPCR revealed
the bacterial load was significantly decreased in mice immunized with BBA34: PepB, BBA34, and OspC in all examined
tissues including skin (A), spleen (B), lymph nodes (C), and joints (D) compared with control group (* P value < 0.05; ** P

value < 0.01).
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Conclusion

In the present study, the scaffolding of PepB approach

did not yield promising results, therefore, this formulation
was not considered for further vaccine studies. Hence, other
novel methods were explored in terms of reformulation of
PepB design, and/or conjugation with carrier molecules to
improve the immunogenicity and protective efficacy of the
PepB-based vaccine candidate.
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