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Antibodies to the outer surface proteins (Osps) A, B, and C of the spirochete Borrelia burgdorferi can prevent
infection in animal models of Lyme borreliosis. We have previously demonstrated that immune serum from
mice infected with B. burgdorferi N40 can also prevent challenge infection and induce disease regression in
infected mice. The antigens targeted by protective and disease-modulating antibodies are presently unknown,
but they do not include Osp A or Osp B. Because Osp C antibodies are present in immune mouse serum, we
investigated the ability of hyperimmune serum to recombinant Osp C (N40) to protect mice against challenge
infection with N40 spirochetes. In both active and passive immunization studies, Osp C (N40) antiserum failed
to protect mice from challenge infection with cultured organisms. Mice actively immunized with recombinant
Osp C (N40) were susceptible to tick-borne challenge infection, and nymphal ticks remained infected after
feeding on Osp C-hyperimmunized mice. In contrast, similar immunization studies performed with Osp C
(PKo) antiserum prevented challenge infection of mice with a clone of PKo spirochetes pathogenic for mice.
Both Osp C (N40) and Osp C (PKo) antisera showed minimal in vitro borreliacidal activity, and immunoflu-
orescence studies localized Osp C beneath the outer membrane of both N40 and PKo spirochetes. We conclude
that Osp C antibody-mediated immunity is strain specific and propose that differences in Osp C surface
expression by spirochetes in vivo may account for strain-specific immunity.

Lyme borreliosis is a tick-borne multisystem infection due to
the spirochete Borrelia burgdorferi (12). Protective humoral
immunity to challenge infection with B. burgdorferi can be
induced by both active and passive immunization and has been
demonstrated for a number of outer surface proteins (Osps)
(17, 18, 21, 27, 29, 31). The most widely studied of the potential
vaccine antigens is the 31-kDa Osp A, a dominantly expressed
Osp on North American strains of B. burgdorferi. While Osp A
antibodies can protect against challenge infection in experi-
mental animal models (17, 18, 28), recent studies have shown
that the activity of the Osp A vaccine is directed against spi-
rochetes in the midgut of feeding ticks, prior to entry into the
mammalian host. Spirochetes expressing Osp A markedly di-
minish in number in their migration from tick midgut to sali-
vary gland during tick feeding, despite massive replication of
spirochetes, indicating that the majority of spirochetes entering
the host bear other surface antigens (15, 16, 32). Similar ex-
pansion of non-Osp A-expressing spirochetes has been dem-
onstrated to occur in mammals after syringe inoculation with
cultured organisms (25). The findings that Osp A immunity can
be overcome with high-dose syringe inoculation of cultured
spirochetes, or if antibodies are passively administered 24 to
48 h after tick attachment to the host, are likely explained by
changes in the level of Osp expression as the spirochete adapts
to its new environment.

Because of the limitations of Osp A immunity, other B.
burgdorferi proteins have been evaluated as potential vaccine
antigen candidates. One such antigen, Osp C, a 22-kDa lipo-

protein, has been demonstrated to increase in prevalence
among spirochetes in feeding ticks and in the mammalian host
during early infection (25, 32). Antibodies to Osp C are readily
found in sera of infected humans and mice and provide a
useful serologic marker of early B. burgdorferi infection (7, 20,
26). Osp C is expressed by many isolates of B. burgdorferi, but
the level of expression is quite variable and tends to be in-
versely correlated with that of Osp A and B. The utility of Osp
C as a single vaccine antigen has therefore been considered
limited, even though Osp C vaccination has proven to be ef-
fective in gerbils and mice immunized with the recombinant
protein (27–29). In contrast to Osp A antibodies, Osp C im-
munity has been evaluated for a very small number of Borrelia
strains.

We have previously shown that serum from actively infected
mice (immune mouse serum) not only protects naive mice
from infection but also induces arthritis regression when pas-
sively administered to infected immunocompetent or severe
combined immunodeficiency mice (4, 6). The antigens targeted
by protective and disease-modulating antibodies are unknown.
Of the antibodies identified by immunoblotting of cultured
organisms, only those binding Osp C have the potential for
conferring protection against infection, as has been demon-
strated for other strains of B. burgdorferi (18, 21, 27, 29). The
present study was designed to investigate whether Osp C an-
tibodies induced by B. burgdorferi N40, the strain used in our
protection studies with immune mouse serum, could prevent
challenge infection with this organism.

MATERIALS AND METHODS

Mice. Specific-pathogen-free, weanling (4-week-old) or 6- to 8-week-old, fe-
male C3H/HeJ or C3H/HeNCr mice, purchased from The Jackson Laboratory
(Bar Harbor, Maine) or from the Frederick Cancer Research Center (Frederick,
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Md.), were housed in filter cages and administered food and water ad libitum.
Mice were sacrificed by carbon dioxide asphyxiation.

B. burgdorferi. Two cloned strains of B. burgdorferi were used. B. burgdorferi
N40 was cloned by limiting dilution and mouse passaged as described previously
(5). B. burgdorferi PKo was likewise cloned, mouse passaged, and proven to be
consistently infectious and pathogenic (data not shown). The median intrader-
mal infectious dose for both N40 and PKo was 10 cloned spirochetes (data not
shown). Frozen aliquots of low-passage-cloned spirochetes were thawed and
grown at 33°C in modified Barbour-Stoenner-Kelly (BSK II) medium (2). Spi-
rochetes were assessed for viability and enumerated by dark-field microscopy
using a Petroff-Hausser chamber immediately prior to use.

Generation of recombinant proteins. Several forms of recombinant rOsp C
(rOsp C) were used in these experiments. All were initially generated by PCR
amplification of a truncated DNA product, using N40 or PKo genomic DNA as
the template. The truncated DNA eliminated amino-terminal nucleotides en-
coding the leader peptidase signal sequence, thereby facilitating the production
of a soluble recombinant fusion protein. The PCR oligonucleotide primers used
were 59-CGCGGATCCAATAATTCAGGG-39 and 59-CGCGAATTCTTAAG
GTTTTTTTGG-39, complementary to the amino- and carboxy-terminus regions,
respectively, of the open reading frame of PKo (20). The gene sequence for Osp
C (N40) is identical to that for Osp C (PKo) in these regions (33). The amplified
products were first cloned into Bluescript IIKS for sequence confirmation and
then subcloned into the expression vector pGEX-2T (Pharmacia, Piscataway,
N.J.), which produces the desired recombinant product linked to glutathione
S-transferase (GT) via a thrombin cleavage site. Recombinant plasmids were
transformed into Escherichia coli DH5a, and GT-Osp C expression was induced
over 2 h by the addition of 0.5 mM isopropyl-1-thio-b-D-galactopyranoside.
GT-Osp C was purified by affinity chromatography using a glutathione-agarose
column (Pharmacia). GT was expressed and purified in the same way as the GT
fusion protein, using the unmodified pGEX-2T expression vector for transfor-
mation. In some experiments, rOsp C was cleaved from the bound GT fusion
partner with thrombin as specified by the manufacturer (Pharmacia). Thrombin
was removed from the rOsp C eluates by affinity chromatography using anti-
thrombin III-coated agarose beads (Sigma, St. Louis, Mo.). GT-Osp C (N40),
rOsp C (N40), and rOsp C (PKo) each appeared as a single band by Coomassie
brilliant blue staining of sodium dodecyl sulfate-polyacrylamide gels and reacted
by immunoblotting with sera from mice infected with the homologous strain of
B. burgdorferi (data not shown). Osp A was also produced in recombinant form
with and without the GT fusion partner, as previously described (10).

Generation of immune mouse sera and hyperimmune sera to recombinant
proteins. Four-week-old C3H mice were inoculated intradermally with 102 N40
and sacrificed 1 to 3 months later. Sera from mice sacrificed at identical time
points were pooled once infection was verified in mice by culture of blood or
internal organs. Thirty- and 90-day immune sera were derived from mice sacri-
ficed at 30 and 90 days, respectively, after infection. Sera were stored at 270°C
prior to use in the indicated experiments.

To produce hyperimmune sera to rOsp A or rOsp C, 6- to 8-week-old mice
were injected subcutaneously with 20 to 50 mg of recombinant proteins emulsi-
fied in complete Freund’s adjuvant (CFA). Two and four weeks after the primary
immunization, mice were boosted with 10 to 20 mg of the identical antigen in
incomplete Freund’s adjuvant. Blood was obtained by retro-orbital bleeding
2 weeks after the final immunization, and serum titers were determined by
immunoblotting using GT or the strain-specific rOsp A or C. All sera reacted
with the specific immunizing Osp as well as the native protein at serum dilutions
of at least 1:10,000, as determined by immunoblotting of rOsp and B. burgdorferi
lysate (1 mg of lysate protein/lane). Rat anti-Osp C antisera (B. burgdorferi N40
and PKo) and control hyperimmune sera used in immunofluorescence experi-
ments (rat antiflagellin [B. burgdorferi B31] and rat anti-Osp A [B. burgdorferi N40]
antisera) were generated as described previously (14, 22). Rat anti-Osp C antiserum
was produced by immunization with rOsp C (N40 or PKo) generated from the same
plasmids used to produce rOsp C for mouse immunization experiments.

Generation of B. burgdorferi-infected nymphal ticks. Laboratory-reared Ixodes
scapularis larvae were placed on C3H mice infected 1 month earlier with B.
burgdorferi by syringe inoculation with 104 B. burgdorferi N40. On average, 100
larvae were placed on a single mouse. Larvae were allowed to feed to repletion
and detach naturally into a water bath beneath the animal cage. Fed larvae were
retrieved, and 5% of larvae were checked for spirochetes by immunofluorescence
analysis. Approximately 70% of the larvae examined were infected. Larvae were
stored in a humidified chamber at ambient temperature until they molted into
nymphs and then subsequently used in transmission studies.

Challenge infection of mice. Mice vaccinated by active immunization were
challenged 2 weeks after the last boost by intradermal inoculation into the
shoulder (contralateral to the immunization site) with the indicated number of
spirochetes. In some experiments, naive 4-week-old mice were passively immu-
nized by subcutaneous injection of 0.5 ml of 1:10 dilution of hyperimmune serum
to recombinant proteins obtained from mice immunized according to the pro-
tocol described above. Eighteen hours after passive immunization, mice were
challenged with the indicated number of cultured spirochetes. For tick challenge,
mice were first actively immunized with GT or GT-Osp C (N40) and bled, and
sera were tested to verify that antibody titers were greater than 1:40,000. Immu-
nized mice were then anesthesized with methoxyfluorane, and four B. burgdorferi
N40-infected I. scapularis nymphs were placed on each mouse and allowed to

attach. Nymphs were allowed to feed to repletion and detach naturally into a
water bath below the animal cages, at which time they were retrieved and
examined by confocal immunofluorescence microscopy for infection (16). Mice
were sacrificed 2 weeks after challenge and examined for infection by culture of
blood, urinary bladder, and spleens and for disease by histopathology.

Assessment of infection status and disease. At the time of sacrifice, 2 drops of
blood and 2-mm urinary bladder or spleen specimens were cultured in BSK II
medium for 2 weeks at 33°C. At the end of the culture period, the medium was
examined by dark-field microscopy for the presence of viable spirochetes. In
addition, tissues (hearts and joints) were examined by histopathology for evi-
dence of B. burgdorferi-related disease. Both hindlegs and hearts were fixed in
formalin, demineralized (for specimens containing bone), embedded in paraffin,
sectioned, and stained with hematoxylin and eosin (8). Knees and tibiotarsal
joints and hearts were evaluated blindly and tabulated or scored for the presence
and severity of inflammation as previously described (6).

Localization of Osp C. Two immunofluorescence methods were used, the first
examining surface-exposed antigens of viable organisms labeled in suspension
and the second detecting antigen expression after methanol fixation of spiro-
chetes (14). In the first method, 1-ml samples of spirochete cultures grown to
stationary phase were aliquoted into 1.5-ml Eppendorf centrifuge tubes, and rat
antisera were added at the following concentrations: GT antiserum, 1:100; Osp
C antiserum, 1:40; flagellin antiserum, 1:100; and Osp A antiserum, 1:1,000.
Cultures were incubated for 1 h at 34°C, after which the spirochetes were washed
twice in CMRL 1066 medium (Gibco BRL) containing 10% fetal calf serum
(FCS). After resuspension of spirochetes in 500 ml of 10% FCS–CMRL, 10-ml
aliquots were pipetted onto slides and allowed to dry for 2 h over desiccant.
Slides were then flooded with 50 ml of 10% FCS–CMRL and placed in a
humidified chamber for 30 min. After draining of residual solution, slides were
flooded with 50 ml of fluorescein isothiocyanate-conjugated goat anti-rat immu-
noglobulin diluted 1:1,000 in phosphate-buffered saline (PBS) and incubated for
30 min in a humidified chamber. After being washed three times by submersion
in PBS (1 min/wash), slides were air dried and briefly submerged in distilled
water to wash off residual PBS. After the slides were allowed to air dry a second
time, coverslips were mounted with 10 ml of Fluoromount-G (Electron Micros-
copy Sciences) and the edges were sealed with clear nail polish.

Antigen expression by spirochetes was confirmed by a second immunofluores-
cence technique using permeabilized spirochetes. Ten-microliter aliquots of spi-
rochete cultures grown to stationary phase were placed on glass slides and
allowed to dry for 2 h over desiccant. Organisms were permeabilized by sub-
merging slides in 100% methanol for 10 min. After air drying, slides were flooded
with 50 ml of 10% FCS–CMRL and placed in a humidified chamber for 30 min.
After residual medium was drained from the slides, 50 ml of primary antiserum
was added and the slides were incubated for 1 h in a humidified chamber. All
primary antisera were used at identical dilutions as described above for surface
antigen detection, except that Osp C antisera were used at 1:250 dilution. Slides
were washed three times in PBS; then secondary antibodies added, and the slides
were processed as described above.

In vitro borreliacidal assay. A modification of a previously described borre-
liacidal assay (23) was used. Briefly, normal mouse serum, 30-day immune serum,
or GT, rOsp A (N40), or rOsp C (N40 or PKo) hyperimmune serum was heat
inactivated for 1 h at 56°C, sterilized by passage through a 0.22-mm-pore-size
filter, and then diluted 1:10 in BSK II medium; 100 ml of each diluted serum was
aliquoted into 96-well, flat-bottom microtiter plates and then diluted serially
twofold in BSK II medium to a final dilution of 1:1,280. To each well were added
106 spirochetes in 100 ml of BSK II medium followed by 10 ml of guinea pig
complement (Gibco/BRL, Gaithersburg, Md.). The mixture was then incubated
at 37°C for 2 h with periodic shaking. Control assays were performed in identical
fashion, except that sera were not heat inactivated and complement was omitted
from the reaction. A 10-ml aliquot was mounted onto clean glass slides, and the
total number of live and dead spirochetes was determined by examining 25
random fields under dark-field microscopy at a magnification of 3400. Spiro-
chetes were considered dead if they had extensive surface blebbing or demon-
strated loss of refractivity or motility. Results were compared with those for
control wells which contained spirochetes in BSK II medium alone. To confirm
spirochete death, 100-ml samples from each well were inoculated into 5 ml of
BSK II medium and incubated at 33°C for 5 days. The number of viable spiro-
chetes at the end of the culture period was determined by dark-field microscopy
as described above.

RESULTS

Osp C (N40) immunity does not provide protection against
B. burgdorferi N40. We have previously demonstrated that im-
mune sera derived from mice infected with as few as 101

B. burgdorferi N40 spirochetes can prevent infection of pas-
sively immunized mice challenged with 104 spirochetes (4).
Because these sera contain Osp C antibodies among their
repertoire, we questioned whether Osp C (N40) antibodies
could account for the protective capacity of the sera.
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We first examined whether mice passively immunized with
Osp C (N40) hyperimmune serum were susceptible to chal-
lenge infection with B. burgdorferi N40 (Table 1). Consistent
with previous reports, all mice passively immunized with 90-
day immune serum and three of four mice administered Osp A
hyperimmune serum were protected from infection. In con-
trast, none of the mice passively immunized with Osp C hy-
perimmune serum resisted challenge inoculation with 103 spi-
rochetes. To ensure that the lack of protection with Osp C
hyperimmune serum was not due to suboptimal antibody lev-
els, we actively immunized mice with rOsp C (N40) prior to
challenge inoculation. In the group of seven mice immunized
with CFA, six had spirochete-positive cultures and six showed
signs of disease (disease was considered present if hearts or
joints showed any evidence of inflammation by histopatholo-
gy). In the group of seven mice immunized with Osp C (NO)
plus CFA, seven had spirochete-positive cultures and six
showed signs of disease. Mice immunized with rOsp C (N40)
or GT-Osp C (N40) were still susceptible to infection with
B. burgdorferi N40, despite prechallenge antibody titers against
rOsp C of .1:40,000 (Table 2).

One potential explanation for the inability of Osp C (N40)
immunization to protect against infection is that the spiro-
chetes used for challenge contained a mixture of Osp C-ex-
pressing and -nonexpressing organisms. Because Osp A anti-
bodies protect naive mice in this experimental system, it is
likely that the majority of pathogenic spirochetes introduced
into the mice expressed Osp A. However, Osp A immunity can
be overcome with challenge inocula of .104 spirochetes (18).
This may be due to downregulation of Osp A and upregulation
of Osp C by spirochetes after inoculation into mice (25). We
therefore tested the ability of Osp C (N40) antibodies to en-
hance the protective capabilities of active Osp A immunity.
Mice were immunized, boosted with either a single immuno-
gen (GT, GT-Osp A, or GT-Osp C) or GT-Osp A in combi-
nation with GT-Osp C, and then challenged with a range of
spirochete doses (Table 2). As previously observed, mice im-
munized with GT-Osp A were protected from infection with a
challenge dose of 102 spirochetes, but this immunity was over-
come with higher-dose challenge inocula (18). In contrast,
mice immunized with GT-Osp C were not protected from
infection, even at the lowest challenge dose of spirochetes.
Mice immunized with the combination of GT-Osp A and GT-
Osp C, although immune to the 102 inoculum, all became
infected when challenged with higher numbers of spirochetes.
The protective immunity provided by GT-Osp A immunization
was therefore not enhanced by simultaneous immunization
with GT-Osp C. Moreover, this active immunization study
confirmed the results of the earlier experiment (see above) and

showed that spirochete dose did not contribute to the failure of
Osp C antibodies to provide immunity.

We also examined the ability of Osp C vaccination to pre-
vent B. burgdorferi infection introduced through its natural
vector, the tick. As discussed earlier, spirochetes present in the
midgut of ticks express abundant amounts of Osp A, whereas
during ingestion of the blood meal by feeding ticks, spirochetes
that migrate to the salivary gland no longer express significant
amounts of Osp A (16). In contrast, Osp C can be readily
detected by immunofluorescence in feeding ticks (32). It is
likely, therefore, that most of the spirochetes inoculated by tick
bite express abundant amounts of Osp C. Of four mice actively
immunized with GT-Osp C (N40), none were immune from
infection by tick challenge. All four GT-Osp C (N40)-immu-
nized mice were infected as determined by culture, and all had
arthritis and carditis that were indistinguishable from those of
control infected mice. In addition, 100% of nymphal ticks
retrieved after feeding on GT-Osp C (N40)-immunized mice
(11 recovered/16 total) were still infected, as determined by
confocal immunofluorescence microscopy, so that unlike bor-
reliacidal Osp A antibodies, Osp C (N40) antibodies did not
eliminate spirochetes from the tick.

rOsp C (PKo) can induce protective immunity against B.
burgdorferi PKo. We have previously shown that a GT-Osp A
fusion fragment containing the amino acid sequence bound by
protective Osp A mAb does not induce protective immunity,
even though antibodies that bind this sequence upon immu-
noblotting can be elicited (11). It is possible that the secondary
structure of the GT-Osp A fusion fragment did not permit
priming of B cells specific for the epitope bound by protective
antibodies. Because all forms of rOsp C (N40) used in the
immunization experiments were first generated as fusion pro-
teins with GT, it was necessary to show that rOsp C generated
by the pGEX-2T expression system could elicit protective im-
munity against B. burgdorferi strains in which Osp C antibody-
mediated protection has been described.

Immunization of gerbils with rOsp C from B. burgdorferi
PKo has been reported to protect them from challenge infec-
tion with spirochetes of that strain (27). Because the PKo
strain used in those studies was not infectious for mice, we
cloned and mouse passaged the strain. Mice inoculated with as
few as 10 mouse-adapted PKo spirochetes became infected
and developed both arthritis and carditis within 14 days of
infection (data not shown). To determine whether hyperim-
mune serum to Osp C (PKo), produced as a fusion protein with
GT, could prevent challenge infection with PKo spirochetes,
naive mice were passively immunized with hyperimmune GT-
Osp C (PKo) serum and then challenged with 104 PKo spiro-
chetes. All four mice passively immunized with GT-Osp C
(PKo), and none of four mice given normal mouse serum only,

TABLE 1. Osp C (N40) hyperimmune serum does not prevent
challenge infection with 103 B. burgdorferi N40 spirochetes

Treatment Culturea Arthritisb

(avg severity)

Normal mouse serum 4 1.0
90-day immune serum 0 0
Osp A (N40) hyperimmune serum 1 0.4c

Osp C (N40) hyperimmune serum 4 1.3

a Values represent the number of mice from which spirochetes could be
cultured among four mice examined in each treatment group.

b Values represent the average arthritis severity score (on a scale of 0 to 3)
calculated by dividing the sum of the highest tibiotarsal scores for all mice by the
total number of mice examined in each group.

c Arthritis was present only in the mouse in this group that had culture
evidence of spirochete infection.

TABLE 2. Active immunization with both Osp A and Osp C does
not enhance protective capabilities of Osp A antibodies against

different challenge doses of B. burgdorferi N40 spirochetes

Immunizing antigen

Culture results of mice inoculated
with the indicated dose of

N40 spirochetesa

102 104 106

GT 3/4 4/4 4/4
GT-Osp C 4/4 4/4 4/4
GT-Osp A 0/3 4/4 4/4
GT-Osp A 1 GT-Osp C 0/4 4/4 4/4

a Values represent the number of mice with positive spirochete cultures over
the total number of mice examined.
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were protected from infection, indicating that Osp C expressed
as a GT fusion protein could elicit protective Osp C antibodies
for some strains of B. burgdorferi. Mice immunized with GT-
Osp C (PKo) had the same Osp C antibody titers against the
autologous Osp C as mice immunized with GT-Osp C (N40).
These results further suggested that the inability of Osp C
(N40) antibodies to prevent infection was strain specific.

Antibody localization of Osp C epitopes by immunofluores-
cence and in vitro borreliacidal assays. It is generally believed
that in order for antibodies to kill B. burgdorferi, they must bind
surface-exposed determinants on the organism that are present
in sufficient amounts to inhibit motility and induce death. Dif-
ferences in the membrane location of Osp C expressed by
spirochetes could provide an explanation for the apparent
strain specificity of Osp C immunity. We examined this issue by
comparing immunofluorescence staining of spirochetes labeled
in suspension with staining of those labeled after methanol
fixation. The methods used have proven to differentiate sur-
face-exposed determinants from those located beneath the
outer membrane (14). Whereas Osp A could be detected on
both N40 and PKo spirochetes labeled in suspension or after
fixation, Osp C could be detected only after fixation (Fig. 1).
The beaded fluorescent pattern of labeled Osp A surface-
exposed antigenic determinants is characteristic for this outer
membrane protein, and it is likely due to surface aggregation
of Osp A due to antibody-mediated cross-linking (3, 14). Sim-
ilar to the requirements for immunofluorescence staining of
Osp C, fixation was necessary to label spirochetes with anti-
bodies against flagellin, a protein localized to the periplasmic
space. Because Osp C is membrane bound, we infer from these
studies that the majority of this protein resides below the
surface, attached to the cytoplasmic membrane.

We also used an in vitro borreliacidal assay as an alternative
method to assess Osp C surface expression on the two spiro-
chete strains (Table 3). Immune serum from mice infected with
B. burgdorferi for 30 days killed N40 spirochetes in a dose-
dependent fashion, as did Osp A (N40) hyperimmune serum.
These same sera also exhibited modest killing of PKo spiro-
chetes at high serum concentrations. In contrast, Osp C (N40)
and Osp C (PKo) antisera exhibited the same degree of weak
killing activity against the autologous strain, which was appar-
ent only at high serum concentration. Taken together with the
data from immunofluorescence studies, these results indicate
that the majority of Osp C is not surface exposed on cultured
N40 or PKo spirochetes.

DISCUSSION

Humoral immunity provides an important host defense
against infection with B. burgdorferi, and protective antibodies
that recognize the outer membrane-associated lipoproteins
Osps A, B, and C have been identified. Our recent work has
demonstrated the capacity of immune serum from mice in-
fected with low numbers of N40 spirochetes to both protect
mice from challenge infection and induce disease regression
(4, 6). In the present studies, we examined whether Osp C
antibodies contributed to the protective effects of immune
mouse serum because Osp C is one of the few antigens recog-
nized by this serum on immunoblots of cultured organisms. We
were surprised to find that, in contrast to reports using other
strains of spirochetes (21, 27, 29) and studies suggesting that
Osp C is upregulated in the feeding tick (32), antibodies to Osp
C (N40) did not protect mice from syringe or tick-borne chal-
lenge and did not augment Osp A-mediated immunity.

We have previously reported that some forms of recombi-
nant fusion proteins produced by using the pGEX bacterial

expression system do not elicit protective immunity, presum-
ably because the fusion protein cannot assume a secondary or
tertiary structure required to prime B cells specific for the
protective epitope (11). Although the epitopes on Osp C rec-
ognized by borreliacidal antibodies are unknown, Osp C (N40)
and Osp C (PKo) are similar in size, and the GT fusion partner
did not interfere with the ability of GT-PKo to elicit protective
immunity. We infer from this result that altered conformation
of the recombinant protein was less likely to play a role in the
inability of Osp C (N40) to elicit protective immunity.

The level of surface expression of a B. burgdorferi protein
may be a strong determinant of antibody-mediated borreli-
acidal activity. For example, Osp C but not Osp A antibodies
provide immunity against infection with PKo spirochetes, a
European isolate of B. burgdorferi that expresses a large
amount of Osp C and relatively little Osp A (27). In contrast,
antibodies to either Osp A or Osp C can protect mice against
infection with SON 188, a California B. burgdorferi sensu
stricto strain that expresses both Osps (29). In that study, in
vitro borreliacidal activity could be demonstrated with Osp A
antiserum, not with Osp C antiserum. It was postulated that
these antisera may differ in the ability to activate complement
and that Osp C antibodies may mediate spirochete killing
indirectly through opsonization and subsequent enhancement
of phagocytosis in vivo. However, complement is not required
for in vitro borreliacidal activity, and Osp A antibodies can
protect C5-deficient mice from challenge infection (9). Neither
of the studies showing Osp C-mediated immunity examined
the relative surface expression of Osps A and C on spirochetes
used for challenge infection.

In the present study, surface immunofluorescence labeled
Osp A on both N40 and PKo spirochetes, and Osp A antiserum
killed both strains of spirochetes efficiently in vitro and, in the
case of N40 spirochetes, also in vivo. In contrast, Osp C could
not be detected on the surface of either strain of spirochete,
and in vitro borreliacidal activity was apparent only at the
highest antiserum concentrations. Although we did not exam-
ine the level of Osp A and Osp C expression on the original
PKo strain prior to mouse passaging and cloning, it is possible
that these procedures selected for spirochetes that preferen-
tially express Osp A on the outer membrane in culture. The
polyclonal Osp antisera generated for these experiments con-
tained high titers of antibodies to the immunizing antigens and,
as shown in the immunofluorescence studies, could clearly bind
to the native proteins. However, it has been demonstrated for
Osp A that only a subset of antibodies induced by immuniza-
tion or arising naturally after infection are borreliacidal. We
were able to protect mice from B. burgdorferi infection by
active immunization with GT-Osp A or by passive administra-
tion of Osp A hyperimmune serum, with similar thresholds at
which immunity could be overcome (.103 spirochetes). The
relatively low titer of Osp A hyperimmune serum at which
borreliacidal activity could be detected in vitro (albeit using 106

spirochetes) suggests that our in vitro borreliacidal assay is a
less sensitive method than animal challenge experiments for
assessing protective capabilities of Borrelia antisera. Indeed,
despite the similarities between Osp C expression and Osp C
antibody-mediated killing of the two B. burgdorferi strains in
vitro, only Osp C (PKo) antibodies could protect mice from
challenge inoculation against the homologous Borrelia isolate.
These data underscore the need to be cautious in assuming
that in vitro borreliacidal activity can be extrapolated to in vivo
protective capacity, especially when the former is observed
only at high antiserum concentrations.

An attractive explanation for the differences between the in
vitro and in vivo borreliacidal activity of the hyperimmune sera
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FIG. 1. Immunofluorescence analysis of Osp A, Osp C, and flagellin expression on cloned N40 and PKo spirochetes. Spirochetes were grown to stationary phase
and then labeled in suspension or after methanol fixation as described in Materials and Methods. Osp C was labeled with Osp C hyperimmune sera generated from
the autologous strain. Osp A was labeled with hyperimmune serum from B. burgdorferi N40 and flagellin (Fla) with hyperimmune serum from B. burgdorferi B31. DF,
dark-field microscopy; IFA, immunofluorescence analysis.
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is that the relative level of surface expression of Osp epitopes
targeted by protective antibodies changes on spirochetes after
inoculation into mice. California B. burgdorferi isolates such as
SON 188 are more variable in lipoprotein expression than oth-
er North American strains (29, 35). In this regard, they appear
phenotypically more like European Borrelia species, such as B.
burgdorferi PKo. As noted above, Osp C antibodies to SON 188
exhibit no in vitro borreliacidal activity yet, like Osp C (PKo)
antibodies, are capable of providing protection against chal-
lenge infection. It is possible that upon entry into the mammal,
PKo and SON 188 spirochetes upregulate Osp C surface ex-
pression to a level sufficient for borreliacidal antibodies to
bind, whereas N40 spirochetes do not. Immunofluorescence
analysis of Osp C expression on spirochetes examined directly
ex vivo is best performed with fixed and permeabilized organ-
isms (25), and so this method would not distinguish between
surface and subsurface location of the protein. Osp C antibod-
ies specific for another North American isolate of B. burgdor-
feri sensu stricto, 297, a strain more closely related genetically
to N40 than PKo or SON 188, also show no surface labeling
and do not protect against challenge infection (30). Protection
experiments using Osp C from a larger number of European
and North American Borrelia isolates would be required to
obtain statistical verification for the trend noted here.

Our results have important implications for survival strate-
gies of B. burgdorferi in the mammalian host. The lipoproteins
of B. burgdorferi are proinflammatory (24), and their surface
exposure on intact spirochetes likely serves as an important
signal to innate immune cells that a pathogen is present. When
levels of surface expression fall below a critical threshold, the
recognition of non-self may be defeated. Such a strategy
may explain the apparent downregulation of Osp A on spi-
rochetes prior to and upon entry into the mammal and the
ability of spirochetes to persist in the extracellular matrix of
chronically infected animals without an associated inflam-
matory response.

We began these studies to determine the identity of the an-
tigens targeted by B. burgdorferi protective and disease-modu-
lating antibodies present in immune mouse serum. Osp C an-
tibodies do not appear to account for this activity. Osp C
antisera also showed no arthritis-modulating effects in actively
infected mice (6). It is possible that the effector antibodies in
immune sera may be directed toward proteins of the spirochete
expressed solely after mammalian infection. A number of
B. burgdorferi proteins have recently been identified that ap-
pear to be preferentially expressed in vivo (1, 13, 19, 34).
Further studies are currently in progress to investigate the
humoral repertoire and the spirochetal antigens targeted early
in the course of B. burgdorferi infection.

ACKNOWLEDGMENTS

We thank Bettina Wilske for B. afzelii PKo and Debby Beck,
Rhonda Bangham, and Kevin Feen for technical assistance.

This work was supported by NIH grants RO1-26815 to S.W.B. and
AI-29735 to J.D.R.; grant N01-45253 to S.W.B. and L.K.B.; and grants
from the Arthritis Foundation, American Heart Association, and
Mathers Foundation and NIH grant AR-42637 to L.K.B. J.D.R. and
E.F. are the recipients of American Heart Association Established
Investigatorship awards. A.S. is a postdoctoral fellow of the Donaghue
Foundation.

REFERENCES

1. Akins, D. R., S. F. Porcella, T. G. Popova, D. Shevchenko, S. I. Baker, M. Li,
M. V. Norgard, and J. D. Radolf. 1995. Evidence for in vivo but not in vitro
expression of a Borrelia burgdorferi outer surface protein F (OspF) homo-
logue. Mol. Microbiol. 18:507–520.

2. Barbour, A. G. 1984. Isolation and cultivation of Lyme disease spirochetes.
Yale J. Biol. Med. 57:521–525.

3. Barbour, A. G., S. L. Tessier, and W. J. Todd. 1983. Lyme disease spirochetes
and ixodid tick spirochetes share a common surface antigenic determinant
defined by a monoclonal antibody. Infect. Immun. 41:795–804.

4. Barthold, S. W., and L. K. Bockenstedt. 1993. Passive immunizing activity of
serum from mice infected with Borrelia burgdorferi. Infect. Immun. 61:4696–
4702.

5. Barthold, S. W., M. S. de Souza, J. L. Janotka, A. L. Smith, and D. H.
Persing. 1993. Chronic Lyme borreliosis in the laboratory mouse. Am. J.
Pathol. 143:419–420.

6. Barthold, S. W., S. Feng, L. K. Bockenstedt, E. Fikrig, and K. Feen. 1997.
Protective and arthritis-resolving activity in serum of mice infected with
Borrelia burgdorferi. Clin. Infect. Dis. 25(Suppl. 1):S9–S17.

7. Barthold, S. W., E. Fikrig, L. K. Bockenstedt, and D. H. Persing. 1995.
Circumvention of outer surface protein A immunity by host-adapted Borrelia
burgdorferi. Infect. Immun. 63:2255–2261.

8. Barthold, S. W., C. L. Sidman, and A. L. Smith. 1992. Lyme borreliosis in
genetically resistant and susceptible mice with severe combined immunode-
ficiency. Am. J. Trop. Med. Hyg. 47:605–613.

9. Bockenstedt, L. K., S. W. Barthold, K. DePonte, N. Marcantonio, and F. S.
Kantor. 1993. Borrelia burgdorferi infection and immunity in mice deficient in
the fifth component of complement. Infect. Immun. 61:2104–2121.

10. Bockenstedt, L. K., E. Fikrig, S. W. Barthold, R. A. Flavell, and F. S. Kantor.
1996. Identification of a Borrelia burgdorferi OspA T cell epitope that pro-
motes anti-OspA IgG in mice. J. Immunol. 157:5496–5502.

11. Bockenstedt, L. K., E. Fikrig, S. W. Barthold, F. S. Kantor, and R. A. Flavell.
1993. Inability of truncated recombinant Osp A proteins to elicit protective
immunity to Borrelia burgdorferi in mice. J. Immunol. 151:900–906.

12. Bockenstedt, L. K., and S. E. Malawista. 1995. Lyme disease, p. 1234–1249.
In R. R. Rich (ed.), Clinical immunology. Mosby-Year Book, St. Louis, Mo.

13. Champion, C. I., D. R. Blanco, J. T. Skare, D. A. Haake, M. Giladi, D. Foley,
J. N. Miller, and M. A. Lovett. 1994. A 9.0-kilobase-pair circular plasmid of
Borrelia burgdorferi encodes an exported protein: evidence for expression
only during infection. Infect. Immun. 63:2653–2661.

14. Cox, D. L., D. R. Akins, K. W. Bourell, P. Lahdenne, M. V. Norgard, and
J. D. Radolf. 1996. Limited surface exposure of Borrelia burgdorferi outer
surface lipoproteins. Proc. Natl. Acad. Sci. USA 93:7973–7978.

15. de Silva, A. M., and E. Fikrig. 1995. Growth and migration of Borrelia
burgdorferi in Ixodes ticks during blood feeding. Am. J. Trop. Med. Hyg.
53:397–404.

16. de Silva, A. M., S. R. Telford III, L. R. Brunet, S. W. Barthold, and E. Fikrig.
1996. Borrelia burgdorferi OspA is an arthropod-specific transmission-block-
ing Lyme disease vaccine. J. Exp. Med. 183:271–275.

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

18. 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 immu-
nity to Lyme borreliosis in laboratory mice. Infect. Immun. 59:553–559.

19. Fikrig, E., S. W. Barthold, W. Sun, W. Feng, S. R. Telford III, and R. A.
Flavell. 1997. Borrelia burgdorferi P35 and P37 proteins, expressed in vivo,
elicit protective immunity. Immunity 6:531–539.

20. 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.

21. Gilmore, J., R. D., K. J. Kappel, M. C. Dolan, T. R. Burkot, and B. J. B.
Johnson. 1996. Outer surface protein C (OspC), but not p39, is a protective
immunogen against a tick-transmitted Borrelia burgdorferi challenge; evi-
dence for a conformational protective epitope in OspC. Infect. Immun.
64:2234–2239.

22. Lahdenne, P., S. F. Porcella, K. E. Hagman, D. R. Akins, T. G. Popova, D. L.
Cox, L. I. Katona, J. D. Radolf, and M. V. Norgard. 1997. Molecular char-

TABLE 3. In vitro borreliacidal activity of Osp C (N40)
and Osp C (PKo) hyperimmune serum

Treatment
LD50

a

N40 spirochetes PKo spirochetes

Normal mouse serum ,1:10 ,1:10
30-day immune serum 1:80 1:10
GT hyperimmune serum ,1:10 ,1:10
Osp A (N40) hyperimmune serum 1:80 1:10
Osp C (N40) hyperimmune serum 1:10 ,1:10
Osp C (PKo) hyperimmune serum 1:10 1:10

a LD50, level at which .50% of 106 target spirochetes were killed, as initially
assessed by dark-field examination and then verified by the absence of spirochete
growth after a 5-day culture of 50% of the assay sample in BSK II medium.

4666 BOCKENSTEDT ET AL. INFECT. IMMUN.



acterization of a 6.6-kilodalton Borrelia burgdorferi outer membrane-associ-
ated lipoprotein (lp6.6) which appears to be downregulated during mamma-
lian infection. Infect. Immun. 65:412–421.

23. Ma, J., and R. T. Coughlin. 1993. A simple, colorimetric microtiter assay for
borreliacidal activity of antisera. J. Microbiol. Methods 17:145–153.

24. Ma, Y., K. P. Seiler, K. Tai, L. Yang, M. Woods, and J. J. Weis. 1994. Outer
surface lipoproteins of Borrelia burgdorferi stimulate nitric oxide production
by the cytokine-inducible pathway. Infect. Immun. 62:3663–3671.

25. Montgomery, R. R., S. E. Malawista, K. J. M. Feen, and L. K. Bockenstedt.
1996. Direct demonstration of antigenic substitution of Borrelia burgdorferi ex
vivo: exploration of the paradox of the early immune response to outer
surface proteins A and C in Lyme disease. J. Exp. Med. 183:261–270.

26. Padula, S. J., A. Sampieri, F. Dias, A. Szczepanski, and R. W. Ryan. 1993.
Molecular characterization and expression of p23 (Osp C) from a North
American strain of Borrelia burgdorferi. Infect. Immun. 61:5097–5105.

27. 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. Infection 20:342–347.

28. Probert, W. S., M. Crawford, R. B. Cadiz, and R. B. LeFebvre. 1997. Immu-
nization with outer surface protein (Osp) A, but not OspC, provides cross-
protection of mice challenged with North American isolates of Borrelia
burgdorferi. J. Infect. Dis. 175:400–405.

29. Probert, W. S., and R. B. LeFebvre. 1994. Protection of C3H/HeN mice from
challenge with Borrelia burgdorferi through active immunization with OspA,
OspB, and OspC, but not with OspD or the 83-kilodalton antigen. Infect.
Immun. 62:1920–1926.

30. Radolf, J. Personal communication.
31. 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 immunodeficiency (scid) mice. Proc. Natl. Acad. Sci. USA 87:
3768–3772.

32. Schwan, T. G., J. Piesman, W. T. Golde, M. C. Dolan, and P. A. Rosa. 1995.
Induction of an outer surface protein on Borrelia burgdorferi during tick
feeding. Proc. Natl. Acad. Sci. USA 92:2909–2913.

33. Stevenson, B., L. K. Bockenstedt, and S. W. Barthold. 1994. Expression and
gene sequence of outer surface protein C of Borrelia burgdorferi reisolated
from chronically infected mice. Infect. Immun. 62:3568–3571.

34. Suk, K., S. Das, W. Sun, B. Jwang, S. W. Barthold, R. A. Flavell, and E.
Fikrig. 1995. Borrelia burgdorferi genes selectively expressed in the infected
host. Proc. Natl. Acad. Sci. USA 92:4269–4273.

35. Wilske, B., A. G. Barbour, S. Bergstron, N. Burman, B. I. Restropo, P. A.
Rosa, T. Schwan, E. Soutschek, and R. Wallich. 1992. Antigenic variation
and strain heterogeneity in Borrelia spp. Res. Microbiol. 143:583–596.

Editor: R. E. McCallum

VOL. 65, 1997 Osp C IMMUNITY IN MICE 4667


