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In this study, infection-derived immunity in the rabbit model of Lyme disease was compared to immunity
following immunization with purified outer membrane vesicles (OMV) isolated from Borrelia burgdorferi and
recombinant outer surface protein A (OspA). Immunization of rabbits with OMV isolated from virulent strain
B31 and its avirulent derivative B313 (lacking OspA and DbpA) conferred highly significant protection against
intradermal injection with 6 3 104 in vitro-cultivated virulent B. burgdorferi. This is the first demonstration of
protective immunogenicity induced by OMV. While immunization with OspA and avirulent B31 OMV provided
far less protection against this challenge, rabbits with infection-derived immunity were completely protected.
Protection against host-adapted B. burgdorferi was assessed by implantation of skin biopsies taken from rabbit
erythema migrans (a uniquely rich source of B. burgdorferi in vertebrate tissue) containing up to 108 spiro-
chetes. While all of the OMV- and OspA-immunized rabbits were fully susceptible to skin and disseminated
infection, rabbits with infection-derived immunity were completely protected. Analysis of the antibody re-
sponses to outer membrane proteins, including DbpA, OspA, and OspC, suggests that the remarkable protec-
tion exhibited by the infection-immune rabbits is due to antibodies directed at antigens unique to or markedly
up-regulated in host-adapted B. burgdorferi.

An understanding of the early steps in the pathogenesis of
Borrelia burgdorferi infection has shown that the current OspA-
based Lyme disease vaccine (49, 53) works by a novel mecha-
nism. OspA is abundant in B. burgdorferi residing in the gut of
unfed ticks or cultivated in vitro (20, 47). After a blood meal
the spirochetes multiply, migrate to the salivary glands, and no
longer express OspA (20, 47) prior to transmission. A blood
meal bringing OspA antibodies to the tick gut inhibits B. burg-
dorferi multiplication and migration to the salivary glands (20,
27). The OspA vaccine is therefore based on a molecule that is
not expressed by B. burgdorferi during vertebrate infection (18).

It is likely that the changes B. burgdorferi undergoes prior to
transmission from the tick and during mammalian infection
are of importance to pathogenesis and protective immunity.
Barthold et al. have used the term “host-adapted” to refer to
B. burgdorferi obtained from infected mouse tissue (7). There is
biological evidence that these host-adapted borreliae (HAB)
differ from in vitro-cultivated borreliae (IVCB) in relevant
ways. Mice actively or passively immunized with OspA are pro-
tected against needle challenge with IVCB but are fully sus-
ceptible to disseminated infection upon challenge with HAB
from ear implants of infected donor mice (7). This finding has
highlighted the significance of the lack of OspA expression
during mouse infection. Moreover, the differences between

IVCB and HAB extend beyond OspA. Mice passively immu-
nized with serum from chronically infected mice are protected
against needle challenge with IVCB but are fully susceptible to
infection with HAB (19). This finding is consistent with the
hypothesis that immunogens that stimulate protection against
IVCB are distinct from those of HAB.

There have only been two reports of protection against in-
fection with HAB. Cassatt and colleagues reported that mice
immunized with DbpA, a surface lipoprotein adhesin which
mediates binding to the collagen-associated protein decorin
(33, 35) and is up-regulated during infection (13), showed
partial protection against infection with a challenge of six to
eight spirochetes recovered from infected mouse plasma (13).
Barthold found that antibiotic treatment of chronically in-
fected mice resulted in partial protection against infection with
HAB of the homologous strain; less or no protection was evi-
dent with heterologous strain challenge (4). It is therefore
clear that a critical test of new Lyme disease vaccine candidates
is whether protection against HAB is conferred.

We have previously reported that intradermal infection of
the rabbit with B. burgdorferi uniformly results in the develop-
ment of erythema migrans (EM) (28, 29) and, in the first week
of infection, dissemination to spleen, liver, lymph nodes, cen-
tral nervous system, and joints. Within 3 months, B. burgdorferi
infection is fully cleared, and in contrast to the mouse model
(6), complete infection-derived immunity results (28) without
the need for antibacterial treatment. The quantitative nature
of the protection is impressive in that rabbits with infection-
derived immunity are fully protected against intradermal nee-
dle injection using 4 3 107 IVCB (28). By comparison, rabbits
immunized with OspA and challenged with several orders of
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magnitude less IVCB showed only partial protection (29). In
addition, serum from rabbits with complete immunity (im-
mune rabbit serum [IRS]) confers passive protection against
challenge with large numbers (6 3 106 organisms) of IVCB (C.
Chong and J. N. Miller, unpublished data).

In this study, we show that rabbits with infection-derived
immunity are also completely protected against challenge with
up to 108 HAB, administered through implantation of infected
rabbit skin. The rabbit model therefore provides a unique
opportunity to study the nature of the potent complete pro-
tection against HAB infection. Proteins associated with HAB
theoretically consist of those that are uniquely expressed dur-
ing mammalian infection, those that are present in IVCB but
up-regulated during infection, and those that are present in
HAB and IVCB in relatively similar amounts. In this regard,
we have described the protein constituents of outer membrane
vesicles (OMV) isolated from virulent IVCB strain B31 and
avirulent B31. Certain OMV proteins of IVCB are apparently
expressed by HAB, as evidenced by binding antibodies found
in the serum of infection-immune rabbits (52). We have also
tested whether OMV can confer protection against IVCB and
HAB challenge and compared it to infection-derived immu-
nity.

MATERIALS AND METHODS

Bacterial strains. Virulent and avirulent (ATCC 35210) B. burgdorferi sensu
stricto strain B31 was grown at 34°C in BSK II medium supplemented with 6%
heat-inactivated normal rabbit serum (NRS) as previously described (28). Low-
passage (#4) virulent B31 used in these experiments was demonstrated to be
infective and cause EM in rabbits (data not shown). B. burgdorferi strain B313,
kindly provided by Alan Barbour (University of California, Irvine), is a mutant
strain of B31 reported to lack multiple plasmids including the 54-kb plasmid and
does not express OspA, OspB, and OspD (46, 66). In addition, Sadziene et al.
have reported that B313 does not express OspC (46). However, in our laboratory,
B313 was found to express OspC (Fig. 3C).

Isolation of B. burgdorferi OMV. The OMV of avirulent and virulent B. burg-
dorferi strains B31 and B313 were isolated as previously described (52). Briefly,
1011 B. burgdorferi cells were vortexed in 90 ml of 25 mM citrate buffer for 3 h at
room temperature in order to release OMV. OMV and protoplasmic cylinders
were pelleted at 20,000 3 g for 30 min, and the pelleted material was separated
on a 25 to 56% discontinuous sucrose gradient. The OMV band was recovered,
washed in phosphate-buffered saline (PBS), pH 7.4, and repurified on an addi-
tional discontinuous sucrose gradient.

Immunization of rabbits with rOspA and OMV. Each of 10 New Zealand
White rabbits was immunized intradermally and intramuscularly with a total of
35 mg of recombinant OspA (rOspA) from strain ZS7 (which differs from strain
B31 by two amino acids) adsorbed onto aluminum hydroxide (alum) (kindly
provided by Yves Lobet, SmithKline Beecham Biologicals, Rixensart, Belgium)
as previously described (28). Rabbits were boosted twice at 2-week intervals and
challenged 2 weeks after the final boost. Immunizations with B. burgdorferi OMV
from avirulent B31, virulent B31, and B313 strains were administered into the
popliteal lymph node of the rabbit, which we have found to elicit a strong
immune response using nanogram amounts of immunogen in the absence of
adjuvants. The use of adjuvants was avoided to safeguard against possible alter-
ation of native OMV protein conformation and potential loss of conformation-
dependent epitopes (9). For popliteal node injections, rabbits were anesthetized
with 45 mg of ketamine and 8.8 mg of xylazine per kg of body weight. Using
aseptic technique, a popliteal lymph node was located under the skin and in-
jected with 60 ml containing OMV isolated from 109 spirochetes. Rabbits were
boosted three times at 2-week intervals with 60 ml of OMV from 2 3 109

organism equivalents and challenged 1 week after the final boost. In the case of
all immunizations with OspA and OMV, sera were obtained prior to immuni-
zation and immediately prior to challenge.

Infection-immune rabbits. New Zealand White rabbits were inoculated intra-
dermally at six sites with 107 virulent B. burgdorferi B31 as previously described
(28, 29). At 8 days postinoculation, each of the rabbits developed typical EM
lesions which, when biopsied and cultured in BSK II, were positive for B.
burgdorferi. Cultures of skin biopsies from 2-month-postinfection rabbits were
shown to be negative, and the rabbits were challenged 3 months later (28, 29) as
described below.

Challenge of rabbits with B. burgdorferi. Rabbits were challenged either by
intradermal needle inoculation with IVCB or with HAB in the form of a skin
biopsy taken from a rabbit EM lesion. IVCB strain B31 (passage 1) used for
challenge was centrifuged at 6,800 3 g for 15 min, washed with an equal volume
of PBS (pH 7.4), and resuspended in 50% PBS-heat inactivated NRS. For

challenge by needle inoculation (IVCB), rabbits were inoculated intradermally at
six sites with 104 virulent B. burgdorferi B31 organisms per site so that each rabbit
received a total of 6 3 104 IVCB. For challenge by skin implantation with HAB,
six normal donor rabbits were inoculated with 107 virulent B. burgdorferi at six
sites. At the time of EM development, 5-mm punches were taken at the site of
the EM lesion and either cut into five 1-mm pieces for implant challenge,
cultured in BSK II, or quick-frozen in dry ice-ethanol and stored at 270°C for
quantitative PCR (QPCR) and reverse transcription-PCR (RT-PCR). Each rab-
bit to be challenged was anesthetized with ketamine and xylazine as described
above, and six small horizontal subcutaneous incisions were made in the back.
Five 1-mm pieces of EM skin biopsies containing 1.4 3 106 to 2.3 3 107 HAB
(see below) were inserted into each incision so that each rabbit receiving im-
plants at six sites was challenged with a total of 8.1 3 106 to 1.38 3 108 HAB. The
area of the incision was then monitored daily for EM development. The rabbits
were bled, and punch biopsies were taken near the site of challenge at 8 and 21
days following challenge and cultured in BSK II containing rifampin and phos-
phomycin as previously described (28). Rabbits were sacrificed 3 weeks following
challenge, and the skin, right and left popliteal lymph nodes, right and left stifle
joint tissue, spleen, and spinal cord were cultured in BSK II with antibiotics as
previously described (28). All cultures were examined once a week for a total of
5 weeks for growth of B. burgdorferi.

RT-PCR analysis of OspA in HAB and IVCB. To determine if ospA gene
transcription was down-regulated in vivo, RT-PCR analysis was performed on
8-day EM skin biopsies. Total RNA was extracted directly from skin biopsies
with a power tissue homogenizer (IKA Works, Inc., Wilmington, N.C.) in the
presence of 1.2 ml of TRIzol reagent (GIBCO BRL, Gaithersburg, Md.). Total
RNA was purified according to the manufacturer’s protocol and resuspended in
20 ml of diethyl pyrocarbonate-treated water. Total RNA was also extracted from
104 in vitro-cultivated low-passage virulent strain B31, using 1.2 ml of TRIzol
reagent, and the RNA pellets were resuspended in 12 ml of diethyl pyrocarbon-
ate-treated water. As a negative control, total RNA was extracted from normal
skin biopsies. Prior to performance of RT-PCR, contaminating genomic DNA
was removed from RNA samples by digestion with 10 U of DNase I/2 mg of
RNA. Approximately 2 mg of total RNA was reverse transcribed with random
hexamers by using the Superscript preamplification system for first-strand cDNA
synthesis as instructed by the manufacturer (GIBCO BRL). In these studies,
flagellin subunit B (flaB) was used as a control for B. burgdorferi, and rabbit actin
was used as a control for rabbit tissue extraction. One-tenth of the first-strand
reaction was amplified by PCR using the following gene-specific primer pairs:
OspA forward (59-GTTAGCAGCCTTGACGAGAA-39) and reverse (59-CTG
CTGACCCCTCTAATTTG-39) (706-bp expected product); flaB forward (59-C
TGGCAAGATTAATGCTCAA-39) and reverse (59-CAGGAGAATTAACTC
CACCT-39) (567-bp expected product); and rabbit actin forward (59-CTGAAG
AACATCCAACCCTG-39) and reverse (59-CTGAGAGCACATTGTTAGCA-
39) (609-bp expected product). Ten percent of the amplified product was
analyzed on a 1% agarose gel.

Quantitative competitive PCR. To determine the number of copies of B.
burgdorferi present in the EM skin biopsy used for challenge, QPCR was per-
formed. Total DNA (target DNA) was extracted from each 5-mm EM skin
biopsy (;60 mg) or from 108 in vitro-cultivated virulent strain B31, using an
Easy-DNA kit (Invitrogen, Carlsbad, Calif.). The DNA was precipitated, the
pellet was resuspended in 98 ml of 10 mM Tris (pH 8.0)–1 mM EDTA, RNase
was added to a final concentration of 40 mg/ml, and the mixture was incubated for
30 min at 37°C. Quantitation of B. burgdorferi DNA levels in a 60-mg skin biopsy
was achieved by competitive PCR using DNA gyrase subunit B (gyrB) as the
target DNA and a nonhomologous internal standard (PCR MIMIC) as the
competitor (48). The MIMIC fragment has the same primer template sequence
as the target DNA (gyrB) but contains a completely different intervening se-
quence (fX174 phage DNA). Two composite MIMIC primers designated 1F
composite (59 ATGAATTATGTTGCTAGTAACATTGAAGGTACGTTGCA
GGCTGGCACT-39) and 840R composite (59 AACATGAGTTCCCCCTTCTC
TTGTCAAGCATTGGGGATTGAGAAAGAG-39) were generated, with the
first 24 bases of each primer to gyrB and the last 24 bases to fX174. PCR
amplification of the MIMIC fragment was performed with AmpliTaq Gold
(Perkin-Elmer, Foster City, Calif.) in a standard reaction mixture with the fol-
lowing temperature cycling parameters: 95°C for 10 min, (1 cycle only), 95°C for
30 s, 55°C for 30 s, and 72°C for 30 s (35 cycles), and a final extension at 72°C for
10 min. The resulting MIMIC fragment (970 bp) was cloned using a TOPO TA
cloning kit (Invitrogen), and the MIMIC plasmid DNA was isolated with Qia-
prep spin (Qiagen Inc.). To determine the amount (attograms) of double-
stranded DNA present in one copy of MIMIC DNA, the following equation was
used:

1 DNA molecule 5

x ag S 1 g
1018 agD S 1

4,870 bpD S 1 bp
660 g/molD S6.023 3 1023 molecules

mol D
Therefore, there are 5.3 ag of DNA in one PCR MIMIC molecule. Tenfold serial
dilution stock solutions of MIMIC were prepared ranging from 100 copies of
MIMIC (5.3 ag of DNA) to 107 copies of MIMIC (53 pg of DNA).

For all subsequent QPCRs, 1 ml of 1:5 dilution of target DNA extracted from
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the skin biopsies was used. An initial competitive PCR titration curve was
performed by coamplification of 1 ml of target DNA along with 1 ml of 10-fold
serial dilutions of the PCR MIMIC (ranging from 100 to 107 copies) in a 51-ml
reaction. PCR amplifications were carried out as described above, using the
primers gyrB 1F (59 ATGAATTATGTTGCTAGTAACATT-39) and gyrB 840R
(59-AACATGAGTTCCCCCTTCTCTTGT-39). Ten percent of the amplified
products were visualized on a 0.9% agarose gel. The approximate equivalency
point between the gyrB (840 bp) and MIMIC (970 bp) PCR products was
determined, and a more accurate and quantitative PCR was performed using 1
ml of twofold serial dilutions (1:2 to 1:64) of the equivalency point dilution of the
MIMIC along with 1 ml of target DNA. The PCR products were separated on a
0.9% agarose gel, and the resulting picture was analyzed with Scan Analysis
software (BioSoft, Ferguson, Mo.). The resulting optical densities of the MIMIC
and target DNA were plotted against femtograms of DNA, using Microsoft
Excel. The point of equivalency was determined as the point where the MIMIC
and target lines crossed. To quantitate the total number of DNA copies in the
sample, the amount of DNA measured from the graph was used in the above
equation, and this number was multiplied by a dilution factor of 500. Normal
tissue DNA was run as a control for carryover. QPCR was also performed on 108

IVCB according to the manufacturer’s protocol.
SDS-PAGE and Western blot analysis. Two-dimensional (2-D) gel electro-

phoresis of OMV proteins was performed as follows. OMV samples isolated
from 109 or 5 3 109 virulent and avirulent B31 and B313 organisms were
solubilized in 50 ml of isoelectric focusing sample buffer, separated in the first
dimension by nonequilibrium pH gel electrophoresis (NEPHGE) (42), then
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) in the second dimension (37), and transferred to a polyvinylidene diflu-
oride membrane (58) as previously described (52). Blots were either stained with
colloidal gold (AuroDye Forte; Amersham Corp., Arlington Heights, Ill.) or
subjected to Western blot analysis as previously described (52). All rabbit sera
were diluted 1:1,000, mouse anti-OspC sera were diluted 1:1,000 (antibody and
rOspC was kindly provided by Steven Callister, Gundersen Lutheran Medical
Center, La Crosse, Wis.) (45), anti-DbpA was diluted 1:3,000, and anti-DbpB
was diluted 1:2,000 (both lipidated recombinant His6 fusion proteins and anti-
bodies were kindly provided by Magnus Hook, Texas A&M University, Houston)
(32).

ELISA. Enzyme-linked immunosorbent assay (ELISA) was performed as pre-
viously described (29) to determine anti-OspA, anti-OspC, and anti-DbpA titers
of basal, prechallenge, and postchallenge sera against lipidated rOspA, recom-
binant pinpoint fusion-OspC, and lipidated recombinant His6-DbpA (100 ng of
antigen/well), respectively.

Borreliacidal assay. Borreliacidal assays were performed in duplicates in a
final volume of 100 ml in 96-well microtiter plates (22). Sera were heat inacti-
vated at 56°C for 30 min. Test sera were serially diluted 1:2 to 1:640 in NRS to
a final volume of 10 ml. Each reaction suspension contained 25 ml of guinea pig
complement (Sigma Chemical Co., St. Louis, Mo.), 20 ml of virulent low-passage
B31 or B313 (5 3 107/ml) in 50% BSK II-PBS, and 45 ml of PBS, which resulted
in a final concentration of 106 B. burgdorferi, 10% test serum or NRS, 25% guinea
pig serum, 55% PBS, and 10% BSK II. Because B313 has been observed to
aggregate in culture and since infection-immune rabbit serum required a longer
period of time to kill strain B31, the reaction mixtures were incubated at 34°C for
6 h for assays using B. burgdorferi B313 and 20 h for assays using virulent B.
burgdorferi B31. After incubation, approximately 2 ml of material was transferred
aseptically to 175 ml of BSK II with a 96-prong clone maker, grown at 34°C for
2 weeks, and examined by dark-field microscopy for the presence of viable
organisms. Each assay was also tested for residual complement activity by the
addition of 50 ml of hemolysin-sensitized sheep red blood cells, followed by
incubation at 37°C for 30 min.

Statistical analysis. Mean log ELISA titers and symptom scores were com-
pared by the t test. Statistical significance was determined by P , 0.05. Confi-
dence intervals were determined for ELISA and borreliacidal titers.

RESULTS

OspA is down-regulated during rabbit infection. Montgom-
ery et al. have demonstrated by RT-PCR analysis that ospA
gene transcription is down-regulated in the infected mouse
(40). Barthold et al. have further shown that the infected
mouse ear is a source of HAB which does not elicit an antibody
response to OspA (7). We used RT-PCR to determine if ospA
gene transcription is also down-regulated in the skin of in-
fected rabbits. In these studies, flaB was used as a control to
represent constitutive transcription of a B. burgdorferi gene,
and a rabbit actin gene was used as an internal control for
extracted tissue. As shown in Fig. 1A, the levels of flaB tran-
scription detected in HAB and 107 IVCB were similar. In
contrast, the same samples showed that while ospA transcrip-
tion from IVCB was readily detectable, it was almost unde-

tectable in HAB. These results were also consistent with West-
ern blot studies using sera from two rabbits infected with either
;108 IVCB or ;108 HAB (Fig. 1B). Western blots of rOspA
probed with sera taken 21 days postinfection demonstrated a
major antibody response to OspA in the rabbit infected with
IVCB but almost undetectable OspA antibody in the rabbit
infected with HAB (Fig. 1B). The lack of OspA immune stim-
ulation in HAB-infected animals is again consistent with OspA
down-regulation during the first 7 days of rabbit infection.

Quantitation of HAB in infected rabbit skin. To determine
the number of organisms used for implant challenge, we used
QPCR to measure the number of copies of gyrB present in the
donor EM biopsy. In other studies, we determined that the
number of organisms in the infected rabbit skin plateaued at 7
to 14 days after infection (C. I. Champion, X. Y. Wu, D. R.
Blanco, J. N. Miller, and M. A. Lovett, unpublished data).
Therefore, in this study, skin punches were obtained 8 days
after infection for QPCR analysis. It was determined from the
initial PCR with 10-fold serial dilutions of MIMIC (107 to 100)
that molar equivalence of target DNA and MIMIC occurred
with 105 copies of MIMIC (data not shown). Further amplifi-
cation of the target DNA with twofold serial dilutions (1:2 to
1:16) of the 105 MIMIC stock showed that as the amount of
MIMIC (970 bp) decreased, a point of equivalence at which
there were approximately equal amounts of target DNA (840
bp) and MIMIC DNA was reached (Fig. 2 inset, lane 4; 1:4
dilution). The resulting titration curves of MIMIC and sample
DNA are shown in Fig. 2. The amount of B. burgdorferi DNA
measured in the target DNA at equivalency (point of cross-
over) was determined to be approximately 185 fg. Therefore,
there were 1.70 3 107 copies of gyrB in a 5-mm punch biopsy.
We calculated that IVCB contained approximately 17 times
more copies of gyrB than enumerated by dark-field microscopy
and spectrophotometric analysis (data not shown), similar to
previous observations that Borrelia hermsii isolated from mice
contains 13 to 18 copies of the chromosome (36). However, the
number of copies of the chromosome in HAB is not known.
QPCR was performed on a total of seven EM skin biopsies
used as the source of implant challenge; based on a potential 1
to 17 copies of gyrB per organism, there was a range of 1.4 3
106 to 2.3 3 107 HAB per skin biopsy. Therefore, in these
studies where each rabbit was challenged with six skin im-
plants, each rabbit received a total of 8.1 3 106 to 1.4 3 108

HAB.
Challenge with IVCB. The results of challenge of naive,

infection-immune, and OMV- and OspA-immunized rabbits
with intradermal injection of 6 3 104 IVCB are presented in
Table 1. Each of the naive control rabbits developed EM, was
skin biopsy positive at 8 days and 3 weeks after infection, and

FIG. 1. Down-regulation of OspA in HAB. (A) RT-PCR of ospA and flaB
from 107 IVCB (Bb) versus HAB. Rabbit actin was used as a control. (B)
Western immunoblot of rOspA using basal sera (lane B) or serum 21 days
postinfection (lane 21) from rabbits infected either by needle inoculation of ;108

IVCB (In vitro) or by implantation of ;108 HAB from EM lesion skin biopsies.
Markers to the left are in kilodaltons.
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had positive visceral cultures at 3 weeks. In contrast, the in-
fection-immune rabbits were completely protected against
IVCB infection as previously reported (28, 29).

Each of the rabbits immunized with OspA developed EM
after challenge with IVCB. By 3 weeks postchallenge, four of
the five rabbits had positive skin cultures, and two of five had
disseminated infection; these findings were statistically insig-
nificant compared to those for the naive rabbits (P 5 0.34). We
also considered the outcomes of intradermal challenge in in-
dividual rabbits as a four-point symptom score based on
whether EM developed, whether the skin biopsies were posi-
tive at day 8 and at 3 weeks, and whether visceral infection was
present at 3 weeks. Viewed in this manner, disease manifesta-
tions were milder in the rOspA-immunized rabbits than in the
naive controls (P 5 0.001). These results are in accord with our
previous findings that OspA immunization confers only modest
protection against IVCB in the rabbit model (29).

Immunization with OMV derived from avirulent B. burgdor-
feri strain B31 also conferred modest protection against IVCB.
This group exhibited less EM (one of five rabbits) than the
OspA-immunized and naive control groups. In addition, only
two of five rabbits had skin infection, and one of five rabbits
had disseminated infection 3 weeks postchallenge. However,
the symptom score was not significantly different from that of
the OspA-immunized group (P 5 0.12).

By comparison, rabbits immunized with OMV from virulent
strain B31 exhibited highly significant protection against
IVCB, as EM did not develop and only one of the five rabbits
had a positive culture at 8 days but no skin or disseminated
infection at 3 weeks postchallenge. These findings indicate that
although in the one animal skin infection was established 8
days postchallenge, there was an acceleration in the clearance
of organisms which ultimately resulted in the resolution of
infection. The symptom score of this group was not signifi-

cantly different from that of the infection-immune group (P 5
0.33).

Rabbits immunized with OMV from the avirulent B31 de-
rivative B313 (46), which lacks DbpA, OspA, OspB, and OspD,
also exhibited highly significant protection. While none of
these rabbits developed EM, two of five had culture-positive
skin biopsies at 8 days postchallenge, which was statistically

FIG. 2. Representative QPCR of the number of B. burgdorferi present in skin implant challenge. The inset shows results of QPCR of twofold serial dilutions of the
105 MIMIC stock. Lane 1, target sample without MIMIC; lane 2, undiluted 105 MIMIC stock; lane 3, 1:2 dilution of 105 MIMIC; lane 4, 1:4 dilution; lane 5, 1:8 dilution;
lane 6, 1:16 dilution. The graph shows optical density scan areas of the MIMIC (competitor) and target DNA. The point of crossover is 185 fg of DNA, which equates
to ;1.70 3 107 organisms, assuming one copy of the chromosome per organism.

TABLE 1. EM and culture results of challenge
with IVCB and HAB

Immunization Chal-
lengea

EM lesionsb

(no. positive/
no. tested)

No. of rabbits with
positive cultures/

no. in group Symptom
scored

Skin Viscerac

3 wk8 day 3 wk

rOspA IVCB 5/5 1/5 4/5 2/5 12/20
Avirulent B31 OMV IVCB 1/5 3/5 2/5 1/5 7/20
Virulent B31 OMV IVCB 0/5 1/5 0/5 0/5 1/20
B313 OMV IVCB 0/5 2/5 0/5 0/5 2/20
Infectione IVCB 0/3 0/3 0/3 0/3 0/12
Naive IVCB 5/5 5/5 5/5 5/5 20/20
rOspA HAB 5/5 5/5 5/5 5/5 20/20
Avirulent B31 OMV HAB 3/5 5/5 5/5 5/5 18/20
Virulent B31 OMV HAB 5/5 5/5 5/5 5/5 20/20
B313 OMV HAB 5/5 5/5 5/5 5/5 20/20
Infectione HAB 0/3 0/3 0/3 0/3 0/12
Naive HAB 5/5 5/5 5/5 5/5 20/20

a Rabbits were challenged by intradermal inoculation with 6 3 104 IVCB or by
implantation of EM skin biopsies containing approximately 8.1 3 106 to 1.4 3
108 HAB.

b EM lesions appeared 6 to 13 days postchallenge; rabbits were scored positive
if any of the six sites developed EM lesions.

c Viscera were scored positive if any of the joints, popliteal lymph nodes, spinal
cord, or spleen tissues were culture positive.

d Total number of symptoms of EM, 8-day skin, and 3-week skin and visceral
cultures/total possible score.

e Infection-derived immunity.
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significant from the result for the naive animals (P 5 0.04).
However, by 3 weeks postinfection, none of the rabbits had
skin or visceral infection. The symptom score of the B313
OMV-immunized group also was not significantly different
from that of the infection-immune group (P 5 0.15).

Challenge with HAB. Table 1 details the outcomes of HAB
implant challenge of naive, infection-immune, and OMV- and
OspA-immunized rabbits. Naive rabbits were fully susceptible
to development of EM lesions and had positive skin cultures at
8 days after challenge. At the time of sacrifice, 3 weeks after
challenge, each of the naive rabbits had positive skin biopsy
cultures and culture-positive viscerally disseminated infection.
The groups of rabbits immunized with OspA and with each of

the three OMV preparations were also fully susceptible to
HAB implant challenge. In contrast, the three rabbits with
infection-derived immunity exhibited complete protection;
none developed EM, and B. burgdorferi was not cultured from
skin or viscera. This finding has been further confirmed in a
recent study where five out of five B31 strain infection-immune
rabbits were completely immune to HAB challenge (Shang et
al., unpublished data).

Immunogenicity of individual OMV proteins. To assess the
specific antibody response against the OMV proteins used for
immunization, 2-D NEPHGE immunoblots were prepared
with OMV from 109 virulent B31, avirulent B31, and B313
organisms and then probed with corresponding prechallenge
antiserum. The protein constituents of the OMV preparations
are shown in Fig. 3A. We have previously described the OMV
proteins uniquely found in virulent strain B31 OMV but absent
in avirulent B31 OMV (52). The compositional analysis pre-

FIG. 3. Specific antibody responses to OMV proteins. (A) Gold stain of the
total protein profiles of 109 organism equivalents of virulent B31, avirulent B31,
and B313 OMV separated by 2-D NEPHGE. (B) Western immunoblot analysis
of similar OMV separated by 2-D NEPHGE probed with corresponding pre-
challenge serum. OspA (31 kDa) and OspB (32 kDa) are absent in strain B313.
Markers to the left are in kilodaltons; acidic and basic ends of gels are indicated
at the top. (C) Western immunoblot using anti-OspC, anti-DbpA, and anti-DbpB
sera against 1.5 3 107 avirulent B31 (AV), virulent B31 (V), and B313 (313)
strains of B. burgdorferi.
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sented here includes all OMV proteins, whereas previously,
only hydrophobic Triton X-114-phase protein extracts were
reported (52). It is apparent from Fig. 3A and B that B313
OMV lack numerous proteins found in virulent B31 and in the
avirulent B31 strain from which B313 was derived, including
OspA and OspB (46). In addition, Fig. 3C confirms that B313
does not express DbpA, consistent with the lack of linear
plasmid 54, which encodes DbpA (46). In contrast to the orig-
inal description of B313 (46), this strain now expresses OspC
(Fig. 3C). Western immunoblotting with the appropriate pre-
challenge sera demonstrated that immunizations with the three
OMV preparations resulted in the generation of antibodies to
most of their constituent proteins (Fig. 3B).

Comparison of OMV antigens recognized by IRS and pre-
challenge OMV antisera. Identical immunoblots of 2-D gels
containing OMV derived from 5 3 109 virulent B31 were
probed with IRS, antivirulent B31 OMV, and anti-B313 OMV
prechallenge sera in order to determine if there were qualita-
tive or quantitative differences in the antigens detected that
distinguished infection-derived immunity from the less protec-
tive responses elicited by immunization with B313 OMV and
virulent OMV (Fig. 4). Comparison of the probed virulent
OMV blots revealed that immunization with the virulent B31
OMV elicited a strong antibody response to each of the viru-
lent B31 OMV proteins. The amount of antibody binding, as
judged by the intensity of the anti-virulent OMV blot (5-s
exposure), was quantitatively and qualitatively greater than
that of IRS at the same dilution (30-s exposure). In contrast,
immunization with B313 OMV elicited antibodies to only a
small subset of virulent OMV proteins, including OspC (24
kDa). Interestingly, the protection afforded against IVCB by
B313 OMV immunization was comparable to that of B31 vir-
ulent OMV immunization (Table 1). Although immunization
with virulent B31 OMV resulted in higher-titered antibodies to
more virulent B31 OMV proteins than found in IRS, only
infection-immune rabbits were completely protected against
infection with HAB, supporting the hypothesis that antigens
other than those present in virulent B31 OMV were responsi-
ble for the far greater degree of protective immunity observed.

Borreliacidal activity of prechallenge sera. To determine if a
correlation could be established between serum borreliacidal
titers and degree of immunity, basal and prechallenge sera
from each rabbit were tested for borreliacidal activity against
both the IVCB virulent B31 and B313 strains. The geometric
means and upper and lower confidence intervals of the borre-
liacidal titers of five rabbits in each group are presented in
Table 2. Although the endpoint titers were not reached in
some animals, the prechallenge sera from OspA, avirulent and
virulent B31 OMV-immunized, and infection-immune rabbits
all had relatively high killing titers ($1:388 to 1:617) against
IVCB strain B31 compared to basal sera titers (1:10). Against
strain B313, anti-OspA sera showed no significant borreliacidal
activity (#1:10), consistent with the lack of OspA expression in
this strain. Avirulent OMV antisera exhibited relatively low
titers ($1:40) against B313, while virulent OMV antisera and
IRS showed higher titers ($1:58 and $1:144, respectively).
Although B313 OMV immunization generated antibodies with
significant in vitro killing titers against B313 ($1:273), the sera
did not kill B31 in vitro (#1:10). These results are similar to
previous growth inhibition studies using antisera against whole
cell lysates of B31 and B313 (46). The results of these borre-
liacidal assays indicate that high in vitro killing titers do not
correlate with protective immunity against B. burgdorferi infec-
tion.

Relationship of OspA, OspC, and DbpA antibody titers to
the outcomes of challenge. OspC (30, 31, 39, 44), DbpA (13,

35), and OspA (15, 24, 25, 50, 56) have been reported to be
protective immunogens. To address their contribution to the
protection conferred by immunization with OMV and by in-
fection-derived immunity, the titers of OspA, OspC, and DbpA
antibodies were determined by ELISA for each rabbit and
compared to the level of protection elicited in each immuni-
zation group. Figure 5A, D, and E shows that there were high
OspA titers in the average prechallenge sera of rabbits immu-
nized with OspA (1:588,134), avirulent B31 OMV (1:294,067),
and virulent B31 OMV (1:445,722), yet none of these rabbits
were protected against implant challenge using HAB (Table
1). In each of these groups, OspA titers declined over the
3-week period irrespective of whether infection resulted (Fig.
5). The completely susceptible naive control group developed
only a very weak response to OspA (#1:504) 3 weeks post-
challenge (Fig. 5C), providing further evidence that OspA is
down-regulated during early infection. The average prechal-

FIG. 4. Comparison of OMV antibodies and IRS to virulent OMV proteins
by Western immunoblot analysis of 2-D NEPHGE of 5 3 109 virulent B31 OMV
probed with IRS, anti-virulent OMV prechallenge serum (aVIROM), or anti-
B313 OMV prechallenge serum (aB313OM). IRS and aB313OM immunoblots
were exposed to film for 30 s, while the aVIROM immunoblot was exposed for
only 5 s. Markers to the left are in kilodaltons; acidic and basic ends of gels are
indicated at the top.
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lenge titers of antibody to OspA were also relatively low in the
completely protected infection-immune rabbits (1:73,873)
(Fig. 5B) compared to those found in rabbits immunized with
OspA or OspA containing OMV (1:610,885). Although the
B313 OMV-immunized animals lacked OspA antibodies (Fig.
3A), those challenged with cultivated organisms were pro-
tected against disseminated infection. Taken together, these
findings strongly suggest that although OspA can confer
partial protection against needle challenge using IVCB, as pre-
viously demonstrated in the rabbit (29), OspA antibodies are
not the basis of the superior protection observed in both in-
fection-immune rabbits and in rabbits immunized with virulent
B31 and B313 OMV.

Rabbits with no protection against HAB challenge (groups
immunized with OspA, avirulent and virulent B31 OMV, and
B313 OMV, and naive rabbits) had an increase in OspC titers
in the 21 days postchallenge period (Fig. 5C and D to F),
consistent with expression of OspC during multiplication of the
spirochetes. Rabbits with significant partial protection against
IVCB challenge, the groups immunized with virulent B31
OMV and B313 OMV, had OspC titers which declined during
the 3-week postchallenge period, suggesting limited multipli-
cation of spirochetes. Infection-immune rabbits with complete
protection against HAB challenge had no increase or decrease
in OspC titers (Fig. 5B), consistent with absence of spirochetal
multiplication. It is noteworthy that these infection-immune
rabbits had low prechallenge (#1:224) and 3-week postchal-
lenge (#1:198) OspC titers indistinguishable from the titers
found in basal sera (#1:141). Further, rabbits with the highest
prechallenge OspC titers, those immunized with virulent B31
(#1:6,964) and B313 OMV (1:6,063), were not protected
against HAB challenge. These findings suggest that OspC does
not play a major role in protection against HAB. Nonetheless,
these rabbits did have significant partial protection against
IVCB challenge, and a contribution of OspC antibodies to the
protection observed cannot be ruled out at this time.

Rabbits with no protection against HAB challenge (groups
immunized with OspA, avirulent and virulent B31 OMV, and
B313 OMV, and naive rabbits) showed a marked increase in
DbpA titers in the 21-day postchallenge period (Fig. 5A, C,
and D to F). Contrasted with the serologic findings with OspA
described above, which clearly relate to down-regulation of
OspA synthesis in the rabbit, these findings with DbpA appear
consistent with its up-regulation during rabbit infection, as is
the case for infection of mice (13). Rabbits with significant
partial protection against IVCB challenge included the group
immunized with virulent B31 OMV. In this case, DbpA titers
fell during the 3-week postchallenge period, again suggesting
limited multiplication of the spirochete or possibly limited
DbpA synthesis. Findings with the groups of rabbits immu-
nized with B313 OMV are of particular interest. These rabbits
had no protection against the HAB challenge, and DbpA titers

rose comparably (1:3,031) (Fig. 5F) to the titers in the naive
rabbits postchallenge (1:6,063). However, in the B313 group
which showed significant protection against IVCB, there was
no increase from basal DbpA antibody titers (#1:125); this
observation is consistent with very limited if any multiplication
of the spirochete. Clearly, the significant protection conferred
by B313 OMV against IVCB challenge was not due to DbpA
antibodies, since B313 lacks DbpA. While infection-immune
rabbits had the highest average prechallenge titers to DbpA
(1:5,695), it should be noted that the groups of rabbits immu-
nized with virulent B31 OMV had DbpA mean titers which
were severalfold lower (#1:1,137) but whose upper confidence
intervals (1:2,337 to 1:3,073) almost approximated the lower
confidence interval of the infection-immune groups (3,175 to
4,000). However, the biological differences between the infec-
tion-immune group and the virulent B31 OMV-immunized
groups were profound, with infection-immune rabbits being
completely resistant to infection with 107 to 108 HAB, while
virulent B31 OMV rabbits were completely susceptible.

DISCUSSION

There has been growing recognition that there are critical
differences between IVCB and mammalian HAB that are rel-
evant to understanding pathogenesis and immunity in Lyme
disease. By using mouse ear tissue as a source of HAB, Bar-
thold and colleagues showed that OspA vaccination prevented
infection with IVCB but not HAB (7). These pioneering ex-
periments established the need to determine whether candi-
date vaccinogens conferred protection against HAB. Subse-
quent work by Barthold et al. indicated that the differences
between IVCB and HAB extended beyond the down-regula-
tion of OspA. Mice passively immunized with serum from
chronically infected mice (which lack OspA antibodies) were
protected against IVCB but were fully susceptible to infection
with HAB. Further, immunity against HAB appears to be
strain specific (4). The molecular basis for this distinction be-
tween immunity against IVCB and HAB is unknown.

Considerable effort has therefore been directed toward the
identification of B. burgdorferi proteins which are up-regulated
during mammalian infection, a variety of which have been
reported (1, 2, 13, 14, 17, 26, 47, 54, 55, 59, 63–65). Cassatt and
coworkers recently used spirochetes recovered from infected
mouse plasma to demonstrate that DbpA is on the surface of
HAB, which to date is the only protein defined in this manner
(13). Infection of the mouse (8), like human infection (21), is
characterized by the presence of HAB in numbers insufficient
for isolation of B. burgdorferi from tissue for biochemical anal-
ysis. When viewed in this context, the finding presented in this
report, that remarkably large numbers of HAB are present in
biopsies of rabbit EM, could have significant implications for
future identification and analysis of HAB molecules.

TABLE 2. Borreliacidal titers of prechallenge sera

Immunization

Geometric mean reciprocal borreliacidal titera (confidence interval)

Virulent B31 B313

Basal Prechallenge Basal Prechallenge

rOspA #10 (#10–10) $538 ($437–662) #10 (#10–10) #10 (#10–10)
Avirulent B31 OMV #10 (#10–10) $617 ($575–663) #10 (#10–10) $40 ($20–80)
Virulent B31 OMV #10 (#10–10) $483 ($353–661) #10 (#10–10) $58 ($23–145)
B313 OMV #10 (#10–10) #10 (#10–10) #10 (#10–10) $273 ($148–504)
Infectionb #10 (#10–10) $388 ($279–538) #10 (#10–10) $144 ($67–310)

a Determined on in vitro-cultivated virulent B31 or strain B313. Outgrowth of Borrelia was determined after 2 weeks.
b Infection-derived immunity.
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As we have previously described, the appearance of EM is a
consistent feature of intradermal injection of IVCB in the
rabbit (28). In this study, EM also resulted after intradermal
implantation of HAB-containing rabbit skin. Assuming that
there is one copy of gyrB per organism, our studies have shown
that there are approximately 2.3 3 107 organisms per 5-mm
punch biopsy used for implantation. Although we determined
that there are approximately 17 copies of gyrB present in
IVCB, without the precise enumeration of HAB in rabbit tis-
sue, the exact number of copies of the chromosome in HAB
cannot be determined. However, based on a potential 1 to 17
copies of gyrB per IVCB, there could be between 1.4 3 106 to
2.3 3 107 HAB/5-mm punch biopsy. Therefore, in these studies
where rabbits were challenged with six skin implants, the min-
imum HAB challenge dose would be 8.1 3 106 to 1.38 3 108

organisms. The large numbers of HAB found in EM (approx-
imately 108 organisms/cm2) have been highly reproducible. We
routinely produced EM at six to eight sites on the back by

injection of 103 to 106 B. burgdorferi at each site (28, 29). A
large portion of the back becomes erythematous, and over
1010 HAB are present in the skin of the rabbit back at the time
that EM appears (Champion et al., unpublished). In addition,
abundant spirochetes have been readily demonstrable in sec-
tions of EM by immunostaining (Chong and Miller, unpub-
lished). These numbers of B. burgdorferi in the rabbit model far
surpass those found in ticks (5 3 104) (12) and mice. Barthold
and coworkers reported that 2 to 8 weeks following injection
with 104 IVCB into the skin, 1.5-mm punch biopsies of the
mouse ear typically contained less than 640 host-adapted spi-
rochetes, which is approximately 2 logs less than the number
injected (7). The greatest numbers of B. burgdorferi previously
reported have related to foci of infection in the ear (7), the
ankle joint (4.3 3 105) (62), and the heart (2.2 3 106) (62).
C3H/HeN mice treated with interleukin-12 monoclonal anti-
bodies had over 105 spirochetes detected per ear by semiquan-
titative PCR at 2 weeks after infection, and about 105 spiro-

FIG. 5. Reciprocal ELISA titers of rabbits that were immunized with OspA (A), infection immune (B), naive (C), immunized with avirulent OMV (D), immunized
with virulent OMV (E), and immunized with B313 OMV and challenged with either IVCB (in vitro) or HAB.
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chetes detected per ear in untreated mice (3); at 60 days after
infection, numbers of spirochetes were approximately 1 order
of magnitude less. Ma et al. (38) and Yang et al. (62), using
semiquantitative PCR, reported that the average number of
spirochetes in the ankle joints of C3H/HeJ mice 4 weeks
postinfection ranged from 4.3 3 105 (62) to 6.4 3 105 (38). In
contrast, injection of rabbits with 107 IVCB resulted in 5-mm
skin biopsies containing 106 to 107 HAB, which is comparable
in numbers to what was injected. Thus, the rabbit represents
the only animal to date where very large numbers of HAB
occur and therefore is a rich source for these organisms. It is
conceivable that the large numbers of organisms in rabbit skin
may be related to EM production, which is a consistent feature
of the rabbit model. Whether large numbers of organisms
similarly occur in human EM has not been determined but
certainly can be addressed by the methods described in this
study.

The numbers of HAB found in rabbit skin are of interest in
relation to the basic features of the rabbit model of Lyme
disease. Infection of the mouse is chronic (6) and is cleared
only by antimicrobial treatment (41). As considered above, the
numbers of HAB are relatively small, and HAB are concen-
trated in the ear, ankle joint, and heart (8, 62). Antiserum from
chronically infected mice does not confer protection against
HAB (4). Chronically infected mice treated with ceftriaxone
were partially protected against HAB ear implant challenge
with spirochetes of the homologous, but not heterologous,
strains (4). In contrast, the skin of rabbits is highly permissive
for multiplication of HAB, and within a few months of infec-
tion, rabbits have cleared the infection and exhibit complete
protection against reinfection with 8 3 107 IVCB of the same
strain (28), the highest numbers tested. The data presented in
this study represent the first report of complete protection
against HAB implant challenge. While infection-immune rab-
bits are completely protected against infection with a challenge
of 8.1 3 106 to 1.4 3 108 HAB, DbpA-immunized mice were
only partially protected against a challenge of six to eight HAB
derived from plasma of spirochetemic mice (13). Relative to
infection in mice, the rabbit is remarkably permissive for HAB
multiplication yet able to clear the infection, and it becomes
remarkably resistant to reinfection. Although OspA is down-
regulated in both rabbit and mouse tissues, which designates
the organisms as HAB, it remains to be determined whether
the protein composition of HAB found in rabbit skin differs
from that found in the infected mouse ear.

Infection-derived immunity in the rabbit model is based on
humoral antibody (Chong and Miller, unpublished), as is pas-
sive protection against IVCB in the mouse (5). While the
protection induced by immunization with virulent strain B31
OMV and B313 OMV in this study was significant, and will be
considered below, the protection provided by infection-derived
immunity was quantitatively far superior. Rabbits with infec-
tion-derived immunity were fully protected against challenge
with at least 8.1 3 106 to 1.4 3 108 HAB; rabbits immunized
with virulent strain B31 and B313 OMV had highly significant
but still incomplete protection against 6 3 104 IVCB. To ad-
dress the basis of the markedly different degrees of protection
observed in these immune/immunized groups, we assessed
their antibody levels to OMV proteins by immunoblotting and
to OspA, OspC, and DbpA by ELISA.

Both the rabbits with infection-derived immunity and the
rabbits immunized with virulent B31 OMV had antibodies to
each of the OMV proteins found in B31 OMV. However, it is
strikingly evident in the immunoblots shown in Fig. 4 that the
titers of antibodies to individual OMV proteins were far lower
in the case of the infection-immune rabbits. It is possible that

key protective epitopes were denatured during the course of
SDS-PAGE and immunoblot preparation. It is also possible
that the composition of HAB OMV differs markedly from that
of virulent B31 cultivated in vitro. Based on the assumption
that humoral antibody is responsible for protection, the bor-
reliacidal assay findings support the latter possibility. When vir-
ulent strain B31 was used as the killing target, high borreliacidal
titers were achieved even in the case of immunization with
OMV derived from avirulent strain B31. Nonetheless, very
little protection was conferred by immunization with avirulent
B31 OMV. The simplest explanation for these discordant find-
ings is that the use of IVCB as a killing target is not reflective
of the surface antigenic structure of HAB. The evidence pre-
sented in this study showed that OspA is down-regulated dur-
ing rabbit infection, and the presence of OspA on IVCB used
in the borreliacidal assays almost certainly was a factor in the
generation of high borreliacidal titers by virulent and avirulent
B31 OMV. The findings in this study corroborate our previous
report that while high antibody titers follow immunization with
OspA in the rabbit, the protection conferred against IVCB is
modest (29). This study also confirmed that, as in the mouse,
OspA antibodies confer no protection against infection with
HAB.

While the concept that antigens unique to HAB are optimal
targets of protective antibody is appealing and is supported by
both Barthold and colleagues’ studies (4, 7) and the findings of
this report, the molecules currently known to be up-regulated
or uniquely expressed during mouse infection have not shown
great potential as protective immunogens. Among the best
studied of such molecules is OspC, which has limited surface
exposure (16) and is at least partially subsurface (10). The
temperature of the blood meal induces up-regulation of OspC
synthesis in the tick (47, 54). OspC is known to be highly
variable among strains of B. burgdorferi (43, 57, 60, 61). While
some studies showed some degree of protection against certain
strains (30, 31, 39, 44), it has been shown for strains N40 and
297 that even homologous protection is not conferred (10).
However, Gilmore and Mbow have recently demonstrated that
OspC from strain B31 has heat-sensitive conformational pro-
tective epitopes (31). Our findings in this study corroborate
those obtained for mice. OspC ELISA titers in naive rabbits
rise significantly in the 3 weeks after infection, in contrast to
OspA titers, which fall during the 3 weeks following infection.
However, OspC titers in the infection-immune rabbits were
indistinguishable from the basal titers obtained prior to the
initial infection. Further, while prechallenge OspC titers were
highest in rabbits immunized with B313 and with virulent B31
OMV, these groups exhibited no protection against HAB. It
therefore appears that OspC antibodies are not a significant
factor in protection against HAB. Nonetheless, a role of OspC
in the protection conferred by B313 OMV against IVCB chal-
lenge cannot be excluded by our studies.

The temperature of a blood meal also enhances expression
of the surface lipoprotein, DbpA (13), an adhesin which me-
diates binding to the collagen-associated protein, decorin (33,
35). Elegant proof has recently been provided that B. burgdor-
feri organisms isolated from the blood of spirochetemic mice
have DbpA, but not OspA, on their surface (13). Partial pro-
tection against infection with HAB has been reported by Cas-
satt et al. (13) using plasma from spirochetemic mice as the
source of HAB. Because of the low numbers of HAB in
plasma, mice immunized with DbpA were challenged with six
to eight spirochetes. Six of 20 DbpA-immunized mice became
infected with this minimal challenge; this study also noted that
the DbpA-immunized mice were susceptible to a challenge
with 104 IVCB, in contrast to previous findings (23, 34, 35). In
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the present study, the rise in DbpA titers evident 3 weeks after
infection of naive rabbits was indicative of its expression during
infection. The rabbits with infection-derived immunity had the
highest prechallenge DbpA titers. Rabbits immunized with
virulent B31 OMV had DbpA titers approximately four times
lower than those of the infection-immune rabbits, and there
was almost an overlap between the upper confidence level of
the former and the lower confidence level of the latter. The
challenge results seem discordant with the vast disparity in
degree of protection between the infection-immune and viru-
lent strain OMV-immunized groups. It should also be noted
that OMV from strain B313, which lack DbpA, conferred sig-
nificant partial protection against IVCB which was indistin-
guishable from that conferred by virulent strain B31 OMV.
Taken together, our findings imply that DbpA is not a major
protective immunogen in the rabbit model, but such a conclu-
sion could only be rigorously drawn by immunization with
DbpA and challenge with HAB and IVCB.

Protection against B. burgdorferi infection by immunization
with OMV has not been previously reported. We have shown
that four of five virulent B31 OMV-immunized and three of
five B313 OMV-immunized rabbits were completely protected
against IVCB challenge. In one of five virulent B31 OMV-
immunized and two of five B313 OMV-immunized rabbits, the
skin infection observed at 8 days postchallenge was rapidly
cleared, and at 3 weeks postchallenge, no skin or disseminated
infection was observed. The finding that B313 OMV conferred
significant partial protection against challenge with 6 3 104

IVCB was unexpected. For reasons considered above, we can-
not exclude the possibility that OspC antibodies were a pri-
mary basis of this protection. However, the fact that OspC
antibodies were clearly not a factor in protection against HAB
infection does not support this conclusion. Because B313 lacks
OspA and DbpA, there is a strong possibility that the protec-
tion against IVCB is conferred by a previously unrecognized
protective immunogen. The protein composition of B313 OMV is
a small subset of that of virulent B31 and avirulent B31 OMV, as
indicated in Fig. 3A. We are currently investigating the molec-
ular basis of the protection conferred by B313. In this regard,
it should be noted that B313 OMV antisera did not exhibit
bactericidal activity against OspA-expressing B31 strain organ-
isms. It has been reported that the presence of OspA prevents
binding of antibodies directed against p66 (11), a porin also
known as Oms66 (51). We have recently found that antibodies
against native Oms66 have potent bactericidal activity against
B313 but have no killing activity against B31 (22).

The protection conferred by virulent B31 OMV was indis-
tinguishable from that conferred by B313 OMV. OspA immu-
nization resulted in OspA titers that did not differ from those
achieved by immunization with virulent B31 OMV, yet the
OspA-immunized group had far less protection. Whether the
similar protection observed in the virulent B31 OMV- and
B313-immunized groups has the same molecular basis remains
to be determined. In this regard, immunization with B31 OMV
did generate borreliacidal antibodies against B313. It is cer-
tainly possible that IVCB have several previously undescribed
protective immunogens, and the amount and relative surface
accessibility of these proteins may vary considerably among
virulent B31 and its avirulent derivatives. There is currently no
evidence to link protein constituents of IVCB to the immuno-
gens expressed by B. burgdorferi in vivo that induce protection
against HAB infection, but the possibility that minor constit-
uents of the outer membrane of IVCB become markedly up-
regulated during infection should be considered, as it could
also explain our observations regarding protective immunity.

The remarkably high numbers of HAB found in rabbit EM

present an opportunity to identify the B. burgdorferi surface
molecules up-regulated during rabbit infection and ultimately
to determine their relationship to the basis of infection-derived
immunity. Such studies are in progress in our laboratory.
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