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Recent advances in the development of animal models for Lyme borreliosis have provided means of
identifying potential targets for the design of a subunit vaccine to prevent this disease. The C3H/HeN mouse
model was used to study several Borrelia burgdorferi antigens from a single isolate for their ability to elicit
borreliacidal and protective antibodies. The ospA, ospB, ospC, ospD, and 83-kDa genes from a California isolate,
SON 188, were cloned and expressed in Escherichia coli as proteins fused to the C-terminal end of
maltose-binding protein. Active immunization of mice with these fusion proteins elicited high titers of
antibodies that recognized the homologous SON 188 antigens upon immunoblotting. Antibodies generated to
the OspA and OspB fusion proteins, but not to the OspC, OspD, and the 83-kDa fusion proteins, demonstrated
in vitro borreliacidal activity. Challenge of all actively immunized mice with 10’ SON 188 spirochetes resulted
in infection in all mice receiving the OspD or 83-kDa immunogens but not in any mice receiving the OspA,
OspB, or OspC fusion proteins. These results demonstrate the potential of OspA, OspB, and OspC as
components of a subunit vaccine for the prevention of Lyme borreliosis.

Lyme borreliosis is a multisystemic disease transmitted by
tick bite. The causative agent was identified as the spirochete
Borrelia burgdorferi (6). The salient features of the disease in
humans include early flu-like symptoms which, if untreated,
may progress to arthritis, carditis, and neurological involve-
ment (44). Lyme borreliosis is now the most prevalent vector-
borne disease in North America (8). The clinical importance of
Lyme borreliosis to veterinary and human medicine has
prompted a concerted effort to develop a vaccine for its
prevention (12). Recently, a killed whole-cell vaccine was
approved for use in canines (9). However, the demonstration
of cross-reactive epitopes among B. burgdorferi and neural
tissue brings to issue the possible risk of autoimmune sequelae
when using a whole-cell vaccine (42). A vaccine comprised of
antigenic subunits or components of B. burgdorferi would
potentially avoid this problem.

The development of a subunit vaccine for the prevention of
Lyme borreliosis has been facilitated by the establishment of
several laboratory animal models, including rodent, canine,
and primate models (1, 2, 29, 32). The availability of these
models, coupled with the recent cloning and sequencing of
several outer surface proteins from B. burgdorferi (3, 17, 30, 35,
47), has been instrumental in identifying antigens with the
potential of eliciting protective antibodies. Passive immuniza-
tion with antibodies recognizing outer surface protein A
(OspA) or OspB has proven effective in preventing infection in
both the severe combined immunodeficiency and the C3H
mouse models (37, 41). Active immunization using OspA or
OspB was also successful in providing protection in immuno-
competent C3H mice challenged with B. burgdorferi (13, 14,
45). More recently, a third antigen, OspC, was found to elicit
protective antibodies in gerbils challenged with a European
isolate of B. burgdorferi (33). These reports suggest that a
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number of B. burgdorferi antigens may prove important in the
development of a subunit vaccine. In order to enhance our
understanding of the antigens involved in the development of
protective immunity to B. burgdorferi, we have evaluated the
contribution of several immunologically relevant B. burgdorferi
antigens derived from a single isolate.

The genes encoding OspA, OspB, OspC, OspD, and an
83-kDa protein from the B. burgdorferi isolate SON 188 were
cloned, and the product of each gene was expressed as a fusion
protein in Escherichia coli. The ability of each fusion protein to
elicit borreliacidal and protective antibodies was evaluated by
active immunization of C3H/HeN (C3H) mice and subsequent
challenge with SON 188.

MATERIALS AND METHODS

Organisms. The B. burgdorferi isolate SON 188 originated
from an Ixodes pacificus tick collected in Sonoma County,
Calif., and was kindly provided by Paul Duffy of the California
Department of Health Services. SON 188 was inoculated into
and recovered by ear punch biopsy from C3H mice and then
subsequently subcultured three times in Barbour-Stoenner-
Kelly medium (BSK II) prior to use in these experiments. The
50% infectious dose by subcutaneous inoculation of SON 188
in 13-week-old C3H mice was 3 X 10* organisms (34).

Competent E. coli strain DHS5a was obtained from Gibco/
BRL (Gaithersburg, Md.).

Amplification of genes. The 83-kDa, ospA, ospB, ospC, and
ospD genes were obtained by PCR using the primer pairs
described in Table 1. Primer 2 of each set possesses a unique
restriction enzyme site to facilitate cloning and a clamp (extra
nucleotides 5’ to the restriction site) to increase cutting
efficiency. The 100-pl amplification reaction consisted of 100
pmol of each primer, 200 ng of total DNA from SON 188, and
2.5 U of Taq polymerase (Promega, Madison, Wis.). The
reaction buffer (Promega) was supplemented with MgCl, and
deoxynucleotide triphosphates to a concentration of 1.5 and



VoL. 62, 1994

PROTECTIVE ANTIGENS OF B. BURGDORFERI 1921

TABLE 1. Primer pairs used in the amplification of genes from SON 188

Gene Primer 14 Primer 2¢ Reference
ospA AAGCAAAATGTTAGCAGCTT CGCGGTCGACTTATTTTAAAGCGTTTTTAATTTC” 3
ospB GCACAAAAAGGTGCTGAGT CGCGGAATTCTTATTTTAAAGCGTTTTTAAGCTC 3
ospC AATAATTCAGGGAAAGGT GTCGCGCTGCAGTTAAGGTTTTTTIGGACTTTCY 17
ospD GTTCATGATAAACAAGAATTA CGCGGAATTCTTAAGTATTTAACAAGGCCACAACT 30
83 kDa CGCGGGATCCATGAAAAAAATGTTACTAATCY CGCGCTGCAGTTACTTAACTTTCTTTAAAGTATTY 31

“ The direction of each sequence is from 5’ to 3"
P The Sall site is in boldface type.

“The EcoRl site is in boldface type.

¢ The Pst1 site is in boldface type.

¢ The BamHI site is in boldface type.

0.5 mM, respectively. Amplification was performed for 30
cycles under the following conditions: 2 min of denaturation at
94°C, 2 min of annealing at 45°C, and 4 min of extension at
72°C. The amplification products were purified with the Magic
PCR Preps DNA purification system (Promega).

Cloning and expression of genes. The amplification products
were prepared for cloning by treating with the Klenow frag-
ment of DNA polymerase to form blunt ends, cutting with the
appropriate restriction enzyme (Table 1), and phosphorylating
with T4 polynucleotide kinase. The cloning vector pMal c2
(New England Biolabs, Beverly, Mass.) was digested with
Xmnl and a restriction enzyme corresponding to the unique
site engineered into the amplification product (Table 1). An
exception to this was the cloning of the 83-kDa gene, in which
the pMal c2 vector was cut with BamHI and PstI. Following
digestion, the vector was dephosphorylated with calf intestinal
alkaline phosphatase, mixed with the amplification product,
and ligated overnight at 16°C. E. coli strain DH5a was
transformed with the ligation mixture and cultured on Luria-
Bertani plates containing ampicillin (100 pg/ml). Transfor-
mants were then screened on Luria-Bertani-ampicillin plates
containing isopropylthiogalactoside (IPTG) and X-Gal (5-
bromo-4-chloro-3-indolyl-B-p-galactopyranoside). White colo-
nies were selected for further characterization by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blotting (immunoblotting).

Identity verification of cloned genes by dot blot hybridiza-
tion. The plasmid constructs were purified from E. coli with the
Wizard Miniprep DNA purification system (Promega). Ten
nanograms of each plasmid construct was spotted onto a nylon
membrane, and the membrane was probed with a digoxigenin-
labeled synthetic oligonucleotide probe (Table 2). Hybridiza-
tion was performed at 37°C with 5 pmol of each probe per ml.
Labeling of the oligonucleotides with digoxigenin and detec-
tion of the hybridized probes were performed by using the
Genius system (Boehringer Mannheim, Indianapolis, Ind.).

Purification and cleavage of the fusion proteins. Purification
and cleavage of the fusion proteins were performed by follow-
ing the manufacturer’s instructions (New England Biolabs).
Overnight cultures of transformed E. coli were inoculated into

TABLE 2. Synthetic oligonucleotide probes used for identity
confirmation of cloned B. burgdorferi genes

Gene Sequence Reference
ospA CAGCGTTTCAGTAGATTTGC 3
ospB GTGTTCTTAACAGATGGTAC 3
ospC GAGTCTGCGAAAGGGCCTAA 17
ospD AGGCGCAAATTCAAATTACG 30
83 kDa AGCTGCCACCACCTTATCTGTA 31

500 ml of Luria-Bertani broth supplemented with 100 g of
ampicillin per ml and grown for 5 h at 37°C. IPTG was added
to a concentration of 3 mM, and the cultures were incubated
for an additional 2 h. The bacteria were harvested by centrif-
ugation, washed in column buffer (10 mM Tris, 200 mM NaCl
[pH 7.4]), and stored at —20°C. The bacterial pellet was
thawed, sonicated for 2.5 min, and centrifuged to remove
cellular debris. The sonicate was loaded onto 5 ml of amylose
resin (New England Biolabs), and the resin was washed
extensively in column buffer. The fusion proteins were then
eluted in column buffer containing 10 mM maltose. The eluted
fusion proteins were extensively diafiltrated into column buffer
supplemented with 2 mM CaCl, by using Centricon 10 con-
centrators (Amicon, Beverly, Mass.). The protein concentra-
tion was quantitated by the BCA protein assay (Pierce, Rock-
ford, Ill.).

For immunoblotting purposes (sce below), the purified
fusion proteins were cleaved into individual components by
factor Xa. This was accomplished by combining 20 pg of
purified fusion protein and 1 pg of factor Xa (New England
Biolabs) in column buffer supplemented with 2 mM CaCl, and
incubating for 16 h at 37°C. The completion of clcavage was
confirmed by SDS-PAGE.

Immunization and protection studies. C3H mice (Simonsen
Laboratories, Gilroy, Calif.), in groups of four, were immu-
nized with one of the following seven immunogens: B-galacto-
sidase (B-gal), 83-kDa, OspA, OspB, OspC, or OspD fusion
protein; or heat-inactivated (56°C for 30 min) SON 188.
Four-week-old female mice were primed intraperitoneally with
20 pg of each immunogen in 200 wl of complete Freund’s
adjuvant (Sigma, St. Louis, Mo.). Three boosts containing the
same amount of immunogen in incomplete Freund’s adjuvant
were administered at 2, 5, and 8 weeks following the initial
injection. Mice were bled from the tail vein 7 days after each
injection. The serum from each blood sample was pooled by
immunogen group and stored at —20°C. Only serum collected
from the final blood sample was used in subsequent experi-
ments.

Ten days following the final boost, mice received a subcuta-
neous inoculation containing 107 SON 188 organisms in 100 pl
of BSK II medium. Three weeks later, the mice were sacrificed
and washed in betadine-70% ethanol and the following tissues
were aseptically removed: ear, bladder, and base of the heart.
Each tissue was inoculated without further processing into 5 mi
of BSK II medium and grown at 32°C for 14 days. Spirochete
recovery was determined by evaluating 20 ficlds at 40X by
dark-field microscopy.

Borreliacidal assay. The borreliacidal assay was performed
as described by Ma and Coughlin (26). Briefly, twofold serial
dilutions of serum from each immunogen group were prepared
in 96-well microtiter plates containing BSK II supplemented
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with 120 pg of phenol red per ml, and 4 X 10° SON 188
spirochetes in BSK Il were added to each well. Guinea pig
complement (Gibco/BRL) was added to each well at a con-
centration of 5%, and the plates were sealed with tape and
incubated for 7 days at 32°C. Serum dilutions were performed
in triplicate. The absorbance value at each dilution was mea-
sured by taking the average A, of the triplicate samples and
subtracting the average absorbance of the control wells con-
taining no serum. The titer was recorded as the highest dilution
yielding an A4, at an optical density of >0.2.

SDS-PAGE and Western blotting. SDS-PAGE and the
transfer of proteins to nitrocellulose were accomplished as
previously described (21, 46). Proteins prepared in sample
buffer (62.5 mM Tris, 2% SDS, 10% glycerol, 5% 2-mercap-
toethanol [pH 6.8]) were loaded onto 10 and 12% gels and
electrophoresed for 45 min at 200 V with a Mini-Protean II gel
apparatus (Bio-Rad, Richmond, Calif.). Proteins were trans-
ferred to a nitrocellulose membrane at 35 mA for 50 min with
a semi-dry transfer apparatus (LKB, Bromma, Sweden).

Following transfer, membranes were blocked in Blotto (50
mM Tris, 150 mM NaCl, 0.05% Tween 20, 5% nonfat dry milk
[pH 7.5]) for 30 min. Mouse serum diluted in Blotto was
incubated with the membrane for 1 h at room temperature.
The membrane was washed in Tris-buffered saline containing
0.05% Tween 20 and incubated with alkaline phosphatase-
labeled goat anti-mouse immunoglobulin G (Kirkegaard &
Perry Laboratories, Gaithersburg, Md.) for 1 h. The wash was
repeated, and the membrane was developed for 10 min in
bromochloroindolyl phosphate-nitroblue tetrazolium.

For serum titrations, 3-mm-wide membrane strips contain-
ing either SON 188 lysate at 5 pg/0.5 cm or factor Xa-cleaved
recombinant proteins at 0.5 pg/0.5 cm of gel were probed with
two-fold serial dilutions of mouse serum. The highest dilution
producing a detectable band was considered the end point of
the titration.

RESULTS

Cloning and expression of fusion proteins. The vector pMal
c2 was used for the cloning and expression of the 83-kDa, ospA,
ospB, ospC, and ospD genes from SON 188. Insertion of each
gene into the multiple cloning site of the pMal ¢2 vector
positions the insert downstream and in frame with a portion of
the E. coli gene (malE) encoding maltose-binding protein
(MBP) and a nucleotide sequence encoding a factor Xa
cleavage site, respectively. Subsequent expression of each
construct in E. coli results in the production of a fusion protein
consisting of MBP, a factor Xa cleavage site, and the protein
encoded by the inserted gene. Factor Xa cleavage of the fusion
protein potentially yields two products: MBP and the cloned
gene product. Expression of the pMal c2 vector without an
insert produces a fusion protein consisting of MBP and a
portion of B-gal. This protein served as a negative control in all
experiments.

Insertion of the amplified sequences representing the 83-
kDa, ospA, ospB, ospC, and ospD genes into the pMal c2
expression vector was facilitated by the incorporation of a
restriction site into primer 2 of each primer pair (Table 1).
Problems in cloning the 83-kDa gene necessitated the addition
of a restriction site (BamHI) to primer 1 to promote ligation of
this gene. The entire amino acid coding region of the 83-kDa
gene was cloned, whereas the nucleotide sequences encoding
the signal II peptidase leader sequence and N-terminal cys-
teine were deleted from the osp genes. Transformation of E.
coli with each plasmid construct resulted in fusion protein
expression levels representing 10 to 20% of the total bacterial
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FIG. 1. SDS-PAGE and Western blotting of immunogens. (A)
Coomassie blue-stained, 10% polyacrylamide gel containing molecular
mass markers (in kilodaltons) (lane 1); 1 ng of B-gal (lane 2), OspA
(lane 3), OspB (lane 4), OspC (lane 5), and OspD (lane 6) fusion
proteins; 5 pg of the 83-kDa fusion protein (lane 7); and 10 pg of SON
188 lysate (lane 8). The arrow indicates the predicted size of the
full-length 83-kDa fusion protein. The arrowheads indicate the loca-
tions in order of decreasing molecular mass of the flagella, OspB, and
OspA proteins of SON 188 (lane 8). (B) Western blot of immunogens
probed with mouse anti-SON 188 serum at a 1:20,000 dilution. The
order of immunogens was as described above but with 0.5 wg of each
fusion protein and 5 g of SON 188 lysate loaded onto a 10%
polyacrylamide gel and electrophoretically transferred to nitrocellu-
lose.

protein content. In each case, the identity of the cloned gene
possessed by each transformant was confirmed by specific
hybridization of the plasmid construct with the appropriate
synthetic oligonucleotide probe (Table 2) (data not shown).

The binding of each fusion protein to the amylose resin and
subsequent elution resulted in significant enrichment of the
fusion proteins. A single major band was observed on the
Coomassie blue-stained SDS-PAGE gel for the B-gal and Osp
fusion proteins (Fig. 1A). The estimated molecular masses of
the B-gal, OspA, OspB, OspC, and OspD fusion proteins were
56, 69, 74, 66, and 68 kDa, respectively. Conversely, the 83-kDa
fusion protein appeared as multiple bands ranging from 40 to
120 kDa. Coomassie blue staining of the 83-kDa fusion protein
at quantities equivalent to the OspA and B-gal fusion proteins
failed to produce a detectable band. Therefore, greater
amounts of this protein were required for visualization (Fig.
1A, lane 7). Staining of the SON 188 lysate with Coomassie
blue revealed a protein profile similar to that of the reference
strain, B31.

Electrophoretic transfer of these samples to nitrocellulose
and subsequent probing with mouse anti-SON 188 serum were
performed to assess the immunoreactivity of the fusion pro-
teins (Fig. 1B). The anti-SON 188 serum recognized bands of
the expected molecular weight for each of the OspA, OspB,
OspC, and 83-kDa fusion proteins. Immunoreactive bands of
lower than expected molecular weights were also associated
with each of these fusion proteins. The OspD and the B-gal
fusion proteins, however, were not recognized by the anti-SON
188 serum. The spectrum of B. burgdorferi proteins recognized
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FIG. 2. Western blot analysis of mouse antiserum. A lysate of SON
188 was separated by SDS-PAGE on a 12% polyacrylamide gel and
transferred to nitrocellulose. Nitrocellulose strips were either stained
for total protein with Ponceau S (lane 1) or probed with a 1:20,000
dilution of serum from the following immunogen groups: SON 188
(lane 2), OspA (lane 3), OspB (lane 4), OspC (lane 5), OspD (lane 6),
83-kDa (lane 7), and B-gal (lane 8). The molecular mass markers (in
kilodaltons) are also in lane 1.

by this serum was demonstrated by the inclusion of SON 188
lysate on the Western blot (Figure 1B, lane 8).

Immunological analysis of serum from immunized mice.
Following the final boost, the antibody response to each
immunogen was measured by immunoblotting and borreli-
acidal assays. Figure 2 illustrates the reactivity of mouse serum
from each immunogen group with nitrocellulose strips contain-
ing a lysate of SON 188. Antibodies generated against the
OspA fusion protein reacted strongly with a 31-kDa band as
expected and showed slight cross-reactivity with the 33-kDa
OspB band. The OspB immunogen elicited antibodies recog-
nizing a protein of 18 kDa and one of the expected molecular
mass of 33 kDa. Faint cross-reactivity of this serum with the
31-kDa OspA band was also detected. Sera from mice immu-
nized with the OspC and OspD fusion proteins generated
bands having the expected molecular masses of 22 and 28 kDa,
respectively. Antibodies to the 83-kDa fusion protein produced
two bands on the nitrocellulose strip, one corresponding to the
expected molecular mass of 83 kDa and the other correspond-
ing to a protein of 60 kDa. Serum derived from mice immu-
nized with heat-inactivated SON 188 recognized numerous
proteins, the most predominant of which were OspA and
OspB. Anti-B-gal serum did not bind any antigens on the
nitrocellulose strip.

Antibody titers for each immunogen group were determined
by immunoblot and defined as the highest dilution of sera
yielding a detectable band. Immunoblot strips were prepared
from two sources: factor Xa-cleaved fusion proteins and SON
188 lysate. Cleavage of the fusion proteins with factor Xa and
subsequent separation of the products by SDS-PAGE and
Western blotting allowed the titration of antibodies reactive
with the B. burgdorferi-derived portion of the immunogens.
Thus, this assay measured only immunoreactivity specific for
the portion of the immunogen derived from B. burgdorferi and
not to MBP. Titers exceeding 100,000 were observed for the
83-kDa and all four Osp immunogen groups, with the anti-
OspA titer exceeding 500,000 (Table 3). While immunogen
groups demonstrated similar titers against their respective
cleaved proteins, titers against the SON 188 lysate were more
varied (Table 3). A 16-fold difference in titer against the SON
188 nitrocellulose strips was observed for those mice immu-
nized with the OspA fusion protein (titer, 2,048,000) compared
with that for those mice receiving the OspD fusion protein
(titer, 128,000). These differences in titers may reflect the
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TABLE 3. Titers of mouse sera generated to fusion proteins and
heat-inactivated SON 188 expressed as reciprocal dilution values

Immunogen Immunoblot Borreiliflciflal
Xa product: SON 188/ activity
B-gal NT <20,000 <50
SON 188 NT 2,048,000 6.400
OspA 512,000 2,048.000 1,600
OspB 256,000 1,024,000 1,600
OspC 256,000 256,000 <50
OspD 128,000 128,000 <50
83 kDa 256,000 256,000 <50

“ Each value is the reciprocal of the dilution at which immunostaining remains
detectable.

" Each value is the reciprocal dilution yiclding an optical density of >0.2 at 560
nm.

< Xa product, reactivity with the B. burgdorferi-encoded portion of the fusion
protein released following factor Xa cleavage.

< SON 188, total bacterial lysate.

“NT, not tested.

relative difference in expression levels of these proteins by
SON 188 (Fig. 2).

The borreliacidal activity of each serum group was also
evaluated (Table 3). This assay measured spirochetal growth as
a function of pH and was indicated by a change in medium
color from red to yellow. These colorimetric changes were
monitored at 560 nm. Spirochetal growth was detected as a
decrease in As,, Whereas spirochetal death was measured as
little or no decrease in absorbance. Antiserum against the
heat-inactivated SON 188 immunogen demonstrated a high
level of borreliacidal activity (titer, 6,400). Antisera to OspA
and OspB yielded borreliacidal activities (titer, 1,600) that
were 25% of that yielded by the anti-SON 188 sera. No
borreliacidal activity was observed with sera from mice in any
other immunogen groups.

Protection studies. Following the immunization series, the
mice were challenged with 107 SON 188 organisms to ensure
an infectivity rate of 100%. Three weeks after challenge,
recovery of organisms from ear, bladder, and heart by culture
in BSK II was attempted. Table 4 illustrates that organisms
were recovered from the tissues of mice receiving the B-gal,
OspD, and 83-kDa immunogens. No organisms were recov-
ered from the mice receiving the heat-inactivated SON 188,
OspA, OspB, and OspC immunogens.

DISCUSSION

The purpose of this investigation was to evaluate the con-
tribution of several proteins from a single isolate of B. burg-
dorferi in eliciting a protective immune response. SON 188 was

TABLE 4. Recovery of spirochetes from tissues of immunized
C3H mice challenged with B. burgdorferi

No. of mice infected/no. of mice immunized

Immunogen

Ear Bladder Heart
B-gal 4/4 3/4 3/4
SON 188 0/4 0/4 0/4
OspA 0/4 0/4 0/4
OspB 0/4 0/4 0/4
OspC 0/4 0/4 0/4
OspD 4/4 4/4 4/4
83 kDa 4/4 4/4 4/4
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chosen for this study for the following reasons: (i) it is an
infectious isolate of known titer (50% infectious dose, 3 x 10*
organisms) (34), (ii) it represents the first isolate from the
West Coast of North America evaluated in a protection study,
(iii) SON 188 has been genetically characterized and found to
be related to B31 (49), and (iv) unlike some isolates, it
possesses the genetic information encoding all four Osps (A, B,
C, and D), as well as the 83-kDa protein. Insertion of these
genes into the pMal c2 vector provided a convenient means of
expressing these genes in E. coli and purifying the expressed
products as fusion proteins. Active immunization of C3H mice
with these fusion proteins and subsequent challenge with SON
188 resulted in protection in those mice receiving OspA, OspB,
and OspC but not in those receiving the OspD and 83-kDa
fusion proteins.

The ability of OspA and OspB to elicit a protective immune
response has been well documented by others (15, 43, 45). Our
findings also demonstrate that OspA and OspB derived from
SON 188 have this capability. In addition to eliciting protective
antibodies, both OspA and OspB were found to elicit borreli-
acidal antibodies (titer, 1,600 for each), and the effect of using
anti-OspA and anti-OspB sera together in a borreliacidal assay
was observed to be additive (titer, 3,200). Conversely, serum
derived from mice immunized with OspC, OspD, or the
83-kDa fusion protein did not result in enhanced borreliacidal
activity when pooled with anti-OspA serum or anti-OspB
serum (data not shown).

Immunoblot analysis of SON 188 lysate probed with anti-
OspA serum or anti-OspB serum revealed slight cross-reactiv-
ity of each serum with the heterologous antigen. A similar
observation has been made by Jaing et al. (18) with monospe-
cific polyclonal antibodies. This cross-reactivity is not surpris-
ing, considering that the OspA and OspB proteins reported by
Bergstrom et al. (3) were homologous over 53% of their
deduced amino acid sequences. Interestingly, the anti-OspB
serum generated in our study reacted strongly with two anti-
gens of SON 188 by immunoblot analysis, one having the
expected molecular mass (33 kDa) and the other of lower
molecular mass (18 kDa). The 18-kDa antigen may represent
a truncated form of the OspB protein described by Bundoc and
Barbour (5). In contrast to our findings, Fikrig et al. (14) have
demonstrated that a B. burgdorferi isolate (N40) possessing
both full-length and truncated ospB genes can escape destruc-
tion in mice immunized with a full-length recombinant OspB
protein derived from B31. Later studies by this group attribute
the lack of protection to a truncation of the ospB gene and
consequently the elimination of a protective epitope in a
subpopulation of the N40 isolate (16). It is probable that as in
the case of N40, a subpopulation of SON 188 possesses ospB
genes with a premature stop codon. Our inability to reisolate
SON 188 organisms following challenge of OspB-immunized
mice may indicate that the subpopulation of organisms pos-
sessing the truncated OspB protein was too small, in contrast
to that of N40, to establish infection. Alternatively, the trun-
cated OspB expressed by SON 188 may still possess an epitope
capable of eliciting a protective immune response. Verification
of a truncated ospB gene in SON 188 would require cloning of
the subpopulation possessing the truncated protein and subse-
quent sequencing of the ospB gene.

More recently, a third antigen, OspC, was shown to elicit
protective immunity in gerbils after challenge with a European
isolate of B. burgdorferi (33). In contrast to isolates derived
from the midwest and East Coast of the United States, which
appear relatively homogeneous genetically and phenotypically,
West Coast isolates more closely resemble European isolates
in exhibiting greater genetic and phenotypic heterogeneity (4,
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22, 49). Moreover, a large number of California isolates
express an abundance of the OspC protein (40). A clone of one
such isolate, DN 127, expressed OspC as the predominant Osp,
while expressing little or no OspA and OspB (20). These
observations, along with our findings, suggest that the OspC
antigen may be an important addition to the design of an
efficacious subunit vaccine. Interestingly, no borreliacidal ac-
tivity was observed in our assay using anti-OspC mouse serum.
This finding indicates that the anti-OspC antibodies generated
in this study lack direct cytolytic activity and suggests a
complement-independent mechanism of protection such as
enhancement of opsonization. An explanation for this lack of
borreliacidal activity may be the failure of OspC to elicit an
immunoglobulin isotype that efficiently activates complement.
Indeed, Schmitz et al. (39) have attributed borreliacidal activity
in hamsters to immunoglobulin primarily of the G2 isotype.
Another possible explanation for this observation could be the
relative paucity of OspC expressed in SON 188. However,
attempts to demonstrate the borreliacidal activity of anti-OspC
serum against an isolate (25015) that was strongly reactive
upon immunoblotting and expressed OspC as the major Osp
were unsuccessful (data not shown). Confirmation of this result
by others may contraindicate the use of the borreliacidal assay
in the serodiagnosis of Lyme borreliosis (7).

Immunization of mice with OspD elicited a strong antibody
response, yet no borreliacidal or protective activity was ob-
served. Norris et al. (30) have localized this protein to the
outer surface on the basis of [*H]palmitate labelling and
surface proteolysis. We have confirmed the outer surface
location of OspD, as well as those of OspA, OspB, and OspC,
on SON 188 by surface proteolysis (data not shown), suggest-
ing that OspD should theoretically present a target for anti-
bodies. The inability of anti-OspD antibodies to protect mice
from B. burgdorferi challenge may reflect low levels of expres-
sion of this protein by SON 188. This was supported by the
observation that OspD was difficult to identify on a Coomassie
blue-stained gel containing SON 188 lysate (Fig. 1A, lane 8)
and demonstrated the lowest antibody titer to SON 188 of all
the immunogens tested. Moreover, the failure of anti-SON 188
serum to recognize the OspD fusion protein further indicates
that OspD expression levels are below that required to initiate
an immune response. Interestingly, spirochetes isolated from
mice immunized with the OspD fusion protein continued to
express OspD as demonstrated by Western blotting (data not
shown). This observation refutes the possibility that a clonal
population of SON 188 lacking surface expression of the OspD
protein was selected as a result of specific immunological
pressures. Evidence supporting the possibility of an immuno-
logical selection process was demonstrated in a report describ-
ing the loss of OspB expression following cultivation of B.
burgdorferi in the presence of bactericidal anti-OspB monoclo-
nal antibodies (10).

Unlike the osp genes, the gene encoding the 83-kDa protein
is chromosomally encoded and highly conserved among B.
burgdorferi isolates (23). The stability of this gene and the
potent immunostimulatory nature of the 83-kDa protein
prompted its evaluation as a vaccine candidate (31). This
protein was recently described as being identical to the 94- and
100-kDa antigens of B. burgdorferi (11). Like OspD, the
83-kDa protein elicited a strong antibody response but failed
to produce borreliacidal activity and to protect mice. One
possible explanation for this observation may be the destruc-
tion of important epitopes as a consequence of proteolysis of
the 83-kDa fusion protein prior to immunization. Proteolysis
of the 83-kDa fusion protein was observed by SDS-PAGE and
Western blot (Fig. 1). In addition, the 60-kDa band recognized
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by the anti-83-kDa serum on a Western blot of SON 188 lysate
may also represent a degradation product. The heightened
susceptibility of native 83-kDa protein and recombinant forms
of this protein to degradation has been observed by Luft et al.
(25). Alternatively, the lack of surface exposure demonstrated
by Luft et al. provides a more likely explanation of the failure
of the 83-kDa fusion protein to elicit protective immunity.

Recent reports describing possible mechanisms by which B.
burgdorferi escapes immunological pressures suggest that a
single vaccine component may not be sufficient to effectively
prevent infection and thus reveal the need for a multicompo-
nent vaccine (16, 28, 36). Moreover, the extensive genotypic
variation observed among the Osps characterized thus far
supports the argument for such a vaccine (19, 24, 27, 38). We
have identified three antigenic components important in the
design of a subunit vaccine for the prevention of Lyme
borreliosis. We are currently investigating the ability of a
vaccine consisting of OspA, OspB, and OspC to provide
protection against a panel of genetically characterized isolates
of B. burgdorferi. Such studies, we hope, will lead to the
identification of variant Osps and their inclusion in the forma-
tion of a broadly protective vaccine.

REFERENCES

1. Appel, M. J., S. Allan, R. H. Jacobson, T. L. Lauderdale, Y. F.
Chang, S. J. Shin, J. W. Thomford, R. J. Todhunter, and B. A.
Summers. 1993. Experimental Lyme disease in dogs produces
arthritis and persistent infection. J. Infect. Dis. 167:651-664.

2. Barthold, S. W., D. S. Beck, G. M. Hansen, G. A. Terwilliger, and
K. D. Moody. 1990. Lyme borreliosis in selected strains and ages of
laboratory mice. J. Infect. Dis. 162:133-138.

3. Bergstrom, S., V. G. Bundoc, and A. G. Barbour. 1989. Molecular
analysis of linear plasmid-encoded major surface proteins, Osp A
and Osp B, of the Lyme disease spirochaete Borrelia burgdorferi.
Mol. Microbiol. 3:479-486.

4. Brown, R. N,, and R. S. Lane. 1992. Lyme disease in California: a
novel enzootic transmission cycle of Borrelia burgdorferi. Science
256:1439-1442.

5. Bundoc, V. G, and A. G. Barbour. 1989. Clonal polymorphisms of
the outer membrane protein OspB of Borrelia burgdorferi. Infect.
Immun. 57:2733-2741.

6. Burgdorfer, W., A. G. Barbour, S. F. Hayes, J. L. Benach, E.
Grunwaldt, and J. P. Davis. 1982. Lyme disease, a tickborne
spirochetosis? Science 216:1317-1319.

7. Callister, S. M., R. F. Schell, K. L. Case, S. D. Lovrich, and S. P.
Day. 1993. Characterization of the borreliacidal antibody response
to Borrelia burgdorferi in humans: a serodiagnostic test. J. Infect.
Dis. 167:158-164.

8. Centers for Disease Control. 1991. Lyme disease surveillance—
United States, 1989-1990. Morbid. Mortal. Weekly Rep. 40:417-
421.

9. Chu, H.-J., L. G. Chavez, Jr., B. M. Blumer, R. W. Sebring, T. L.
Wasmoen, and W. M. Acree. 1992. Immunogenicity and efficacy
study of a commercial Borrelia burgdorferi bacterin. J. Am. Vet.
Med. Assoc. 201:403-411.

10. Coleman, J. L., R. C. Rogers, and J. L. Benach. 1992. Selection of
an escape variant of Borrelia burgdorferi by use of bactericidal
monoclonal antibodies to OspB. Infect. Immun. 60:3098-3104.

11. Ditton, H.-J., M. Neuss, and L. Loller. 1992. Evidence that Borrelia
burgdorferi immunodominant proteins p100, p94, and p83 are
identical. FEMS Microbiol. Lett. 94:217-220.

12. Edelman, R. 1991. Perspective on the development of vaccines
against Lyme disease. Vaccine 9:531-532.

13. Fikrig, E., S. W. Barthold, F. S. Kantor, and R. A. Flavell. 1990.
Protection of mice against Lyme disease agent by immunizing with
recombinant Osp A. Science 250:553-556.

14. Fikrig, E., S. W. Barthold, N. Marcantonio, K. Deponte, F. S.
Kantor, and R. A. Flavell. 1992. Roles of OspA, OspB, and
flagellin in protective immunity to Lyme borreliosis in laboratory
mice. Infect. Immun. 60:657-661.

15. Fikrig, E., F. S. Kantor, S. W. Barthold, and R. A. Flavell. 1993.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

34.
35.

PROTECTIVE ANTIGENS OF B. BURGDORFERI 1925

Protective immunity in Lyme borreliosis. Parasitol. Today 9:129-
131.

Fikrig, E., H. Tao, F. S. Kantor, S. W. Barthold, and R. A. Flavell.
1993. Evasion of protective immunity by Borrelia burgdorferi by
truncation of outer surface protein B. Proc. Natl. Acad. Sci. USA
90:4092-4096.

Fuchs, R., S. Jauris, F. Lottspeich, V. Preac-Mursic, B. Wilske,
and E. Soutschek. 1992. Molecular analysis and expression of a
Borrelia burgdorferi gene encoding a 22 kDa protein (pC) in
Escherichia coli. Mol. Microbiol. 6:503-509.

Jiang, W., B. J. Luft, P. Munoz, R. J. Dattwyler, and P. D. Gorevic.
1990. Cross-antigenicity between the major surface proteins (ospA
and ospB) and other proteins of Borrelia burgdorferi. J. Immunol.
144:284-289.

Jonsson, M., L. Noppa, A. G. Barbour, and S. Bergstrom. 1992.
Heterogeneity of outer membrane proteins in Borrelia burgdorferi:
comparison of osp operons of three isolates of different geographic
origins. Infect. Immun. 60:1845-1853.

Kurashige, S., M. Bissett, and L. Oshiro. 1990. Characterization of
a tick isolate of Borrelia burgdorferi that possesses a major low-
molecular-weight surface protein. J. Clin. Microbiol. 28:1362-
1366.

Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

Lane, R. S., and R. N. Brown. 1991. Wood rats and kangaroo rats:
potential reservoirs of the Lyme disease spirochete in California. J.
Med. Entomol. 28:299-302.

LeFebvre, R. B., G.-C. Perng, and R. C. Johnson. 1990. The
83-kilodalton antigen of Borrelia burgdorferi which stimulates
immunoglobulin M (IgM) and IgG responses in infected hosts is
expressed by a chromosomal gene. J. Clin. Microbiol. 28:1673—
1675.

Lovrich, S. D., S. M. Callister, L. C. L. Lim, and R. F. Schell. 1993.
Seroprotective groups among isolates of Borrelia burgdorferi. In-
fect. Immun. 61:4367-4374.

Luft, B. J., S. Mudri, W. Jiang, R. J. Dattwyler, P. D. Gorevic, T.
Fischer, P. Munoz, J. J. Dunn, and W. H. Schubach. 1992. The
93-kilodalton protein of Borrelia burgdorferi: an immunodominant
protoplasmic cylinder antigen. Infect. Immun. 60:4309-4321.
Ma, J., and R. T. Coughlin. 1993. A simple, colorimetric microtiter
assay for borreliacidal activity of antisera. J. Microbiol. Methods
17:145-153.

Marconi, R. T., M. E. Konkel, and C. F. Garon. 1993. Variability
of osp genes and gene products among species of Lyme disease
spirochetes. Infect. Immun. 61:2611-2617.

Margolis, N., and P. A. Rosa. 1993. Regulation of expression of
major outer surface proteins in Borrelia burgdorferi. Infect. Immun.
61:2207-2210.

Moody, K. D., S. W. Barthold, and G. A. Terwilliger. 1990. Lyme
borreliosis in laboratory animals: effect of host species and in vitro
passage of Borrelia burgdorferi. Am. J. Trop. Med. Hyg. 43:87-92.
Norris, S. J., C. J. Carter, J. K. Howell, and A. G. Barbour. 1992.
Low-passage-associated proteins of Borrelia burgdorferi B31: char-
acterization and molecular cloning of OspD, a surface-exposed,
plasmid-encoded lipoprotein. Infect. Immun. 60:4662-4672.
Perng, G.-C., R. B. LeFebvre, and R. C. Johnson. 1991. Further
characterization of a potent immunogen and the chromosomal
gene encoding it in the Lyme disease agent, Borrelia burgdorferi.
Infect. Immun. 5§9:2070-2074.

Philipp, M. T., M. K. Aydintug, R. P. Bohm, Jr., F. B. Cogswell,
V. A. Dennis, H. N. Lanners, R. C. Lowrie, Jr., E. D. Roberts,
M. D. Conway, M. Karacorlu, G. A. Peyman, D. J. Gubler, B. J. B.
Johnson, J. Piesman, and Y. Gu. 1993. Early and early dissemi-
nated phases of Lyme disease in the rhesus monkey: a model for
infection in humans. Infect. Immun. 61:3047-3059.

. Preac-Mursic, V., B. Wilske, E. Patsouris, S. Jauris, G. Will, E.

Soutschek, S. Rainhardt, G. Lehnert, U. Klockmann, and P.
Mehraein. 1992. Active immunization with pC protein of Borrelia
burgdorferi protects gerbils against B. burgdorferi infection. Infec-
tion 20:342-349.

Probert, W. S., and R. B. LeFebvre. Unpublished data.

Reindl, M., B. Redi, and G. Stoffler. 1993. Isolation and analysis of



1926

36.

37.

38.

39.

40.

41.

42.

PROBERT AND LEFEBVRE

a linear plasmid-located gene of Borrelia burgdorferi B29 encoding
a 27 kDa surface lipoprotein (P27) and its overexpression in
Escherichia coli. Mol. Microbiol. 8:1115-1124.

Rosa, P. A, T. Schwan, and D. Hogan. 1992. Recombination
between genes encoding major outer surface proteins A and B of
Borrelia burgdorferi. Mol. Microbiol. 6:3031-3040.

Schaible, U. E., M. D. Kramer, K. Eichmann, M. Modolell, C.
Museteanu, and M. M. Simon. 1990. Monoclonal antibodies
specific for the outer surface protein A (Osp A) of Borrelia
burgdorferi prevent Lyme borreliosis in severe combined immuno-
deficiency (scid) mice. Proc. Natl. Acad. Sci. USA 87:3768-3772.
Schaible, U. E., R. Wallich, M. D. Kramer, L. Gern, J. F.
Anderson, C. Museteanu, and M. M. Simon. 1993. Immune sera to
individual Borrelia burgdorferi isolates or recombinant Osp A
thereof protects SCID mice against infection with homologous
strain but only partially or not at all against those of different Osp
A/Osp B genotype. Vaccine 11:1049-1054.

Schmitz, J. L., R. F. Schell, S. M. Callister, S. D. Lovrich, S. P.
Day, and J. E. Coe. 1992. Immunoglobulin G2 confers protection
against Borrelia burgdorferi infection in LSH hamsters. Infect.
Immun. 60:2677-2682.

Schwan, T. G., M. E. Schrumpf, R. H. Karstens, J. R. Clover, J.
Wong, M. Daugherty, M. Struthers, and P. A. Rosa. 1993.
Distribution and molecular analysis of Lyme disease spirochetes,
Borrelia burgdorferi, isolated from ticks throughout California. J.
Clin. Microbiol. 31:3096-3108.

Sears, J., E. Fikrig, T. Y. Nakagawa, K. Deponte, N. Marcantonio,
F. S. Kantor, and R. A. Flavell. 1991. Molecular mapping of Osp
A-mediated immunity against Borrelia burgdorferi, the agent of
Lyme disease. J. Immunol. 147:1995-2000.

Sigal, H. 1992. Possible autoimmune mechanisms in Lyme disease,
p. 207-222. In S. E. Schutzer (ed.), Lyme disease: molecular and

43.

44.

45.

46.

47.

48.

49.

INFECT. IMMUN.

immunologic approaches. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, N.Y.

Simon, M. M., U. E. Schaible, R. Wallich, and M. D. Kramer.
1991. A mouse model for Borrelia burgdorferi infection: approach
to a vaccine against Lyme disease. Immunol. Today 12:11-16.
Steere, A. C., G. J. Hutchinson, D. W. Rahn, L. H. Sigal, J. E.
Craft, E. T. DeSanna, and S. E. Malawista. 1983. Treatment of the
early manifestations of Lyme disease. Ann. Intern. Med. 99:22-26.
Stover, C. K., G. P. Bansal, M. S. Hanson, J. E. Burlein, S. R.
Palaszynski, J. F. Young, S. Koenig, D. B. Young, A. Sadziene, and
A. G. Barbour. 1993. Protective immunity elicited by recombinant
Bacille Calmette-Guerin (BCG) expressing outer surface protein
A (Osp A) lipoprotein: a candidate Lyme disease vaccine. J. Exp.
Med. 178:197-209.

Towbin, H., T. Staehelin, and J. Gordon. 1979. Electrophoretic
transfer of proteins from polyacrylamide gels to nitrocellulose
sheets: procedure and some applications. Proc. Natl. Acad. Sci.
USA 76:4350-4354.

Wallich, R., M. M. Simon, H. Hofmann, S. E. Moter, U. E.
Schaible, and M. D. Kramer. 1993. Molecular and immunological
characterization of a novel polymorphic lipoprotein of Borrelia
burgdorferi. Infect. Immun. 61:4158-4166.

Wilske, B., A. G. Barbour, S. Bergstrom, N. Burman, B. L.
Restrepo, P. A. Rosa, T. Schwan, E. Soutschek, and R. Wallich.
1992. Antigenic variation and strain heterogeneity in Borrelia spp.
Res. Microbiol. 143:583-596.

Zingg, B. C., J. F. Anderson, R. C. Johnson, and R. B. LeFebvre.
1993. Comparative analysis of genetic variability among Borrelia
burgdorferi isolates from Europe and the United States by restric-
tion enzyme analysis, gene restriction fragment length polymor-
phism, and pulsed-field gel electrophoresis. J. Clin. Microbiol.
31:3115-3122.



