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Abstract

 

There is now substantial evidence that 

 

Borrelia burgdorferi

 

,
the Lyme disease spirochete, undergoes major alterations in
antigenic composition as it cycles between its arthropod and
mammalian hosts. In this report, we cultivated 

 

B. burgdor-
feri

 

 297 within dialysis membrane chambers implanted into
the peritoneal cavities of rats to induce antigenic changes
similar to those which occur during mammalian infection.
Chamber-grown spirochetes, which remained fully virulent,
did not express either outer surface protein A or Lp6.6, lipo-
proteins known to be downregulated after mammalian in-
fection. However, they did, express p21, a well character-
ized outer surface protein E homologue, which is selectively
expressed during infection. SDS-PAGE, two-dimensional
gel electrophoresis, and immunoblot analysis revealed that
chamber-grown borreliae also expressed uncharacterized
proteins not expressed by in vitro–cultivated spirochetes;
reactivity with sera from mice chronically infected with

 

B. burgdorferi

 

 297 confirmed that many of these novel pro-
teins are selectively expressed during experimental murine
infection. Finally, we used differential display RT-PCR to
identify transcripts of other differentially expressed 

 

B. burg-
dorferi

 

 genes. One gene (

 

2.9-7lpB

 

) identified with this tech-
nique belongs to a family of genes located on homologous
32- and 18-kb circular plasmids. The lipoprotein encoded by

 

2.9-7lpB

 

 was shown to be selectively expressed by chamber-
grown spirochetes and by spirochetes during experimental
infection. Cultivation of 

 

B. burgdorferi

 

 in rat peritoneal im-
plants represents a novel system for studying Lyme disease
spirochetes in a mammalian host-adapted state. (

 

J. Clin. In-
vest.

 

 1998. 101:2240–2250.) Key words: host-adapted 

 

• 

 

cham-
ber implants 

 

• 

 

ticks 

 

• 

 

Borrelia burgdorferi

 

 

 

• 

 

outer surface
protein

 

Introduction

 

Lyme disease (Lyme borreliosis) is a tick-borne multisystem
infection caused by several species of spirochetes which have
been grouped into the 

 

Borrelia burgdorferi

 

 sensu lato complex
(1, 2). In North America, the 

 

B. burgdorferi

 

 sensu stricto geno-

species is the most common etiologic agent of this disorder.
The Lyme disease spirochete is maintained in nature via a
complex enzootic cycle which typically involves wild rodents
and ticks of the genus 

 

Ixodes

 

 (3, 4). To maintain this cycle, 

 

B.
burgdorferi

 

 must adapt physiologically to two markedly differ-
ent host milieus; during mammalian infection, the bacterium
also presumably must express virulence determinants which
are essential for disease pathogenesis. Consistent with these
notions, there is now a substantial body of evidence that 

 

B.
burgdorferi

 

 undergoes major alterations in antigenic composi-
tion as it cycles between its arthropod and mammalian hosts.
In this regard, the reciprocal changes in outer surface protein
(Osp)

 

1

 

 A and OspC that occur during tick feeding have be-
come a paradigm for differential gene expression by the Lyme
disease spirochete (5–8). Other differentially expressed 

 

B.
burgdorferi

 

 proteins described in recent years include EppA,
p35, p37, the OspE homologue p21, the OspF homologues
BbK2.10 and pG, and Lp6.6. Of these, Lp6.6 is thought to be
specific for the arthropod phase of the enzootic cycle (Schoe-
ler, G.B., and S.K. Wikel, unpublished observations), whereas
the others appear to be expressed exclusively during mamma-
lian infection (9–14).

Environmental cues such as nutrient availability, pH, os-
molarity, O

 

2

 

, CO

 

2

 

, reactive oxygen and nitrogen compounds,
inorganic ion concentrations, and temperature can influence
the expression of bacterial virulence determinants (15, 16). In
the case of 

 

B. burgdorferi

 

, a transition from ambient to mam-
malian body temperature has been shown to induce the ex-
pression of OspC, OspE, and OspF (5, 17). Unidentified sig-
nals other than temperature also appear to modulate the
expression of borrelial genes. For example, in contrast to
OspC, expression of OspA and OspB is not affected by tem-
perature shift (5). Moreover, transcript for p21 was not de-
tected in experimentally infected mice until 21 d after infec-
tion; this time course is inconsistent with the regulation of the
gene primarily by thermal stimuli (18). The appearance of new
IgM antibodies and the expansion of the IgG response to bor-
relial antigens during human infection also suggest that diverse
stimuli influence gene expression in the Lyme disease spiro-
chete (19, 20).

The term host-adapted has been coined to designate the
antigenic and structural changes which Lyme disease spiro-
chetes undergo during and subsequent to tick transmission (6,
21–23). Because of the paucibacillary nature of Lyme disease
and the fact that spirochetes isolated from infected tissues re-
vert to the in vitro phenotype during cultivation, it has been
difficult to study borreliae in the host-adapted state. An alter-
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native approach for obtaining host-adapted spirochetes is to
use a chamber implant system modeled after those used previ-
ously to study other bacterial pathogens in vivo (24, 25). Other
investigators have used chamber implant models to study vari-
ous aspects of Lyme disease pathogenesis, however, the steel
net or Teflon chambers implanted subcutaneously in these
earlier reports were not used to study antigenic changes which
occur in spirochetes during infection (26, 27). Recently, de
Silva et al. (23) reported that Lyme disease spirochetes un-
dergo host-adaptive changes during cultivation within plastic
ring chambers implanted into the peritoneal cavities of mice;
however, the small numbers of organisms obtained in this
manner precluded subsequent antigenic analysis. To circum-
vent this problem, we cultivated borreliae within dialysis mem-
brane chambers (DMCs) implanted intraperitoneally into rats.
Our findings represent the first direct demonstration that the
mammalian host environment induces global alterations in
protein composition and gene expression within 

 

B. burgdor-
feri.

 

 Cultivation of 

 

B. burgdorferi

 

 in rat peritoneal implants has
the potential to become a new model system for studying
Lyme disease pathogenesis.

 

Methods

 

Bacterial strains and plasmids.

 

Low-passage 

 

B. burgdorferi

 

 297 that
was originally isolated from the cerebrospinal fluid of a Lyme disease
patient with meningitis (28) was obtained from Russell Johnson (Uni-
versity of Minnesota). All experiments were performed with spiro-
chetes which had been passaged no more than three times in Bar-
bour-Stoenner-Kelly II (BSKII) medium (29) after infectivity testing
by low-dose (10

 

3

 

 borreliae) needle inoculation of 3-wk-old C3H/HeJ
mice (Jackson Laboratory, Bar Harbor, ME). Spirochetes were culti-
vated in vitro at 23, 34, or 37

 

8

 

C after temperature shift from 23

 

8

 

C as
described previously (5, 17).

 

Escherichia coli. E. coli

 

DH5

 

a

 

 (GIBCO BRL, Gaithersburg,
MD) was used for all transformation experiments. Strains and trans-
formants were grown on yeast–tryptone agar or broth supplemented
with the appropriate antibiotic. Plasmids pGEX-2T and pGEX-4T-2
(30) (Pharmacia LKB Biotechnology, Piscataway, NJ) were used for
generating glutathione 

 

S

 

-transferase (GST) fusion proteins. The
pCRII vector (Invitrogen, San Diego, CA) was used for cloning dif-
ferential display reverse transcriptase PCR (ddRT-PCR) products.

 

Implantation of DMCs.

 

A Spectra/Por dialysis membrane (Spec-
trum Medical Industries Inc., Los Angeles, CA) with a mol wt cut-off
of 5,000 was sterilized by boiling for 20 min in sterile water containing
5 mM EDTA. Dialysis bags were allowed to cool in BSKII medium
and tied at one end. Each bag was then filled with 5 ml of BSKII me-
dium containing 10

 

3

 

 in vitro–cultivated organisms from a midlog-
phase culture; the tubing was then tied and excess membrane was re-
moved from both ends. 4–6-wk-old Sprague-Dawley rats (Harlan
Sprague-Dawley Inc., Indianapolis, IN) were anesthetized by subcu-
taneous injection of a mixture of ketamine (50 mg/ml), xylazine (5 mg/
ml), and acepromazine (1 mg/ml) at a dose of 1 ml/kg of body weight.
Using strict aseptic technique, DMCs were then implanted into the
rat peritoneal cavities. In most experiments, DMCs were harvested
192 h after implantation. The outside of each chamber was washed
extensively with sterile BSKII medium and then the contents were re-
moved by syringe aspiration.

 

Analysis of B. burgdorferi growth kinetics.

 

Duplicate 5-ml portions
of BSKII medium, containing 10

 

3

 

 midlog-phase organisms, were incu-
bated at 23, 34, or 37

 

8

 

C (after temperature shift from 23

 

8

 

C). 16 DMCs
were implanted separately into the peritoneal cavities of rats as de-
scribed above. At designated time points, implants were removed and
spirochetes were harvested. Spirochetes were enumerated by dark-
field microscopy using a Petroff–Hausser counting chamber (Hausser

Scientific Co., Horsham, PA). Numbers of spirochetes at each time
point were expressed as the average of duplicate samples.

 

Comparison of infectivity of in vitro– and DMC-cultivated spiro-
chetes.

 

Spirochetes cultivated in BSKII medium at 34

 

8

 

C or 8 d after
implantation into DMCs were quantitated using a Petroff–Hausser
(Hausser Scientific Co.) counting chamber and then injected intrader-
mally into groups of five C3H/HeJ mice at doses of 10, 10

 

2

 

, 10

 

3

 

, and
10

 

4

 

 spirochetes per mouse. 2 wk after the challenge, mice were tested
for infection by culturing ear-punch biopsies at 34

 

8

 

C in BSKII me-
dium containing amphotericin B (2.5 

 

m

 

g/ml) and rifampin (50 

 

m

 

g/ml)
(31).

 

Cloning of the ospE and p21 genes from B. burgdorferi 297 and
construction of GST fusion proteins.

 

To clone the 

 

ospE

 

 gene from

 

B. burgdorferi

 

 297, a probe was PCR-amplified from strain 297 ge-
nomic DNA using forward and reverse primers (5

 

9

 

-TGTAAAAAT-
CATACTTTATATGATGG-3

 

9

 

 and 5

 

9

 

-CTCCTGTATTTTTAACT-
TCTA-3

 

9

 

, respectively) based upon the previously reported 

 

B. burg-
dorferi

 

 N40 

 

ospE

 

 sequence (32). The resulting PCR product was gel-
purified, labeled with [

 

a

 

-

 

32

 

P]dCTP using the Boehringer Mannheim
(Indianapolis, IN) random primer DNA labeling kit, and used to
screen a strain 297 genomic library constructed in lambda ZapII (12).
Clones containing the strain 297 

 

p21

 

 gene were identified from the
same library using an oligonucleotide (5

 

9

 

-GCAAAGTAATAAT-
GAGTTAAAAGTTAAGCAAAG-3

 

9

 

) derived from the previously
reported N40 

 

p21

 

 sequence (11). The p21 oligonucleotide probe was
labeled with [

 

g

 

-

 

32

 

P]dATP using the Boehringer Mannheim 5

 

9

 

 end la-
beling kit.

Hybridizations were carried out overnight in 2

 

3

 

 Denhardt’s solu-
tion, 6

 

3

 

 SSC (1

 

3

 

 SSC is 0.15 M NaCl and 0.015 M sodium citrate),
1 mM EDTA, and 100 

 

m

 

g/ml of sonicated salmon sperm DNA at ei-
ther 65

 

8

 

C (ospE probe) or 42

 

8

 

C (p21 probe) in a rotating oven (Rob-
bin’s Scientific Corp., Sunnyvale, CA). After hybridization, the nitro-
cellulose filters were washed four times for 30 min each in 0.2

 

3

 

 SSC
(ospE) or 2

 

3

 

 SSC (p21) containing 0.1% SDS at a temperature 2

 

8

 

C
above the hybridization temperatures for the respective probes. Fil-
ters then were subjected to autoradiography at 

 

2

 

70

 

8

 

C for 24–48 h.
OspE- and p21-GST fusions were generated by directionally clon-

ing PCR-amplified DNA fragments encoding the mature forms of
each protein into the BamHI and SalI sites (

 

ospE

 

) or the BamHI and
EcoRI sites (

 

p21

 

) of the fusion vectors pGEX-4T-2 and pGEX-2T,
respectively. The DNA fragments were generated using purified plas-
mids encoding the strain 297 

 

ospE

 

 or 

 

p21

 

 genes as templates and the
following forward and reverse primers: 5

 

9

 

-CGCGGATCCTGTAA-
AAATCATACTTTATATGATGGG-3

 

9

 

 (BamHI site plus nucle-
otides 58–84) and 5

 

9

 

-CACCGTCGACCTCCTGTATTTTTAACT-
TCTA-3

 

9

 

 (SalI site plus nucleotides complementary to bases 537–
517) for 

 

ospE

 

 and 5

 

9

 

-GCGGGATCCTGCAAAATTCATACT-
TCATATG-3

 

9

 

 (BamHI site plus nucleotides 58–79) and 5

 

9

 

-GCG-
GAATTCCTTCTATTTTAAATTTTTTTTAAG-3

 

9

 

 (EcoRI site plus
nucleotides complementary to bases 561–538) for 

 

p21.

 

 2.9-7LpA- and
2.9-7LpB-GST fusion proteins were generated by directionally clon-
ing PCR-amplified DNA fragments encoding the mature forms of
each protein into the BamHI and EcoRI sites of pGEX-2T. The DNA
fragments were generated using purified plasmid encoding the strain
297 

 

2.9-7lpA

 

 and 

 

2.9-7lpB

 

 genes (33) as template and the following
forward and reverse primers: 5

 

9

 

-GGGGATCCTGCGCTGCTAAT-
GATACACAG-3

 

9

 

 (BamHI site plus nucleotides 2205–2225) and 5

 

9

 

-
GGGAATTCCCTTTTTCTTATGACTAATTATTGC-3

 

9

 

 (EcoRI site
plus nucleotides complementary to bases 2596–2572) for 

 

2.9-7lpA

 

 and
5

 

9

 

-GGGGATCCTGCAATGCTAATGATAATGATAC-3

 

9

 

 (BamHI
site plus nucleotides 2655–2677) and 5

 

9

 

-GGGAATTCGAGAAA-
TGTTTTTAGTTTTGCC-3

 

9

 

 (EcoRI site plus nucleotides comple-
mentary to bases 3244–3223) for 

 

2.9-7lpB.

 

 Construction of the recom-
binant 2.9-4Lp-GST fusion protein has been described previously
(33). The resulting GST fusions were purified by affinity chromatog-
raphy on an agarose-glutathione matrix according to manufacturer’s
instructions (Pharmacia LKB Biotechnology). For the production of
antiserum, the OspE, p21, 2.9-7LpA, and 2.9-7LpB portion of the re-
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spective GST fusion proteins were cleaved with thrombin from the
GST moiety while still bound to the agarose–glutathione matrix (34).
Thrombin was subsequently removed using benzamidine Sepharose

 

®

 

6B according to the manufacturer’s instructions (Pharmacia LKB
Biotechnology).

 

Immunological reagents.

 

To generate polyclonal antisera di-
rected against OspE, p21, 2.9-7LpA, and 2.9-7LpB, 4–6-wk-old
Sprague-Dawley rats were primed by intraperitoneal injection with
50 

 

m

 

g of the purified proteins in a 1:1 mixture of Freund’s complete
adjuvant. 4 wk later, the animals were boosted twice at 3-wk intervals
by the same route with 30 

 

m

 

g of protein in Freund’s incomplete adju-
vant. Sera from 

 

B. burgdorferi

 

-297–infected C3H/HeJ mice were ob-
tained 1, 2, 4, 8, 16, and 52 wk after syringe inoculation with 10

 

3

 

 spiro-
chetes; specimens from each time point were pooled.

mAbs directed against BbK2.10 (12H6-46) and OspF (10D7-42)
were generated using recombinant forms of the respective proteins
generated as GST fusions (12, 35). Female Balb/c mice were injected
intraperitoneally with 20 

 

m

 

g of purified protein in a 1:1 mixture of
Freund’s complete adjuvant and boosted three times at 1-mo inter-
vals with 10 

 

m

 

g of protein in a 1:1 mixture with Freund’s incomplete
adjuvant. The final immunization was administered intravenously
with 10 

 

m

 

g of protein in PBS (pH 7.4). Mice were killed 3 d later and
their spleens were removed for the production of hybridomas. Hy-
bridomas were screened by ELISA using the appropriate recombi-
nant protein, and their specificities were confirmed by immunoblot
analysis. mAb 240.7, which is directed against Lp6.6 (14, 36), was pro-
vided by Laura Katona and Gail Habicht (SUNY at Stony Brook,
Stony Brook, NY). mAb 9B12, used as a negative control for the indi-
rect immunofluorescence analyses (see below), is specific for a 34-kD
lipoprotein of 

 

Treponema pallidum

 

 (37). mAbs 9A4-40, 14D2-27, and
1H6-33, which are directed against a 22-kD polypeptide (p22), OspA,
and flagellin, respectively, were generated by immunizing a Balb/c
mouse with 

 

B. burgdorferi

 

 B31 whole-cell lysates. All mAbs were of
the IgG

 

1

 

 isotype.

 

Indirect immunofluorescence.

 

10-

 

m

 

l droplets from cultures con-
taining midlog-phase organisms cultivated in vitro at 34

 

8

 

C or har-
vested from DMCs 7 d after inoculation were applied to chromic
acid–washed glass slides and allowed to air dry. Slides were fixed by
immersion in acetone for 10 min and subsequently incubated for 1 h
with a 1:100 dilution of mAb 14D2-27 (anti-OspA) hybridoma super-
natant or a 1:500 dilution of affinity purified mAb 240.7 (anti-Lp6.6).
Additional slides were incubated with 1:100 dilutions of mAb 1H6-33
(antiflagellin) or mAb 9B12 (anti–

 

T. pallidum

 

 34-kD lipoprotein) hy-
bridoma supernatants to serve as positive and negative controls,
respectively. After washing, each slide was then incubated with a
1:1,000 dilution of fluorescein isothiocyanate–conjugated goat anti–
mouse IgG (Sigma Chemical Co., St. Louis, MO). 150 organisms on
each slide were analyzed for fluorescence.

 

SDS-PAGE and immunoblot analysis.

 

Samples were boiled for
5 min in a final sample buffer consisting of 62.5 mM Tris-HCl (pH
6.8), 10% glycerol, 5% vol/vol 2-mercaptoethanol, and 0.001% bro-
mophenol blue before electrophoresis through 2.4% stacking and
12.5% separating gels. Gels were then either stained with silver ac-
cording to the procedure of Morrissey (38) or transferred electro-
phoretically to 0.2-

 

m

 

M-pore size nitrocellulose (Schleicher and
Schuell, Keene, NH) for immunoblotting. Immunoblots were incu-
bated with 1:1,000 dilutions of sera or with 1:100 dilutions of hybrid-
oma supernatants after which the membranes were washed and then
incubated for 45 min with a 1:1,000 dilution of rabbit anti–rat IgG
plus IgM (Zymed, South San Francisco, CA) or rabbit anti–mouse
IgG–horseradish peroxidase (HRP) conjugate. Immunoblots were
developed using 4-chloro-1-napthol as the substrate or by enhanced
chemiluminescence (Amersham, Arlington Heights, IL) after expo-
sure to film for 30 s.

 

Two-dimensional nonequilibrium pH gel electrophoresis (2D-
NEPHGE).

 

Proteins in whole-cell lysates were quantitated using the
Bio-Rad Laboratories protein assay (Hercules, CA) which is based
upon the Bradford dye-binding procedure (39). 2D-NEPHGE was

performed as described previously (40). Whole-cell lysates were sub-
jected to first-dimension NEPHGE for 5 h at 400 V in 11-cm tube gels
consisting of 4% pH 5–7 and 1% pH 3.5–10 ampholines (Bio-Rad
Laboratories). For the second dimension, tube gels were overlaid on
top of 2.4% stacking and 12.5% separating SDS-polyacrylamide slab
gels. Apparent isoelectric points were determined by adding isoelec-
tric point standards (Bio-Rad Laboratories) to one tube gel and sub-
jecting it to first- and second-dimension electrophoresis under the
same conditions.

 

ddRT-PCR.

 

Total RNA was isolated from spirochetes harvested
at peak cell density from cultures incubated in vitro or within DMC
implants using the Qiagen (Chatsworth, CA) maxiprep column ac-
cording to the manufacturer’s protocol. Extracted RNA (10 

 

m

 

g) was
incubated with 10 U of DNase (Promega Corp., Madison, WI) at
37

 

8

 

C for 1 h. The RNA was extracted once with phenol/chloroform
and precipitated. The final pellets were resuspended in 30 

 

m

 

l of
diethyl pyrocarbonate–treated water containing 1 

 

m

 

l of RNasin
(Promega Corp.). cDNA was prepared by incubating 2 

 

m

 

g of DNase-
treated RNA with avian myeloblastosis virus reverse transcriptase
(Promega Corp.) and random hexamers using the Promega reverse
transcription system according to the manufacturer’s instructions.
The resulting cDNA was diluted to 200 

 

m

 

l with sterile water and 5 

 

m

 

l
was used for subsequent PCR analysis. PCR was performed in 20-

 

ml
reactions containing 1 ml [a-35S]dATP (Amersham), 2 ml 103 buffer
(100 mM Tris-Cl, pH 8.4, 500 mM KCl, 15 mM MgCl2), 1.6 ml of 25-
mM dNTPs, 2 ml of each arbitrary primer, and 0.2 ml of AmpliTaq
(Perkin-Elmer, Foster City, CA). PCR reactions were subsequently
overlaid with 50 ml of mineral oil and subjected to the following PCR
parameters: 948C for 30 s, 408C for 2 min, and 728C for 30 s for 40 cy-
cles with a final extension at 728C for 5 min. The PCR reactions were
performed a minimum of two times to ensure the reproducibility of
the differentially displayed products analyzed. The following oligonu-
cleotides were used in various combinations for PCR: (1) 59-GAA-
CACGGTCCTCAATGCTC-39, (2) 59-TCCTTCTCCATTTTCAT-
CAG-39, (3) GTGGCAGATCAACCATGACC-39, (4) 59-CCCAA-
GGGCACAACCATATT-39, (5) 59-TTATTGCAGACCTGGAT-
CCA-39, and (6) 59-GTGTAAGGCATGTGGCTCCT-39 (primers 2
and 3 were used for the differential display pattern [see Fig. 8 A]).
PCR products were subjected to electrophoresis in a 6% denaturing
polyacrylamide sequencing gel and exposed to film overnight. The
developed autoradiographs were aligned with the gel and differen-
tially expressed products were excised. The gel slices were soaked in
100 ml of sterile water and boiled for 10 min. The gel slice was then
removed and the eluted DNA was ethanol-precipitated. Each differ-
entially expressed product was then reamplified using the same
primer set used in the original PCR. PCR products generated in this
manner were cloned into the pCRII vector for subsequent nucleotide
sequence analysis. To determine the genomic location of ddRT-PCR
products which were not homologous to sequences deposited in the
gene databases, B. burgdorferi 297 genomic DNAs were separated by
pulsed-field gel electrophoresis and hybridized with specific oligonu-
cleotides after transfer to nylon membranes as described previously
(12).

RT-PCR of flagellin, ospA, and 2.9-7lpA/B from B. burgdorferi
cultivated in vitro or within DMC implants. cDNA was prepared from
borreliae cultivated in vitro or within DMC implants as described
above. Three sets of specific upstream and downstream primers were
used to amplify: flagellin (59-GATTATATCAATCATAATACA-
TCAGC-39 and 59-TCTAAGCAATGACAAAACATATTGG-39),
ospA (59-TGTAAGCAAAATGTTAGCAGCCTT-39 and 59-TTA-
TTTTAAAGCGTTTTTAATTTC-39), and 2.9-7lpA/B (59-TGCG-
CTGCTAATGATACACAG-39 and 59-GAGAAATGTTTTTAG-
TTTTGCC-39) using denaturing, annealing, and extension temperatures
of 94, 54, and 728C, respectively, for 75 s at each step for 35 cycles.
The predicted sizes of the amplification products were 1006 bp
(flagellin), 774 bp (ospA), and 1039 bp (2.9-7lpA/B).

Nucleotide sequence analysis. Nucleotide sequencing was per-
formed using an automated DNA sequencer (model 373A; Applied
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Biosystems Inc.; Foster City, CA) and the PRISM™ ready reaction
DyeDeoxy™ Terminator cycle sequencing kit according to the manu-
facturer’s instructions (Applied Biosystems Inc.). Computer analysis
of the nucleotide and deduced amino acid sequences was performed
using the MacVector version 6.0.1 (Oxford Molecular Group, Ox-
ford, England) or the University of Wisconsin Genetics Computer
Group version 8.1 (41) software programs.

Results

B. burgdorferi 297 replicates and alters its antigenic composi-
tion during growth within DMCs. We first asked whether a
small inoculum of low-passage B. burgdorferi 297 would sur-
vive and replicate within DMCs implanted into the peritoneal
cavities of rats. Accordingly, in preliminary experiments,
DMCs containing a total of 103 organisms in 5 ml of BSKII
medium were implanted into two rats. When the chambers
were removed 7 d later, it was noted that neither chamber had
induced an obvious inflammatory reaction and that the fluids
from both contained extremely motile spirochetes which were
readily detectable by dark-field microscopy (data not shown).
To determine whether the antigenic composition of the spiro-
chetes was altered by growth within the DMCs, spirochetes
grown in chamber implants or BSKII medium were spotted
onto slides for indirect immunofluorescence analysis of OspA,
a lipoprotein known to be downregulated in vivo (i.e., during
mammalian infection). As shown in Fig. 1, in vitro–cultivated
borreliae fluoresced intensely after incubation with an OspA-
specific mAb, whereas none of the organisms analyzed from
DMCs were immunoreactive. We also assessed expression in
the two bacterial populations of an abundant 6.6-kD lipopro-
tein (designated Lp6.6) which, like OspA, has been reported
to be downregulated during mammalian infection (14). The in
vitro–cultivated borreliae reacted strongly with the Lp6.6-spe-
cific mAb, whereas no fluorescence was observed with spiro-
chetes from the chambers (Fig. 1). Control slides were incu-
bated with a mAb specific for B. burgdorferi flagellin or an
isotype-matched control mAb directed against a 34-kD T. pal-
lidum lipoprotein (37). As expected, all organisms reacted

strongly with the antiflagellin mAb, whereas none reacted with
the T. pallidum–specific antibody (data not shown).

Growth kinetics of B. burgdorferi within DMCs. Many bac-
terial polypeptides are expressed in a growth phase–depen-
dent manner (42–45); growth phase–dependent expression of
B. burgdorferi lipoproteins also has been demonstrated (46).
Because studies to assess differences in the protein composi-
tion of in vitro– and chamber-grown organisms could be con-
founded by a failure to control for growth phase, we next de-
termined the growth kinetics of DMC- and in vitro–cultivated
spirochetes. In addition to cultures incubated at 348C, growth
curves were also determined for cultures incubated at 23 and
378C (after temperature shift from 238C), in the expectation
that their inclusion in subsequent analyses would help us to
identify proteins regulated primarily by the higher ambient
temperature of the rat peritoneal cavity (z 378C) (47).

Beginning 6 d after implantation, DMCs from eight pairs of
rats were harvested at selected time points and enumerated by
dark-field microscopy in parallel with identical cultures incu-
bated at 23, 34, and 378C (temperature-shifted). For all four
populations, motility was . 95% through peak cell density but
declined steadily during the remainder of the 10-d observation
period (data not shown). Aside from the anticipated tempera-
ture-related differences in growth rates, the growth curves of
the in vitro–cultivated organisms were quite similar (Fig. 2).
On the other hand, three principal differences were noted be-
tween the growth curves of in vitro– and DMC-grown spiro-
chetes: (a) the cell densities of DMC-cultivated borreliae were
considerably higher at the earlier time points (144–192 h), (b)

Figure 1. B. burgdorferi 297 cultivated within peritoneal chamber
implants does not express OspA or Lp6.6. Spirochetes grown in vitro 
or within DMCs were incubated with mAbs specific for OspA (14D2-
27) and Lp6.6 (240.7) followed by a FITC-conjugated secondary anti-
body before visualization by dark-field (DF) or fluorescence (IFA) 
microscopy. For each sample, 150 organisms were analyzed. Total 
magnification in all photographs is 1,250.

Figure 2. Growth kinetics of B. burgdorferi 297 cultivated in vitro
or within DMCs. Spirochetes cultivated in BSKII medium at 23 
(squares), 34 (triangles), or 378C (circles) after temperature shift or 
within DMCs (diamonds) were enumerated by dark-field microscopy 
over a 15-d period after inoculation. In all four cultures, 5-ml volumes 
were inoculated with 103 midlogarithmic-phase organisms. Data 
points represent the means of duplicate samples. The arrows indicate 
the time points at which organisms were harvested for subsequent 
analyses.
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the peak cell density reached by the DMC-cultivated organ-
isms was considerably lower, and (c) DMC-cultivated spiro-
chetes stopped replicating at a much earlier time point. An in-
teresting qualitative difference was also noted in that the
motility of chamber-grown spirochetes was considerably more
vigorous. In subsequent analyses, borreliae were harvested at
peak cell density (Fig. 2, arrows) to maximize the yields of mo-
tile spirochetes from the DMCs. To confirm that organisms
cultivated in DMCs remained virulent, groups of five mice
were inoculated with 10, 102, 103, or 104 spirochetes from
DMCs or organisms grown in BSKII medium, and ear-punch
biopsies were obtained 2 wk after inoculation. The ID50 values
were determined to be z 102 for spirochetes cultivated under
either condition.

Polypeptide profiles of in vitro– and DMC-cultivated spiro-
chetes. We next used SDS-PAGE to compare the protein con-
stituents of in vitro– and DMC-cultivated spirochetes. With
the exception of OspC, which was poorly expressed during
growth at 238C, the polypeptide profiles of the in vitro–culti-
vated organisms were virtually identical (Fig. 3). In contrast,
differences between DMC- and in vitro–cultivated borreliae
were readily apparent. The most striking changes were the ap-
parent absence of OspA and OspB and the dramatic increase
of OspC in the DMC-cultivated spirochetes (Fig. 3, lane 3).

Other differences were also noted, the majority of which in-
volved polypeptides that were either selectively expressed or
upregulated during in vitro cultivation (Fig. 3, lane 2, aster-
isks); these were most apparent in the 18- to 21-kD range.
Three proteins that appeared to be unique or dramatically up-
regulated in chamber-grown spirochetes (Fig. 3, lane 3, ar-
rows) were also identified. To determine whether the protein
alterations which occurred during cultivation in chambers
were reversible, DMC-cultivated spirochetes were diluted into
BSKII medium and incubated at 378C in vitro. The polypep-
tide profile of these organisms was identical to that of spiro-
chetes which had been passaged only in vitro (data not shown).

2D-NEPHGE analysis of in vitro– and DMC-cultivated spi-
rochetes. The increased resolution afforded by 2D-NEPHGE
was used to further compare the protein constituents of in
vitro– and chamber-grown spirochetes. Borreliae cultivated at
348C contained only a single polypeptide not present in the
temperature-shifted spirochetes (Fig. 4 A, asterisk). In con-

Figure 3. SDS-PAGE of B. burgdorferi 297 grown in vitro or within 
DMCs. Whole-cell lysates (15 mg of protein per lane) from spiro-
chetes grown in vitro at 238C (lane 1), after temperature-shift at 378C 
(lane 2), within chamber implants (lane 3), or in vitro at 348C (lane 4) 
were separated by SDS-PAGE and stained with silver. Asterisks 
alongside lane 2 indicate polypeptides which were identified in in 
vitro–grown spirochetes but were absent or dramatically downregu-
lated in chamber-grown spirochetes. Arrows designate proteins ei-
ther dramatically upregulated or observed only in chamber-cultivated 
organisms. Well characterized borrelial proteins are indicated on the 
right and molecular mass markers in kilodaltons are shown on the 
left.

Figure 4. 2D-NEPHGE 
of B. burgdorferi 297 
cultivated in vitro or in 
DMCs. Whole-cell ly-
sates (25 mg of protein 
per gel) from spiro-
chetes cultivated in 
vitro at 348C (A), after 
temperature shift at 
378C (B), or within 
DMCs (C) were sepa-
rated by NEPHGE in 
the first dimension, 
12.5% SDS-PAGE in 
the second dimension, 
and then stained with 
silver. The directions of 
separation in the first 
and second dimensions 
(NEPHGE and SDS-
PAGE, respectively) 
are indicated. The 
acidic and basic ends of 
the gels are indicated by 
2 and 1, respectively. 
Borrelial proteins 
Lp6.6, p22, OspC, 
OspA, OspB, flagellin, 
Hsp60, and p66 are indi-
cated by Lp6.6, p22, C, 
A, B, Fla, Hsp, and p66, 
respectively. In A, a 
polypeptide which is 
unique to organisms 
cultivated in vitro at 
348C is indicated by the 
asterisk. In B, tempera-
ture-regulated polypep-
tides are indicated with 
arrowheads; an asterisk 

alongside an arrowhead indicates a temperature-induced protein 
which was not observed in chamber-grown organisms. In C, proteins 
which are differentially expressed in chamber-grown spirochetes 
compared to temperature-shifted organisms are indicated by arrow-
heads. Molecular mass markers in kilodaltons are shown on the left.
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trast, temperature-shifted organisms contained 11 proteins not
present or poorly expressed in organisms grown at 348C (Fig. 4
B, arrowheads), four of which were also present in DMC-culti-
vated borreliae. DMC-cultivated spirochetes contained at least
12 proteins which were absent or poorly expressed by temper-
ature-shifted organisms (Fig. 4 C, arrowheads). Most notable
in this regard was a cluster of proteins in the vicinity of OspC
which indicated that the dramatic increase in OspC observed
by SDS-PAGE (Fig. 3) was partly due to the comigration of
multiple polypeptides. At least eight proteins (in addition to
OspA and OspB) were absent or downregulated in DMC-cul-
tivated borreliae. One of these was identified as Lp6.6 on the
basis of its reactivity with mAb 240.7 (Fig. 4, A and B). Lastly,
seven of the polypeptides upregulated due to temperature-
shift were absent from DMC-cultivated organisms (Fig. 4 B,
asterisks).

To confirm that the proteins unique to DMC-cultivated
spirochetes are also expressed during infection, lysates sepa-
rated by 2D-NEPHGE were probed with sera collected from
mice 16 wk after low-dose needle inoculation with B. burgdor-
feri 297. As shown in Fig. 5, only minor differences were noted

between the immunoblot results obtained with spirochetes cul-
tivated at 348C and temperature-shifted organisms (Fig. 5, A
and B). Spirochetes grown within the chamber implants, on
the other hand, expressed at least 11 antigens that were not de-
tected in in vitro– cultivated borreliae (Fig. 5 C, arrowheads);
the most obvious differences corresponded to the complex of
polypeptides near OspC in the silver-stained 2D-NEPHGE gel
(Fig. 4 C and Fig. 5 C). Interestingly, the DMC-cultivated spi-
rochetes lacked at least six antigens detected in the tempera-
ture-shifted organisms (Fig. 5 B, asterisks).

Identification of differentially expressed antigens by immu-
noblot analysis. Immunoblot analysis with specific antibodies
was performed next to further define antigenic differences be-
tween in vitro– and DMC-grown borreliae. Here we focused
on members of the OspE and OspF lipoprotein family in light
of recent findings that (a) expression of OspE and OspF is up-
regulated by temperature shift (17) and (b) B. burgdorferi iso-
lates contain OspE and OspF homologues which are selec-
tively expressed during infection (11, 12, 18). Protein assay and
reactivity with an antiflagellin mAb (Fig. 6) confirmed, at the
outset, that the lysates contained equivalent amounts of pro-
tein.

OspE was expressed at similar levels by in vitro– and DMC-
cultivated organisms; as expected, a considerably smaller
amount of this antigen was expressed by spirochetes cultivated
at 238C (Fig. 6). In contrast, p21 was not detected in any of the
in vitro–grown organisms, including those which had been
temperature shifted; however, it was detected in lysates from
chamber-grown spirochetes (Fig. 6). B. burgdorferi 297 grown
in vitro at 348C expresses OspF and a highly similar polypep-
tide, designated BbK2.11 (12). Expression of both of these
proteins was markedly enhanced by temperature shift, while
even greater amounts were detected in chamber-grown spiro-
chetes. BbK2.10, an OspF homologue expressed only during
infection (12), was, as expected, not detected in organisms cul-
tivated in vitro; somewhat surprisingly, however, this antigen

Figure 5. DMC-culti-
vated spirochetes differ-
entially express anti-
gens recognized by sera 
from mice chronically 
infected with B. burg-
dorferi 297. Whole-cell 
lysates (25 mg of protein 
per gel) from spiro-
chetes cultivated in 
vitro at 348C (A), after 
temperature-shift at 
378C (B), or within 
DMCs (C) were sepa-
rated by NEPHGE in 
the first dimension, 
12.5% SDS-PAGE in 
the second dimension, 
and then blotted to ni-
trocellulose mem-
branes. The directions 
of separation in the 
first and second dimen-
sions (NEPHGE and 
SDS-PAGE, respec-
tively) are indicated. 
The acidic and basic 
ends of the gels are indi-
cated by 2 and 1, re-
spectively. Membranes 
were incubated with 1:
1,000 dilutions of 
pooled sera obtained 
from five C3H/HeJ 
mice 16 wk after needle 
inoculation with 103 B. 
burgdorferi 297. OspC 

and flagellin are indicated by C and Fla, respectively. In B, antigens 
detected only in the temperature-shifted organisms are indicated by 
asterisks. In C, antigens detected only in chamber-cultivated organ-
isms are indicated with arrowheads. Molecular mass markers in kilo-
daltons are shown on the left.

Figure 6. Immunoblot analy-
sis of spirochetes grown in 
vitro or within DMCs. Whole-
cell lysates (5 mg of protein per 
lane) from spirochetes grown 
in vitro at 238C (lane 1), after 
temperature-shift at 378C (lane 
2), within chambers (lane 3), or 
in vitro at 348C (lane 4) were 
probed with antibodies di-
rected against the antigens in-
dicated on the left. Only the 
relevant portion of each immu-
noblot is shown. The GenBank 
accession numbers for the B. 
burgdorferi 297 ospE and p21 
genes are AF023852 and 
AF023853, respectively.
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was not detected in spirochetes cultivated in chambers (Fig. 6).
We also probed the lysates with a mAb directed against a re-
cently identified 22-kD borrelial polypeptide (p22). This anti-
gen was expressed at similar levels by the in vitro–grown bor-
reliae but was barely detected in chamber-grown spirochetes
(Fig. 6). This protein was subsequently found to correspond to
a prominent silver-stained polypeptide which was observed
only in the 2D-NEPHGE gels of in vitro–cultivated organisms
(Fig. 4).

2D-NEPHGE immunoblot analysis was performed next to
determine whether the enhanced reactivity of the OspF mAb
with DMC-cultivated spirochetes was due to the expression of
OspF-related proteins not resolved by conventional SDS-
PAGE. As shown in Fig. 7, borreliae cultivated in vitro at 348C
expressed two OspF mAb-reactive polypeptides whose iso-
electric points (5.8 and 8.3) corresponded to those calculated
for BbK2.11 and OspF (5.85 and 8.31, respectively) (12). Ly-
sates from the temperature-shifted borreliae contained greater
amounts of these two antigens along with a small amount of a
third mAb-reactive polypeptide which was slightly more basic
than BbK2.11. The DMC-cultivated spirochetes expressed all
three mAb-reactive proteins as well as a unique fourth poly-
peptide (particularly impressive were the increased amounts of
these four proteins). In contrast to OspF, similar amounts of
OspE were detected when all three cell lysates were probed
with the OspE-specific antiserum (data not shown). For com-
parison purposes, the lysates also were probed with the OspA
mAb used for the prior indirect immunofluorescence analysis.

As before, OspA was abundant in organisms cultivated in vitro
at 34 or 378C but was not detected in DMC- cultivated spiro-
chetes (Fig. 7).

Identification of selectively expressed B. burgdorferi genes
with ddRT-PCR. Lastly, we used a PCR-based technique
(ddRT-PCR) to determine whether cultivation of spirochetes
within DMCs induced changes in gene expression which might
not have been apparent from the protein electrophoresis stud-
ies described above. With this method, RNA is reverse-tran-
scribed and the resulting cDNAs are PCR-amplified with ran-
dom oligonucleotide primers; comparison of the amplicons
obtained with individual primer pairs from different cDNA
pools enables one to identify differentially expressed genes.
When this technique was applied to cDNAs derived from in
vitro– and chamber-grown spirochetes, it was noted that some
PCR products were approximately equal in abundance,
whereas others appeared to be unique or highly enriched in
one of the two pools (Fig. 8 A). 11 randomly chosen PCR
products (three from in vitro– and eight from DMC-cultivated
spirochetes) were reamplified, cloned, and sequenced. The re-
sulting nucleotide and deduced amino acid sequences were
then used to search the GenBank database and the B. burg-
dorferi B31 chromosome and plasmid sequences which are
currently available (48).

No matches were found in the gene databases for 8 of the
11 sequences. Southern hybridization of DNAs separated by
pulsed-field gel electrophoresis revealed that all eight were en-
coded on extrachromosomal elements (data not shown). Two
(one each from the in vitro– and DMC-cultivated organisms)
matched exactly sequences from the B. burgdorferi B31 chro-
mosome. The first, a 291-bp sequence amplified from in vitro-
cultivated borreliae, was part of an open reading frame encoding
a homologue of the glycolytic enzyme phosphoglucoisomerase,
which corresponds to the gene designated Bb730 (48) from the
recently reported B. burgdorferi strain B31 chromosome. The
other, a 203-bp product amplified from DMC-grown spiro-
chetes, was part of an open reading frame encoding a homo-
logue for MutS, a methyl-directed DNA mismatch repair en-
zyme (49) which corresponds to gene Bb098 from the B.
burgdorferi strain B31 chromosome (48). The sequence of the
11th product, also specific to DMC-grown organisms, was an
exact match for a gene encoding a borrelial lipoprotein (2.9-
7LpB) which belongs to a family of differentially expressed
genes located on homologous 32- and 18-kb circular plasmids
(33, 50). 2.9-7lpB lies immediately downstream of a related
gene which encodes another lipoprotein (2.9-7LpA); sequence
analysis suggested that 2.9-7lpA and 2.9-7lpB are transcrip-
tionally linked (33). The absence of detectable transcripts for
either 2.9-7lpA or 2.9-7lpB in prior Northern analyses indi-
cates that these genes are poorly expressed during in vitro cul-
tivation (33).

The amplification of a portion of the 2.9-7LpB transcript
from chamber-cultivated borreliae enabled us to design an ex-
perimental strategy whereby we could further investigate the
differential expression of the 2.9-7lpA and 2.9-7lpB genes,
while, at the same time, advancing the use of chamber implants
as a model system for studying Lyme disease spirochetes in a
host-adapted state. First, we used RT-PCR to confirm that 2.9-
7lpA and 2.9-7lpB are selectively expressed by DMC-culti-
vated spirochetes. As shown in Fig. 8 B, using primers that
span the 2.9-7lpA and 2.9-7lpB genes, a specific product was
obtained only from DMC-cultivated organisms; this result also

Figure 7. Differential expression of OspF-related proteins. Whole-
cell lysates (25 mg of protein per gel) from spirochetes cultivated in 
vitro at 348C (A), after temperature-shift at 378C (B), or within 
DMCs (C) were separated by 2D-NEPHGE and probed with mAbs 
directed against OspF or OspA. The directions of separation in the 
first and second dimensions (NEPHGE and SDS-PAGE, respec-
tively) are indicated. The acidic and basic ends of the gels are denoted 
by 2 and 1, respectively. Only the relevant portion of each immuno-
blot is shown. BbK2.11 (2.11) and OspF (F) are indicated in each of 
the OspF mAb immunoblots. Molecular mass markers in kilodaltons 
are shown on the left.
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confirmed that the two genes are transcriptionally linked. As
expected, transcript for fla was amplified from both in vitro–
and DMC-cultivated borreliae indicating that this gene is con-
stitutively expressed, while ospA transcript was amplified only
from the organisms grown in vitro. It should be noted that the
lack of a 2.9-7lpA/B or an ospA amplicon product with cDNA
generated from in vitro– or chamber-cultivated organisms, re-
spectively, ruled out the possibility that the two RNA pools
used to generate cDNA were contaminated with genomic
DNA. Furthermore, consistent with the above RT-PCR result,
immunoblot analysis using specific antisera generated against
recombinant forms of 2.9-7LpA and 2.9-7LpB revealed that
both proteins were expressed by chamber-grown spirochetes
but not by organisms cultivated in vitro at 23, 34, or 378C after
temperature-shift (Fig. 8 C). The apparent molecular masses
of the antigens detected (15- and 22.5-kD) correlated quite
closely with the calculated molecular masses of the mature
2.9-7LpA and 2.9-7LpB lipoproteins (15,015 and 22,938 D, re-
spectively) (33). Finally, to verify that 2.9-7LpA and 2.9-7LpB
are also selectively expressed during infection, the recombi-
nant proteins were immunoblotted against sera from experi-
mentally infected mice. IgM or IgG antibodies reactive with
either protein were not detected until at least 8 wk after infec-
tion (Fig. 8 D). In contrast, antibodies directed against another
member of this lipoprotein family (2.9-4Lp) which is expressed
by spirochetes grown in vitro were detected within 2 wk of in-
fection (Fig. 8 D).

Discussion

The identification of virulence determinants which are ex-
pressed only during infection or within specific host niches has

become an area of intensive investigation in the field of bacte-
rial pathogenesis. Particularly important for this work has
been the development of reporter constructs for tracking the
expression of bacterial genes in vivo or in tissue culture sys-
tems (51, 52). Analogous studies of Lyme disease pathogenesis
are not presently feasible due to the limited ability to geneti-
cally manipulate B. burgdorferi. Despite this formidable obsta-
cle, in recent years investigators have enjoyed considerable
success in implementing strategies for identifying and charac-
terizing differentially expressed borrelial genes which could
serve as potential vaccinogens and/or diagnostic reagents (9–
13, 53). While these studies have solidified the notion that B.
burgdorferi protein composition is dynamic (8), they also have
underscored our limited understanding of the extent of these
changes and, most importantly, how they relate to the bacte-
rium’s parasitic strategies and the course of disease expression.

At the outset, we hypothesized that two types of factors are
primarily responsible for inducing host-adaptive changes in
Lyme disease spirochetes: (a) the elevated body temperature
of the mammalian host and (b) soluble factors in blood and in-
terstitial fluids. This postulate emerged from work with other
bacterial pathogens (16) as well as studies demonstrating that
some differentially expressed B. burgdorferi proteins are tem-
perature-regulated (5, 17), whereas others appear to be modu-
lated by undefined signaling molecules in blood (8). We fur-
ther speculated that the necessary soluble factors would
efficiently traverse both the peritoneum, which is known to be
highly permeable to macromolecules (54, 55), as well as the
comparatively small pores in the dialysis membrane used to
contain the spirochetes. With other bacterial pathogens, it has
been shown that many of the signals which govern the expres-
sion of virulence determinants are small chemicals or com-

Figure 8. Two circular plasmid-encoded lipoproteins are selec-
tively expressed by spirochetes cultivated in chamber implants 
and during experimental Lyme disease. (A) Polyacrylamide gel 
electrophoresis of ddRT-PCR products from chamber-grown 
(lane 1) and in vitro–cultivated spirochetes (lane 2). The prod-
uct derived from the 2.9-7lpB transcript is indicated by the ar-
row. (B) RT-PCR analysis of 2.9-7lpA/B, ospA, and fla expres-
sion by spirochetes cultivated in DMCs or in vitro. cDNAs 
generated from B. burgdorferi cultivated within DMCs (lane 1) 
or in vitro (lane 2) were amplified by PCR using primer sets spe-
cific for 2.9-7lpA/B, ospA, and fla. 10 ml from each amplification 
reaction was subjected to agarose gel electrophoresis and 
stained with ethidium bromide. Amplification reactions with B. 
burgdorferi 297 DNA (1) or water (2) were also included for 
each primer set to serve as PCR controls. Molecular wt markers 
are indicated on the left in bp. (C) Immunoblot analysis of 
whole-cell lysates (5 mg per lane) of organisms grown in vitro at 
238C, after temperature-shift at 378C, within chamber implants, 
or in vitro at 348C (lanes 1–4, respectively) with antisera di-
rected against recombinant 2.9-7LpA or 2.9-7LpB. (D) Time 
course for the production of antibodies against 2.9-4Lp, 2.9-
7LpA, and 2.9-7LpB after low-dose needle inoculation of C3H/
HeJ mice; numbers at the top indicate weeks of infection. The 
antibody conjugate used for this experiment was capable of de-
tecting both IgG and IgM antibodies.
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pounds (16). We selected an exclusion limit of 5,000 D based
on the presumption that this pore size would allow influx of
relevant signaling molecules while excluding the large majority
of serum proteins. Analyses using indirect immunofluores-
cence, gel electrophoresis, immunoblotting, and ddRT-PCR
all validated this postulate by demonstrating that spirochetes
cultivated within chamber implants underwent profound, yet
reversible, alterations in protein composition. While many of
the compositional changes involved previously characterized
borrelial constituents, altered expression of many uncharacter-
ized borrelial polypeptides also was observed. Additionally,
several selectively expressed polypeptides reacted with sera
from mice chronically infected with B. burgdorferi; this obser-
vation strongly suggests that cultivation within DMCs induced
phenotypic changes resembling those which occur in spiro-
chetes during infection.

To examine the hypothesis that signaling cues other than
temperature contribute to host adaptation by B. burgdorferi,
we included in our analyses borreliae cultivated at 378C after
temperature shift from 238C, a maneuver thought to reproduce
the change in temperature coincident with tick feeding (5). Ini-
tial support for the existence of nonthermal stimuli came from
the markedly different growth kinetics of DMC-cultivated and
temperature-shifted spirochetes. Inasmuch as the core temper-
ature of rats is z 378C (47), it is reasonable to presume that the
different growth kinetics reflect aspects of the chamber envi-
ronment unrelated to temperature. The relatively rapid repli-
cation which apparently occurred in the early postimplantation
period may be analogous to the burst in growth stimulated by
the blood meal (56, 57). Moreover, the gel and immunoblot
analyses demonstrated that DMC-cultivated borreliae not
only lacked proteins expressed by temperature-shifted organ-
isms but also expressed unique polypeptides. Interestingly, our
analyses also identified temperature-regulated proteins which
did not appear to be upregulated in chamber-grown spiro-
chetes, suggesting that, for some genes, nonthermal signals can
override the positive stimulus provided by elevated tempera-
ture.

An important piece of evidence that chamber-grown spiro-
chetes resembled host-adapted borreliae was the finding that
they did not express OspA and Lp6.6, two markers for the in
vitro phenotype. To further characterize DMC-cultivated spi-
rochetes, we also probed in vitro– and DMC- grown organisms
with antibodies directed against other differentially expressed
antigens. Immunoblot analysis revealed that p21, a marker for
the in vivo phenotype, was expressed only by spirochetes culti-
vated in DMCs, while OspE was expressed uniformly in all
cultures save those grown at 238C. In contrast to p21, chamber-
grown spirochetes did not express BbK2.10, an OspF homologue
which is also expressed only during infection. Presumably one
or more signals (or some combination thereof) necessary for
the induction of this protein were missing from the chamber
milieu; one possible missing signal may be direct contact be-
tween the spirochetes and host tissues. It is also possible that
the failure to detect BbK2.10 reflects potential differences in
antigenic structure among spirochetes in various niches or mi-
croenvironments as suggested by other research (22, 23). Fur-
ther research will be needed to determine how closely DMC-
grown spirochetes reproduce the host-adapted state.

In all B. burgdorferi strains studied to date, the ospE, ospF,
p21, and bbk2.10 genes possess highly similar promoters and
flanking sequences (11, 12, 58, 59); thus, ostensibly minor se-

quence differences in and around control elements appear to
dramatically impact the responses of individual genes in the
ospE/F family to environmental stimuli. Finally, we also identi-
fied an abundant 22-kD protein which, like OspA and Lp6.6,
was markedly downregulated in chamber-cultivated borreliae.
This observation underscores the fact that host adaption in-
volves decreased as well as enhanced gene and protein expres-
sion and that elucidation of this phenomenon will undoubtedly
require deciphering the signals and regulatory mechanisms re-
sponsible for repression as well as induction of borrelial genes.

We reported previously that B. burgdorferi 297 contains
three OspF homologues (OspF, BbK2.10, and BbK2.11) (12),
two of which (OspF and BbK2.11) are highly cross-reactive
(12). Immunoblot analysis of DMC-cultivated organisms with
an OspF mAb revealed, surprisingly, that the 297 isolate possi-
bly contains two additional uncharacterized OspF-related
polypeptides. Based upon their relative levels of expression in
DMC- versus in vitro–cultivated borreliae, it seems likely that
these two proteins are selectively expressed during infection. It
is has been speculated that the extended lipoprotein gene fam-
ily which includes both ospE- and ospF-related genes func-
tions as a system of antigenic variation which enhances B.
burgdorferi’s ability to evade host humoral defenses (59). This
conjecture appears to be at variance with our finding that dur-
ing infection Lyme disease spirochetes may concurrently ex-
press as many as four cross-reactive surface-exposed lipopro-
teins. Alternatively, it is equally plausible, given the variable
expression of the four proteins under the different culture con-
ditions studied here, that levels of the individual proteins vary
more greatly within the privileged niches encountered by B.
burgdorferi in vivo than during growth within DMCs.

The genome of B. burgdorferi is unusual among prokary-
otes in that it consists of a linear chromosome and numerous
linear and circular plasmids (60, 61). Plasmids have been impli-
cated as a major genetic repository for the adaptive changes
which occur during the bacterium’s enzootic cycle by virtue of
the facts that (a) loss of plasmids correlates with loss of infec-
tivity (62) and, more recently, (b) all of the genes encoding dif-
ferentially expressed borrelial polypeptides identified to date
have been localized to extrachromosomal elements. Our ddRT-
PCR results strengthen this generalization. Southern hybrid-
ization revealed that the eight ddRT-PCR products which did
not match sequences in the databases were plasmid-encoded.
Furthermore, a ninth ddRT-PCR product was derived from a
selectively expressed lipoprotein gene (2.9-7lpB) which we re-
ported previously was located on a circular plasmid (33). The
RT-PCR experiments with primers specific for the 2.9-7lpA/B
operon also were noteworthy because they demonstrated the
potential utility of DMC-grown organisms for transcriptional
analysis of differentially expressed B. burgdorferi genes; previ-
ously such genes could be transcriptionally analyzed only with
B. burgdorferi–infected tissues.

Lyme disease investigators have long been perplexed by
the observation that the antibodies generated during borrelial
infection can kill spirochetes in vitro but are unable to eradi-
cate the infecting spirochetes (63). Similarly, it has been shown
more recently that passive transfer of immune serum can pre-
vent against infection by in vitro–cultivated organisms but can-
not protect against infection by tick inoculation or with host-
adapted organisms (23, 35). By providing sizable numbers of
host-adapted spirochetes whose surfaces can be directly exam-
ined, the chamber implant model described here provides a
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unique capability for addressing these enigmas which are
thought to be central to the issue of spirochetal persistence
during Lyme disease. This model also has the potential to facil-
itate the identification of novel targets for borreliacidal anti-
bodies. This is an important consideration given that a major
weakness of the OspA vaccine currently undergoing clinical
evaluation is its apparent lack of efficacy against established
infection (21, 64) coupled with the perceived difficulty in erad-
icating spirochetes with conventional antimicrobial therapy
(65–67).
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