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Evaluation of RevA, a Fibronectin-Binding Protein of Borrelia
burgdorferi, as a Potential Vaccine Candidate for Lyme Disease
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Previous studies indicated that the Lyme disease spirochete Borrelia burgdorferi expresses the RevA outer surface protein during
mammalian infection. As an adhesin that promotes bacterial interaction with fibronectin, RevA appears to be a good target for
preventive therapies. RevA proteins are highly conserved across all Lyme borreliae, and antibodies against RevA protein are
cross-reactive among RevA proteins from diverse strains. Mice infected with B. burgdorferi mounted a rapid IgM response to
RevA, followed by a strong IgG response that generally remained elevated for more than 12 months, suggesting continued expo-
sure of RevA protein to the immune system. RevA antibodies were bactericidal in vitro. To evaluate the RevA antigen as a poten-
tial vaccine, mice were vaccinated with recombinant RevA and challenged with B. burgdorferi by inoculation with a needle or by
a tick bite. Cultured tissues from all treatment groups were positive for B. burgdorferi. Vaccinated animals also appeared to have
similar levels of B. burgdorferi DNA compared to nonvaccinated controls. Despite its antigenicity, surface expression, and the
production of bactericidal antibodies against it, RevA does not protect against Borrelia burgdorferi infection in a mouse model.
However, passive immunization with anti-RevA antibodies did prevent infection, suggesting the possible utility of RevA-based

immunotherapeutics or vaccine.

orrelia burgdorferi is the causative agent of Lyme disease, the

most common arthropod-borne infection in the United States
(1). Early diagnosis and treatment are key to preventing the debil-
itating long-term sequelae such as musculoskeletal, cardiovascu-
lar, and neurological damage (2). A preventative vaccine was ap-
proved for human use in 1998, but production was discontinued
in early 2002 (3). The incidence of this disease has been steadily
increasing since it was first described in the late 1970s, and all
evidence indicates that Lyme disease will continue to be a wide-
spread public health problem.

B. burgdorferi can infect immunocompetent humans and other
vertebrates for extensive periods of time, even for the animal’s
lifetime (4, 5, 6). The Lyme disease spirochete is an extracellular
organism, buta complete picture of how it manages to avoid clear-
ance from its hosts is lacking. Antigenic variation at the vIs locus,
which occurs only in vivo, is continuous throughout infection (7,
8). The outer surface protein VsIE appears to be crucial for persis-
tence in the mammalian host, as bacteria lacking VsIE are com-
pletely cleared (9, 10). Antibody appears to be important for clear-
ance of B. burgdorferi, as the variable regions of VsIE are accessible
to antibodies (11). Other aspects of B. burgdorferi, including its
tropism for immunologically isolated sites, may also contribute to
its persistence in vivo.

Extracellular matrix (ECM) has been suggested to provide a
protective niche for the spirochete (12). B. burgdorferi is fre-
quently found associated with connective tissues (12, 13, 14, 15)
and is often detected in and isolated from infected cartilaginous or
membranous tissues, such as skin and joints. This suggests specific
interactions between the pathogen and host skin tissues (5, 16, 17,
18). In vitro, B. burgdorferi shows affinity for host extracellular
matrix components, such as fibronectin (12, 19, 20, 21). Bacteria
deficient in one of the fibronectin-binding proteins, BBK32, ex-
hibit reduced virulence in vivo (22, 23). Together, these data indi-
cate that B. burgdorferi interacts with its host’s ECM and suggest
that those interactions are critical in both B. burgdorferi pathogen-
esis and persistence in mammals. Recently, we discovered that an
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antigenic 17-kDa outer surface lipoprotein, RevA, binds to fi-
bronectin (19). We hypothesize that borrelia-ECM interactions,
especially those mediated by RevA fibronectin-binding protein,
are crucial for mammalian infection and persistence in the host.

The gene encoding RevA (so named because it is transcribed in
the reverse direction from its neighboring genes) is located on a
circular prophage (cp32). RevA has no significant homology to
any proteins outside Borrelia species, yet it is highly conserved
within the Lyme disease borrelial genospecies. The revA genes are
widely distributed among Lyme disease spirochetes, and the pre-
dicted amino acid sequences of RevA proteins are highly con-
served (19). Many strains of B. burgdorferi carry two copies of the
revA gene; for example, the type strain B31 has two copies, and the
well-characterized isolate 297 also has two copies of revA. In con-
trast, B. burgdorferi strain N40 and Borrelia garinii strain PBi each
carry only one revA locus (19).

Serological studies indicate that humans and laboratory ani-
mals are frequently exposed to RevA during B. burgdorferi infec-
tion (24, 25). Using quantitative real-time PCR, it was confirmed
that revA is indeed transcribed during mammalian infection, but
not during colonization of vector ticks (19). Sera from patients in
the initial stages of Lyme disease contained antibodies against
RevA, demonstrating that this protein is expressed early in human
infection (26).
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In the current study, we propose that RevA is the target of
protective antibodies and that RevA expression remains elevated
throughout mammalian infection. To test our hypotheses, we ex-
amined mammalian response to RevA expression throughout the
natural course of infection. In addition, we vaccinated mice with
recombinant RevA antigen and challenged them with B. burgdor-

feri.

MATERIALS AND METHODS

Bacteria. B. burgdorferi strain B31 MI-16 is an infectious clone of the
sequenced type strain (27, 28) which contains all parental plasmids (29).
Bacteria were grown at 34°C to cell densities of approximately 1 X 107
bacteria/ml in modified Barbour-Stoenner-Kelly (BSK-II) medium sup-
plemented with 6% rabbit serum (30). Total DNA (genomic and plas-
mids) was isolated using a DNeasy blood and tissue kit (Qiagen, Valencia,
CA). Plasmid content was monitored by multiplex PCR by the method of
Bunikis et al. (31).

Recombinant proteins. Recombinant proteins contained amino-ter-
minal polyhistidine tags, with the RevA segment beginning with that pro-
tein’s first amino acid following the cysteine lipidation site. The revA gene
was PCR amplified from total genomic DNA of B. burgdorferi strain B31
MI-16 using oligonucleotides 5'-TGTAAAGCATATGTAGAAGAAAA
G-3' and 5'-TTAATTAGTGCCCTCTTCGAGGAA-3'. Amplicons were
cloned into pET200 (Invitrogen, Carlsbad, CA). The resultant plasmid
inserts were entirely sequenced on both strands to ensure that no unde-
sired mutations had occurred during PCR or cloning procedures. Recom-
binant proteins were expressed in Escherichia coli strain Rosetta (DE3)
pLysS (Novagen, Madison, WI) upon induction with isopropyl thiogalac-
topyranoside. Induced E. coli cultures were harvested and lysed by soni-
cation or treatment with a French press, and debris was cleared by cen-
trifugation. Recombinant proteins were purified from cleared lysates by
using MagneHis nickel-conjugated magnetic beads (Promega, Madison,
WI). All recombinant proteins were dialyzed at 4°C overnight against
phosphate-buffered saline (PBS) using 3,500-molecular-weight-cutoff
(MWCO) Slide-A-Lyzer cassettes (Pierce, Rockford, IL). Protein purity
was assessed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis followed by staining with Coomassie brilliant blue (see Fig. 1A;
also data not shown). Protein concentrations were determined by bicin-
choninic acid protein assays (Pierce). Synthetic 20-amino-acid RevA pep-
tides were produced commercially from GenScript (Piscataway, NJ); se-
quences are detailed in Fig. S2 in the supplemental material.

Immunoblot. Polyclonal antiserum directed against RevA was pro-
duced by inoculation of purified recombinant protein into a New Zealand
White rabbit at AnimalPharm (Healdsburg, CA), using one round of their
standard protocol. Antiserum was adsorbed against sonicated Escherichia
coli Rosetta (DE3) pLysS (Novagen) and then affinity purified using
HiTrap protein A columns (GE Healthcare) according to the manufac-
turer’s instructions. The specificity of the purified antibody for RevA was
tested by immunoblotting against recombinant RevA proteins, B. burg-
dorferi lysates, and control proteins (bovine serum albumin [BSA] and
human plasma fibronectin). Briefly, proteins were separated by SDS-
polyacrylamide gel electrophoresis and transferred to nitrocellulose.
Membranes were blocked overnight at 4°C with 5% (wt/vol) BSA in Tris-
buffered saline-Tween 20 (TBS-T) (20 mM Tris [pH 7.5], 150 mM NaCl,
0.05% [vol/vol] Tween 20). The membranes were next washed with
TBS-T and incubated for 2 h at room temperature with purified anti-RevA
antibody diluted 1:500 in TBS-T. After the membranes were washed ex-
tensively with TBS-T, they were incubated for 1 h at room temperature
with horseradish peroxidase-conjugated donkey anti-rabbit immuno-
globulin G (IgG) antibody (GE Healthcare) diluted 1:5,000 in TBS-T.
After a final series of washes with TBS-T, bound antibodies were detected
by using SuperSignal West Pico enhanced chemiluminescence substrate
(Pierce).

Infection of mice and ticks. Female C3H/HEN or BALB/c mice (4 to
6 weeks old) were infected by subcutaneous injection of 1 X 10° B. burg-
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dorferi B31 MI-16 bacteria from a mid-exponential-phase culture grown
at 34°C. These mice then served to infect Ixodes scapularis larvae as fol-
lows. Egg masses laid by pathogen-free I. scapularis ticks were obtained
from the Department of Entomology, Oklahoma State University—Still-
water and held in a humidified chamber until they hatched. For B. burg-
dorferi acquisition studies, approximately 200 naive larvae were placed on
each of the above-described B. burgdorferi-infected mice. After 96 h, the
ticks had fully engorged and naturally dropped off the mice. These ticks
were returned to the humidified chamber and were allowed to molt to the
nymphal stage. Approximately 3 weeks after ecdysis, the ticks were fed
upon vaccinated female C3H/HEN or BALB/c mice. Infection of mice was
confirmed by analysis of serum samples by enzyme-linked immunosor-
bent assay (ELISA) for antibodies directed against B. burgdorferi whole-
cell lysate (see below). Mice infected through feeding by infected nymphs
were killed 2 weeks after completion of tick feeding, and their ear pinnae,
hearts, bladders, spleens, and tibiotarsal joints were collected and either
frozen for DNA extraction and quantitative PCR (qPCR) or cultured in
BSK-II medium plus 6% rabbit serum and 50 pg/ml rifampin.

Immunization. For vaccination protocol 1, C3H/HEN mice were in-
jected with 12.5 wg recombinant RevA in PBS 1:1 with adjuvant (Alhy-
drogel; Invivogen, San Diego, CA). Mice received 2 boosts at 3-week in-
tervals. Three weeks after the final boost, mice were infected with 1 X 10°
B. burgdorferi B31 MI-16 via subcutaneous injection or infected via tick
bite (20 infected nymphs per mouse). For vaccination protocol 2, C3H/
HEN mice were injected with 12.5 pg recombinant RevA in PBS (1:1) with
adjuvant (complete Freund’s adjuvant; Sigma). Mice received 2 boosts
(incomplete Freund’s adjuvant) at 10-day intervals. Ten days after the
final boost, mice were infected with 1 X 10° B. burgdorferi B31 MI-16 via
subcutaneous injection. For passive immunization, C3H/HEN mice were
injected with approximately 200 g anti-RevA IgG rabbit sera or rabbit
preimmune sera (AnimalPharm). Twenty-four hours after injection,
mice were infected with 1 X 10* B. burgdorferi B31 MI-16 via subcutane-
ous injection. Two weeks postinfection, mice were sacrificed and exsan-
guinated. Joints, ears, bladders, and hearts were cultured for 2 weeks in
BSK-II medium plus 6% rabbit serum. The presence or absence of B.
burgdorferi was confirmed via dark-field microscopy in 10 random fields
per culture.

Enzyme-linked immunosorbent assay (ELISA). Mouse blood was
drawn from the saphenous vein and collected in heparin-coated tubes.
Blood samples were centrifuged (6,000 X g) to remove red blood cells, and
serum samples were stored at —20°C. To measure mouse IgM or IgG
against B. burgdorferi, the wells on 96-well plates were coated overnight
with 100 wl/well of 10-pg/ml B. burgdorferilysate (mid-log-phase B. burg-
dorferi pelleted and washed three times in PBS) in carbonate coating buf-
fer (0.32 g Na,CO; and 0.586 g NaHCO; [both per 200 ml] [pH 9.6]) at
4°C. To measure mouse antibody response against RevA, the wells were
coated with 10 pg/ml recombinant RevA in carbonate coating buffer.
Room temperature plates were washed three times with PBS containing
0.05% Tween 20 (by volume) (PBS-T). The wells were blocked for 2 h at
room temperature with PBS containing 10% fetal bovine serum and then
washed three times with PBS-T. At the time of the assay, a 1:100 dilution
of serum was placed on the plate and incubated for 2 h at 37°C. The wells
were washed three times with PBS-T and then incubated for 1 h at room
temperature with horseradish peroxidase (HRP)-conjugated goat antise-
rum against mouse IgM (Pierce) or IgG (GE Healthcare, Piscataway, NJ)
diluted 1:5,000 in PBS. Color development was performed using a tetra-
methylbenzidine (TMB) substrate (Thermo Fisher Scientific, Waltham,
MA) for 15 min and stopped with the addition of an equal volume of 2 N
sulfuric acid. The plates were read on an Epoch plate reader at 450 nm
(BioTek, Winooski, VT). For epitope mapping, recombinant RevA or
RevA peptides were solubilized according to the manufacturer’s instruc-
tions and were coated on a 96-well plate overnight (10 pg/mlin carbonate
coating buffer). After the wells were blocked and washed three times with
PBS-T, pooled 2- to 4-week-infected mouse serum at 1:200 dilution was
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added for 1 h at 37°C, followed by washes, incubation with HRP-conju-
gated anti-mouse IgG, and detection as described above.

Bactericidal assay. B. burgdorferi (5 X 10%/ml) in BSK-II medium was
treated with 1:25 dilution of rabbit anti-RevA antiserum (produced com-
mercially by AnimalPharm [19]), sera from vaccinated mice, or preim-
mune sera for 24 h. Fifty microliters from each tube was transferred to 450
pl fresh BSK-II medium to examine the ability of B. burgdorferito replicate
after antiserum exposure. One hundred twenty hours after transfer, the
bacteria were enumerated by dark-field microscopy; the number of motile
bacteria in 10 random fields was determined. Cultures were then exam-
ined after an additional week in culture by dark-field microscopy.

Analysis of B. burgdorferi DNA levels. Total DNA was extracted from
tissue samples by using a DNeasy kit according to the manufacturer’s
instructions (Qiagen). Frozen mouse tissue samples (20 mg) were first
minced with sterile single-use razor blades on a DNA/DNase-free glass
surface and resuspended in buffer ATL (Qiagen) with proteinase K for
overnight digestion at 56°C as recommended by the manufacturer. gQPCR
was performed by using a Bio-Rad MyIQ2 thermal cycler and Bio-Rad
SYBR green supermix. All DNA samples were analyzed in triplicate. Each
runincluded a sample that lacked template to test for DNA contamination
of reagents. Oligonucleotide primers used for amplification are B. burg-
dorferi recA nTM17F (F stands for forward) (5'-GTGGATCTATTGTAT
TAGATGAGGCTCTCG-3"), B. burgdorferi recA nTM17R (R stands for
reverse) (5'-GCCAAAGTTCTGCAACATTAACACCTAAAG-3') (32),
mouse nidogen F 5'-CCAGCCACAGAATACCATCC-3', and mouse ni-
dogen R 5'-GGACATACTCTGCTGCCATC-3". The reaction conditions
were as follows: (i) a 10-min initial denaturation step at 95°C; (ii) 40
cycles, with 1 cycle consisting of 15 s at 95°C and 1 min at 55°C (for recA)
or 60°C (for nidogen); (iii) 1 min at 95°C and 1 min at 60°C for 1 min; and
(iv) melting-curve analysis starting at 60°C plus 0.5°C with a hold at each
temperature for 10 s. Tenfold serial dilutions of B. burgdorferi genomic
DNA or mouse genomic DNA were included in every assay for each
primer set. This enabled the generation of standard curves from which the
amount of DNA present in each sample could be calculated, which was
done using the Bio-Rad MyIQ2 software. The same software package was
also used for melting-curve analyses. To verify amplicon sizes and puri-
ties, all products were separated by agarose gel electrophoresis, and DNA
was visualized with ethidium bromide. Average values obtained from
triplicate runs of each DNA sample for B. burgdorferi recA copies were
calculated relative to the average triplicate value for the mouse nidogen
housekeeping gene from the same DNA preparation. Statistical analyses
of data were performed using Student’s  test and assuming unequal vari-
ances.

RESULTS
Antiserum against Borrelia burgdorferi B31 RevA recognizes
RevA proteins from other strains. Previously, we tested 7 recom-
binant RevA proteins representing 7 distinct revA alleles from 3
different strains and 3 distinct species of Lyme disease borrelia (B.
burgdorferi, Borrelia garinii, and Borrelia spielmanii), and all
bound fibronectin (19; our unpublished results). Some outer sur-
face proteins of B. burgdorferi are poor vaccine candidates due to
their sequence variability or strain-to-strain heterogeneity. An
alignment of known RevA sequences demonstrates extensive
amino acid identity (see Fig. SI in the supplemental material).
Therefore, we examined whether antiserum against the B. burg-
dorferi type strain B31 RevA would recognize other RevA proteins.
Antiserum directed against the B. burgdorferi type strain B31 RevA
allele is cross-reactive against all tested RevA proteins (Fig. 1).
These data suggest that antibodies against the B31 RevA protein
will recognize RevA proteins across Lyme borreliae.

RevA antibody production during long-term infection. Pre-
liminary serological studies from infected humans and mice indi-
cate the frequent presence of anti-RevA antibodies. To determine
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FIG 1 Antisera against B. burgdorferi B31 RevA recognizes Rev proteins across
the Lyme borreliae. (A) Coomassie brilliant blue-stained 12.5% acrylamide gel
of recombinant Rev (rRev) proteins. The positions of molecular weight mark-
ers are indicated to the left of the gel. B31 is the type strain of B. burgdorferi
(28). N40 is an B. burgdorferi strain isolated from a tick (47). Strain 297,
originally isolated from cerebrospinal fluid from a Lyme disease patient with
meningitis (48), has two separate copies of RevA (19). PBiis a European isolate
of B. garinii. (B) Western blot of the gel in panel A with affinity-purified
antibody to RevA from strain B31. Mass spectrometric analysis (University of
Kentucky Center for Structural Biology Protein Core Facility) indicated that
the higher-molecular-weight bands present in most lanes are also RevA, sug-
gesting that RevA may form homomultimers. Note that the affinity-purified

antibodies to RevA from strain B31 do not cross-react with human plasma
fibronectin.

the characteristics of the antibody response over time, female
BALB/c mice were infected with B. burgdorferi B31 via tick bite
and monitored over 1 year. Serum samples were collected at 4- to
6-week intervals and tested for the presence of antibodies against
RevA. IgM levels increased upon infection and remained steady
throughout the course of infection, never reaching a titer higher
than 100 (Fig. 2A). IgG levels varied from animal to animal but
once elevated tended to remain high (Fig. 2B and C).

RevA antibodies are bactericidal. Lyme disease borreliae are
relatively resistant to killing by complement present in mamma-
lian serum in the absence of specific antiborrelia antibodies (33,
34, 35, 36, 37). To determine whether anti-RevA antibodies were
bactericidal, B. burgdorferi bacteria were incubated in the standard
growth medium (BSK-II medium plus 6% non-heat-inactivated
rabbit serum) for 24 h in the presence of rabbit polyclonal anti-
RevA antiserum (19), preimmune serum from the same animal,
or an equivalent volume of BSK-II medium. Bacteria were subcul-
tured into fresh medium to determine whether B. burgdorferi
could replicate after antibody exposure. As shown in Fig. 3, treat-
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FIG 2 Antibodies to RevA in infected mouse serum. BALB/c mice were in-
fected via tick bite with B. burgdorferi. RevA-specific IgG and IgM from three
individual mice were measured by ELISA. (A) IgM diluted 1:100. Data repre-
sent the mean absorbance and standard errors from 3 replicates per time point.
(B and C) IgG diluted 1:100 (B) and 1:1,000 (C). Data in all three panels
represent the mean absorbance * standard errors (error bars) from 3 repli-
cates per time point.
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ment with anti-RevA antibodies significantly impaired the ability
of B. burgdorferi to replicate, while treatment with preimmune
serum had no effect.

Assessment of the efficacy of RevA as a vaccine. Female C3H/
HEN mice were vaccinated with recombinant RevA protein and
challenged 3 weeks after the final boost with B. burgdorferi by
inoculation with a needle. Serum samples from all mice were ex-
amined for the presence of anti-RevA and anti-B. burgdorferi an-
tibodies prior to vaccination to ensure that the animals had no
prior exposure to the pathogen (data not shown). After vaccina-
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FIG 3 RevA antibodies are bactericidal. B. burgdorferi (5 X 10°/ml) in BSK-II
medium was treated with a 1:25 dilution of anti-RevA antiserum (19) or pre-
immune sera for 24 h. Fifty microliters from each tube was transferred to 450
wl fresh BSK-II medium plus 6% rabbit serum. Motile bacteria were enumer-
ated in 10 random fields after 5 days by dark-field microscopy. Data are nor-
malized to the percentage for the no-antibody control and represent the means
plus standard errors from 3 independent counts for each condition. *, P <
0.001 by Student’s ¢ test assuming unequal variances.

tion, serum was tested for the presence of RevA-specific IgG or
IgM antibodies (Fig. 4). Both mice vaccinated with RevA alone
and mice vaccinated with RevA plus adjuvant showed a robust IgG
response to RevA, but no measurable difference among groups in
the levels of RevA-specific IgM.

Next we tested the ability of RevA vaccination to protect mice
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FIG 4 RevA antibody prior to B. burgdorferz challenge. After RevA immuni-
zation and prior to B. burgdorferi challenge, IgG (A) and IgM antibodies
against RevA (B) in serum samples was measured by ELISA. Data represent the
means * standard errors (error bars) from 1 experiment with eight mice.
RevA, RevA only; Adj, adjuvant alone; +, positive control (confirmed infected
mouse); —, negative control (naive mouse).
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TABLE 1 Immunization with RevA in Alhydrogel

Method of inoculation Treatment group Culture positive®

Needle Adjuvant only 9/9
RevA 8/8
RevA + adjuvant 8/8
Tick Adjuvant only 717
RevA 717
RevA + adjuvant 717

@ At least one tissue type cultured was positive for the presence of live B. burgdorferi. For
mice inoculated with a needle, the tissues cultured included heart, ear, bladder, and
tibiotarsal joint. For mice inoculated by tick bites, the tissues cultured included ear and
tibiotarsal joint.

against B. burgdorferi infection. C3H/HEN mice were inoculated
subcutaneously with B. burgdorferi. Two weeks later, the mice
were sacrificed, and their organs were cultured for the presence of
live spirochetes. As shown in Table 1 (inoculation with a needle),
mice vaccinated with RevA in the presence of adjuvant were not
protected from subsequent infection with B. burgdorferi.

We also examined whether there was a difference in tissue load
or dissemination between vaccinated and control groups by
qPCR. We observed no differences in the number of positive sam-
ples or amount of B. burgdorferi DNA in spleen, heart, or joint
samples (Table 2). We were unable to detect any B. burgdorferi
DNA in the ears of challenged mice (data not shown).

We challenged mice with a large bolus of B. burgdorferi by
inoculation with a needle, a situation that does not accurately
reflect natural infection (transfer of a few organisms by tick bite).
A second group of vaccinated mice was challenged by tick bite.
Mice were infected via tick bite from B. burgdorferi-carrying L.
scalpularis nymphs. Three weeks postchallenge, the animals were
sacrificed and their tissues were cultured for the presence of B.
burgdorferi. All mice produced anti-RevA antibodies postchal-
lenge, regardless of whether they were vaccinated with RevA or
adjuvant alone, suggesting that all mice were indeed infected (Fig.
5). Tissue samples were cultured, and as shown in Table 1 (tick
bites), all mice were culture positive regardless of vaccination
status.

Alum is a relatively weak adjuvant, so to better assess the im-
munoprotective activity of RevA, we also performed immuniza-
tion with a stronger adjuvant. Mice were immunized with RevA in
complete Freund’s adjuvant, followed by two boosts in incom-
plete Freund’s adjuvant. As shown in Table 3, mice immunized
with RevA by this protocol were also not protected from subse-
quent infection with the Lyme disease spirochete.

Next, we revisited the question of the bactericidal nature of
anti-RevA antibodies. To determine whether anti-RevA antibod-
ies produced in our vaccinated mice were bactericidal, B. burgdor-
feri bacteria were incubated in the standard growth medium
(BSK-II medium plus 6% non-heat-inactivated rabbit serum) for
24 h in the presence of serum from the vaccinated mice, preim-
mune serum from the same animal, or an equivalent volume of
BSK-II medium. Bacteria were subcultured into fresh medium to
determine whether B. burgdorferi could replicate after antibody
exposure. At 5 days posttransfer, there was no difference between
B. burgdorferi growth between bacteria incubated in the presence
of preimmune serum or serum from vaccinated mice (Fig. 6).

Finally, we assessed passive immunization with the anti-RevA
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TABLE 2 B. burgdorferi tissue loads measured by qPCR”?

Joint

Heart

Spleen

RevA +
Adj

RevA RevA + Adj

Adj

RevA + Adj

RevA

Adj

RevA

Adj

Parameter

4X107°+3x%x1012

3/8

I1X10°+x7x10" "
3/8

ND

5%x107" +2x 107"

7/8

10X 10" +3x10"

4/8

3X 107" +2x10" "
4/8

25X 1077

1/8

ND 4X10°+1X10°

Copy no.’

0/8

4/8

No. of positive samples/  0/8

no. of tissues
sampled

“ For each tissue type, the value is shown for mice treated with adjuvant only (Adj), RevA alone, and RevA plus Adj. ND, not detected.

b Average B. burgdorferi copy number per pg of mouse DNA =* standard error of the mean for B. burgdorferi-positive specimens only.
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FIG 5 RevA antibodies in mouse serum postinfection. C3H/HEN mice were
infected via tick bite with B. burgdorferi. Three weeks after the final boost, mice
were bled from the saphenous vein, serum samples were collected, and RevA-
specific IgG (A) and IgM (B) were measured by ELISA. Data represent the
means = standard errors from 6 wells per mouse (n = 7) per condition. RevA,
RevA only; Adj, adjuvant alone; +, positive control (confirmed infected
mouse); —, negative control (naive mouse).

polyclonal serum produced in rabbits, which proved bactericidal
in vitro (Fig. 3). Groups of six mice were immunized with either
anti-RevA antiserum or rabbit preimmune serum. Two weeks af-
ter challenge, the ears, hearts, and tibiotarsal joints of the mice
were cultured and examined for B. burgdorferi. Of the six mice
immunized with preimmune serum, five were positive for infec-
tion. In contrast, of the six mice receiving anti-RevA antibodies,
only one mouse became infected (Table 4). These results suggest
that in vivo, anti-RevA antibodies are protective.

DISCUSSION

RevA is a surface-exposed protein of B. burgdorferi and is an early
antigen of Lyme disease. Its expression is upregulated upon mam-
malian infection, and RevA-specific antibodies are frequently de-
tected in experimentally infected animals and Lyme disease pa-
tients (19, 26, 38, 39, 40). RevA has also been shown to bind host

TABLE 3 Immunization with RevA in Freund’s adjuvant®

No. of positive samples/total no. of
samples cultured

ELISA
Immunization Heart Bladder Ear Joint Ing
RevA 4/6 6/6 6/6 6/6 6/6
RevA + Adj 5/6 5/6 6/6 6/6 6/6
Adj 6/6 5/5 6/6 6/6 6/6
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FIG 6 Serum from vaccinated mice is not bactericidal. B. burgdorferi (5 X
10°/ml) in BSK-II medium was treated with a 1:25 dilution of antiserum from
vaccinated mice or preimmune sera for 24 h. Fifty microliters from each tube
was transferred to 450 pl fresh BSK-II medium plus 6% rabbit serum. Bacteria
were enumerated after 5 days by dark-field microscopy with a Petroff-Hausser
chamber. Data are normalized to the percentage for the no-antibody control
and represent the means and standard errors from 3 independent counts for
each condition.

fibronectin; the ability to adhere to host extracellular matrix and
cells is a critical virulence factor for many bacteria (41). As a sur-
face-exposed, highly antigenic adhesin, RevA is a prime target for
the host immune system. The current study demonstrates that
antibodies against RevA are made continuously throughout long-
term, natural B. burgdorferi infection. Infection with B. burgdorferi
results in a rapid IgM response, followed by a variable IgG re-
sponse. IgM levels appeared to remain low, but steady, through-
out infection (Fig. 2A). However, when the levels were examined
individually, serum IgM levels often spiked, a pattern suggestive of
restimulation of the immune system. A similar pattern has been
seen for the Erp and OspC outer surface proteins of B. burgdorferi
(29). The episodic nature of many Lyme disease symptoms, such
as arthritis, may be linked to the reemergence of B. burgdorferi
from tissue and the subsequent reactivation of inflammatory re-
sponses by the host immune system (6).

Specific antibodies produced against RevA in rabbits are bac-
tericidal in vitro, while RevA antibodies from vaccinated mice had
no effect on B. burgdorferi growth in culture. This could reflect

TABLE 4 Passive immunization with anti-RevA antibodies®

No. of positive samples

(n=6) ELISA IgG
Immunization Heart Joint Ear (n=16)"
Anti-RevA 1 1 1 1
Preimmune serum 5 5 5 5

“ Mice were immunized with RevA alone (control), RevA plus adjuvant (Adj), and Adj
alone (control).

Y ELISA for B. burgdorferi-positive IgG. The numbers of positive serum samples/total
numbers of samples tested are shown.
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“ Mice were immunized with anti-RevA polyclonal rabbit bactericidal antibody or with
preimmune serum from a rabbit.

b ELISA for B. burgdorferi-positive IgG. The numbers of positive serum samples are
shown.
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species specificity of complement—aB. burgdorferi is cultured in
rabbit serum— but this idea was not borne out, as passive immu-
nization of rabbit anti-RevA antibodies was protective in vivo.
Immunization with RevA in Alhydrogel or Freund’s adjuvant,
however, was not protective in vivo, as vaccinated mice were in-
fected despite a robust anti-RevA response. There are numerous
differences between cultured B. burgdorferi and bacteria growing
in vivo (42, 43) that may account for our results. The amount and
accessibility of the RevA protein on the surfaces of organisms in
vivo, for instance, may be altered compared to those of cultured
bacteria. The interaction of antibodies against RevA with B. burg-
dorferi organisms in vivo may also be limited by both the pauciba-
cilliary nature of B. burgdorferi infection and the ability of the
organism to disseminate widely throughout its host. Another fac-
tor is suggested by a recent study by Hastey et al. (44); B. burgdor-
feri may evade B cell immunity by interfering with the quality of
the antibody response. B. burgdorferi infection results in a strong
but ineffective serum antibody response due to a lack of accumu-
lation of long-lived plasma cells (44).

Animals injected with RevA or RevA plus Alhydrogel adjuvant
had roughly equivalent anti-RevA IgG responses (Fig. 5). We ex-
pected a more vigorous response to RevA in the presence of this
adjuvant. The purified recombinant RevA was free of protein con-
taminants (Fig. 1A). Similar results were seen when we immu-
nized animals with a more potent adjuvant (complete Freund’s
adjuvant; data not shown). Despite the ability of the host to mount
a strong antibody response to RevA, in the presence or absence of
adjuvant, we were unable to stimulate a protective response in
vivo.

Our results suggest that while rabbit anti-RevA antibodies are
bactericidal in vitro, vaccination with RevA fails to protect mice
from subsequent infection by B. burgdorferi, either through inoc-
ulation with a needle or the natural mode of infection, tick bite. In
contrast, passive immunization with bactericidal anti-RevA anti-
bodies prevented infection, suggesting that RevA is indeed highly
expressed in the early stages of infection. Coupled with the fact
that RevA is a highly expressed, surface-exposed protein that elic-
its a long-lasting antibody response, our data suggest that RevA
may still be a useful target for rational vaccine development. For
example, quantitative response to the lipoprotein OspA is not in-
dicative of protection; instead, protective immunity correlates
with a specific epitope (45). Using linear, overlapping peptides, we
were unable to detect an immunodominant epitope (see Fig. S2 in
the supplemental material). This suggests that for RevA, confor-
mational, rather than linear, epitopes are important. Further re-
search to identify protective epitopes, combined with a more ex-
haustive survey of RevA sequence variation, may aid in the design
of an effective vaccine (46).

Finally, our studies emphasize the fact that B. burgdorferi, like
many spirochetes, causes persistent, life-long infections in immu-
nocompetent hosts. How spirochetes continually evade the host
immune response and resist clearance is a conundrum that war-
rants further investigation.
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