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ABSTRACT The development of vaccines for prevention of diseases caused by
pathogenic species can encounter major obstacles if high sequence diversity is
observed between individual strains. Therefore, development might be restricted ei-
ther to conserved antigens, which are often rare, or to multivalent vaccines, which
renders the production more costly and cumbersome. In light of this complexity, we
applied a structure-based surface shaping approach for the development of a Lyme
borreliosis (LB) vaccine suitable for the United States and Europe. The surface of the
C-terminal fragment of outer surface protein A (OspA) was divided into distinct re-
gions, based primarily on binding sites of monoclonal antibodies (MAbs). In order to
target the six clinically most relevant OspA serotypes (ST) in a single protein, ex-
posed amino acids of the individual regions were exchanged to corresponding
amino acids of a chosen OspA serotype. Six chimeric proteins were constructed, and,
based on their immunogenicity, four of these chimeras were tested in mouse chal-
lenge models. Significant protection could be demonstrated for all four proteins fol-
lowing challenge with infected ticks (OspA ST1, OspA ST2, and OspA ST4) or with in
vitro-grown spirochetes (OspA ST1 and OspA ST5). Two of the chimeric proteins
were linked to form a fusion protein, which provided significant protection against
in vitro-grown spirochetes (OspA ST1) and infected ticks (OspA ST2). This article pres-
ents the proof-of-concept study for a multivalent OspA vaccine targeting a wide
range of pathogenic LB Borrelia species with a single recombinant antigen for pre-
vention of Lyme borreliosis.
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Lyme borreliosis (LB) is the most common arthropod-borne infectious disease pres-
ent in the temperate regions of the Northern hemisphere. The spirochetes that

cause LB are transmitted by hard-bodied ticks of Ixodes spp. in a complex enzootic cycle
that primarily includes small mammals and birds (1). When humans contract LB, the
consequences are a spectrum of distinct clinical manifestations that to some degree are
associated with the Borrelia species causing the LB (2). The disease symptoms range
from early localized infection of the skin (erythema migrans) to progressive dissemi-
nated infections of the nervous system (neuroborreliosis), skin (acrodermatitis chronica
atrophicans), heart (Lyme carditis), and joints (Lyme arthritis) (3). In Europe, four Borrelia
species presenting six different outer surface protein A (OspA) serotypes (ST) are
responsible for the majority of human clinical cases: Borrelia burgdorferi (OspA ST1),
Borrelia afzelii (OspA ST2), Borrelia garinii (OspA ST3, OspA ST5, and OspA ST6), and
Borrelia bavariensis (OspA ST4) (4). The number of LB cases annually in western Europe
has recently been estimated as approximately 230,000 (5) and in the United States as
approximately 300,000 (6, 7), thereby affirming LB as a major health burden with
substantial economic impact. Hence, the increasing incidence of cases argues in favor
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of the development of a multivalent vaccine that could reduce the debilitating impact
on health and the economic burden of the disease worldwide.

OspA is a 29-kDa lipoprotein attached by a lipid moiety to the outer membrane that
is expressed by the spirochetes when present in the midgut of unfed ticks. During tick
feeding, the incoming blood from the host results in environmental changes in the
tick’s gut that cue the spirochetes to downregulate OspA and migrate to the salivary
glands and further to the vertebrate host (1, 8). The spirochetes differentially regulate
protein expression as a consequence of the changing environmental pressure encoun-
tered in their vector-host life cycle (1, 8). Therefore, several strategies for LB vaccine
development have been assessed, focusing on outer membrane proteins of the patho-
gen and salivary gland proteins of the vector (9). Nevertheless, until now, primarily
vaccines based on OspA have been assessed in clinical studies (10). Two monovalent
OspA ST1 vaccines (LYMErix from SmithKline Beecham [11] and ImuLyme from Pasteur
Mérieux-Connaught [12]) have been evaluated in clinical efficacy trials, and the former
was licensed for human use in the United States between 1998 and 2002 (13, 14).
Additionally, a recombinant hexavalent vaccine comprising three chimeric OspA pro-
teins covering six OspA serotypes was developed by Baxter Bioscience and tested in
clinical trials (15, 16). The hexavalent LB vaccine candidate VLA15, developed by
Valneva Austria GmbH, is based on the C-terminal fragment of six different OspA
serotypes (ST1 to ST6) linked together in pairs to form three fusion proteins and has
been extensively evaluated preclinically (17–19). VLA15 is now being assessed in
two phase 2 clinical trials (ClinicalTrials registration numbers NCT03769194 and
NCT03970733).

We have investigated a novel OspA-based vaccine approach with the rationale to
design a single recombinant protein without compromising protection against the
majority of Borrelia species and OspA serotypes associated with LB. Having a single-
protein antigen is associated with considerably reduced costs and complexity in the
vaccine production processes. Furthermore, taking into account newly emerging
pathogenic Borrelia species, the number of different OspA serotypes to be included in
a multivalent vaccine may increase in the future. The vaccine candidates were designed
with a structure-based surface-shaping approach initially described by Scarselli and
coworkers (20). They introduced multiple immunodominant antigenic surface features
on one conserved protein scaffold of factor H binding protein (fHBP), a major Neisseria
meningitidis serogroup B antigen. The sequence of one variant group was taken as a
conserved backbone (to preserve protein folding), and surface epitopes of the other
two variant groups were artificially introduced on this scaffold. We have applied a
similar approach to the surface-exposed C-terminal fragment of OspA, which contains
most of the epitopes associated with protection (21–23). On the surface of the
C-terminal fragment, several adjacent regions (patches) were defined, mainly corre-
sponding to the mapped binding sites of monoclonal antibodies (MAbs) described in
the literature, as well as to additional binding regions reported for the C-terminal
fragment of OspA ST1 (21, 23–35). The surface-exposed amino acids within these
patches were exchanged to represent different OspA serotypes, which, in sum, accom-
modated multiple OspA serotypes on one protein. The protein backbones of all six
chimeric variants were based on the sequence of the C-terminal fragment of B. afzelii
OspA ST2, which represents the most prevalent OspA ST causing LB in Europe (36–39).

The immunogenicity in mice of all six variants was assessed with enzyme-linked
immunosorbent assay (ELISA) for surface binding and with serum bactericidal assays
(SBAs) for functional antibodies. Based on the serological readouts, four variants were
selected for further evaluation in two different mouse challenge models (bacterial
challenge via ticks and syringe). Finally, two of the four variants assessed in the animal
models were linked to form a fusion protein that provided significant protection
against B. burgdorferi OspA ST1 and B. afzelii OspA ST2, the most important Borrelia
species pathogenic to humans in the United States and Europe, respectively (40). This
study demonstrates that the novel multivalent OspA-based vaccine approach has the
potential to achieve broad protection with a single recombinant antigen.
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RESULTS
Rational design of multivalent variants of the OspA C-terminal fragment. The

sequences of the C-terminal fragments of the six OspA serotypes (B. burgdorferi [ST1],
B. afzelii [ST2], B. bavariensis [ST4], and B. garinii OspA [ST3, ST5, and ST6]) used in this
study for the development of a chimeric OspA vaccine shared a high percentage of
pairwise sequence identity that ranged from 86% (OspA ST5 versus ST6) to 67% (OspA
ST2 versus ST3). Therefore, we expected good structural fold conservation, which was
a prerequisite for the design of multivalent OspA variants.

As a basis for our design, we used available crystal structures of B. burgdorferi B31
OspA (ST1) bound to Fab LA-2 (binds to a site located at the C-terminal half [PDB ID
1FJ1]) (28) and to Fab 184.1 (binds to the N-terminal half [PDB ID 1OSP]) (41). The latter
complex offers a structure of the C-terminal half that is unaffected by direct antibody-
OspA contacts and therefore served as structural template for homology modeling and
subsequent fold conservation analysis. Based on the PDB ID 1OSP crystal structure and
structural models of OspA (41, 42), we generated homology models of the C-terminal
fragment for each of the six OspA serotypes, ST1 to ST6. Similarly to our previously
described LB vaccine candidate (17–19), thermal instability of the C-terminal fragments
was expected. Therefore, stabilization was introduced in form of a disulfide-bond either
linking the C-terminal helix to the surrounding �-sheet (named “B”) or joining the linker
at the N-terminal side of the helix to the last �-strand in the C-terminal sheet (named
“C”) (17). High fold conservation was observed when the structure models of OspA
fragments for ST1 to ST6, with the insertion of the disulfide-bond “B,” were relaxed in
short molecular mechanics simulations (PyMol [43] and GROMACS [44–48] with
OPLS-AA [49]), which provided freedom to choose any of the six OspA C-terminal
fragments as the structural scaffold. However, we decided to use the C-terminal
fragment of OspA ST2 (strain K78; GenBank accession number AJY72832.1), consisting
of amino acids (aa) 126 to 273, which has been shown to be a potent immunogenic
subunit and sufficient for protection (17–19), as the structural scaffold. By using the
C-terminal fragment of OspA ST2 as the common structural scaffold, we avoided
the sequence of a putative T-cell epitope in OspA ST1 (amino acids 165 to 173) (50–52).
The structural scaffold consists of the protein backbone together with those amino acid
residues whose side chains are buried within the folded protein. The serotype-specific
surface residue side chains were present on this common scaffold.

As a next step, the surface of the OspA ST2 C-terminal fragment was partitioned into
surface areas (“patches”) with the potential to harbor possible B-cell epitopes (Fig. 1).
This was based mainly on OspA ST1 data, such as the binding sites of monoclonal
antibodies at atomic resolution (Fab LA-2 crystal structure of complex; PDB ID 1FJ1),
nuclear magnetic resonance (NMR) data (chemical shift perturbation maps), point
mutation analyses and low resolution data, and binding analyses to subdomains/
fragments or peptide scanning results (21, 23–35). For the definition of patches, which
individually should be able to represent a diversity of serotypes, several assumptions
were made, as follows. (i) The relevant antibody contact area is contained within the
surface of a patch. (ii) The defined patches are, to a high degree, transferable across
serotypes, i.e., epitopes are expected to be located in the same area if fold conservation
is high. This allowed for a free choice of serotypes for a patch. (iii) It is sufficient to
exchange the exposed surface residues to change binding specificity, i.e., we expected
no complications by serotype-specific OspA fold changes upon antibody binding.
However, the following restrictions might apply: (i) patches might not contain a
protective epitope for the selected serotypes, and (ii) epitopes may be located off-
center on a patch and might then only be partially represented on one patch; thus, they
could overlap two or more patches, which might result in a restriction in the possible
patch combinations or even in requiring a modified patch layout to accommodate
certain combinations.

The C-terminal fragment is relatively small and can only harbor a restricted number
of conformational epitopes with an expected surface area of 900 to 2,000 Å2 (53–55).
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Therefore, the areas of the patches were designed as large as possible to offer a surface
large enough for a complete antibody footprint and to allow for some uncertainty in
case knowledge about the antibody binding position was less precise. The defined
patches cover areas analogous to the described binding sites/regions of the different
MAbs, LA-2 (28), 336 (27), 105.5 (31), 4C10C2 (29), CIII.78 (21), and to the tick gut
binding domain (TGBD) (30). MAbs LA-2 and CIII.78 have been shown to provide
protection in mice, which points to the importance of these epitopes (21, 28), whereas
information regarding protection for the other MAbs was not publicly available. The
crystal structure of OspA (ST1) in a complex with MAb LA-2 enabled a precise definition
of the antibody footprint and was used for the definition of the main area of patch I (24,
28, 34, 35). MAb 336, which was generated with OspA from the B. afzelii strain PGau, is
capable of binding to strains of other species, namely, B. burgdorferi and B. bavariensis
(23). The binding site of MAb 105.5 on OspA ST1 is concave and covers a large surface
area according to NMR analysis (31). Legros et al. showed that binding of MAb 4C10C2
was strain specific, since it binds to OspA ST1 of B. burgdorferi strain B31 but not to
OspA ST1 of B. burgdorferi strain Sta3 (29).

Based on the assumptions listed above, the information about the sites/regions of
different MAbs, and the expected surface area of an epitope, partition scheme layout
1 was designed with five different patches, patches I (LA-2), II (336), III (105.5), IV
(4C10C2), and VII (CIII.78 and TGBD) (Fig. 1 and 2). A second patch scheme, layout 2, was
defined to probe alternative positions and sizes of patches. Hence, layout 2 includes
epitopes incompatible with layout 1 partitioning. Layout 2 entails four different
patches, patches I (LA-2), V (336 and 105.5), VI (105.5 and 4C10C2), and VIII (CIII.78 and
TGBD) (Fig. 1 and 2). The partitioning scheme for layout 2 does not contain the large
patch III, which allowed us to increase the surface area of patch II and enabled us
to include the C-terminal helix of OspA in its entirety within patch V (Fig. 1B and F).

FIG 1 Schematic representation of the surface partitions on the C-terminal fragment of OspA. The surface of the
C-terminal fragment was partitioned into eight different areas (patch I through patch VIII) on a conserved protein
scaffold of B. afzelii OspA ST2. Patches I, II, and III are based on the binding of monoclonal antibodies LA-2, 336,
and 105.5, respectively, to B. burgdorferi OspA ST1 (A, B, and C). Patch IV represents parts of the binding region of
MAb 4C10C2 (D). Patch V is an enlarged version of patch II and represents the binding region of MAb 336 and
binding region of MAb 105.5 (F). Patch VI includes the binding sites of MAb 4C10C2 and MAb 105.5 (G). Patch VII
includes the MAb CIII.78 binding site and the tick gut binding domain (TGBD) of OspA (E). Patch VIII is an extended
version of patch VII (H).
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In addition, patch VIII in layout 2 is an enlargement of patch VII from layout 1 (Fig.
1E and H).

The orientation of amino acids in the OspA C-terminal fragment was determined
based on the structure models and crystal structures to distinguish amino acids having
side chains, which are oriented to the core (buried), partially surface exposed, or surface
exposed. The less accessible amino acid core residues were mostly hydrophobic,
conserved, and tightly packed. They were kept for the OspA ST2 scaffold to ensure fold
retention of the molecule. Exposed side chains and most partially exposed amino acids
were exchanged for each patch to match the assigned OspA serotype.

When different OspA STs were assigned to adjacent patches, ideal combinations
were chosen, with the least possible interference between the surface-exposed amino
acid residues. In the best case, the assigned serotype-specific surface areas extended to
the adjacent patch, providing a contiguous serotype-specific surface. Therefore, to
optimize the serotype selection for the different patches, a procedure was imple-
mented that sums up penalty scores (a combination of the interference between
neighboring amino acids, surface exposure, and a switching function) for each
serotype-specific residue in a patch to all non-serotype-matching residues in the
adjacent patches. This was done for each patch to generate a score for every
possible serotype combination. The scoring process selected residues which were
highly (factor 1, represented as “�” in Fig. 2) or partially (factor 0.5, represented as “o”
in Fig. 2) surface exposed and were located near the adjacent patch. The analysis of the
interference between exposed and partially exposed amino acids used a cutoff of
0.5 nm with a 0.3-nm switching function by C�-C� distance. Buried residues (core,
factor 0, represented as “�” in Fig. 2) were not included. Lists were generated and
filtered to only show entries that matched the serotype of interest and showed the best
possible combinations of serotype population on different patches. Several different
patch assignments were designed with a minimum of interference between serotypes
on neighboring patches to achieve broad protection with a final vaccine candidate.

Finally, a set of six multivalent OspA variants, referred to as variants 1 to 6 (V1 to V6)
(Fig. 2 and 3), was selected for evaluation of immunogenicity and protection. V1 to V4
(layout 2) had patch I populated with OspA ST1, together with OspA ST4 and ST5 on

FIG 2 Sequence alignment of the chimeric vaccine candidates compared to the B. afzelii (OspA ST2) C-terminal fragment. Sequence alignment comparing the
multivalent OspA antigen variants to the sequence of a B. afzelii OspA C-terminal fragment (OspA ST2, aa 126 to 273, B. afzelii strain K78; GenBank accession
number AJY72832.1) as a reference sequence (here also referred to as the “conserved backbone” or “structural scaffold”) showing the modified amino acid
residues. The locations of the amino acids in the three-dimensional structure are shown in the line labeled “Surface exposed.” �, exposed amino acid; o, partially
exposed amino acid; �, buried amino acid. The locations of the residues making up patches I through VIII are represented as numerals 1 to 8 in layouts 1 and 2.
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patches V, VI, and VIII. In V1 to V4, OspA ST5 and ST4 were put on patches VI and VIII,
respectively, or the inverse, to probe serotype specificity in a simple patch exchange
situation (Fig. 2 and 3). V1 to V4 have the same patch layouts, but different disulfide
bond location C and B, respectively. The location of disulfide bond C, in contrast to that
of B, avoids mutating exposed side chains placed in patch V in layout 2 or at the border
of patch II (which is defined as a subarea of patch V) in layout 1 to cysteines. V5 and
V6 (disulfide bond B) followed layout 1, in which patch I is populated with either OspA
ST6 or ST2, respectively, and the other patches were populated to represent OspA ST2,
ST3, and ST6. For a final vaccine candidate, at least 2 multivalent variants, which can be
fused together to obtain a single antigen LB vaccine, would be required to target all six
serotypes.

Chimeric OspA fragments induced significant antibody titers against all major
OspA serotypes. OspA-based vaccines primarily protect via production of circulating
antibodies that are ingested by ticks during their blood meal. In the tick’s midgut, these
antibodies bind, neutralize, and promote elimination of the spirochetes, such that no
pathogen can be transmitted and subsequently cause an infection in the vertebrate
host (56). Since high levels of anti-OspA antibodies following immunization are of
primary importance, we first studied the immune response generated by the multiva-
lent variants against the most clinically relevant OspA serotypes (ST1 to ST6) by ELISA.
A recent study has shown that immunogenicity was 10-fold higher in mice with an
OspA-based vaccine formulated with 0.15% aluminum hydroxide than that with the
vaccine formulated without adjuvant (17). Therefore, all immunizations in this study
were performed using antigens formulated with 0.15% aluminum hydroxide. Mice were
immunized 3 times at 2-week intervals with a dose of 5 �g of each of the individual
multivalent variants (V1 to V6). Since all multivalent variants only contained the
C-terminal half of OspA, the 96-well plates for ELISA were coated with stabilized
C-terminal fragments of OspA, and the immune response was compared to the
response induced by full-length OspA (FL-OspA).

V1 and V2 have the same patch layout but different disulfide bonds, C and B,
respectively, for stabilization (Fig. 3). Despite this similarity, V1 induced significantly
lower anti-OspA ST1 antibody titers than V2 (Fig. 4A). However, the immunogenicity
was comparable to that of other serotypes (Fig. 4B to F). V3 and V4 also had the same
patch layout and different disulfide bonds, B and C, respectively, for stabilization
(Fig. 3), but induced comparable immune responses with respect to all included
serotypes (Fig. 4). Comparing the induced immune response to that induced by
full-length OspA, V2 to V4 induced similar antibody titers to those of FL-OspA ST1,

FIG 3 Tabular representation of multivalent chimeric OspA vaccine candidates designed by a surface shaping
approach. V1 through V4 are based on patches I, V, VI, and VIII. Patch I and patch V represent amino acid residues
of OspA ST1 and ST5, respectively, on the surface of the chimeras. V1 and V2 represent OspA ST5 residues on patch
VI and OspA ST4 residues on patch VIII, whereas the serotypes are reversed on these patches in V3 and V4. V1 and
V4 are stabilized by disulfide bond C and V2 and V3 with disulfide bond B. V5 and V6 are designed based on
patches I, II, III, IV, and VII and are stabilized by disulfide bond B. Patch I is populated with OspA ST6 and ST2
residues on the surface in V5 and V6, respectively. Patches II, III, IV, and VII are populated with OspA ST3, ST2, ST2,
and ST6, respectively, in both variants.
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FL-OspA ST4, and FL-OspA ST5 (homologous serotypes present on their surface; Fig. 4A,
D, and E) and cross-reactive antibodies comparable to those induced by FL-OspA ST6
(Fig. 4F). The immune response was lower than the response induced by FL-OspA ST2
and FL-OspA ST3 (Fig. 4B and C). Comparing V1 to V4, V1 induced the lowest level of
anti-OspA ST1 antibodies, possibly because disulfide bond C slightly distorts the
structure of patch I, where OspA ST1 sequences are located. However, a similarly
reduced level of anti-OspA ST1 antibodies was not observed with V4, although it also
had disulfide bond C, possibly because patches VI and VIII were populated with
interchanged OspA ST4 and ST5, respectively. V5 and V6, both with disulfide bond B
(Fig. 3), induced immune responses comparable to those induced by FL-OspA ST2,
FL-OspA ST3, and FL-OspA ST6, the serotypes presented on their surfaces (Fig. 4B, C,
and F), as well as cross-reactive antibodies comparable to those induced by FL-OspA
ST4 (Fig. 4D). However, they induced weaker immune responses than FL-OspA ST1 and
FL-OspA ST5, which were serotypes not present on these multivalent variants (Fig. 4A
and E). When OspA ST6 was only populated on patch VII (V6), a weaker immune
response than that for the constellation with OspA ST6 populated on both patches I
and VII (V5) (Fig. 4F) was observed.

These results showed that the immune responses to the multivalent variants varied
according to the distribution of serotypes on different patches. The data also revealed
that disulfide bond B performed better for stabilization of the multivalent variants than
disulfide bond C. For this reason, V1 and V4 were excluded from further analyses. These
data also indicated that two multivalent variants may have to be combined to allow
generation of a strong immune response against all six clinically most relevant OspA
serotypes.

Chimeric variants generated surface binding and functional antibodies against
multiple OspA serotypes. The multivalent V2, V3, V5, and V6 variants were evaluated

FIG 4 Antibody response of chimeric vaccine candidates with C-terminal fragment of OspA (monomers) as coating antigens. The immunogenicity of the
individual chimeric proteins when administered at a dose of 5 �g and formulated with 0.15% aluminum hydroxide was assessed in groups of 10 mice. Immune
sera collected from mice 2 weeks after the final immunization were serially diluted and tested in duplicates. The plates were coated with C-terminal fragments
of the respective OspA ST, and the immune response of the chimeric candidates was compared to the FL-OspA of the respective serotypes. The results are
represented as half-maximal geometric mean titers (GMT) with a 95% confidence interval, and the dotted lines represent the detection limit.
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for their ability to induce surface binding and functional antibodies against the clinically
most relevant OspA serotypes (ST1 to ST6). The assessment was based on the ability of
antibodies to bind to LB Borrelia species expressing OspA ST1 to ST6 on their surfaces.
In addition, functional antibodies were also assessed in a serum bactericidal assay (SBA).

Heat-inactivated pooled serum samples from mice immunized with each multiva-
lent variant were tested in 5-fold dilutions for their ability to bind to spirochetes
expressing OspA ST1 to ST6. V2-induced sera showed equivalent surface binding to
spirochetes expressing OspA ST1 as immune sera induced with FL-OspA ST1 (Fig. 5A)
but lower surface binding to spirochetes expressing OspA ST2, ST4, and ST5 than to
spirochetes expressing the homologous FL-OspA (Fig. 5B and D and E). V3-induced
antibodies showed surface binding comparable to those induced with FL-OspA ST1
and FL-OspA ST5 (Fig. 5A and E) but lower surface binding than those induced with
FL-OspA ST2 and FL-OspA ST4 (Fig. 5B and D). Both of these variants induced strong
surface binding antibodies compared to FL-OspA ST6 (Fig. 5F).

V5- and V6-generated sera demonstrated surface binding equivalent to FL-OspA ST2
and FL-OspA ST4-generated sera (Fig. 5B and D). V5-induced antibodies showed
significantly stronger surface binding than V6-induced antibodies, and both showed
stronger binding than FL-OspA ST6 (Fig. 5F). Both of these variants induced lower levels
of surface binding than FL-OspA ST5 (Fig. 5E) and did not induce any surface binding
to B. burgdorferi ZS7 (OspA ST1).

V2- and V3-induced sera showed only weak binding to B. garinii strain PFr (OspA
ST3); on the other hand, for V5- and V6-generated antibodies, significant surface
binding almost as strong as that induced by FL-OspA ST3 (Fig. 5C) was observed.

In order to determine the titer of borreliacidal antibodies induced by the four
variants, SBAs in the presence of guinea pig complement (ZS7 OspA ST1, LU171 OspA
ST2, and PFr OspA ST3) or baby rabbit complement (DK6 OspA ST4, PHei OspA ST5, and
KL11 OspA ST6) were performed. For V2 and V3, we observed bactericidal titers
comparable to those with FL-OspA ST1, while low bactericidal activity was seen for both
multivalent variants compared to FL-OspA ST4 and FL-OspA ST5 (Table 1). None of the
V2 and V3 variants induced significant bactericidal activity against B. garinii OspA ST3

FIG 5 Surface binding of spirochetes to determine vaccine-induced antibodies. The antibodies generated by the chimeric vaccine candidates were tested by
surface binding assay. The binding of vaccine-induced antibodies to OspA of the corresponding serotype was compared to the binding of antibodies generated
by the respective FL-OspA. The surface binding assay was performed with B. burgdorferi OspA ST1 ZS7, B. afzelii OspA ST2 Pra10, B. garinii OspA ST3 PFr, B.
bavariensis OspA ST4 PFin, B. garinii OspA ST5 PHei, and OspA ST6 KL11. The results are presented as fluorescence intensity.
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or B. afzelii OspA ST2 (Table 1). V5 and V6 induced higher bactericidal titers than
FL-OspA ST6, similar titers as FL-OspA ST4, and no or low bactericidal activity compared
to FL-OspA ST1, FL-OspA ST3, and FL-OspA ST5 (Table 1). V5 generated similar titers,
whereas V6 generated lower levels of bactericidal antibodies than FL-OspA ST2 (Table
1). In conclusion, V5 generated higher bactericidal activity than V6.

Chimeric variants provided significant protection against major LB Borrelia
species pathogenic to humans. V2, V3, V5, and V6 were next assessed in challenge
experiments using Borrelia strains expressing four OspA serotypes (ST1, ST2, ST4, and
ST5). Mice were immunized with the individual multivalent variants and were chal-
lenged with Ixodes ricinus ticks infected with B. burgdorferi OspA ST1, B. afzelii OspA ST2,
or B. bavariensis OspA ST4, as described previously (19), or by subcutaneous injection
of in vitro-grown spirochetes (B. burgdorferi OspA ST1 or B. garinii OspA ST5). Ticks were
monitored daily until detachment, and only mice with at least one tick (B. afzelii OspA
ST2) or two ticks (B. burgdorferi OspA ST1 and B. bavariensis OspA ST4) feeding for
�48 h were included in the final infection readout.

V2 and V3 generated significant protection against Borrelia strains expressing OspA
ST1, ST2, and ST4 in the tick challenge models (Table 2), and V3 protected better
against OspA ST5 than V2 (Table 2). Thus, V2 and V3 provided cross-protection against
B. afzelii OspA ST2. V5 and V6 provided no cross-protection against a challenge with
ticks harboring B. burgdorferi OspA ST1 or against a subcutaneous injection of B.
burgdorferi OspA ST1 or B. garinii OspA ST5, but both variants provided significant
protection, as well as cross-protection, against challenge with ticks infected with B.
afzelii OspA ST2 and B. bavariensis OspA ST4, respectively (Table 2).

Fusion protein V3-L2-V5 generated potent immune responses against major
LB Borrelia species pathogenic to humans. In order to generate a single antigen that

TABLE 1 Functional antibodies generated by the chimeric OspA variants, as determined
in serum bactericidal assaysa

Immune serum

SB titer forb:

ST1 ST2 ST3 ST4 ST5 ST6

FL-OspA 160 2,500 2,500 160 12,500 �20
V2 160 �20 �20 80 2,500 500
V3 160 �20 �20 20 500 500
V5 �20 2,500 �20 160 20 62,500
V6 �20 500 �20 320 �20 500
aSerum bactericidal assay was performed with B. burgdorferi ZS7 (ST1), B. afzelii LU171 (ST2), B. garinii PFr
(ST3), B. bavariensis DK6 (ST4), B. garinii PHei (ST5), and KL11 (ST6).

bSerum bactericidal (SB) titer is defined as the reciprocal of the lowest dilution showing �50% reduction in
spirochetes compared to negative sera.

TABLE 2 Vaccine efficacy of chimeric OspA variants in tick and subcutaneous challenge experimentsa

Immunogen Serotypes
Dose
(�g)

Tick challenge (no. infected/total
no.) with:

Subcutaneous challenge (no.
infected/total no.) with:

B. burgdorferi
(ST1)

B. afzelii
(ST2)

B. bavariensis
(ST4)

B. burgdorferi
(ST1)

B. garinii
(ST5)

B. garinii
(ST5)

FL-OspA 5 3/9b 1/7d 0/6d 0/10d 0/10d 0/10d

V2 1, 4, 5 5 1/7c 3/8b 0/4c 0/10d 3/10e 4/10c

V3 1, 4, 5 5 0/8d 4/10b 1/9d 0/10d 0/10d 1/10c

V5 2, 3, 6 5 5/8e 1/9d 0/7d 9/10e 3/5e 8/10e

V6 2, 3, 6 5 6/9e 1/9d 0/7d 7/10e 7/10e 9/10e

Placebo 12/14 13/14 9/10 10/10 8/10 10/10
aMice were challenged with laboratory-reared ticks infected with B. burgdorferi (ST1; strain Pra1), B. afzelii (OspA ST2; strain IS1), or B. bavariensis (OspA ST4; strain
Marx1), or by subcutaneous injection with in vitro-grown spirochetes of B. burgdorferi (OspA ST1; strain ZS7) or B. garinii (OspA ST5; strain PHei [results from two
independent experiments are shown in the last two columns]). For the tick challenge experiments, only mice with at least one tick (ST2) or two ticks (ST1 and ST4)
feeding for �48 h were included in the readout. Statistical significance was calculated with Fisher’s exact test (two-tailed).
bP � 0.05.
cP � 0.01.
dP � 0.001.
eNot significant.
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can provide protection against the major LB Borrelia species, V3 and V5 were selected
for further analysis based on the immunogenicity and protection data for the individual
variants. These two variants were fused together with a 23-amino-acid linker sequence
derived from an immunogenic loop of the surface-exposed protein P66 (57–59) from B.
garinii strain PBr, and the fusion protein was referred to as V3-L2-V5. The immunoge-
nicity of V3-L2-V5 was compared to that of FL-OspA from the six OspA serotypes. Mice
were immunized with V3-L2-V5 (3.0, 0.3, 0.03, and 0.003 �g) and FL-OspA (1 �g) 3 times
at 2-week intervals. Immune sera were collected 1 week after the final immunization for
analyses of anti-OspA IgG antibodies by ELISA. The V3-L2-V5 vaccine generated higher
antibody titers than FL-OspA ST1, FL-OspA ST4, FL-OspA ST5, and FL-OspA ST6, and
similar titers with respect to FL-OspA ST2 and FL-OspA ST3 (Fig. 6).

The ability of V3-L2-V5 to generate antibodies was assessed by surface binding and
SBA. For these in vitro assays, only sera from mice immunized with a dose of 3.0 �g
were used for comparison. V3-L2-V5 generated comparable surface binding to spiro-
chetes expressing OspA ST1, ST2, ST4, and ST5 and to spirochetes expressing the
respective FL-OspA STs (Fig. 7A, B, D, and E). The surface binding of V3-L2-V5-induced
antibodies to spirochetes expressing OspA ST6 was higher than that to the correspond-
ing FL-OspA ST6 (Fig. 7F), and the surface binding to spirochetes expressing OspA ST3
was lower than that generated by the corresponding FL-OspA ST3 (Fig. 7C). The
functional antibody titers generated by V3-L2-V5 were comparable to or higher than
those generated by the respective FL-OspA for spirochetes expressing OspA ST1, ST2,
and ST6 and lower with respect to OspA ST3, ST4 and ST5 (Table 3).

FIG 6 Antibody response of vaccine candidate V3-L2-V5 versus the corresponding FL-OspA serotypes. The immunogenicity of V3-L2-V5 was studied in a dose
titration experiment and was compared to FL-OspA of the respective serotype (ST1-ST6). Immune sera were collected 2 weeks after the final immunization and
tested in duplicates. The plates were coated with C-terminal OspA fragments of the respective serotype. The results are represented as half-maximal geometric
mean titers (GMT) with a 95% confidence interval, and the dotted lines represent the detection limit.
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Fusion protein V3-L2-V5 protected against two major human-pathogenic LB
Borrelia species. The protective capacity of the V3-L2-V5 vaccine was tested against
the two most clinically relevant LB Borrelia species, i.e., B. burgdorferi (OspA ST1) and B.
afzelii (OspA ST2). For this study, V3-L2-V5 (3.0, 0.3, 0.03, and 0.003 �g) was compared
to the respective FL-OspA (1.0 �g) after three immunizations against a challenge with
in vitro-grown B. burgdorferi (OspA ST1) and ticks infected with B. afzelii (OspA ST2). The
V3-L2-V5 protein demonstrated highly significant protection against B. burgdorferi
(OspA ST1) at the three highest immunization doses (3.0, 0.3, and 0.03 �g) (Table 4).
Interestingly, V3-L2-V5 still demonstrated significant protection at even the lowest dose
of 3 ng (Table 4). For the challenge with B. afzelii OspA ST2-infected ticks, the results of
two experiments were combined (using the same batch of infected ticks). V3-L2-V5
demonstrated 100% protection against a challenge with B. afzelii OspA ST2-infected
ticks at a dose as low as 0.03 �g, comparable to the protection obtained with 1.0 �g of
FL-OspA ST2.

DISCUSSION

A structure-based surface-shaping method was used to create multivalent OspA
variants based on the OspA C-terminal fragment. The multivalent variants were de-
signed with the goal of increasing the breadth of protection against diverse Borrelia
species and OspA serotypes using as few antigens as possible. Thus, the ultimate

FIG 7 Antibodies generated by V3-L2-V5 versus the corresponding FL-OspA serotypes. The antibodies generated by V3-L2-V5 were tested by surface binding
assay. The binding of vaccine-induced antibodies to OspA was compared to the binding of antibodies generated by FL-OspA of the corresponding serotypes
(ST1 to ST6). The surface binding assay was carried out with B. burgdorferi OspA ST1 ZS7, B. afzelii OspA ST2 Pra10, B. garinii OspA ST3 PFr, B. bavariensis OspA
ST4 PFin, B. garinii OspA ST5 PHei, and OspA ST6 KL11. The results are represented as fluorescence intensity.

TABLE 3 Functional antibodies generated by the V3-L2-V5 fusion vaccine candidate as
determined in serum bactericidal assaysa

Immune serum

SB titerb:

ST1 ST2 ST3 ST4 ST5 ST6

FL-OspA 160 500 2,500 160 12,500 20
V3-L2-V5 160 500 �20 40 500 2,500
aGrowth inhibition assay was analyzed with B. burgdorferi ZS7 (ST1), B. afzelii LU171 (ST2), B. garinii PFr (ST3),

B. bavariensis DK6 (ST4), B. garinii PHei (ST5), and KL11 (ST6) strains.
bSerum bactericidal (SB) titer is defined as the reciprocal of the lowest dilution with �50% reduction in
spirochetes compared to negative sera.
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approach was to design a single recombinant protein that could induce a protective
immune response for all six major OspA serotypes and therefore reduce the cost and
complexity of vaccine production. Scarselli et al. (20) described several criteria required
to generate a multivalent vaccine that induces broad coverage in immunogenicity and,
ideally, protection against a multitude of variants of the targeted pathogen. These
include (i) detailed information of the three-dimensional structure of the antigen, (ii)
knowledge of immunogenic epitopes on the antigen as well as on its variants, (iii)
presence of surface areas that are large enough to hold a conformational epitope, and
(iv) sequence and fold conservation between the variants of the antigen. Using this set
of criteria, Scarselli and colleagues (20) modeled an fHBP-derived protein that was
broadly immunogenic against a plethora of Neisseria meningitidis serogroup B strains.

Applying a similar approach to the design of multivalent variants of the OspA
C-terminal fragment, we had to rely mainly on the crystal structure and information on
antibody binding sites/regions that were available for B. burgdorferi OspA ST1. Structure
models for each of the six OspA serotypes suggested high fold conservation, which
provided us with the freedom to choose any of the six OspA C-terminal fragments as
the structural scaffold. Since OspA ST2 is the most prevalent serotype in Europe, we
chose OspA from B. afzelii (strain K78; GenBank accession number AJY72832.1) as the
structural scaffold for the design of multivalent OspA variants. By using the sequence
of OspA ST2 as the structural scaffold, a putative T-cell epitope present only in OspA
ST1 was avoided (50–52). The surface was partitioned into patches that have the
potential to harbor possible B-cell epitopes based on the described binding sites/
regions of MAbs LA-2 (28), 336 (27), 105.5 (31), 4C10C2 (29), and CIII.78 (21) and of the
tick gut binding domain (TGBD) (30) (Fig. 1). Several different patch assignments were
designed in order to ensure minimum interference between amino acid residues of
different serotypes on neighboring patches. Two layouts were designed with different
patch assignments (Fig. 1) to achieve broad protection in a final vaccine design.
Surface-exposed and most partially exposed amino acids were replaced for each patch
to match the respective OspA ST. We constructed six variants (V1 to V6) based on the
two layouts and assessed two different locations of stabilization by a disulfide bond
(Fig. 3).

V1 to V4 have the same patch layout, composed of patches I, V, VI, and VIII, but V1
and V4 contained disulfide bond C and were difficult to produce because of low protein
expression and low yields after purification. In addition, these proteins were equally or
less immunogenic than V2 and V3, which have the same serotype assignment but
stabilizing disulfide bond B (Fig. 4). These results underline the importance of the
position of the disulfide bond for expression, purification yield, and immunogenicity.

TABLE 4 Efficacy of V3-L2-V5 fusion vaccine candidate in comparison to full-length OspA
against B. burgdorferi OspA ST1 subcutaneous challenge and B. afzelii OspA ST2 tick
challengea

Immunogen
Dose
(�g)

No. infected/total in:

Subcutaneous challenge with
B. burgdorferi (ST1)

Tick challenge with
B. afzelii (ST2)

FL-OspA ST1 1.0 6/10d

FL-OspA ST2 1.0 0/18c

V3-L2-V5 3.0 0/10c 0/9c

V3-L2-V5 0.3 0/10c 0/9c

V3-L2-V5 0.03 0/10c 0/9c

V3-L2-V5 0.003 2/10b 6/9d

Placebo 8/10 15/16
aMice were either challenged with ticks infected with B. afzelii (OspA ST2; strain IS1) or subcutaneously
injected with in vitro-grown spirochetes of B. burgdorferi (OspA ST1; strain ZS7). For B. afzelii, only mice with
at least one tick feeding for �48 h were included in the readout. Statistical significance was calculated with
Fisher’s exact test (two-tailed).

bP � 0.05.
cP � 0.001.
dNot significant.
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OspA ST5 and ST4 were interchanged between patches VI and VIII on V2 and V3 to
study the effect on immunogenicity, as well as protection generated against these
serotypes (Fig. 4; Tables 1 and 2). However, no significant difference was observed in
immunogenicity (Fig. 4D and E, Fig. 5C and D; Table 1) or protection with respect to
OspA ST4 and ST5 (Table 2). Likewise, V2 and V3 showed significant cross-protection
against OspA ST2 (Table 2), although V3 showed slightly higher protection in two
experiments using B. garinii OspA ST5 for the challenge (Table 2).

V5 and V6 were designed with OspA ST2 and ST6 interchanged on patch I (Fig. 3)
to study the effect on immunogenicity as well as that on protection. With respect to
immunogenicity, both variants generated similar immune responses against FL-OspA
ST2, and the immune response is similar to the one generated by FL-OspA ST2 (Fig. 4
and 5; Table 1). Both variants also provided significant protection against a challenge
with B. afzelii OspA ST2-infected ticks (Table 2). This indicated that OspA ST2 on patch
I does not additionally contribute to protection when patches III and IV are also
populated with OspA ST2 residues. In contrast, the presence of OspA ST6 residues on
patch I had a significant contribution to OspA ST6-specific immunogenicity, since V5
demonstrated better immunogenicity than V6 against OspA ST6 (Fig. 4F and 5E; Table
1). In general, V5 and V6 display 98% overall sequence identity, which suggested that
a serotype interchange on patch I might not have a significant effect on immunoge-
nicity and protection generated by these candidates (Fig. 4 and 5; Tables 1 and 2).

Even though V5 and V6 were not designed with OspA ST4 residues on any of the
patches, they induced a strong immune response and protection against challenge
with B. bavariensis OspA ST4. Patch VII populated with OspA ST6 in both variants shared
a sequence identity of 94% with OspA ST4. Therefore, it can be assumed that the
cross-reactivity of V5 and V6 with OspA ST4 could likely be attributed to patch VII.

V5 and V6 also demonstrated a significantly lower immune response, as well as
partial nonsignificant cross-protection against a challenge with B. burgdorferi OspA ST1
and B. garinii OspA ST5.

Based on all data obtained with the individual variants, V3 and V5 were linked with
a short and flexible linker sequence (23 amino acids derived from P66) to produce a
single fusion protein, V3-L2-V5. The linker sequence used in V3-L2-V5 was reported to
be immunogenic in humans (60), but the specific contribution of the linker sequence
to immunogenicity and protection was not assessed in this study. OspA-based vaccines
protect via a transmission blocking mechanism of action and are therefore dependent
on high level of circulating antibodies that neutralize the spirochetes in the midgut of
the tick. In this respect, antibodies recognizing the P66 linker may increase the efficacy
of the LB vaccine by targeting spirochetes in the tissue of the host that were not
neutralized by anti-OspA antibodies in the tick. However, this hypothesis needs to be
investigated. The high antibody titers in conjunction with the functionality of the
antibodies generated by V3-L2-V5 indicate that the single antigen has the potential to
generate a broad protective immune response against the major OspA serotypes (Fig.
5 and 6; Table 3). This was further substantiated by the demonstration that the fusion
vaccine V3-L2-V5 provided 100% protection against challenge with in vitro-grown B.
burgdorferi OspA ST1 and B. afzelii OspA ST2-infected ticks at the first three immuni-
zation doses (3.0, 0.3, and 0.03 �g). Interestingly, V3-L2-V5 was shown to be highly
potent as a vaccine, since protection against challenge with in vitro-grown B. burgdor-
feri OspA ST1 was observed following immunization with only 3 ng. The results pre-
sented here provide the proof of principle of a new multivalent LB vaccine that may
prospectively attain broad protection with a single protein.

MATERIALS AND METHODS
Ethics statement. The animal experiments in the study were conducted according to Austrian law

(Tierversuchsgesetz 2012, BGBl. I Nr. 114/2012) and approved by Magistratsabteilung 58. All experimental
procedures were reviewed and approved by Valneva’s animal welfare committee and in accordance with
the 3R principle (replacement, reduction, and refinement). The number of animals used in the study was
kept as low as possible. Mice were housed in the animal facility at Valneva in Vienna at 20 to 24°C with
a 12/12 h light/dark cycle in standard individually vented cages (IVCs; Euro standard type II long) in
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groups of five female mice in each cage. No mortalities occurred prior to the conclusion of the
experiments. Mortalities were not expected, since mice are the natural reservoir of Borrelia in nature.

Design of chimeric constructs. Crystal structures of B. burgdorferi OspA ST1 (PDB ID 1OSP [41] and
PDB ID 1FJ1 [28]) and homology models reflecting the other serotypes (42) were analyzed for the design
of the chimeric constructs. The conserved protein backbone of B. afzelii OspA ST2 (strain K78; GenBank
accession number AJY72832.1) served as a structural scaffold for determination of sequence positions
where adaptive mutations were required.

Residues with surface-exposed (and partially surface-exposed) side chains were distinguished from
buried residues to adapt the outer surface accordingly. Patches were defined and optimized to optimally
accommodate the binding of known antibodies or to match with results from, e.g., peptide library
scanning experiments, mutagenesis, and fragment binding experiments. Surface residues in these
regions were mutated to represent the serotype of choice, while buried residues were retained (ST2-
based scaffold), making use of the fold conservation observed in the structural models. An overlap of
anticipated antibody footprints was addressed by defining two different surface partitioning schemes.
Also, the combinations of serotypes for individual patches were optimized in order to minimize the
interference of mutations for antibody binding in one patch of a selected serotype with residues of
adjacent patches. For this optimization, the interresidue distances (C�-C�) on the ST2 reference structure
were scanned, summing up penalty scores for each interfering residue combination (determined from a
sequence structure alignment with candidate OspA sequences of serotypes ST1 to ST6). The residues
within a cutoff 0.8 nm (from 0.5 to 0.8 nm, faded off with a scaling function) were scaled by exposition
factors of 0, 0.5, and 1, i.e., core, partially exposed, and surface accessible, respectively. This scoring was
repeated for each possible patch attribution and serotype combination. Within the patches of a selected
layout and according to the choice of serotype for them, the subset of surface-exposed amino acid
residues was substituted by a set of amino acid residues of the respective serotypes, and the chosen type
of disulfide bond was introduced into the sequence.

Cloning. The serotype-specific OspA amino acid sequences were derived from B. burgdorferi ST1 (aa
126 to 273, strain B31; GenBank accession number NP_045688.1), B. afzelii ST2 (aa 126 to 273; strain
K78, accession number AJY72832.1), B. garinii ST3 (aa 126 to 274, strain PBr; accession number
WP_015939522.1), B. bavariensis ST4 (aa 126 to 273, strain PBi; accession number WP_011187157.1), B.
garinii ST5 (aa 126 to 273, strain PHei; accession number CAA56544.1), and B. garinii ST6 (aa 126 to 274,
strain DK29; accession number CAA45010.1). The sequence alignment of chimeric variants compared to
the C-terminal fragment of B. afzelii OspA ST2 (providing the structural scaffold) is depicted, and
identities are represented as dots, only showing the amino acids that have been substituted in each
variant (Fig. 2). The nucleotide sequence of each of the hybrid constructs was codon optimized and
synthesized (GeneArt Gene Synthesis; Thermo Fisher Scientific). The constructs were digested using
HindIII and XhoI and were cloned into the expression vector pET28b� (Merck Millipore, USA), with the
inclusion of a 23-amino-acid signal sequence for lipidation (MKATKLVLGAVILGSTLLAGCSS) from Esche-
richia coli major outer membrane lipoprotein and a histidine tag (LEHHHHHH) at the C terminus. Two
chimeric variants, V3 and V5, were fused together with a 23-amino-acid linker sequence, ANNQAGQKS
SGSTQATTPNLTFE (L2), to form the fusion vaccine denoted V3-L2-V5. The linker sequence was derived
from a loop region of P66 (a major Borrelia porin) from B. garinii strain PBr (GenBank accession number
EED29356.1). For the final fusion protein, V3 was inserted into the pET28b� vector immediately after the
lipid signal sequence, using the HindIII and SpeI restriction sites, followed by the linker sequence using
SpeI and ScaI and V5 using ScaI and XhoI.

Protein expression and purification. Protein expression and purification up to the step that
includes phase separation with Triton X-114 followed the procedure as described by Comstedt et al. (18).
Briefly, induction of protein expression was performed at 25°C with 0.1 mM isopropyl-�-D-thiogalacto-
pyranoside (IPTG). A protease inhibitor cocktail II [PIC II: 2 ml Bestatin, 2 ml 4-(2-aminoethyl)benzenesulfonyl
fluoride hydrochloride (AEBSF), and 2 ml E-64] was added to the lysis buffer (50 mM Tris-HCl, 500 mM
NaCl, and 5 mM EDTA [pH 8.0]), and cell lysis was carried out with a high-pressure homogenizer (Panda
2K). Triton X-114 was added to the crude lysate (0.06 times the volume of crude lysate), and the solution
was incubated at 4°C with gentle stirring overnight and then centrifuged for 1 h at 4°C. The supernatant
was incubated at 28°C for 30 min. The lipid phase was recovered by centrifugation at 7,000 � g for 40
min at 28°C.

The His-tagged chimeric proteins were purified by immobilized metal ion affinity chromatography
(IMAC). Briefly, the lipid phase was diluted 1:20 in lipid phase dilution buffer (50 mM Tris-HCl [pH 8.0],
500 mM NaCl, 0.05% Tween 20, and 10% ethanol) and loaded onto a column with Ni� Sepharose beads
(Ni Sepharose 6 Fast Flow; GE Healthcare) equilibrated with the lipid-phase dilution buffer. The bound
His-tagged proteins were eluted with an imidazole elution buffer (50 mM Tris-HCl, 500 mM NaCl, 0.05%
Tween 20, and 100 mM imidazole) with increasing imidazole concentrations (100 mM, 250 mM, and
500 mM).

The PyroGene recombinant factor C kit (Lonza) was used to determine the concentration of
endotoxin in the lipidated chimeric protein samples.

Immunization and challenge. Immunization and challenge studies were performed as described by
Comstedt et al. (17–19). The purified lipidated chimeric proteins were formulated with 0.15% aluminum
hydroxide (Alhydrogel; Brenntag) as an adjuvant. Groups of 10 female C3H/HenRj mice (8 to 10 weeks
old) per antigen were injected subcutaneously with 5.0 �g of individual chimeric proteins. Full-length
OspA protein (5 �g) was used as the positive control, and adjuvant was used alone as the placebo. Three
immunizations were administered at 2-week intervals, and immune sera were collected 1 (challenge
experiments) or 2 (immunogenicity experiments) weeks after the final immunization. Two weeks
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following the final immunization, mice were challenged subcutaneously with in vitro-grown spiro-
chetes expressing OspA from B. burgdorferi (ST1) or B. garinii (ST5) (17, 18). A dose of 5 � 104

spirochetes in 100 �l was used for all strains per mouse. OspA expression was confirmed by flow
cytometry, and only cultures where at least 80% of spirochetes expressed OspA on their surface were
used for challenge.

Ticks infected with B. afzelii (strain IS1), B. burgdorferi (strain Pra1), and B. bavariensis (strain Marx1)
were used to challenge mice, as described previously (17, 19). For strains IS1 and Marx1, two ticks were
applied to each mouse, and for Pra1, three ticks were applied. Mice with at least one (IS1) or two (Pra1
and Marx1) fully fed ticks were included in the subsequent readouts. Four weeks after challenge, mice
were anesthetized with isoflurane prior to terminal bleeding and sacrificed by cervical dislocation. The
infection status was determined by VlsE ELISA as described previously by Comstedt et al. (17).

OspA ELISA. Immune sera derived from mice after the third immunization were analyzed for
OspA-specific IgG titers. Indirect ELISA was performed using stabilized C-terminal fragments of OspA of
the respective serotypes as a coating antigen. The ELISA was performed as previously described (17).
Briefly, 96-well plates were coated with 0.05 �g protein in 50 �l phosphate-buffered saline (PBS) per well
overnight at 4°C. The plates were blocked with 100 �l blocking buffer (PBS with 0.05% Tween 20 [PBST])
per well for 1 h at room temperature. Serum samples were serially diluted and tested in duplicates by
incubating for 1 h at room temperature. A horseradish peroxidase (HRP)-conjugated polyclonal rabbit
anti-mouse IgG (Dako) was used as a secondary antibody, ABTS [2,2=-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid)] was used as the substrate, and the reaction was stopped with 1% SDS. Absorbance was
read at 405 nm (Synergy 2; BioTek), and antibody titers were presented as half-maximal titers, which is
the reciprocal of the serum dilution corresponding to the mean absorbance between the highest and the
lowest dilution.

Surface binding of Borrelia. Spirochetes were stained to determine OspA expression as described
previously (17). Briefly, spirochetes were fixed by the addition of an equal volume of 4% paraformalde-
hyde. The heat-inactivated serum pools were serially diluted (1:5) in washing buffer in a separate dilution
plate. Diluted sera were added to the fixed spirochetes and incubated for 45 min at room temperature.
Phycoerythrin (PE)-conjugated goat anti-mouse IgG (Beckman Coulter, USA) was used as the secondary
antibody, and LDS 751 (Life Technologies, USA) was used to stain the DNA of the spirochetes. The stained
spirochetes were analyzed with a flow cytometer (Cytomics FC 500; Beckman Coulter) by gating for
positive LDS 751 events.

Serum bactericidal assay. To determine the amount of functional antibodies, a serum bactericidal
assay was used. The heat-inactivated immune serum pools were serially diluted and incubated with
spirochetes (1.0 � 103 to 2.0 � 104/well). Different sources of complement were used, namely, guinea pig
(B. burgdorferi ZS7 OspA ST1, B. afzelii LU171 OspA ST2, and B. garinii PFr OspA ST3) or baby rabbit (B.
bavariensis DK6 OspA ST4, B. garinii PHei OspA ST5, and B. garinii KL11 OspA ST6) complement in 96-well
plates for 3 to 5 days at 32°C with 5% CO2. The amount of spirochetes was assessed with BacTiter-Glo,
and luminescence was measured in an ELISA reader (Synergy 2; BioTek). The values are represented as
serum bactericidal titers, which is defined as the reciprocal of the serum dilution with at least 50%
reduction in spirochetes compared to negative-control sera.

VlsE ELISA. ELISA with the invariable region 6 (IR6) of the variable major protein-like sequence E
protein (VlsE) was performed as described earlier (17). Briefly, 96-well streptavidin-precoated plates were
coated with 25-amino-acid-long biotinylated IR6 peptide. Immune sera were diluted (1:2) and tested in
duplicates, and an HRP-conjugated polyclonal rabbit anti-mouse IgG (Dako) was used as the secondary
antibody. ABTS was added as a substrate, and the reaction was continued for 30 min; absorbance was
read at 450 nm.

Experiment evaluation and statistics. The infection status of mice was determined by VlsE ELISA.
All groups were compared to the placebo group for assessment of infection/protection, and statistical
significance was calculated with Fisher’s exact test (two-tailed); *, P � 0.05; **, P � 0.01; ***, P � 0.001; ns,
not significant.
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