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REVIEW

Past, present, and future of Lyme disease vaccines: antigen engineering approaches 
and mechanistic insights
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ABSTRACT
Introduction: Transmitted by ticks, Lyme disease is the most common vector-borne disease in the Northern 
hemisphere. Despite the geographical expansion of human Lyme disease cases, no effective preventive 
strategies are currently available. Developing an efficacious and safe vaccine is therefore urgently needed. 
Efforts have previously been taken to identify vaccine targets in the causative pathogen (Borrelia burgdorferi 
sensu lato) and arthropod vector (Ixodes spp.). However, progress was impeded due to a lack of consumer 
confidence caused by the myth of undesired off-target responses, low immune responses, a limited breadth of 
immune reactivity, as well as by the complexities of the vaccine process development.
Area covered: In this review, we summarize the antigen engineering approaches that have been 
applied to overcome those challenges and the underlying mechanisms that can be exploited to 
improve both safety and efficacy of future Lyme disease vaccines.
Expert opinion: Over the past two decades, several new genetically redesigned Lyme disease vaccine 
candidates have shown success in both preclinical and clinical settings and built a solid foundation for 
further development. These studies have greatly informed the protective mechanisms of reducing Lyme 
disease burdens and ending the endemic of this disease.
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1. Introduction

Lyme disease is the most common vector-borne disease in the 
Northern hemisphere [1,2]. Recent studies estimate approxi
mately 476,000 people annually in the United States with the 
disease whereas 230,000 estimated human cases are found 
each year in Western Europe [3,4]. Lyme disease is spread by 
the bite of Ixodid ticks carrying spirochete bacteria, Borrelia 
burgdorferi sensu lato (also known as Borreliella burgdorferi 
sensu lato or Lyme borreliae) [2]. This species complex 
includes B. burgdorferi sensu stricto (hereafter B. burgdorferi), 
the human invasive species prevalent in both Eurasia and 
North America, and B. afzelii, B. garinii, B. spielmanii, and 
B. bavariensis, which are found in Eurasia [2]. Following a tick 
bite, while some spirochete strains do not cause systemic 
infection, others efficiently disseminate from the bite site 
through the skin and into the bloodstream to colonize distal 
tissues and organs, leading to severe systemic manifestations 
(i.e. arthritis, carditis, and neuroborreliosis) [2,5,6] (Figure 1). In 
the United States, for unknown reasons, a small population of 
these Lyme disease patients experiences persistent arthritic 
symptoms known as antibiotic-refractory Lyme arthritis even 
after both oral and intravenous antibiotic treatment [7]. 
Further, through similar tick feeding-mediated and hemato
genous spreading mechanisms, some wild animals, such as 

small mammals, passerine birds, and reptiles, can also be 
infected by Lyme borreliae [8,9]. However, as reservoir hosts 
in nature, these animals were found to maintain the spiro
chetes persistently without developing manifestations [10]. 
The complexity of spirochetes interacting with ticks, humans, 
and reservoir hosts has been a significant challenge in the 
eradication of Lyme borreliae (Figure 1) [11].

1.1. Outer surface protein A (OspA)

OspA is one of the best-studied Lyme borreliae preventative 
protein targets [12]. Its expression is upregulated when spir
ochetes reside in unfed ticks and downregulated after ticks 
feed on hosts [13–15], consistent with its essential role in 
promoting bacterial attachment to tick midguts and tick-to- 
host transmission of spirochetes [16–18]. In line with those 
findings, vaccinating with OspA or passively inoculating with 
anti-OspA antibodies has been documented to prevent spir
ochete migrating from mice to ticks as well as transmission 
from ticks to mice [17,19] (Figure 1, Table 1). Such findings in 
mice have also been recapitulated in two independent clin
ical trials [20,21], allowing the development of the first and 
only licensed Lyme disease vaccine (LYMErix) in 1998 by 
SmithKline Beecham (now GlaxoSmithKline) [12]. 
Regrettably, Gross et al. then reported that the sequences 
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from OspA are partially homologous to those of a motif on 
a human leukocyte function-associated antigen-1 (hLFA-1) 
(Figure 2(a)) [22]. Based on a moderate degree of sequence 
homology, they proposed a molecular mimicry hypothesis 
that Lyme arthritis was driven via a mechanism where 
human T cells reacting to those OspA sequences would also 
recognize hLFA-1 motifs after B. burgdorferi infection [22]. 
That proposed concept raised concerns that OspA immuniza
tion could trigger T cell autoimmunity. However, it was 
demonstrated that sequence homology does not predict 
T cell receptor binding and that T cell receptors recognize 
epitopes based on conformation, not sequence [23,24]. Later 
studies also showed that T cell receptors are promiscuous, 
and that T cell cross-recognition alone does not automati
cally pose the risk of autoimmunity [25]. This conclusion is 
also supported by the observation that the immune 
responses induced by LYMErix do not replicate any Lyme 
disease-associated manifestations [26]. However, the loss of 
confidence from the general public led to the withdrawal of 

the vaccine from the market in 2002 (see [12] for details of 
OspA vaccine development).

Researchers have also proposed the concept of immunizing 
reservoir animals with OspA to prevent these hosts from 
carrying the spirochetes, reducing the risk of human exposure 
to Lyme borreliae [44–48] (Figure 1). Testing of this concept 
has already been successful [49–52] with one study showing 
that when OspA was subcutaneously introduced into wild- 
caught white-footed mice (Peromyscus leucopus), the most 
prevalent small mammal reservoir of Lyme borreliae in North 
America, the fraction of B. burgdorferi-carrying ticks was 
reduced by up to 42% within one year of releasing the vacci
nated mice back into the field [53]. In another study, OspA was 
applied into the field as the bait for white-footed mice, leading 
to a 76% decline in the number of B. burgdorferi-positive ticks 
within five years [54], further strengthening the concept of 
reservoir-targeted prevention against Lyme borreliae. 
However, both studies showed significant site-to-site differ
ences in the reduction of prevalence, suggesting that distinct 
structures of host populations among the sites may negatively 
impact the outcome of vaccination.

1.2. Outer surface protein C (OspC)

OspC is the other abundantly produced protein on the surface 
of Lyme borreliae; its expression is upregulated immediately 
after ticks feed and downregulated shortly after spirochetes 
disseminate into the bloodstream [14,15,55]. Such an expres
sion profile is consistent with findings showing that this pro
tein is essential for transmission to hosts, particularly for 
spirochete survival during the early stages of infection 
[18,55,56]. Supported by these roles, OspC was reported to 
bind to a tick salivary protein and several host ligands to 
promote early immune evasion and host tissue colonization 
[57–60]. Consistent with these, OspC vaccination or passive 
inoculation with anti-OspC antibodies prevented tick-to- 
mouse transmission [61–63] (Figure 1, Table 1). However, 
with as little as ~60% sequence identity among variants from 
different strains or species of Lyme borreliae, OspC is a highly 
polymorphic protein [64]. The allelic variation of OspC has 
been shown to cause low or no cross recognition of different 
variants of this protein by antibodies raised against 
a particular OspC variant [61]. Additionally, some protective 
epitopes of OspC contain polymorphic amino acids, further 
reducing the breadth of protection against a diverse range of 
Lyme borreliae species or strains [65].

1.3. Complement regulator acquiring surface protein 2 
(CspZ)

As one of the innate immune defense mechanisms shared by 
vertebrate hosts, the complement system, once activated, is 
a cascade composed of several serum proteins to eradicate 
pathogens [66–68]. In the absence of pathogens, hosts pro
duce a group of complement inhibitory proteins, such as 
Factor H (FH), to negatively modulate complement and pre
vent tissue damage caused by non-specific attacks [69]. Similar 
to other pathogens, the species, or strains of Lyme borreliae 
that can evade complement-mediated killing often generate 

Article highlights

● Lyme disease, caused by the pathogen Borrelia burgdorferi sensu lato, 
is the most common vector-borne disease in the Northern hemi
sphere, yet no effective preventive strategies are currently available.

● Vaccine candidates originating in the pathogen (Borrelia burgdorferi 
sensu lato) and in the vector (Ixodes spp.) have been evaluated; 
however, several challenges, such as low consumer confidence 
caused by the myth of off-target responses, a limited breadth of 
immune reactivity, low-level immune responses and complexities 
within the vaccine process development, have impacted progress.

● Antigen engineering was shown to not only improve the immune 
response targeting the desired immunologically subdominant epi
topes but also prevent the production of off-target antibodies.

● Antigen editing was shown to simplify the production process and 
improve the stability of vaccine candidates.

Figure 1. The infection cycle of Lyme borreliae. Lyme borreliae (shown in 
red) cannot be transovarially transmitted between ticks. The direction of arrows 
indicates the acquisition or transmission of Lyme borreliae through a blood 
meal. Though nymphs could also feed on reservoirs, and adults could also feed 
on humans, they are not shown here for brevity. The stages in the infection 
cycle that OspA-, OspC-, and CspZ-based vaccines target are shown in blue.
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a series of outer surface proteins to inhibit complement acti
vation [70–72]. One of these proteins is the FH-binding pro
tein, CspZ (also known as complement regulator acquiring 
surface protein 2 (CRASP-2) [73] (see [74] for all anti- 
complement proteins in Lyme borreliae). CspZ is upregulated 
after spirochetes invade the hosts, consistent with its role in 
promoting bacterial dissemination during early infection 
[75,76]. CspZ is highly conserved (>98% identity among differ
ent strains within individual Lyme borreliae species and >80% 
identity among different spirochete species) and is likely pre
sent in most human-infectious Lyme borreliae species and 
strains as most patients develop anti-CspZ antibodies [77,78]. 
While CspZ is therefore an attractive vaccine candidate 

(Figure 1, Table 1), sera from CspZ-immunized mice are not 
sufficient to protect against Lyme disease [78–80]. The inves
tigations to enhance the efficacy of this protein are detailed in 
the sections 2.1 and 2.3.2.

1.4. Other Lyme borreliae proteins

In addition to OspA, OspC, and CspZ, other Lyme borreliae 
proteins have also been evaluated for their ability to prevent 
Lyme disease. Though Lyme borreliae deficient in some of 
these proteins have reduced levels of tick-to-host transmis
sion, infection establishment, and/or persistence in vertebrate 
animals, immunization with each of these proteins did not 

Table 1. The efficacy of Lyme borreliae antigens that have been tested as vaccines and the the phenotypes of Lyme borreliae strains deficient of each of these 
antigens in vivo.

Tested Lyme 
borreliae 
antigens

The phenotypes of Lyme borreliae 
deficient of the antigen

Efficacy as vaccines preclinically against spirochetes introduced via

ReferenceNeedle infection Tick infection

OspA No tick-to-mouse transmission after 
tick infectiona

No spirochete colonization at tissues 
and no Lyme disease-associated 
manifestationsd

No spirochete colonization at tissues 
and no Lyme disease-associated 
manifestations

[27–30]

OspC No tick-to-mouse transmission. No 
colonization at initial infection sites 
and no dissemination in mice after 
tick or needle infectionb

No spirochete colonization at tissues 
and no Lyme disease-associated 
manifestations

No spirochete colonization. [18,31,32,55– 
57,86]

CspZ/CspZ-YA No defect of mouse infectivity after 
needle infection. No defect of bacteria 
acquired by ticks from mice. Reduced 
colonization at initial and distal sites of 
mice after needle infection with blood- 
treated spirochetes.

For CspZ: Spirochete colonization at 
tissues and arthritis remains, no 
different from the unvaccinated 
groups. For CspZ-YA: No spirochete 
colonization and arthritis

For CspZ: Spirochete colonization at 
tissues and arthritis remains, no 
different from the unvaccinated 
groups. For CspZ-YA: No spirochete 
colonization and arthritis

[76,78,80,119,149]

BB0172 n.a.c Reduced colonization only at low doses 
of needle infection. Arthritis 
remains, no different from the 
unvaccinated groups.

n.a. [89]

BB0405 Reduced colonization at initial and 
distal sites of mice after needle 
infection. Reduced levels of invasion 
of the salivary gland in feeding 
nymphs. No tick-to-mouse 
transmission after tick infection

n.a. Reduced colonization at distal tissues 
after B. burgdorferi infection. No 
cross-protection to other species of 
Lyme borreliae.

[33,82]

BBA52 Reduced levels of colonization in 
feeding nymphs and initial and 
distal sites of mice after tick 
infection.

n.a. Reduced colonization of mouse tissues [34,81]

BBI39 paralogs n.a. n.a. Reduced colonization at feeding 
nymphs and mouse tissues

[83]

BBK32 No defect of tick-to-mouse 
transmission and mouse infectivity 
after tick infection. No defect of 
mouse infectivity after needle 
infection of spirochetes at high 
doses. Reduced levels of 
colonization after needle infection of 
spirochetes at low doses

Reduced colonization at tissues when 
co-immunized with OspC and DbpA.

n.a. [35,36,87]

DbpA No defect of tick-to-mouse transmission 
and mouse infectivity after tick 
infection. Reduced levels of 
colonization after needle infection of 
spirochetes at low doses. No 
colonization at initial infection sites and 
no dissemination in mice after needle 
infection of spirochete at low doses.

No spirochete colonization. Spirochete colonization at mouse 
tissues remains, no different from 
the unvaccinated groups.

[37–41,88]

RevA Reduced colonization of the heart after 
needle infection.

Spirochete colonization at mouse 
tissues remains, no different from 
the unvaccinated groups.

Spirochete colonization at mouse 
tissues remains, no different from 
the unvaccinated groups.

[42,43]

aLyme borreliae infection through the feeding of nymphs carrying Lyme borreliae 
bLyme borreliae infection through intradermal inoculation of Lyme borreliae 
cNo results available. 
dArthritis and/or carditis 
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prevent infection (Table 1) [81–88]. For other antigen candi
dates that appeared to have prevented the development of 
Lyme disease infection by needle challenge, the same could 
not be replicated via the physiologically more relevant infec
tion routes of tick feeding (Table 1) [87,89]. Thus, the exact 
vaccine efficacy against Lyme borreliae transmitted by ticks 
warrants further investigations.

1.5. Tick proteins

One of the challenges in targeting spirochete proteins as 
a Lyme disease prevention strategy is the allelic variation of 
those proteins (e.g. OspC) [61]. Additionally, the tick genus 
(Ixodes) that carries Lyme borreliae is capable of carrying other 
human pathogens [90], which may not be eliminated by the 
vaccines targeting spirochete proteins. Therefore, a concept has 
been proposed to target the proteins in tick saliva, midgut, and 
hemolymph (ticks’ blood) and trigger the antibodies against 
those proteins to block the ability of ticks to acquire, maintain, 
and transmit Lyme borreliae (and other tickborne pathogens) 
[91,92]. For example, immunization with the tick gut protein, 
Is86, partially prevented tick feeding and reduced the levels of 
tick-to-host transmission of Lyme borreliae [93]. Similarly, efforts 
have been taken to examine transmission blocking by inoculat
ing mice with antibodies against Ixodes tick proteins, Salp15 
and TSLPI, which suppress a variety of host immune responses 
(i.e. anti-phagocytosis and/or complement inactivation). The 
reduction of B. burgdorferi burdens after transmission suggest 
the potential of targeting these proteins as vaccine antigen 
candidates against Lyme disease infection [57,94].

However, since ticks can generate multiple functionally 
redundant proteins, blocking individual proteins failed 
[91,92,95,96]. Thus, the concept of simultaneously vaccinating 
with several tick proteins (or the corresponding DNA or mRNA) 
or immunizing with a combination of tick and bacterial pro
teins has been examined to block spirochete transmission to 
the hosts [94,97–100] (Figure 1). Further, a model of ‘acquired 
tick immunity’ has recently been investigated as a new pre
ventive strategy [101,102]: this model is based on the finding 
that certain mammalian hosts produce antibodies against 
some tick proteins during the initial tick feeding, and those 
antibodies then facilitate the resistance [103–105]. These find
ings raise the possibility of targeting those proteins that could 
induce such antibodies, resulting in acquired tick immunity to 
prevent Lyme borreliae transmission. This concept has been 
tested using several DNA, mRNA, and protein-based vaccines 
[97,106], and the initial success shed light on the potential of 
using these vaccines to combat multiple tickborne diseases, 
including Lyme disease. The details of the development of 
vaccines targeting tick proteins have been reviewed recently 
[92,101,107].

2. Antigen engineering to enhance vaccine efficacy: 
targeting immunologically subdominant epitopes

Many early generations of protein vaccines were unable to 
prevent infection, incapable of inducing sufficient levels of 
protective antibodies, and/or triggered undesired antibody 
responses [108]. With some of these vaccine candidates, the 

antibodies preferentially were raised against non-neutralizing 
epitopes, making other, often protective, epitopes immunolo
gically subdominant [109]. That finding led to the concept of 
‘immunodominance’ during immunization [109]. Though the 
molecular basis of immunodominance remains unclear, there 
is evidence that this phenomenon occurs during inter-clonal 
competition of B cells in the thymus, resulting in a hierarchy of 
the population for the B cells that produce the antibodies to 
recognize each epitope [110].

Antigen engineering is an extensively investigated strategy 
to enhance the protective antibody responses by altering the 
hierarchy of those B cell populations to change the antibody 
repertoires against the antigen of interest [109]. Strategically 
editing protective and/or non-protective epitopes has been 
shown to 1) magnify overall B cell responses, 2) minimize the 
production of unwanted ‘off-target’ antibodies, and 3) 
enhance the population of antibodies against protective epi
topes. Here, we discuss some commonly used antigen engi
neering strategies with Lyme disease antigen candidates as 
examples to elucidate the potential underlying mechanisms of 
these strategies to improve vaccine efficacy.

2.1. Magnification of the humoral response through the 
multimeric display of antigens

The repetition of antigens or particular immunogenic epitopes 
has been shown to generate more robust antibody responses 
than individually presented antigens [111]. This finding led to the 
practice of conjugating the antigens of interest to carrier mole
cules or genetically co-produce these antigens with scaffolds 
(e.g. virus-like particles, liposomes, or nanoparticles) to trigger 
robust antibody responses, an approach known as ‘Multimeric 
displaying strategy’ [112–114]. This concept has been tested by 
covalently conjugating hepatitis B virus core protein-derived 
capsid-like particles with several previously reported candidates 
of tickborne transmission-blocking vaccines, e.g. Salp15 (tick 
salivary proteins 15) or tHRF (tick histamine-releasing factors) 
[115]. The resulting conjugates induced higher antigen-specific 
antibody titers than the free proteins [115]. Similarly, different 
types of liposomes composed of cobalt or nickel-containing 
phospholipids were linked to OspA or OspC, enhancing the 
levels and longevity of the resulting antibody response in immu
nized mice even preventing the infection caused by Lyme bor
reliae [116,117]. This antigen engineering strategy was also 
applied to ferritin-derived nanoparticles genetically fused with 
OspA. Compared to control mice and monkeys immunized with 
free protein, those animals vaccinated with OspA-nanoparticles 
generated greater levels of anti-OspA antibodies with a longer 
duration of the immune response and generally enhanced pro
tection against Lyme disease infection [118].

However, this antigen engineering strategy did not always 
increase antibody titers, as mice immunized with 
a bacteriophage virus-like particle (VLP)-conjugated with 
CspZ yielded no higher titers of anti-CspZ antibodies than 
the free antigen [119]. Despite that, the ‘quality’ of protective 
antibodies (i.e. the levels of bactericidal activities for those 
antibodies) appeared to be consistently improved with the 
engineered proteins. This was supported by the fact that 
more efficient Lyme borreliae killing was seen by sera from 
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mice immunized with liposome-conjugated OspA or VLP- 
conjugated CspZ, compared to the respective unconjugated 
proteins [116,119]. Previous findings of robust neutralizing 
antibodies in a nanoparticle-fused influenza antigen suggest 
a model where the multivalent presentation of antigens alters 
the protein topology and the hierarchy of each epitope- 
specific antibody, skewing antibody repertoires towards pro
tective epitopes [120,121]. However, a few caveats of the 
multimeric displaying strategy have been noticed: the com
plexity of chemical conjugation can lead to inaccurate stoi
chiometric ratios between scaffold molecules and antigens, 
resulting in batch-to-batch differences in the protective 
reagents [119]. Moreover, including scaffold molecules as 
immunogens could introduce additional epitopes, resulting 
in interconal competition from the B cells that recognize 
these newly introduced scaffold molecule-generated epitopes, 
possibly taking priority away from desirable subdominant epi
topes. Further, since some of these strategies require coupling 
antigens to adjuvant particles, other factors, such as coupling 
efficiency and additional purification steps to remove excess 
particles or antigens, may complicate the vaccine production 
process. These have to be taken into consideration when 
a multimeric displaying strategy is considered.

2.2. Prevention of the myth of ‘off-target’ antibodies by 
eliminating undesired epitopes

Some antigen epitopes may yield unwanted immune responses 
(i.e. antibody-mediated side effects). As the number of epitopes 
is expected to be proportional to size, the inter-clonal competi
tion of larger antigen-activated B cells would be more apparent 
than for smaller proteins [122,123]. Thus, the concept of 

reducing the size or truncating the undesired epitopes has 
been a strategy to eliminate the side effects caused by those 
epitopes. For the OspA antigen from Lyme borreliae, the asso
ciation of this protein with autoimmune responses was proven 
false (see sections 1.1 and [12] for details of OspA vaccine 
development). However, the efforts for antigen engineering of 
OspA were taken for non-scientific purposes, possibly to 
enhance consumers’ confidence, particularly focusing on the 
proposed T cell autoimmune motif (amino acids 165 to 173 of 
OspA from B. burgdorferi strain B31) [22] (Figure 2(a)). The 
concept of removing undesired epitopes was tested by gener
ating an intact OspA eliminating this motif [118,124]. Mice 
vaccinated with a truncated OspA were protected from infec
tion caused by multiple Lyme borreliae species and strains, 
similarly to wild-type OspA-immunized mice [124]. Further, 
since the C-terminal epitopes on OspA are surface accessible 
and associated with in vitro bactericidal and in vivo protective 
antibodies [125–127], the C-terminal region (amino acids 130 to 
273 from a B. burgdorferi strain B31) with mutations of three 
additional amino acids for structural stabilization was gener
ated [128]. This truncation did not encompass the proposed 
autoimmune motif and could still be recognized by OspA- 
specific protective antibodies. Regrettably, the C-terminal 
sequences of OspA are allelically variable, grouping Lyme bor
reliae species and strains into distinct ‘OspA types’ [129]. That 
finding raises the possibility of limited breadth for protectivity 
provided by that truncated antigen. Therefore, a chimeric pro
tein of OspA from two different OspA types of Lyme borreliae 
(B. burgdorferi and B. afzelii) with the elimination of the pro
posed autoimmune motif was generated and proved its effi
cacy in blocking multiple spirochete species to spread to mice 
[130] (Figure 2(a)). Though not yet commercially available, the 

Figure 2. OspA-based vaccines in recent clinical trials. (a) Shown is the OspA chimeric vaccine from OspA variants of Borrelia burgdorferi (for OspA type 1) and 
B. afzelii (for OspA type 2) with the elimination of the autoimmune motif on OspA type 1 (human LFA-1 motif; hLFA-1 motif). (b) N-terminal (dark blue) and 
C-terminal (light blue) regions of OspA type 1 comprising amino acids 1 to 272 and 131 to 273, respectively, as defined in [133]. (c) Shown is the VLA15 vaccine that 
contains C-terminal OspA variants from any two of the six most commonly found human infectious OspA types of Lyme borreliae (OspA type 1 and 2, 3 and 4, and 5 
and 6) connected with a linker from the sequences of OspA type 1.
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Lyme disease vaccine based on that chimeric OspA antigen 
yielded promising safety and efficacious results in clinical trials 
supported by Baxter Inc [131,132]. In another independent 
study to increase the breadth of OspA-based vaccines, 
a chimeric OspA antigen was generated to remove the pro
posed autoimmune motif but contain a linker to combine 
C-terminal OspA proteins from any two of the six most com
monly found human infectious OspA types of Lyme borreliae 
(see Figure 2(b) to highlight the N- and C-terminal regions of 
OspA) [133]. The formulation of an equal ratio for three result
ing bivalent OspA chimera (from OspA type 1 and 2, 3 and 4, 
and 5 and 6), also known as ‘VLA15,’ has been shown to protect 
against the infection caused by multiple OspA types of Lyme 
borreliae in mice [134,135] (Figure 2(c)). Supported by Velneva, 
Inc and Pfizer, Inc, the results from phase 1 and undergoing 
phase 2 clinical trials are promising, giving hope to the idea of 
reintroducing a new and potent human Lyme disease vaccine 
to the market [136].

2.3. Amplification of the antibody responses targeting 
preferred epitopes

2.3.1. Increasing the breadth of antibody responses by 
epitope grafting and resurfacing
Like other pathogens, Lyme borreliae include multiple species 
and strains, genotyped based on different loci that encode 
proteins with substantial sequence variation (e.g. OspA; with 
extensive C-terminal variation as mentioned above) [129], or 
overall polymorphism (e.g. OspC) [64]. Generating a vaccine 
antigen that elicits cross-reactive serum to multiple Lyme 
borreliae strains and species would be ideal. Simultaneously 
inoculating with multiple variants of a particular antigen or 
with multivalent, chimeric antigens has been an approach to 
address this challenge [130]. However, producing a vaccine 
with multiple protein components and/or multivalent proteins 
would significantly increase the complexity of chemical 

manufacturing controls. Moreover, new species and strains of 
Lyme borreliae are continuously found, leading to the need of 
adding more variants to the vaccine regimens, thus further 
increasing manufacturing complexity. Therefore, the concept 
of grafting the protective epitopes from multiple variants into 
one protein and/or altering the location of epitopes on the 
resulting antigen to enhance their surface accessibility has 
been proposed as one of the engineering strategies to amplify 
those antibodies that target preferred epitopes and maintain 
the breadth of the immune response [137]. In a test-of- 
concept study, multiple C-terminus-targeting monoclonal anti
bodies to OspA were successfully applied to identify surface- 
accessible epitopes [138]. That information then allowed 
exchanging the amino acids of these epitopes on a scaffold 
OspA variant to the equivalent amino acids from several other 
OspA variants, resulting in a single OspA protein that induced 
broadly protective antibodies [138].

In another study, bactericidal and protective linear epitopes 
on loop 5 and helix 5 of the polymorphic OspC protein were 
identified [65,139]. Different types of OspC from human inva
sive Lyme borreliae strains were characterized (types A, B, K, D, 
E, N, I, and C) [6,65], and tetra- and octavalent chimeric anti
gens were generated [140,141] (Figure 3). The cross- 
recognition and bactericidal abilities of the resulting anti- 
OspC antibodies after immunization proved the feasibility of 
this epitope grafting concept [140–143]. The next generation 
of these multivalent, epitope-grafting OspC antigens has 
already been generated by swapping the order of loop 5 
and helix 5 in some of the variants and modifying the length 
of the linkers [144]. That engineering resulted in several new 
OspC-based ‘chimeritope vaccinogens’ with epitopes from 
nine different OspC variants [144]. The improvement of anti
body-mediated bactericidal activities and OspC recognition for 
each of these newly generated chimeric antigens elucidated 
the importance of the epitopes’ order and the length of the 
linkers for the overall antigenicity of the epitope grafting 
vaccines [144] Note that the risks of introducing 

Figure 3. Tetravalent and octavalent OspC chimeric vaccinogens. Tetravalent OspC chimeric vaccinogen contains the helix 5 or loop 5 of OspC variants from 
types A, B, K, and D, while octavalent OspC chimeric vaccinogen contains helix or loop 5 of OspC from types E, N, I, C, A, B, K, and D.
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immunodominant neoepitopes remain and may lead to off- 
target effects. However, the success of developing one of the 
commercially available canine Lyme disease vaccines 
(VANGUARD®crLyme) based on the above-mentioned potent 
OspC chimeritopes further suggests such an epitope grafting 
approach as a pivotal direction for antigen engineering [145].

2.3.2. Enhancing protective antibody responses by 
unmasking normally occluded epitopes
One explanation for the low or null antibody response 
towards protective epitopes after vaccination is the structural 
occlusion of these epitopes. In this case, removing the factors 
that cause this structure hindrance could allow the alteration 
of the hierarchy of B cell repertoires, increasing the levels of 
antibodies that recognize protective and immunologically 
subdominant epitopes [146]. This concept has also been 
demonstrated by eliminating the glycans that mask the pro
tective epitopes of several viral antigens to cause elevated 
protective antibody responses [147,148]. In Lyme borreliae, 
bactericidal antibody titers induced after vaccination of mice 
with wild-type CspZ protein (Figure 4(a)) were not sufficient to 
protect mice from bacterial colonization and Lyme disease- 
associated manifestations [78,80,119,149]. However, mutating 
two amino acids essential for the ability of CspZ to bind to its 
binding partner, FH, resulted in the removal of the FH-binding 
activity of this protein [119,149] (Figure 4(b)). The mutated 
CspZ-YA protein protected mice from infection with different 
species and strains of Lyme borreliae [119,149]. Though the 
titers of the anti-CspZ antibodies from CspZ-YA-immunized 
mice are comparable with those from CspZ-immunized mice, 
the former displayed 5.5-fold greater levels of bactericidal 
activities [149]. As FH is present in the vertebrate blood at 
a high concentration (~500 μg/ml) [150], wild-type CspZ after 
vaccination likely binds to FH, which might mask the epitopes 
around CspZ. Thus, eliminating the FH-binding site may make 
those neoepitopes more accessible, raising the possibility that 
they will enhance the protective antibody response (Figure 4). 
Similar to the epitope grafting approach described above, this 
epitope unmasking approach may not always fully expose the 

protective epitopes. Even if the neoepitopes in the engineered 
proteins were protective, exposing new epitopes would intro
duce interclonal competition of B cells that recognize these 
epitopes, which does not always yield a favorable and protec
tive antibody response

3. Antigen engineering to improve stability and/or 
facilitate process development

When an antigen is produced recombinantly, antigen engi
neering may facilitate process development. As the tertiary 
structure of the protective epitopes is often critical for the 
immunogenicity of an antigen, improving the stability or 
retaining the proper antigen folding, similar to the native 
protein, is important. Specifically, to maintain certain confor
mation and keep cooperative interdomain interactions, proper 
linkers to connect different fragments are required. Including 
additional tags [151] or mutations [128] has also been applied 
as antigen engineering approaches to increase the stability of 
Lyme disease antigens, resulting in the improvement of the 
antigen production process. For instance, Dunn et al. designed 
a truncated OspA construct by removing the lipidation signal 
sequence and successfully increased this antigen’s solubility 
and production yield in E. coli [152]. More examples will be 
detailed in sections 3.1 to 3.3.

3.1. Linkers to ensure proper folding

When generating a chimeric or fusion antigen, the choice of 
a suitable linker to join the multiple antigens can be critical for 
production yields [153], antigen folding [154], and/or function 
or bioactivity [155]. Several studies and tools have guided the 
design of linkers [156–158]. Based on the sequences of the 
linkers present in between functional domains of many pro
teins, proline-rich linkers are considered rigid and would pre
clude undesired interactions between adjacent proteins [159]. 
In addition, glycine-rich linkers have also been commonly 
used to connect two antigens because of their greater flex
ibility [160]. For the OspA-based vaccine candidate VLA15 (see 

Figure 4. CspZ and CspZ-YA and the antibodies triggered by both proteins. The Y207 and Y211 that are mutated in CspZ-YA are in purple. The antibodies that 
bind to CspZ FH-binding sites and other sites are in green and black, respectively.
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section 2.2), a linker consisting of the sequences of two loop- 
regions of OspA type 1 was used to connect two types of 
OspA C-termini [133] (Figure 2(c)). Additionally, for the tetra
valent and octavalent chimeric OspC proteins that were gen
erated as Lyme borreliae vaccine candidates (see section 
2.3.1), the six amino acid linkers were designed in silico to be 
unstructured and protease-resistant [156] (Figure 3). Similarly, 
the newly generated OspC-based chimeritope vaccinogens 
(see section 2.3.1) also contain linkers from helix 4 and loop 
6 of OspC to connect different OspC peptides [144]. All these 
linkers appear to increase the stability and solubility of the 
resulting chimeric Lyme borreliae vaccine candidates.

3.2. Affinity tags to ease protein purification

Affinity tags have been widely used in the production process of 
recombinant proteins. While affinity purification might be costly, 
the great selectivity of this approach has provided 
a straightforward solution to isolate many recombinant proteins, 
allowing fast process development and high protein recovery. 
During early development, hexahistidine tags (His-tag) have 
been fused with various LD vaccine antigens, such as OspA 
[128,133], OspC [140], and CspZ [119,149], and these his- 
tagged versions of antigens retain their protection in mice. In 
addition to His-tags, glutathione-S-transferase (GST) tags have 
also been commonly used, as GST can facilitate the folding and 
solubility of proteins, which thus has been used to fuse with the 
C-terminal OspA fragment as vaccine antigens in mice [151]. 
However, affinity tags are typically considered undesirable for 
use in human vaccines because of safety concerns due to their 
potential to trigger unwanted immune responses [161]. The only 
exception of a fusion as an approach for process development is 
to fuse the Fc region of human IgG to the protein of interest, as 
evidenced by 13 FDA- or EMA-approved Fc-fusion biotherapeu
tics for human use [162]. Fc has been demonstrated to increase 
solubility, plasma half-life, simplify the purification process, and 
promote immunogenicity. Several vaccine antigens against HIV, 
MERS-CoV, and SARS-CoV-2, have been fused with Fc and eval
uated in preclinical and clinical testing [161,163,164], illustrating 
the promise of applying this approach to the development of 
Lyme disease vaccines.

3.3. Site-directed mutagenesis to improve stability

Site-directed mutagenesis of proteins has been another 
approach to increase the stability of vaccine antigen candidates 
[165,166]. A general strategy is to evaluate the Gibbs free energy 
of protein folding and optimize the intra- and intermolecular 
interactions of involved residues to create a more thermodyna
mically favorable condition for protein folding [165,166]. This 
antigen engineering approach has been applied to the Lyme 
disease vaccine antigen, OspA, by mutating three amino acids 
within this protein. The resulting triple mutant (OspA (130–273), 
E139M, E160Y, K189M) had significantly enhanced stability com
pared to wild-type OspA while maintaining the protective anti
body profile of the wild-type version [128]. Similarly, the OspA- 
based vaccine candidate, VLA15, had cysteine residues added to 
its sequences to enhance structural stability by introducing 
intramolecular disulfide bonds. However, antigens that 

contained free cysteine residues sometimes formed oligomers 
via intermolecular disulfide bonds, causing a stability issue. Thus, 
mutating the free cysteine to serine or alanine has also been 
employed to prevent oligomerization [167,168].

4. Expert opinion

As the cases of human Lyme disease have been increasing, and 
the geographical distribution of these cases is expanding both 
in North America and Europe, developing efficacious and safe 
Lyme disease vaccines is likely to be the ultimate solution. 
Numerous efforts have been taken to develop the next genera
tion of Lyme disease vaccines. Both new and previously tested 
antigens from Lyme borreliae or ticks have been engineered and 
tested for their efficacy in Lyme disease prevention. However, 
researchers have continuously identified new species of Lyme 
borreliae over the years [169–171], which poses a challenge for 
using antigens from the spirochete as exploring an effective 
vaccine candidate with a single consensus sequence will be 
difficult. In addition to Lyme borreliae, additional tick-borne 
pathogens are reported. The fact that individual ticks could 
carry Lyme borreliae and other tickborne pathogens suggests 
that developing pan-tickborne pathogen vaccines would be the 
next significant direction to advance this field. Conversely, there 
are concerns about using tick proteins as vaccine antigens, e.g. 
while some are functionally redundant, others may not always 
be immunogenic; moreover, genetic diversity among tick popu
lations also makes it more challenging to use single antigens as 
vaccines [172]. Therefore, innovative antigen engineering stra
tegies are crucial to designing a more universal and immuno
genic tick vaccine candidate. Additionally, many vaccines that 
have had recent success in Lyme disease prevention (i.e. OspA- 
targeted vaccine and anti-tick vaccine) do not target the pro
teins that are produced during infection in humans, and thus, 
the memory immunity built into such antigens cannot trigger 
efficacious titers of antibodies after exposure to Lyme borreliae. 
Therefore, the choice of the antigen that could trigger greater 
memory immunity and/or further engineering of these proteins 
to enhance long-lasting antibody production would also be 
a pivotal direction to move forward in Lyme disease vaccine 
development. Since the removal of the LYMErix vaccine from 
the market nearly 20 years ago, several new vaccines have 
entered preclinical or clinical development. The efficacy of 
these vaccines is not yet known, and multiple strategies may 
have to be taken to further improve these vaccines for optimal 
safety and efficacy. However, the current success of several 
Lyme disease vaccine candidates in both preclinical and clinical 
settings has built a solid foundation for these further studies. 
Such regained efforts in Lyme vaccine development are an 
encouraging sign that an effective vaccine may soon enter the 
market. The information from the current work would thus 
inform the development of Lyme disease vaccines and provide 
insights into the protective mechanisms and reduce the disease 
burdens and end this disease.
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