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with 120 ,ug of phenol red per ml, and 4 x 106 SON 188
spirochetes in BSK II 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 A560 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 A56( 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 pLg/0.5 cm or factor Xa-cleaved
recombinant proteins at 0.5 ,ug/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 c2 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 pLg of 1-gal (lane 2), OspA
(lane 3), OspB (lane 4), OspC (lane 5), and OspD (lane 6) fusion
proteins; 5 jig of the 83-kDa fusion protein (lane 7); and 10 p,g 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 pLg of each
fusion protein and 5 ,ug 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 3-gal and Osp
fusion proteins (Fig. 1A). The estimated molecular masses of
the ,3-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 1-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 13-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 12Yc 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 (-gal (lane 8). The molecular mass markers (in
kilodaltons) are also in lane 1.

TABLE 3. Titers of mouse sera generated to fusion proteins and
heat-inactivated SON 188 expressed as reciprocal dilution values

Immunoblot' Borreliacidal
Immunogen activitY`d

Xa product' SON 188 activity

f-gal N1 <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.

h Each value is the reciprocal dilution vielding an optical density of >11.2 at 5611
nm.
'Xa product, reactivity with the B. blgdorferi-encoded portion of the fusion

protein released following factor Xa cleavage.
d SON 188, total bacterial lysatc.
"NT, not tested.

by this serum was demonstrated by the inclusion of SON 188
lysate on the Western blot (Figure lB, 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-f-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. burgdotferi-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

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 A560, 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 (-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 (1/4 0/4 0/4
OspC 0/4 (1/4 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 104
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,

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 [3H]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. lA, 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 fu ion 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.
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