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Abstract

The temporal synthesis of the P21 protein of Borrelia burg-
dorferi and the development of the humoral response to this
antigen was assessed in infected mice. p21 is a member of
the ospE-F gene family and its protein, P21, has been shown
to be expressed by B. burgdorferi within infected mice but
not by spirochetes cultured in vitro. P21 was not detected on
B. burgdorferi in unfed or engorged Ixodes dammini (also
known as I. scapularis) ticks, further supporting the postu-
late that P21 synthesis is specific for the mammalian host.
In B. burgdorferi-infected mice, ospE mRNA and OspE an-
tibodies were observed at 7 d, whereas p21 mRNA and P21-
specific antibodies were detected at 21-28 d, suggesting that
p21 is expressed later than ospE. Moreover, ospA mRNA
was not discernible until day 14, indicating that ospA, like
p21, is not expressed in the early stages of tick-transmitted
murine Lyme borreliosis. Because p21 is expressed during
infection in mice, we assessed the human humoral response
to P21. 28% (34 of 122) of the patients with either early- or
late-stage Lyme disease, and 33% (11 of 33) of the individu-
als with Lyme arthritis had P21 antibodies, suggesting that
a P21 response may serve, at least partially, as a marker of
infection. Active immunization with recombinant P21 did
not protect C3H mice from tick-borne B. burgdorferi infec-
tion, and passive transfer of P21 antiserum to infected mice
did not alter the course of disease. These data suggest that
the antigenic structure of B. burgdorferi changes during the
early stages of murine infection. (J. Clin. Invest. 1997. 99:
987-995.) Key words: Lyme disease « spirochete » arthritis «
ospE - ticks

Introduction

Characterization of the immune response to Borrelia burgdor-
feri antigens that are synthesized during the spirochete’s lifecy-
cle can yield information on the extent to which this organism
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alters its antigenic structure. B. burgdorferi gene expression
can vary both in vivo and in vitro, and bbk2.10, eppA, pG, and
p21 (the subject of this study) may be induced selectively dur-
ing infection (1-3). To specifically identify immunogenic B.
burgdorferi genes selectively expressed in vivo, our group de-
vised a differential screening strategy in which a B. burgdorferi
expression library was probed with sera from B. burgdorferi-
infected mice (immune sera), compared to hyperimmune sera
against heat-killed spirochetes: clones that reacted with im-
mune, but not hyperimmune, sera reflected antigens likely to
be expressed selectively in vivo (4). Using this technique, we
identified p21, and five other genes (or gene families) that are
expressed by B. burgdorferi within infected mice but not by
spirochetes cultured in Barbour-Stoenner-Kelly (BSK)' IT me-
dium at 33°C. P21 has 71% homology with outer surface pro-
tein (Osp) E, one of the gene-products of bicistronic ospE-F
operon that is expressed by cultured spirochetes (5). Recent
reports of two homologues to OspE, designated erpA and
erpC, and five homologues of ospF, designated erpB, erpD,
pG, bbk2.10, and bbk2.11, suggest that ospE-F, p21, erpA-B,
erpC-D, pG, bbk2.10, and bbk2.11 are part of a single gene
family in the B. burgdorferi genome (1, 3-6).

Two of the major B. burgdorferi antigens, OspA and OspC,
are differentially expressed within Ixodes dammini (also known
as L. scapularis) ticks. OspA is abundant on spirochetes within
the midguts of unfed ticks and is sparse or absent on B. burg-
dorferi within feeding ticks (7). In contrast, OspC is not present
on B. burgdorferi in flat ticks, but is readily detected on spiro-
chetes within fed ticks (8). Moreover, studies assessing OspA
and OspC expression in mice inoculated with 10* B. burgdor-
feri (by syringe-challenge) revealed that OspC is expressed
early in infection, while OspA can be detected at 14, but not
30 d after challenge (9). The lack of OspA expression during
the early stages of murine infection may account, at least in
part, for the absence of a prominent OspA antibody response
early in infection, even though OspA is one of the most plenti-
ful proteins on spirochetes cultured in BSK II medium. At
some time following infection, however, OspA must be syn-
thesized because some patients with Lyme disease, and mice
challenged with low doses (1(?) of spirochetes, develop OspA
antibodies during infection (10-12). Collectively, these studies
show that diverse B. burgdorferi proteins are expressed in var-
ious stages of the spirochete-tick life cycle and different stages
of infection in the mammalian host. As B. burgdorferi can alter
its structure, and the osp E-F gene family may be selectively ex-

1. Abbreviations used in this paper: aa, amino acid; BSK, Barbour-
Stoenner-Kelly; GT, glutathione S-transferase; RT, reverse tran-
scriptase.
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pressed, we have now performed the first studies that follow
the temporal expression of an induced gene, in this case, p21,
as spirochetes migrate from the tick to the mammalian host,
and then during the evolution of murine infection.

Methods

Pulsed-field gel electrophoresis. Pulsed-field gel electrophoresis was
performed in a CHEF-DR® III (Bio-Rad Laboratories, Richmond,
CA) pulsed-field gel electrophoresis system using B. burgdorferi N40
DNA (13). DNA plugs containing 10® B. burgdorferi were treated
with sarkosyl, lysed overnight with proteinase K and then loaded
onto a 0.8% agarose gel. The electrophoresis was done at 14°C for 18 h
at 198 V in Tris-borate-EDTA buffer, with a ramped pulse time of
1-30 s. For two-dimensional electrophoresis, the gel was again elec-
trophoresed after changing the direction at 90 degrees at 80 V for 6 h.
The DNA was transferred to a Hybond N* nylon membrane and in-
cubated with a p21 (nucleotides 55-561 of the p21 gene), ospA, ospE
(nucleotides 49-249 of the ospE gene), flagellin, or p30 probe at 55°C
for 14 h. The membrane was then washed three times (0.5X SSC).
The binding of the p21 probe to three specific DNA bands was visual-
ized in the Southern blot by the enhanced chemiluminescence (ECL)
method (Amersham Corp., Arlington Heights, IL). A p2I-specific
oligonucleotide probe (TAAATCTTTACTAGTTGCATAATTCT-
TGCA) was hybridized to the electrophoresed B. burgdorferi DNA
to specifically localize p21. Appropriate controls localized the 950 kb
linear chromosome (p30, a substrate-binding protein homologue [14]
that we have previously localized to the chromosome in B. burgdor-
feri N40, and flagellin) and the 49 kb plasmid (ospA).

Expression and purification of recombinant P21 and generation of
P21 antiserum. To express and purify P21, the sequence of p21 lack-
ing the hydrophobic leader region (nucleotides 1-54) was amplified
by PCR. BamHI (5’) and HindIII (3’) restriction endonuclease diges-
tion sites were added to the primers (5'-AGTCGGATCCAAGAT-
TCATACTTTATCGATG-3' and 5'-AGTCAAGCTTCTATTTTAA-
ATTTTTTTTGATC-3') to facilitate cloning of p2I into the pMX
vector (15). 50 ng of plasmid, excised by the R408 helper phage, was
used as the template for PCR. PCR was performed for 30 cycles, with
a denaturation temperature of 94°C for 1 min, annealing temperature
of 55°C for 1 min, and extension temperature of 72°C for 1 min. p21
was digested with BamHI and HindIIl, and cloned in frame with the
glutathione S-transferase (GT) gene in the pMX vector. The new vec-
tor was designated pMX-p21. The GT-P21 recombinant fusion pro-
tein was synthesized in Escherichia coli DHS5« and the antigen was
purified from the whole-cell-lysate using a glutathione-sepharose-4B
column (Pharmacia Biotech, Uppsala, Sweden).

3-wk-old female C3H/HeN mice were immunized with 10 pg of
GT-P21 fusion protein or the 10 amino acid (aa) P21-specific peptide
(NNELKVKQSN) bound to BSA in complete Freund’s adjuvant,
and boosted with 10 pg of antigens in incomplete Freund’s adjuvant
at 15 and 25 d (16). The aa sequence comparison between P21 and
OspE revealed a 10 consecutive aa sequence (position 36-45) in P21
that did not have homology with any region of OspE (4). This se-
quence was biochemically synthesized and bound to BSA. Control
mice were immunized with purified GT or BSA in an identical fash-
ion. Sera were obtained from the animals 15 d after the final boost.

Human and murine immune sera. Patient’s sera were obtained
from the Yale Lyme Disease Clinic and the Centers for Disease Con-
trol (CDC). Individuals were classified as having early- or late-stage
Lyme disease based on the clinical presentation as documented by a
physician, and serum antibodies to B. burgdorferi, according to CDC-
defined disease criteria. 78% of the patients that donated samples to
the CDC were culture-positive for B. burgdorferi. Patients from the
Yale clinic were not assessed for infection by culture. To obtain sera
from infected mice, five animals were intradermally inoculated with
10* cultured B. burgdorferi and serum samples were obtained 7, 14,
28, 60, 90, and 180 d after the challenge.
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Immunoblot and ELISA. To determine the presence of P21 anti-
bodies in the sera of patients with Lyme disease or in infected mice,
BSA-linked P21-specific peptide or GT-P21 (0.5 pg/dot) was dotted
on nitrocellulose membranes according to our published protocols
(4). BSA or GT were used as controls. Nitrocellulose strips were then
incubated with the sera (1:100 dilution) for 4 h and alkaline phos-
phatase conjugated goat-anti-human or goat-anti-mouse antibody
(IgM or IgG). Blots were developed for 5 min in nitroblue tetrazo-
lium and 5-bromo-4-chloro-3-indolyl phosphate (NBT-BCIP) (Strat-
agene, Inc., La Jolla, CA), and the reaction was quenched in dis-
tilled H,O.

For ELISA, 96-well Titertek microtitration plates (ICN Biomedi-
cals, Inc., Irvine, CA) were coated with BSA, BSA-linked P21-spe-
cific peptide, GT, GT-P21, or GT-OspE (1 pg/ml of carbonate coat-
ing buffer, 100 pl/well) at 4°C for 18 h (17). To prevent non-specific
binding of antibodies, blocking was performed with 100 wl of 10%
FCS in PBS for 1 h. Wells were then washed three times with PBS
containing 0.1% Tween-20 (PBST). Human or mouse sera, diluted
1:100, were added to the wells in triplicates, incubated for 8 h at 4°C,
and then washed three times with PBST. Goat anti-human or anti—
mouse IgM or IgG coupled to alkaline phosphatase (Sigma Chemical
Co., St. Louis, MO) at a dilution of 1:2000 and was used to detect the
primary antibodies. The substrate for alkaline phosphatase was p-nitro-
phenol phosphate at a concentration of 1 mg/ml in glycine buffer
(Sigma Chemical Co.).

RT-PCR of flagellin, ospA, p21, and ospE from infected mice.
Mice were engorged upon by 15 B. burgdorferi N40-infected ticks,
and then killed on days 7, 14, 21, 28, 60, and 120 after tick feeding (7).
Total RNA, from 3—4 mice for each time point, was isolated from mu-
rine spleens using the Micro RNA isolation kit (Stratagene, Inc.) (4).
First strand cDNA was synthesized with random primers from 5 pg of
total spleen RNA from individual infected mouse. A control experi-
ment containing no reverse transcriptase (RT) was also performed
for each sample to check for possible DNA contamination. Four sets
of specific upstream and downstream primers were used to amplify:
flagellin (5'-ATTAATGCTCAAATAAGAGG-3', 5'-CCGCCTTGA-
GAAGGTGCTGT-3'), 0spA (5'-TCTGACGATCTAGGTCAAACC-
ACA-3, 5" “TTTAGTTTTTTTACTGTTTACAGTAATTGT-3'), p21
(5'-AATAATGAGTTAAAAGTTAAGCAA-3',5'-TTCTAACT-
TCTATTTTAAATT-3"), and ospE (5'-ATAGGTGCTTGCAA-
GATTCAT-3', 5'-GCCGAATGTCCCCCAGCGTTTAAA-3') at de-
naturing, annealing, and extension temperatures of 94°C, 55°C, and
72°C, respectively, for 1 min at each step for 30 cycles.

Immunization studies. 15 1. dammini nymphs infected with B.
burgdorferi N40 were fed to repletion on each of six mice immunized
with GT-P21 or GT (control). Engorged ticks fell from the mice
within 4 d and were collected in water baths below the cages. 2 wk
later, all mice were killed and examined for infection. Blood, bladder,
spleen, and skin from the inoculation site and ear were cultured in
BSK II medium (16). The tibiotarsi and the heart of each animal were
microscopically evaluated for inflammation. Engorged ticks were ex-
amined for spirochetes on the 10th day after feeding. Individual ticks
were lightly homogenized in 100 pl of PBS in a 1.5-ml microfuge
tube, an aliquot of 10-pl of the homogenate was spotted on a clean
slide, air dried, and then fixed in cold acetone for 10 min. The slides
were incubated with fluorescein-isothiocyanate (FITC)-labeled rab-
bit-B. burgdorferi N40 antiserum, mounted under a coverslip, and ex-
amined on a Zeiss Axioskop fluorescence microscope.

To assess the effects of P21 antiserum on existing infection and
disease, three groups of C.B 17-scid (SCID) mice (five animals in
each group) were inoculated with 10* B. burgdorferi N40, then in-
jected with 0.5 ml of either GT-hyperimmune mouse serum, GT-P21-
hyperimmune mouse serum, or 90 d infected mouse serum (all di-
luted 1:10) 4, 8, and 12 d after inoculation (18). The mice were killed
on day 15 and blood, bladder, spleen, and skin from the inoculation
site, and the ear were cultured in BSK II medium. The tibiotarsi and
heart of each mouse were examined microscopically for disease as
previously described (16).



Immunofluorescence. Groups of B. burgdorferi N40O-infected I
dammini nymphs, including unfed ticks and ticks fed to repletion on
C3H mice, were checked for the presence of P21 on spirochetes
within the vector by indirect immunofluorescence (7). Each tick was
lightly homogenized in 100 pl of PBS and 10-ul aliquots were spotted
on a silylated glass slide. The slides were air-dried and then fixed with
4% paraformaldehyde and saponin. The specimens were incubated in
P21-peptide-specific or OspE antisera (1:10 dilution) for 1 h, washed,
followed by incubation in anti-mouse or anti-rabbit IgG coupled with
FITC (1:500 dilution) for another h, and viewed under a Zeiss Ax-
ioskop fluorescence microscope. OspA monoclonal antibody CIII.78,
which recognizes B. burgdorferi within unfed ticks, but does not
readily detect spirochetes within fed ticks, was used as a positive con-
trol (7, 15). Flagellin monoclonal antibody H9724 was used to recog-
nize B. burgdorferi from either of these two sources. BSA antiserum
was used as the negative control.

Expression of P21 by spirochetes in the mice was detected by im-
munofluorescence of B. burgdorferi collected from the peritoneal lav-
age fluid of 21-day-old B. burgdorferi-infected mice (9). The perito-
neal cavity of each of 10 mice was lavaged with 5 ml of Ca**- and
Mg**-free PBS and the fluid was collected. The cells and bacteria
were pelleted at 10,000 rpm for 3 min, resuspended with PBS, fixed
with —20°C methanol, and then incubated with rabbit anti-B. burg-
dorferi N40 serum (1:1000 dilution) and either anti-BSA or anti-BSA-
P21-peptide sera (1:50 dilution) for 1 h to double-label each bacteria.
FITC-conjugated goat anti-mouse IgG (1:200 dilution) and rho-
damine-conjugated goat anti-rabbit B. burgdorferi 1gG (1:200 dilu-
tion) were used as the secondary antibodies to visualize the spiro-
chetes.

Results

P21 is located on a circular plasmid. To localize p21 in the B.
burgdorferi genome, a p21 DNA fragment (nucleotide 55-561)
was used to probe B. burgdorferi NA0 DNA separated by
pulsed-field gel electrophoresis (Fig. 1 a). As expected, the p30
and flagellin probes identified the chromosome (Fig. 1 a, lane /
[p30] and lane 5 [flagellin]) and the ospA probe hybridized
with the 49 kb linear plasmid (Fig. 1 a, lane 2). An ospE-spe-
cific (201 bp) probe identified a single plasmid (Fig. 1 a, lane
6). The full-length p21 probe bound at three locations (Fig. 1 a,
lane 3), but the p21-specific oligonucleotide probe recognized
a single plasmid as the location of p27 (Fig. 1 a, lane 4) which
was different from the 45 kb plasmid that contained the ospE
gene (Fig. 1 a, lane 6). To determine whether the plasmid that
contained p21 was circular, B. burgdorferi DNA was separated
in two-dimensions, first by pulsed-field and then by constant
voltage gel electrophoresis. The linear and circular DNA of B.
burgdorferi, separated by pulsed-field electrophoresis in the
first-dimension, migrated with different characteristics when
run at a uniform and constant voltage in the second-dimen-
sion. Linear DNA migrate at a similar rate, whereas the circu-
lar DNA move more slowly (19). As expected, the linear
DNA, including the chromosome (p30 probe) and the 49 kb
linear plasmid (ospA probe), migrated to a similar distance
from the origin, whereas the plasmid containing p27 moved to
a different location suggesting that the p27 plasmid is circular
(Fig. 1 b).

P21 is expressed on spirochetes within infected mice, but not
within infected ticks. To determine whether P21 was expressed
by spirochetes in 1. dammini, lysates of unfed and engorged
ticks containing B. burgdorferi were probed with a P21-specific
antiserum. Both types of ticks were examined, as B. burgdor-
feri gene expression varies in the unfed or fed vectors (7, 8).

Spirochetes were readily detected by flagellin-specific mono-
clonal antibody H9724 in both unfed and fed ticks (Fig. 2a, A
and B), and by OspA-monoclonal antibody CIII.78 in unfed,
but not in engorged ticks (Fig. 2 a, C and D), consistent with

<+ chromosome

< P21

< OSpA

- <+ ospE

Figure 1. (a) Pulsed-field gel electrophoresis of B. burgdorferi DNA
probed with P30 (lane 1), ospA (lane 2), full-length p21 (lane 3), a
P21-specific oligonucleotide (lane 4), flagellin (lane 5), and a 210-bp
ospE fragment (lane 6) probes. (b) Two-dimensional gel electro-
phoresis (pulsed-field in dimension one and then constant voltage in
dimension two of B. burgdorferi DNA.
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previous studies (7). OspE antibody also stained B. burgdor-
feri from both unfed and engorged ticks (Fig. 2 a, G and H).
P21-specific immunofluorescence was not observed on B.
burgdorferi within either the unfed or fed ticks (Fig. 2 a, E and
F). In contrast, P21-specific immunofluorescence was found to
be present on the spirochetes isolated from infected mice (Fig.
2 b, B, D, and F). None of the spirochetes collected from peri-
toneal lavage fluid of 21 day-infected mice showed immunoflu-
orescence when incubated with BSA antiserum (control) (Fig.
2 b, H). To insure that P21-specific antiserum selectively iden-
tifies P21 and not OspE, B. burgdorferi lysates, recombinant
P21 and OspE were probed with OspE, P21 and P21-peptide-
specific antisera. As expected, P21-specific antiserum readily
recognized recombinant P21 but not OspE, indicating that the
antiserum contained high titers of P21-specific antibodies (Fig.
2 ¢). The P21-specific peptide was also probed with P21 or
OspE antisera to determine the specificity of these antisera.
The P21-specific peptide was identified by antibodies in the
P21 antiserum and not by OspE antiserum (Fig. 2 d). More-
over, both anti-GT-P21 and anti-GT-OspE sera identified a
single 19 kD band (OspE) in B. burgdorferi lysates, whereas
P21-peptide specific antiserum was unable to detect any anti-
gen (Fig. 2 e).

P21-specific antibodies appear after OspE antibodies in B.
burgdorferi-infected mice. Recombinant GT-P21, GT-OspE,
and P21-specific peptide were used as substrates in ELISA to
determine the temporal development of P21 and OspE anti-
bodies during murine infection. IgG antibodies to OspE and
P21 were first detected 7 d after infection and persisted until
180 d, the final time point in our studies (Fig. 3). As ospE and
p21 share significant homology and OspE and P21 antibodies
can cross react, it could not be determined whether the hu-
moral responses were directed towards P21, OspE, or both.
Therefore, an ELISA using the P21-specific peptide was used
to detect P21-specific antibodies. P21-specific antibodies ap-
peared in the sera of mice on day 28 and persisted throughout
the course of infection.

p21 mRNA is detected at a later time point than ospE
mRNA in B. burgdorferi-infected mice. Because the P21-spe-
cific antibody response appears after the OspE response, we
studied the genesis of p21 and ospE mRNA in B. burgdorferi-
infected mice. For this purpose, specific primers for p21 and
ospE were generated that do not amplify ospE or p21, respec-
tively (Fig. 4). These primer sets for ospE and p21 amplified
only a single band from B. burgdorferi N40 DNA, and se-
quence analysis confirmed that these DNA fragments were
ospE and p21, respectively. Thus, the primers for p2I/ and
ospE are both specific. We also assessed ospA mRNA synthe-
sis following tick-borne murine infection because OspA is
downregulated on spirochetes that migrate to the salivary
glands of engorged ticks (7), and ospA mRNA can be detected
at 14 but not 30 d in mice infected with B. burgdorferi by sy-
ringe challenge (9). In addition, we evaluated flagellin mRNA
synthesis, because it is likely that flagellin is expressed through-
out the course of infection. As expected, flagellin mRNA could
be detected at all the time points tested: 7, 14, 21, and 28 d sug-
gesting that flagellin is constitutively expressed (Fig. 5a and b).
In these tick-transmission studies, ospA mRNA was not de-
tected at day 7, but could be detected from day 14 onward. Us-
ing the specific primer sets, ospE mRNA was detected at all
the time points that were examined (Fig. 5 @ and b). In con-
trast, p21 mRNA was not identified on day 7 or 14, and was
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first detected on day 21 (Fig. 5 a and b). The ospE and p21
fragments amplified for respective mRNAs on days 14, 21, and
28 were sequenced and the identity of ospE and p21 were con-
firmed.

Antibodies to P21 can be detected in patients with Lyme dis-
ease. Sera from 82 patients with Lyme disease from the Yale
Clinic, and sera from 40 patients collected by the CDC were

Figure 2. (a) Expression of P21 in B. burgdorferi within ticks. Spiro-
chetes from unfed (A, C, E, G) and fed (B, D, F, H) ticks were fixed
with paraformaldehyde and saponin and incubated with flagellin-spe-
cific monoclonal antibody (H9724, [A, B]), OspA-specific mono-
clonal antibody (CII1.78, [C, D]), P21-specific peptide antiserum (E,
F), or OspE antiserum (G, H). (b) Expression of P21 by B. burgdor-
feri in infected mice. Representative spirochetes recovered from the
peritoneal cavity show rhodamine-immunofluorescence due to bind-
ing of anti-B. burgdorferi antibodies (A, C, E, and G). Three repre-
sentative B. burgdorferi show FITC-immunofluorescence as a result
of the binding of P21-specific antibodies (B, D, and F) and one repre-
sentative spirochete (H) shows a lack of fluorescence with anti-BSA
serum (control). (¢) P21-specific antibodies recognize P21 but not
OspE. GT (lane 7), GT-P21 (lane 2), and GT-OspE (lane 3) were
separated by SDS-PAGE, transferred to nitrocellulose membrane
and probed with P21-peptide specific antibodies. (d) P21-specific
peptide is recognized by P21: (1) but not by OspE-antisera (2). (e)
OspE and P21 antisera, but not P21-specific peptide antiserum, rec-
ognize OspE in cultured spirochetes. B. burgdorferi lysates were
probed with (7) anti-OspE sera, (2) anti-P21 serum, (3) anti-P21-spe-
cific-peptide serum, and (4) anti-BSA serum (control).
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tested for P21 and P21-specific antibodies. P21 antibodies were
detected by ELISA and/or immunoblot. As antibodies to
OspE may react with P21, sera that contained antibodies that
bound recombinant P21 were also assessed for reactivity against
recombinant OspE and a P21-specific peptide (see Methods).
From Yale, 24% of the patients (20 of 82) had antibodies to re-
combinant P21, all of whom had IgG-specific P21-antibodies. 8
of these 20 patients also had IgM-specific P21-antibodies. Of
the 20 patients that had P21 antibodies by ELISA, 18 sera re-
acted with P21 in immunoblot. 17 of the 20 P21-positive sera
also bound to recombinant OspE. 16 of these 20 sera had anti-
bodies that bound the P21-specific peptide, suggesting that at
least some of the antibodies were directed towards P21. A de-
tailed clinical history was available on 56 of the 82 individuals,
including 12 of the 20 P21-positive patients. 31 of 56 patients
had Lyme disease of greater than 1 mo duration when their sera
were collected and 24 individuals had Lyme arthritis. 3 of the
12 P21-positive patients had early-stage disease with erythema
migrans and 9 had late-stage disease, including 6 cases of Lyme
arthritis. One patient had Lyme carditis which manifested as
heart block, and two subjects had neuroborreliosis.

Sera of 40 individuals with well-defined Lyme disease col-
lected by the CDC, 27 (68%) of which were culture-positive
for B. burgdorferi, were also probed for the presence of anti-
bodies to P21, OspE, and a P21-specific peptide by ELISA. 14
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of 40 (35%) patients had IgG and/or IgM antibodies to P21,
and 11 had IgG antibodies. 8 of the 14 individuals with P21 an-
tibodies also had antibodies to OspE. 10 patients also had P21-
specific (P21-pep) antibodies. In general IgM antibodies to
P21 could be detected in patients with Lyme disease < 3 mo of
duration, the vast majority of whom had erythema migrans.
IgG antibodies to P21 were detected in 10 patients with a dis-
ease course of greater than 1.5 mo, and in five of nine (56%) of
the individuals who had Lyme arthritis. 12 of the 14 P21-posi-
tive individuals were also culture-positive for B. burgdorferi.
These patients came from diverse areas, including Wisconsin,
Michigan, New York, Connecticut, and Massachusetts.

P21 antibodies are not protective. Because certain antibod-
ies that are generated during the first month of murine borreli-
osis are both protective and disease modulating (18), and P21
is preferentially induced during infection, we determined
whether or not P21 antibodies were protective. Six mice immu-
nized with recombinant GT-P21 developed P21 antibodies
that could be detected at a titer of at least 1:5000 by immuno-
blot. The immunized mice were then challenged by attachment
of 15 B. burgdorferi-infected I. dammini ticks. Infection (the
number of culture-positive mice), and disease (arthritis and
carditis) were similar in P21-immunized (six of six mice) and
control animals (six of six mice). Moreover, B. burgdorferi in-
fection rates were similar within ticks that engorged upon ex-
perimental (100%) or control mice (100%). Therefore, immu-
nization with P21 is not protective against tick-borne infection.
In addition, the passive transfer of P21-specific antiserum or
GT antiserum (control) to mice which were previously inocu-
lated with 10* B. burgdorferi, did not abrogate the infection or
modify disease in SCID mice (five of five animals in both
groups were culture-positive and had arthritis and carditis).
The passive transfer of serum from mice infected with B. burg-
dorferi for 90 d, as expected (18), resulted in spirochete clear-
ance and resolution of active disease (five of five animals were
culture-negative for B. burgdorferi and did not have active ar-
thritis or carditis).

Discussion

B. burgdorferi ospE and F homologues, including p21, pG,
bbk2.10, and bbk2.11 are selectively expressed in the infected
host; however, nothing is known about the temporal expres-
sion of these genes in vivo or the host immunologic responses
to these antigens. ospE and F are on a 45 kb plasmid, and are
expressed both in vitro and in vivo. As the homologues of
ospE and F, which share 32-76% structural similarity (1, 3-6),
can be located on multiple circular or linear B. burgdorferi
plasmids, we determined the location of p21. We found that a
full-length p21 probe hybridized at three locations: at 45 kb and
at two other bands which moved more slowly than the 49 kb
plasmid (Fig. 1 a). The band at 45 kb represents the plasmid
containing ospE-F (5), which has been shown to be circular
(6), and the band at 90-100 kb region is probably the plasmid
containing bbk2.10 (1). A p21-specific probe localized p21 to a
different plasmid than that of osp E, and two-dimensional elec-
trophoresis of B. burgdorferi DNA suggested the circular na-
ture of this plasmid. These data show that B. burgdorferi can
contain several homologues of ospE-F. However, diverse
strains may not contain all members of this gene family, and
the location of these genes within the genome may differ in se-



lected isolates. Within B. burgdorferi N40, ospE and p21 are
located on separate plasmids.

The detection of ospE and p2] mRNA and OspE and P21
antibodies during murine infection indicates that these genes
are sequentially expressed. Antibodies that bound P21 or
OspE were first detected 7 d after infection, and could repre-
sent a response directed at either P21 or OspE because of po-
tential cross reactivity. The appearance of P21-specific anti-
bodies 28 d after infection suggests that the early response to
P21 may be a result of the non-specific binding of OspE anti-
bodies with recombinant P21, or that the early P21 response is
not directed towards the P21-specific peptide. The former hy-
pothesis is supported by the initial appearance of p21 mRNA
in infected animals at day 21, whereas ospE mRNA is readily
detectable 7 d after infection (the first time point examined).

Temperature can influence the regulation of ospC (8) and
members of the ospE/F gene family (20); however, additional
factors must influence gene expression because OspC (8), but
not P21, is detectable in the engorged tick. As the regulation of
OspA and OspC synthesis predominantly occurs within the
engorging ticks (7, 8), and our data show that P21 is not syn-
thesized in the flat or engorged tick, p21 appears to be the first
example of a gene that is selectively expressed within the
mammalian host.

Comparison of flagellin and ospA expression during the
early stages of murine infection indicated that ospA mRNA
synthesis is also temporally regulated. flagellin mRNA was de-
tected at all the time points, indicating that it is constitutively
expressed. ospA mRNA, however, was not detected until 14 d
after tick-borne infection and continued to be identified at 21
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and 28 d. This is in contrast with previous studies showing that
in mice inoculated intradermally with 10* spirochetes, ospA
mRNA was detected at 14, but not 30 d (9). The difference at
30 d may be due to the method of B. burgdorferi infection: nat-
ural tick-transmission compared with experimental syringe in-
oculation. OspA is down-regulated by B. burgdorferi in the
salivary glands of engorged ticks, whereas OspA is a major an-
tigen of B. burgdorferi in culture (7, 17). Thus, it is possible
that laboratory-cultured spirochetes express OspA in the ini-
tial stages of murine infection, whereas tick-transmitted B.
burgdorferi do not synthesize OspA immediately, but express
the gene later. Appearance of ospA mRNA, but a lack of
OspA antibodies, in the initial phase of murine infection could
also suggest that OspA synthesis may be regulated at the level
of translation. In addition, mice immunized against OspA and
then challenged with spirochetes that have adapted to the host
(using infected tissue transplants) are fully susceptible to dis-
seminated infection and disease, in contrast to mice challenged
with cultured spirochetes or by tick challenge (10). This fur-
ther suggests that OspA expression does not occur in host-
adapted spirochetes or is expressed by some, but not all, spiro-
chetes.

A P21-specific response can also be detected in patients
with Lyme disease. Our group previously reported that 11%
and 15% of the sera from patients with early- and late-stage
Lyme disease contained OspE-specific antibodies (5). This
study indicates that 28% of the patients had OspE and/or P21
antibodies. The differences in the percentage of seropositive
patients may be due to the increased sensitivity of the ELISA
and the diversity of the current patient population that in-
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cludes samples from both Yale and CDC. Reactivity of these
sera against a 10 amino acid peptide specific to P21 helped dis-
tinguish between OspE and P21 reactivity. 16 of 20 P21-OspE
positive sera from Yale had antibodies against the P21-specific
peptide. This suggests that P21-specific antibodies are synthe-
sized during human B. burgdorferi infection, and supports our
murine in vivo expression studies. Moreover, it is possible that
the other four patients may have developed P21-specific anti-
bodies, but that none of these antibodies were directed to-
wards this P21-specific epitope. In general, an IgM response to
P21 was detected within the first several months after infec-
tion, and an IgG response was identified at later time points,
suggesting that p21 is expressed in the early stages of human
infection, consistent with the data indicating that P21 is synthe-
sized within the first month of murine infection.

Although P21 and members of OspE-F antigen family are
induced in the host, P21-antibodies were only detected in 28%
of the patients. As this gene family is fairly diverse, it is possi-
ble that p27 was not present in all the B. burgdorferi isolates
that infected the patients, and that closely related antigens are
not cross-reactive with P21 or OspE. For example, antibody to
Bbk2.10, an OspF homologue, does not cross react with OspF
(1). Therefore, it is possible that P21 antibodies are detectable
when the infecting B. burgdorferi strain contains P21, whereas
in other patients, some other homologue (5) of the ospE-F
gene family is expressed. Antibodies to P21 were most evident
after 1 mo of infection; however, a correlation between a spe-
cific manifestation of Lyme disease and the presence of P21-
antibodies in human sera was not evident.

Immunization with P21 did not protect mice from B. burg-
dorferi infection or disease, even though immunized mice de-
veloped high titers of P21-specific antibodies (levels, which in
the case of OspA, have been shown to be protective) (16). This
is consistent with lack of expression of P2/ in the flat or en-
gorged ticks, or in the initial phase of murine infection, there-
fore resulting in an inability to elicit protective immunity.
Moreover, although OspE and F antibodies can partially de-
stroy spirochetes within engorged ticks (21), antibodies to re-
combinant P21 that may cross react with OspE do not serve
this function because the spirochete load in ticks that fed on
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Figure 4. Specificity of the ospE and p2] primers. Molecular weight
marker (lane I), p21-specific primers with B. burgdorferi DNA as the
template (lane 2), osp E-specific primers with B. burgdorferi DNA
(lane 3), p21-specific primers with p21 plasmid DNA (lane 4), ospE-
specific primers with p21 plasmid DNA (lane 5), p2I-specific primers
with ospE plasmid DNA (lane 6), and osp E-specific primers with
ospE plasmid DNA (lane 7).
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P21-immunized mice was not reduced. Barthold et al. (18)
have shown that sera from mice infected with B. burgdorferi for
90 d, but not from mice immunized with heat-killed spiro-
chetes, cleared spirochetes from SCID mice that had been in-
fected with B. burgdorferi for up to 4 d and induced arthritis
resolution when serum was transferred after arthritis was un-
derway. These data suggest that specific antibodies to antigens
selectively expressed in vivo by B. burgdorferi are involved in
spirochetal clearance and disease modulation. As P21 is an in
vivo induced antigen, we also sought to determine whether
P21 antibodies had protective or arthritis-modulating capacity
in the SCID mouse model system. P21-specific antibodies did
not alter infection or disease in the SCID mice.
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Our data indicate that p21 is synthesized or upregulated in
the early stage of infection of the vertebrate host because p21
mRNA and P21 antibodies are detected within a few weeks af-
ter infection. In contrast, a closely related gene, ospE, is ex-
pressed in both the host and vector, whereas p21 is constitu-
tively expressed several weeks after mammalian infection.
Therefore, variation in protein expression by B. burgdorferi
may be much more extensive than previously believed and the
induction of specific genes may occur at various stages of the
spirochetal lifecycle. Differential expression of OspA and
OspC occurs in engorged ticks, most likely in response to the
stimuli provided, whether direct or indirect, by the incoming
host blood meal. Then, as the spirochete enters the mamma-
lian host, P21 synthesis in induced. Therefore, spirochetes in
engorged ticks appear to differ from spirochetes in the verte-
brate host, and variation in protein expression continues as in-
fection progresses. Knowledge regarding the synthesis of B.
burgdorferi proteins during its lifecycle should provide a
greater understanding of the pathogenesis of Lyme disease.
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