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Abstract: Lyme disease affects several hundred thousand people worldwide annually, yet there is
no registered vaccine for the disease available for human use. The disease is caused by Borrelia
burgdorferi sensu lato complex bacteria, which harbor numerous outer surface proteins, and many of
which have been targeted for vaccine development. However, to effectively combat various Borrelia
species, the target protein should ideally be conserved and located in the chromosome. In this study,
we evaluated the potential of seven conservative, chromosome-encoded outer surface proteins as
vaccine candidates. Unfortunately, four of the initial candidates could not be produced in E. coli. The
remaining BB0028, BB0158, and BB0689 proteins were administered to mice in both the free form
and as conjugates with virus-like particles (VLPs). In most cases, high antibody titers were obtained,
confirming the good immunogenicity of the selected proteins. However, for BB0158 and BB0689
proteins, adverse effects were observed following the injection of free proteins, which were not
observed when they were coupled to VLPs. Bactericidity tests of the obtained antibodies suggested
that none of the vaccine candidates could induce the production of bactericidal antibodies.
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1. Introduction

Lyme disease is caused by several genospecies present in the Borrelia burgdorferi
sensu lato complex [1]. In North America, the disease is primarily caused by Borrelia
burgdorferi sensu stricto, while in Europe, it is predominantly caused by Borrelia garinii and
Borrelia afzelii [2]. Lyme disease is the most common tick-borne infection in the Northern
Hemisphere. According to a recent meta-analysis, the estimated seroprevalence of Borrelia
burgdorferi sensu lato in the global population, or the number of people who have been
exposed to Lyme disease during their lifetime, accounts for approximately 14.5% of the
world’s population [3]. It is also essential to note that in the last few decades, the number
of cases of the disease has significantly increased compared to the period from 2001 to
2010 [4]. According to estimates, Lyme disease occurs in more than 200,000 people every
year in Western Europe [2], while in the USA, this figure is approximately 476,000 [5].

Antibacterial therapy can be used to treat Lyme disease, and Borrelia burgdorferi is
susceptible to three classes of antibiotics: beta-lactam antibiotics, tetracyclines, and, to a
lesser extent, macrolides [6]. Although the disease can be cured with antibiotics, symptoms
may persist for years even after antibiotic treatment, and hence, the obvious need for
prophylactic vaccination.

The surface of Borrelia bacteria is adorned with numerous surface proteins that can
serve as targets for vaccine development. In the 1990s, two Lyme disease vaccines were
developed that based on the Borrelia outer surface protein OspA: “LYMErix™” (SmithKline
Beecham, London, UK) and “ImuLyme™” (Pasteur Mérieux Connaught, Toronto, ON,
Canada). Phase III trials of both vaccines showed that they are safe and effective. However,
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“ImuLyme™” was not licensed, while “LYMErix™,” after being introduced to the market
in 1998, was withdrawn in 2002 due to insufficient consumer demand and reports of side
effects such as arthritis [7]. It should be noted that reported side effects have no real
scientific bases as recently reviewed by [8]. However, OspA is expressed in bacteria only
when residing in ticks, not in host; therefore, high antibody titers should be maintained.
Also, since OspA does not reside in host, no amnesic response is activated. Many other
outer surface proteins have also been targeted, including OspC [9], BB0405 [10], BBA64 [11],
BBI16 [12], BBA52 [13], BBK32 [14], BbHtrA [15], RevA [16,17], and CspZ [18,19]. New
vaccine prototypes are also being developed using the OspA protein. The vaccine VLA15,
which utilizes the C-terminal segments of six OspA serotypes, has shown effectiveness in
mouse models against four clinically significant Borrelia species: B. burgdorferi, B. afzelii,
B. garinii, and B. bavariensis [20]. This vaccine is currently in phase III clinical trials (Pfizer
Inc. and Valneva SE, 2022). A somewhat similar approach, using protein subunits as
vaccine targets, has also been used for other tick-borne pathogens, such as rBdP0 [21] and
rBdEBP [22] from Babesia protozoa.

The aim of our study was to create a VLP vaccine candidate, based on conserved,
chromosome-encoded B. burgdorferi surface proteins. We explored the immunogenic prop-
erties of several uncharacterized (BB0158, BB0171, BB0213, BB0352, BB0689, and BB0823) or
partially characterized (BB0028) B. burgdorferi surface proteins for their potential as new
anti-Lyme disease vaccine candidates. One of the approaches in developing new vaccines
involves using virus-like particles (VLPs). VLPs are self-assembling structures of viral cap-
sid proteins that mimic the viral structure, enhancing the immune recognition of exposed
antigens [23]. VLPs from ssRNA phages like MS2, AP205, and Qβ are particularly popular
in vaccine development due to their robustness and their ease of production in bacteria [24].
VLPs have been used in Lyme disease vaccine development, e.g., coupling OspA and
OspC to hepatitis B core antigen [25] and CspZ to ssRNA bacteriophage Qβ VLPs [26]. We
have generated several VLP-based vaccine candidates—AP205d-BB0689, QβVLP-BB0028,
QβVLP-BB0158, and QβVLP-BB0689. To this end, mice were immunized with vaccine
candidates and uncoupled proteins. Subsequently, immunogenicity and in vitro antibody
bactericidal assays were determined using established methods. No bactericidal effect was
observed in any of the cases, neither for VLP conjugates nor uncoupled proteins.

2. Materials and Methods
2.1. Production and Purification of Recombinant Proteins

Production and purification of B. burgdorferi proteins were carried out as previously
described [27]. Protein sequences from B. burgdorferi strain B31 were supplemented with a
cleavable 6xHis tag at the N-terminal for purification. The corresponding codon-optimized
genes were ordered and cloned into the pETduet-1 vector by the company Biocat.

2.2. Generation of Vaccine Candidates and Coupling to Bacteriophage Qβ VLPs

The purification of Qβ VLPs and the chemical coupling of B. burgdorferi proteins to the
purified VLPs followed a basic protocol described previously [28], with slight modifications.
Briefly, Qβ VLPs were labeled with tetrazine-NHS by adding it to the protein solution
in PBS from a stock solution in DMSO at a 0.9:1 molar ratio with respect to Qβ VLPs.
The mixture was incubated at room temperature for 2 h. The unreacted tetrazine-NHS
label was removed, and the buffer was changed to PBS (pH 7.2) using a desalting column.
B. burgdorferi proteins were labeled with BCN-NHS ester by adding them to the protein
solution to achieve a final concentration of 2 mM from a 50× stock solution in DMSO.
Subsequently, the unreacted BCN-NHS ester was removed, and the buffer was changed to
PBS using a desalting column. Labelled Qβ VLPs-tetrazine-NHS and B. burgdorferi proteins-
BCN-NHS were mixed at mass ratios of 1:1, incubated for 16 h at +4 ◦C, and the excess
free B. burgdorferi proteins were separated from the Qβ-protein conjugates using dialysis
through a 1000 kDa cutoff membrane against PBS. Protein concentrations were determined
using a NanoDrop spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA). The
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protein purity and efficiency of chemical coupling were verified using SDS-PAGE followed
by Coomassie staining and native agarose gel electrophoresis.

2.3. Animal Studies

The experimental procedures in animals were approved by the National Animal
Welfare and Ethics Committee (permit no. 102/2019, for mice infection study; and permit
no. 136/2022, for antibody response evaluation studies) and were conducted in compliance
with the Directive 2010/63/EU as adopted by the national legislation.

For infection studies with B. burgdorferi, we used five-week-old female C3H/HeNHsd
mice (n = 8), and for immunization studies, we employed seven-week-old female BALB/
cOlaHsd mice (Envigo, Melderslo, The Netherlands) (n = 8). Female mice have been used
in most studies of Lyme disease vaccine candidates [19,29–32]; thus, we also chose the
same sex. For infection, mice were intradermally infected with 105 B. burgdorferi (same
dose as reported previously [29,31,33]) suspended in 100 µL of BSK-H incomplete medium
(BioConcept, Allschwil, Switzerland). Negative control mice were injected with BSK-H
incomplete medium. The joint diameters of both tibiotarsus joints were measured with a
digital caliper on days 0, 7, 14, 21, and 28 after infection, in a similar manner as reported
before [29,33]. For immunization, the vaccines with squalene-based adjuvant AddaVax
(Invivogen, vac-adx-10, San Diego, CA, USA) were mixed in a 1:1 (v/v) ratio immediately
before injection. Each animal received three doses of vaccine or control, 14 days apart, with
a dose of 25 µg administered subcutaneously per injection per animal in a total volume of
100 µL, which is the vaccine dose that we usually use in our vaccine studies [19,26,28,34].
Animals were weighed every three days and monitored for possible vaccination-induced
side effects. At the end of the experiment, animals were humanely euthanized under deep
surgical isoflurane anesthesia (5%), and cardiac puncture was performed to collect final
blood samples.

2.4. Evaluation of Vaccine-Induced Antibody Responses

For the evaluation of the total IgG response against B. burgdorferi proteins, ELISA plates
(Greiner, Meiningen, Germany) were coated with 1 µg per well of recombinant B. burgdorferi
proteins overnight at 4 ◦C. Subsequently, wells were blocked with 1% BSA in PBST and
then incubated with two-fold serially diluted serum samples in 1% BSA in PBST for 1 h at
37 ◦C. The wells were washed three times with PBST and dH2O between the steps. Plates
were then incubated with a rabbit anti-mouse IgG HRP conjugate (1:5000, Sigma-Aldrich
A9044, Burlington, MA, USA) for 1 h at 37 ◦C, and then were washed, and the serum
antibody binding was visualized using colorimetric O-phenylenediamine dihydrochloride
detection (Sigma, P6912-100TAB, Burlington, MA, USA). Optical density was measured
spectrophotometrically at 492 nm using an ELISA plate reader (BDSL Immunoskan MS,
Finland). For the assessment of the vaccine-induced IgG1, IgG2a, and IgG2b antibody
responses, goat anti-mouse IgG subclass-specific secondary antibody HRP conjugates
were used (Abcam ab98693, ab986998, and ab98703). The vaccine-induced IgG antibody
responses against the Qβ VLP carrier were assessed using the same protocol with the
following modifications: the ELISA plate was coated with recombinantly expressed Qβ

coat protein, and the serum samples were three-fold serially diluted. A positive signal was
defined relative to the negative control, i.e., the mean OD429 values from the wells probed
with serum samples from animals injected with PBS.

2.5. B. burgdorferi Strain and Bactericidal Activity of Serum from Immunized Mice

The B. burgdorferi strain B31-A3 used in this study is a clonal isolate of B31 [26] grown at
33 ◦C in BSK II complete medium (Sigma-Aldrich, Burlington, MA, USA). Mouse sera from
immunized mice and infected mice were used to determine bactericidal activity against B.
burgdorferi with serum bactericidal assay [26]. Prior to determining the bactericidal activity,
these mouse sera were heat-treated at 56 ◦C for 30 min to inactivate the complement
system. Then, 50 µL of diluted mouse serum (1:20, 1:40, 1:80, 1:160, 1:320, 1:640, 1:1280,
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and 1:2560) was mixed with 10 µL of complement-preserved guinea pig serum (Sigma-
Aldrich, Burlington, MA, USA) and B. burgdorferi (105 cells/mL) in 40 µL of BSK II complete
medium and then incubated at 33 ◦C for 24 h. Surviving spirochetes were quantified by
directly counting only motile spirochetes using phase-contrast microscopy (ZEISS Axio
Lab.A1, Jena, Germany). The survival percentage was calculated as the proportion of
serum-treated-to-untreated B. burgdorferi.

3. Results
3.1. Choice of Vaccine Candidate Proteins

As vaccine candidates, we selected several surface proteins that had to meet specific
criteria. Firstly, the corresponding gene had to reside in the bacterial chromosome rather
than in plasmids, as some plasmids are known to be lost in specific isolates. Secondly, the
protein had to be reasonably conserved, preferably with more than an 80% identity across
different Borrelia burgdorferi species. Lastly, the candidate had to be confirmed as a surface
protein in previous experimental studies. To fulfil this last criterion, we referred to a paper
by Dowdell et al. [35].

Overall, based on the above criteria, we selected seven proteins for further studies:
BB0028 (UniProt Proteome ID UP000001807), BB0158 (UP000001807), BB0171 (UP000001807),
BB0213 (UP000001807), BB0352 (UP000001807), BB0689 (UP000001807), and BB0823
(UP000001807).

BB0028 has been previously shown to be a part of the beta-barrel assembly complex
proteins [36] and resides in the periplasm. Nevertheless, we included it in our study due to
the convincing surface exposure data provided by Dowdell et al. BBH0689 is a chromosome-
encoded borrelial outer surface protein of unknown function, but it has been structurally
characterized by our group [27]. Some proteins with similar folds are involved in binding
lipophilic substances such as cholesterol and fatty acids. BBH0689 shares approximately
87% identity with various Borrelia species. Presumably, BBH0689 plays an active role
during the infection process since its production is upregulated after the transfer of bacteria
from the tick vector to the mammalian host. BB0158, BB0171, BB0213, BB0352, and BB0823
are uncharacterized proteins with unknown functions.

To enhance the immunogenicity of the proteins, we chose to utilize the virus-like
particle (VLP) platform. Several approaches can be employed to display proteins or
peptides on the VLP surface, e.g., genetic fusion, chemical conjugation, and bio-glue.
Primarily, we attempted the genetic fusion method using a single-chain dimer of the
AP205 phage coat protein, enabling a single foreign protein insertion per dimer. As a
secondary approach, we utilized chemical conjugation to Qβ virus-like particles. Based
on our previous experience, Qβ VLPs proved to be more efficient for chemical coupling
compared to other VLPs available in our lab.

3.2. Production of Proteins for Vaccination

Nearly all chimeric proteins produced through the genetic fusion method were either
insoluble or inadequately produced in E. coli cells. The exception was AP205d-BB0689,
which was both soluble and capable of forming VLPs. The production and purification of
AP205d-BB0689 are depicted in Figure 1.

Although it was possible to produce proteins BB0213 and BB0352 in their soluble
form, their production level was extremely low. Consequently, both proteins were deemed
unsuitable for further development. Additionally, no detectable production was observed
for proteins BB0171 and BB0823. Both BB0028 and BB0158 could be produced and purified
in a soluble form. Therefore, based on the production results, we proceeded with three
proteins: BB0028, BB0158, and BB0689.

We successfully coupled BB0028, BB0158, and BB0689 proteins to Qβ VLPs using the
tetrazine/BCN-8PEG linker. The efficiency of in vitro chemical conjugation was determined
using SDS-PAGE and native agarose gel electrophoresis. The appearance of new bands in
the higher molecular weight range on SDS-PAGE, and a shift in the position of VLP bands
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on native agarose gel, indicated the successful conjugation of the antigens to the VLPs. The
production and purification of stand-alone proteins are presented in Figure 2, while their
coupling to phage Qβ VLPs is illustrated in Figure 3.
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using SDS-PAGE. All proteins were purified with his-tag affinity chromatography. Σ—total lysate; 
s—soluble part of lysate; d—insoluble part of lysate; FT—flow-through fraction during His-tag pu-
rification; w—wash fraction; e—eluate; and M—marker. As it can be seen, it was possible to purify 
high amounts of BB0028, and BB0158 and originally planned BB0689, but not BB0213 (other unsuc-
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SDS-PAGE gel (on the left) and in electron micrography (on the right). M—marker; 1—total cell
lysate; 2—soluble fraction; 3—insoluble fraction; and 4–11—gel filtration fractions of lysate. The
position of AP205d-BB0689 protein is indicated with an arrow.
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using SDS-PAGE. All proteins were purified with his-tag affinity chromatography. Σ—total lysate;
s—soluble part of lysate; d—insoluble part of lysate; FT—flow-through fraction during His-tag
purification; w—wash fraction; e—eluate; and M—marker. As it can be seen, it was possible to
purify high amounts of BB0028, and BB0158 and originally planned BB0689, but not BB0213 (other
unsuccessful proteins are not shown).
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3.3. Presence of Antibodies against Produced Antigens in Infected Mice

After the successful production of antigens, we wanted to check whether antibodies
against them are produced during the infection of animals with B. burgdorferi. To test this,
we performed a Western Blot, where sera from infected animals indeed displayed some
reactivity with all three chosen proteins—BB0689, BB0158, and BB0028 (Figure 4). The
strongest reactivity was observed with BB0689, while reactivity with BB0158 and BB0028
was somewhat weaker.

Microbiol. Res. 2023, 14 2027 
 

 

  
Figure 3. Coupling of proteins to bacteriophage Qβ VLPs visualized on SDS-PAGE (on the right) 
and native agarose gel (in the left). M—marker; 1—Qβ VLP; 2—Qβ VLP/tetrazine; 3—BB0028; 4—
BB0028/BCN; 5—Qβ VLP+BB0028; 6—BB0158; 7—BB0158/BCN; 8—Qβ VLP+BB0158; 9—BB0689; 
10—BB0689/BCN; and 11—Qβ VLP+BB0689. Chemical conjugate bands on SDS-PAGE are shown 
with red asterisks. 

3.3. Presence of Antibodies against Produced Antigens in Infected Mice 
After the successful production of antigens, we wanted to check whether antibodies 

against them are produced during the infection of animals with B. burgdorferi. To test this, 
we performed a Western Blot, where sera from infected animals indeed displayed some 
reactivity with all three chosen proteins—BB0689, BB0158, and BB0028 (Figure 4). The 
strongest reactivity was observed with BB0689, while reactivity with BB0158 and BB0028 
was somewhat weaker. 

 
Figure 4. Determination of antigenicity of proteins using Western Blot. 1—B. burgdorferi lysate; 2—
BB0028; 3—BB0158; 4—BB0689; and 5—Qβ; M—PageRuler™ Prestained Protein Ladder, 10 to 180 
kDa, ThermoFisher (Waltham, MA, USA). 

3.4. Immunogenicity Studies in Mice 
The initial immunization experiment, followed by Borrelia burgdorferi infection, was 

conducted in C3H mice. These mice developed arthritis during the infection [37]. There-
fore, this murine model is commonly employed in anti-Lyme disease vaccine studies be-
cause it closely mimics the chronic presentation of Lyme borreliosis in humans [19,26,38–
40]. 

At the outset of the study, only the BB0689 protein and its genetically coupled version 
with the AP205 single-chain dimer were available. Consequently, we established five 
groups of mice, each consisting of eight animals: PBS, BB0689, AP205d-BB0689, AP205d 
VLP, and the infection group. 

Figure 4. Determination of antigenicity of proteins using Western Blot. 1—B. burgdorferi lysate;
2—BB0028; 3—BB0158; 4—BB0689; and 5—Qβ; M—PageRuler™ Prestained Protein Ladder, 10 to
180 kDa, ThermoFisher (Waltham, MA, USA).

3.4. Immunogenicity Studies in Mice

The initial immunization experiment, followed by Borrelia burgdorferi infection, was
conducted in C3H mice. These mice developed arthritis during the infection [37]. Therefore,
this murine model is commonly employed in anti-Lyme disease vaccine studies because it
closely mimics the chronic presentation of Lyme borreliosis in humans [19,26,38–40].

At the outset of the study, only the BB0689 protein and its genetically coupled version
with the AP205 single-chain dimer were available. Consequently, we established five
groups of mice, each consisting of eight animals: PBS, BB0689, AP205d-BB0689, AP205d
VLP, and the infection group.

Following the third immunization, all the mice in the BB0689 group experienced an
anaphylactic shock, resulting in the loss of half of the animals. Two weeks after immuniza-
tion, we obtained blood serum samples and determined antibody titers against BB0689
and AP205d VLP proteins. The sera from the AP205d-BB0689 and AP205d VLP groups
exhibited significantly high anti-AP205d VLP titers, approximately 3 × 104, while the sera
from the AP205d-BB0689 and BB0689 groups displayed anti-BB0689 titers below 1 × 103.
Notably, anti-BB0689 antibody titers were statistically significantly higher, as illustrated in
Figure 5.

Due to low antibody titers in C3H mice, we conducted further immunogenicity tests on
the stand-alone proteins BB0028, BB0158, and BB0689, as well as their chemical conjugates
with bacteriophage Qβ VLPs in BALB/c mice. While the initial immunization was well
tolerated by all animals, we observed that the second and third immunizations with stand-
alone BB0689 and BB0158 proteins caused apparent illness in mice. Within 30 min, half
of the mice in groups immunized with BB0158 and BB0689 became less mobile, alert, and
social, failed the grip test, and did not avoid being handled by the caretakers. Additionally,
we observed a decrease in their body temperature by palpation. These effects lasted for
about one to two hours. In contrast, the BB0028 stand-alone vaccine and all Qβ VLP
conjugate vaccines were well tolerated throughout the experiment. Notably, the resulting
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antibody titers were high in all cases; however, exposure to antigens present on Qβ VLPs
did not lead to an increase in antibody levels (Figure 6). Similar observations were made in
our previous studies of the CspZ vaccine, where antigen coupling to Qβ VLPs did not result
in an overall increase in antibody titers. Nevertheless, the Qβ VLP conjugates exhibited
enhanced bactericidal activity and protective efficacy [26].
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with B. burgdorferi antigens. The results revealed no bactericidal effect on spirochetes in 
any of the groups, even at minimal serum dilution. The number and morphology of sur-
viving bacteria exhibited no differences between immunization groups and were con-
sistent with the monitoring and negative control samples. The sera from the positive con-
trol group exhibited a bactericidal effect. These results indicate that the serum antibodies 
from immunized mice do not possess bactericidal activity against B. burgdorferi. 

3.6. Confirmation of the Presence of Selected Antigens in B. burgdorferi Bacteria 
To rule out the possibility that our antigens were not being produced by the bacteria 
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with the control Qβ VLP group; and (C)—evaluation of different IgG subtypes in Qβ VLP conju-
gate and control groups. For statistical analysis, Mann–Whitney two-tailed test was used; ns—the
difference is not significant; *—p < 0.05; **—p < 0.01; and ***—p < 0.001.

3.5. Bactericidal Efficacy Testing of Obtained Sera

To evaluate the bactericidal effect of antibodies from immunized mice, we conducted a
bactericidal test. As controls, we utilized B. burgdorferi cultures without sera or complement,
sera from mice immunized with Qβ VLPs as a negative control, and serum from non-
immunized C3H mice infected with B. burgdorferi as a positive control. Qβ VLPs are
non-infectious nanoparticles that elicit a robust immune response but do not cross-react
with B. burgdorferi antigens. The results revealed no bactericidal effect on spirochetes
in any of the groups, even at minimal serum dilution. The number and morphology
of surviving bacteria exhibited no differences between immunization groups and were
consistent with the monitoring and negative control samples. The sera from the positive
control group exhibited a bactericidal effect. These results indicate that the serum antibodies
from immunized mice do not possess bactericidal activity against B. burgdorferi.

3.6. Confirmation of the Presence of Selected Antigens in B. burgdorferi Bacteria

To rule out the possibility that our antigens were not being produced by the bacteria
during cultivation, we investigated the synthesis of proteins BB0028, BB0158, and BB0689
in B. burgdorferi grown at +33 ◦C. Western Blot results demonstrated that antibodies from
both the control and vaccine group mouse sera were bound to proteins corresponding to
the detectable bands of the correct molecular weight (Figure 7). Conversely, antibodies
from the Qβ VLP group did not bind to proteins in the B. burgdorferi lysate. By evaluating
the bands visible in the Western Blot images, it can be seen that the synthesis of the BB0689
protein in B. burgdorferi is detectable, but somewhat lower than that of the BB0028 and
BB0158 proteins.
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4. Discussion

The B. burgdorferi proteins selected as potential anti-Lyme vaccine candidates had to
meet specific criteria: they had to be exposed on the bacterial cell surface, be conserved
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across different Borrelia genospecies, be produced during bacterial transmission from
ticks to mammals or during mammalian infection [41], and be chromosomally encoded.
Unfortunately, out of the seven proteins selected in the study, only three had sufficient
production in E. coli cells: BB0028, BB0158, and BB0689. Furthermore, the genetic fusion of
the selected antigens with the phage AP205 coat protein dimer was successful only in the
case of BB0689, which was soluble and formed VLPs. For vaccine construction, we opted
for the chemical conjugation of Borrelia surface proteins to Qβ VLPs, a well-established
technology with proven efficacy [42–44]. We successfully chemically attached these proteins
to Qβ VLPs.

An initial study of the vaccine candidate AP205d-BB0689’s immunogenicity was
performed in the C3H mouse line. Following immunization, Borrelia burgdorferi infection
was induced with the intention of studying the vaccine’s protective effects. Notably,
animals in the control group, which received only the BB0689 protein as an antigen in the
second dose, experienced anaphylactic shock, leading to the death of half of the animals.
Interestingly, both the vaccine and control groups exhibited very low anti-BB0689 antibody
titers in their sera. In contrast, the AP205d-BB0689 vaccine did not induce any side effects
in vaccinated mice.

We conducted a bactericidal assay by incubating a pure culture of B. burgdorferi with
sera from immunized mice in the presence of complement. During the testing of the
bactericidal effect in all immunization groups, both vaccine and control antibodies, it was
discovered that the antibodies in the serum did not possess bactericidal properties. Changes
in the morphology and the number of B. burgdorferi were examined through phase-contrast
microscopy, involving the manual counting of motile bacteria. These findings, indicating
the absence of a bactericidal effect for the BB0689 protein, contradicted studies by other
authors, which claimed that antibodies targeting BB0689 effectively inhibited bacterial
growth and division and killed the bacteria [45].

In general, several factors could contribute to the lack of bactericidal activity in surface
protein-targeted antibodies. Firstly, the targeted protein must genuinely be a surface
protein. While the surface exposure of BB0689, BB0158, and BB0028 was evident in the
study by Dowdell et al., it has also been conclusively demonstrated that BB028 is one of the
beta-barrel assembly complex proteins and should predominantly reside in the periplasm.
In such cases, antibodies against it are unlikely to harm the bacteria. Another reason for
antibody inefficiency could be their potential interaction with host proteins, which may
mask some epitopes essential for the production of protective antibodies. This was observed
in our earlier studies with the CspZ protein, which binds complement factor H (FH) and
factor H-like protein 1 (FHL-1) in the mammalian organism. A CspZ mutant, incapable
of binding factor H, proved much more effective in inducing bactericidal and protective
antibodies [19,26]. However, it should be noted that despite considerable efforts, we failed
to detect any binding partners for BB0689 or BB0158 proteins in mammalian organisms.
Additionally, when attached to Borrelia’s surface, not all parts of surface proteins are
accessible to antibodies. For instance, prior research on OspA demonstrated that a certain
minimum level of antibodies recognizing parts of the C-terminal domain, rather than the
total OspA antibody titer, is required for protection [46]. Whether the masking of epitopes
is indeed the reason for the lack of bactericidal activity in antibodies produced during our
studies could be investigated in the future. Nevertheless, it appears that BB0689, BB0158,
and BB0028 are unlikely candidates for further vaccine development.
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