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Current serologic Lyme disease tests use whole borrelia cells as the source of antigen. These assays are diffi-
cult to standardize and to optimize for sensitivity and specificity. To help solve these problems, we constructed
a library of recombinant chimeric proteins composed of portions of key antigens of Borrelia burgdorferi. These
proteins were then used to develop an enzyme-linked immunosorbent assay. We compared our assay with the
most sensitive of three whole-cell borrelia assays. We found that the recombinant assay could detect antibodies
significantly better from early Lyme disease sera (P < 0.05), and had the same sensitivity for late Lyme disease
sera, as the most sensitive whole-cell borrelia assay. On potentially cross-reactive sera, the recombinant assay
was more specific, but not significantly so, than the best whole-cell borrelia assay. Optimization of the
recombinant assay offers the potential for a significant improvement in both sensitivity and specificity.

Lyme disease is the most common vector-borne disease in
North America and Europe (26) and is an emerging problem
in northern Asia (16, 18). The infectious agent in Lyme disease
is the spirochete Borrelia burgdorferi, which is transmitted to
humans primarily via ticks of the genus Ixodes.

B. burgdorferi infection produces a progressive or episodic
disease with a wide array of clinical manifestations. Chronic
disseminated infection can cause permanent damage to the
nervous and musculoskeletal systems (26). The only specific
sign of B. burgdorferi infection is erythema migrans (EM), a
transient local response that occurs early in the course of
infection in 70 to 80% of patients. None of the clinical mani-
festations of late Lyme disease are pathognomonic. In fact, all
are characteristic of numerous other illnesses, and testing for
B. burgdorferi infection is frequently an early step in the dif-
ferential diagnosis of patients with rheumatologic or neuro-
logic symptoms. Except for patients with EM, B. burgdorferi is
infrequently observed in clinical samples, and direct diagnosis
via microbiological techniques is not currently feasible. In the
absence of EM, the laboratory diagnosis of B. burgdorferi in-
fection is primarily dependent on the detection of a humoral
immune response to the organism (2, 3, 8, 21, 24, 25). Accu-
rate, reliable diagnostic assays are essential both to ensure
early treatment of infected individuals and to exclude the large
majority of uninfected patients with “Lyme-like” symptoms.
Also, early treatment of Lyme disease is important to limit or
prevent serious damage to the nervous and musculoskeletal
systems.

Most, but not all, commercial seroassays use whole-cell B.
burgdorferi preparations. Preserved B. burgdorferi cells are used
as the antigen substrate for immunofluorescence assays, and
crude fractions of sonicated organisms are used for most en-

zyme-linked immunosorbent assays (ELISAs). The use of
whole cells of Borrelia spp. as the source of antigen has posed
problems in optimizing the sensitivity, specificity, and repro-
ducibility of serological tests. We developed recombinant pro-
tein-based assays to attempt to overcome these problems. We
engineered recombinant chimeras, each containing portions of
key antigenic proteins of B. burgdorferi, the outer surface pro-
teins OspA, OspB, OspC, flagellin (Fla or p41), and a protein
of 93 kDa (p93). By eliminating other bacterial proteins (struc-
tural and metabolic) and by creating truncated forms of the
relevant antigenic proteins of B. burgdorferi, we expected to
remove cross-reactive epitopes of these antigens and present
only the portions that induce a strong specific immune re-
sponse to B. burgdorferi. We believed that this was likely to
increase both the sensitivity and specificity of the assay.

In this paper we describe the cloning, expression, purifica-
tion, and serologic characterization of a recombinant chimera-
based diagnostic assay for Lyme disease on an ELISA format.
Our data indicate that the recombinant chimeric assay presents
superior sensitivity in detecting antibodies against B. burgdor-
feri for the early stages of the disease, and equivalent sensitivity
for the late stages of the disease, to the best whole-cell assay
tested.

MATERIALS AND METHODS

Cloning of chimeric B. burgdorferi genes; protein expression and immunoblot
characterization. (i) Cloning of the recombinant chimeric borrelia proteins
(RCBPs). A library of chimeric proteins was generated using B. burgdorferi
sequences of OspA, OspB, OspC, flagellin (p41) and p93. B. burgdorferi strain
B31 was mainly used. Some chimeras utilized portions of Borrelia afzelii strain
Pko or Borrelia garinii strain K48. Several versions of the chimeras were gener-
ated with the expression vector pET3c. Portions of the open reading frames of
the outer surface protein (Osp) cDNAs were cloned in tandem in order to
produce recombinant fusion proteins. The first group of chimeras, the OspB
series, comprised the series OspB-Fla and OspB-OspC-Fla. The sequence en-
coding the OspB truncated fragment and the internal segment of the flagellin
gene (encoding Fla or p41) were cloned sequentially into the vector on the
NdeI-BamHI sites, using linkers between the sequences, creating the B-Fla
chimeras. The OspC truncated fragment was then cloned between both se-
quences generating the chimeras B-C-Fla. The second group, the p93 series,
comprised the chimeras OspA-p93, OspC-p93, and OspA-OspC-p93. The OspA

* Corresponding author. Mailing address: Department of Medicine,
State University of New York at Stony Brook, Stony Brook, NY 11794-
8161. Phone: (631) 444-2351. Fax: (631) 444-3475. E-mail: RAYD
@epo.som.sunysb.edu.

† Present address: University of Massachusetts, Worcester, Mass.

2530



or, alternatively, the OspC truncated sequences and a truncated segment of p93
were cloned sequentially using linkers, generating the chimers A-93 and C-93,
respectively. The OspC truncated fragment was then cloned between the se-
quences of A-93, generating the chimer A-C-93. A representation of the sequen-
tial cloning of the library of the chimeras generated is shown in Fig. 1. Escherichia
coli (strain DH5a) cells were transformed with the plasmid containing the chi-
meras, the antibiotic-resistant colonies were isolated, and the purified DNA was
characterized via restriction pattern analysis.

(ii) Protein expression and immunoblot characterization. E. coli [strain BL21
(DE3) pLysS or strain B834 (DE3)] cells were transformed with the plasmid
containing the coding sequence for RCBP and grown in 10 ml of Luria-Bertani
medium (5 g of NaCl, 10 g of tryptone, 5 g of yeast extract, 25 mg of chloram-
phenicol, 50 mg of ampicillin/ml) at 37°C with shaking. When the optical density
at 600 nm reached 0.3 to 0.4, recombinant protein expression was induced by
adding IPTG (isopropyl-b-D-thiogalactopyranoside) to a final concentration of
0.5 mM and cells were grown for an additional 3 h. The cultures were harvested
by centrifugation at 3,800 3 g for 5 min, the cells were resuspended in 20 mM
NaPO4, pH 7.7, and the crude extracts were stored at 220°C overnight. Once
thawed, the RCBP crude extracts were incubated with DNase (2 mg/ml) in the
presence of 2.5 mM MgCl2 at room temperature for 30 min and spun at 14,000
rpm (Eppendorf 5417C) for 5 min and 5 ml of the protein sample was loaded on
a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel,
which was either stained in Coomassie blue or used for immunoblotting. The
primary antibody used for the immunoblotting was either a monoclonal antibody
(MAb) or EM Lyme disease human serum. The secondary antibody used was,
respectively, alkaline phosphatase-labeled anti-mouse immunoglobulin G (IgG)
or anti-human IgA plus IgG plus IgM.

Protein purification. Crude extracts were prepared according to the method of
Studier et al. (27), and the resulting pooled soluble fraction was applied to an
anion-exchange column (Q Sepharose Fast Flow; Pharmacia) equilibrated with
either 20 mM Tris, pH 7.5, or 20 mM diethanolamine, pH 9.1, depending on the
protein being purified. The bound protein was eluted using an increasing con-
centration of NaCl. The fractions containing the chimeric proteins were pooled
and concentrated by ultrafiltration using a stirred flow cell (Amicon) with a 30-
or 50-kDa cutoff membrane (depending on the RCBP purified). The protein was
dialyzed against 20 mM NaPO4, pH 7.8, containing 250 mM NaCl. The protein
solution was loaded onto a Ni21 metal affinity column (chelating Sepharose Fast
Flow; Pharmacia) equilibrated with 20 mM NaPO4, pH 7.8, containing 250 mM
NaCl. The bound protein was eluted using an increasing concentration of im-
idazole. The fractions containing the chimeric protein were concentrated by
ultrafiltration (Amicon). The protein concentration was then determined by the
measurement of the absorbance shift when Coomassie brilliant blue G-250
reacted with protein (Bio-Rad), and the protein was stored at 270°C. Protein
purity was checked by SDS-PAGE, and the reactivity was checked by immuno-
blotting. The yield of purified protein depends on the chimera being purified and
ranges between 15 and 60 mg/liter of induced culture.

ELISA. (i) Immobilization of RCBPs onto ELISA plates. Solutions of purified
RCBPs in 140 mM sodium carbonate, pH 9.0, were used to coat commercial
microwell plates (MaxiSorp; Nunc). The coating procedure was as follows. One
hundred microliters of a solution containing 0.5 mg of antigen/ml was added to
each well, and the microwell plate was incubated for either 1 h at room temper-
ature or at 4°C overnight. The antigen solution was removed from the wells, the
plate was washed three times with 140 mM sodium carbonate, pH 9.0, and 200
ml of blocking solution was added (2% bovine serum albumin fraction V [Sigma
Chemical Co., St. Louis, Mo.] in 140 mM sodium carbonate, pH 9.0). Following
a 30-min incubation at 37°C the plates were washed three times with sodium
carbonate, pH 9.0, wrapped in plastic, and stored at 4°C until used (up to a
week).

(ii) ELISA. The standard procedure for the ELISAs was as follows. Serum
samples were diluted 1:100 in filter-sterilized specimen diluent (10% fetal bovine
serum [Gibco] in phosphate-buffered saline [PBS]–1 mM KH2PO4–10 mM
Na2HPO4–137 mM NaCl–2.7 mM KCl, pH 7.4 [Boehringer Mannheim], and 100
ml of each sample was added to ELISA plate microwells. Following incubation
for 1 h at 37°C, the samples were removed and the plates were washed three
times in PBS-T (PBS–0.05% Tween 20). Goat anti-human IgM (Fc) and IgG
(Fab) antibodies conjugated to alkaline phosphatase (Jackson ImmunoResearch
Laboratories) were used as secondary antibodies. They were diluted 1:1,000 in
PBS, pH 7.4, and 100 ml of the solution was added to each well. Following
incubation for 30 min at 37°C, the plates were washed three times with PBS-T
and 100 ml of substrate solution (5 mg of p-nitrophenylphosphate tablets dis-
solved in 13 diethanolamine substrate buffer to yield a 2-mg/ml solution [Kirkeg-
aard Perry Laboratory]) was added to each well. The plates were incubated for
30 min at 37°C, and 100 ml of stop solution (5% EDTA) was added to each well.
The absorbance at 410 nm was read on a microplate reader (Dynatech). As
negative controls we used 10 serum samples from healthy individuals. The same
negative controls were included in each plate. A sample was considered positive
if it produced an average absorbance greater than the mean of the negative
controls plus three standard deviations. Values between two and three standard
deviations were considered equivocal and counted as positive in the final eval-
uations.

(iii) Commercial ELISAs. Lyme disease ELISA kits were purchased from
MarDx Diagnostics, Inc. (Carlsbad, Calif.) Sigma Chemical Co., and Wampole
Laboratories, a Division of Carter Wallace, Inc. (Palatine, Ill.), and were used for
comparative purposes. The tests are polyvalent and were performed according to
the manufacturer instructions. As with the recombinant test, values between two
and three standard deviations were considered equivocal and counted as positive.

Serum panels and MAbs. We have access to a large bank of sera from patients
who participated in multicenter clinical trials conducted by the Lyme Disease
Center at the State University of New York at Stony Brook. The serum samples
included in all panels were obtained singly from different subjects. All serum
samples were obtained from physician-characterized patients. They were ob-
tained at different times, so the samples used to do the screening of the chimeras

FIG. 1. Strategy used to clone the RCBPs. (A) General representation. (B) Sequential representation of the cloned genes.
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were not necessarily used later in the comparison experiments. When using
serum panels, some of the serum samples always get depleted and therefore are
no longer available for further testing.

The panels used to do the preliminary screening of the RCBPs (see Table 2)
included a total of 139 sera from patients with early Lyme disease (EM at
presentation), 69 sera from patients with late Lyme disease (Lyme arthritis or
neuroborreliosis), 56 sera from patients with syphilis and 50 sera from patients
with immunopathological disorders (rheumatoid arthritis and systemic lupus
erythematosus), 30 sera from healthy donors from an area of endemicity, and 28
normal sera from areas where the disease is not endemic. The use of sera from
healthy individuals without a known history of Lyme disease from an area of
endemicity is important because many people in these areas have been infected
with B. burgdorferi without recognizing any specific clinical signs or symptoms.
Neither the patient nor the normal control sera used to evaluate the recombinant
ELISAs were prescreened; they were run blind.

The panels used to do the comparison study (see Table 3) were obtained from
strictly characterized patients and were clinically classified as early Lyme (panel
1A, consisting of 41 sera from patients with EM who were culture positive, and
panel 1B, consisting of 50 sera from patients with acute disseminated symptoms,
multiple EM, or EM plus objective evidence of neurologic or cardiac involve-
ment), late Lyme (panel 2A, consisting of serum from 26 patients with previous
clinical history of EM and presenting signs and symptoms of late Lyme disease
[arthritis or neurologic system involvement], and panel 2B, consisting of 29 sera
from patients with definite organ involvement, either arthritis or neurologic, that
had previously tested positive for B. burgdorferi antibodies by both ELISA and
Western blotting [these sera were not prescreened before they were tested]), and
potentially cross-reactive (panel 3A, consisting of 33 sera from syphilis patients,
consisting of panel 3B, 27 sera from rheumatoid arthritis and systemic lupus
erythematosus patients, and panel 3C, consisting of 10 normal sera from indi-
viduals from an area where the disease was not endemic). One of the panels that
had been used in the screening studies was used in the comparative experiments
after being further characterized (serum from patients with EM and with B.
burgdorferi isolated from skin biopsies from the EM). These sera as well as the
rest of the panels were run blind. MAbs directed against B. burgdorferi outer
surface protein A (OspA), outer surface protein B (OspB), outer surface protein
C (OspC), flagellin, and p93 were obtained as described previously (12, 22, 29).

Statistical analysis. The statistical comparison between the small and large
proteins was done using a chi-square test with correction for continuity (refer-
ence 30, section 22.3). The test used to compare the individual proteins with the
combined proteins is a comparison of multiple proportions (reference 30, section
23.13). The comparison between the whole-cell borrelia (WCB) and the com-
bined RCBPs used McNemar’s exact test for correlated proportions (reference
20, section 10.5.2) because the same sera were used for both tests, giving a
paired-sample design. McNemar’s test evaluates whether discordant results (i.e.,

positive in RCBP assay and negative by WCB assay or vice versa) are evenly
distributed (null hypothesis) or biased one way or the other. P values of ,0.05
are considered statistically significant.

RESULTS

Selection of RCBPs. The library of chimeras was screened
with MAbs to demonstrate that their respective epitopes were
present and accessible in the chimeric proteins (Table 1 and
Fig. 2). The sequences that happened to have been cloned out

TABLE 1. Structural and immunochemical characterization of RCBPs

Series and RCBP
(size [kDa])a Strain

Immunoblot result on induced positive clones

Anti-OspB
MAb H68

Anti-p41
MAb H9724 Anti-OspC Anti-OspA

MAbs 184 and 105
Anti-p93
MAb 181

OspB
OspB-Fla (43) B31 Positive Positive NAb

OspB-Fla (50) B31 Positive Positive NA
OspB-Fla (41) B31 Positive Positive NA
OspB-Fla (48) B31 Positive Positive NA
OspB-OspC-Fla (64) B31 Positive Positive Positive
OspB-OspC-Fla (62) B31 Negative Negative NDc

OspB-OspC-Fla (66) K48 NA NA NA
OspB-OspC-Fla (63) BPkoBd NA NA NA
OspB-OspC-Fla (61) BPkoB Negative Negative ND

p93
OspA-p93 (62) B31 NA Positive Positive
OspA-p93 (88) B31 NA Negative Positive
OspA-p93 (53) B31 NA Positive Negative
OspA-p93 (97) B31 NA ND/Pos.e Positive
OspA-OspC-p93 (83) BPkoB NA NA NA
OspC-p93 (55) B31 Positive NA Positive
OspC-p93 (83) B31 Positive NA Positive
OspC2-p93 (82) C2-B31 Positive NA Positive

a RCBPs chosen for serological testing are in boldface.
b NA, not applicable.
c ND, not determined.
d BPkoB, B31-Pko-B31.
e ND/Pos., MAb 184, ND/MAb 105, positive.

FIG. 2. Specific reactivities of the purified RCBPs on immunoblotting using
MAbs. The secondary antibody used was alkaline phosphatase-labeled anti-
mouse IgG. OspB-OspC-Fla (64 kDa) was identified with MAb anti-OspC (A),
and OspA-p93 (97 kDa) was identified with MAb anti-OspA LA2.2 (B). The
mobilities of size standards are indicated at the left.
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of reading frame turned up as positive clones by restriction
pattern analysis but were negative when protein expression was
induced. The negative results obtained with the MAbs for
induced proteins are explained by proposing that the tertiary
folding of the proteins is different and that this makes the
epitopes inaccessible to the MAbs. The most reactive chimeras
on immunoblotting were chosen for further serological testing:
OspB-Fla (43 kDa), OspB-OspC-Fla (64 kDa), OspA-p93 (62
kDa), and OspA-p93 (97 kDa).

Development of ELISA formats with RCBPs. Extensive tests
on the titration of antigen and conjugate, the dilution of nor-
mal negative control sera, reaction temperature, and incuba-
tion times were done (data not shown). The results of these
experiments indicated that an antigen concentration of 0.5
mg/ml in the coating buffer was optimal for each of the RCBPs
tested. It is not necessary that the chimeric proteins be
immobilized in a specific molar ratio to one another, only
that enough of each protein be bound so that epitopes in
that RCBP will not become a limiting factor in subsequent
ELISAs of patient serum. For practical purposes these con-
ditions were met when the anti-OspA or anti-OspC MAb
capture assay mixture (used to measure the binding of the
individual RCBPs) diluted at 1:100 reached an absorbance
of about 1.5 or greater for each RCBP-MAb immunocomplex
reaction. Serial dilutions of normal control sera indicated that
the target negative baseline value of #0.2 absorbance units was
met by the 1:100 serum dilution. The secondary antibody (con-
jugate) optimal dilution was 1:1,000.

Study I: serological screening of the RCBPs. (i) Sensitivity
of the RCBPs. Lyme disease serum panels composed of 139
samples of early Lyme disease sera and 69 samples of late
Lyme disease sera were used to do the preliminary screening of
the RCBPs for their sensitivity to detect anti-B. burgdorferi
antibodies. Samples were chosen randomly, and the individual
RCBPs were tested. The results are given in Table 2. A chi-
square test with correction for continuity was used to test for
statistical significance. A-93 with a molecular mass of 97 kDa
was significantly more sensitive than A-93 with a mass of 62
kDa for both late Lyme (x2 5 6.46, P 5 0.01) and early Lyme
(x2 5 9.05, P , 0.005). B-C-Fla was significantly more sensitive
than B-Fla for late Lyme (x2 5 12.2, P , 0.001) and for early
Lyme (x2 5 19.3, P , 0.001). Thus, RCBPs A-93 (62 kDa) and
B-Fla were dropped from further testing.

A mixture of A-93 (97 kDa) and B-C-Fla was formulated
and tested against samples from the same blinded panels of
sera. This mixture seemed to give better results than the indi-

vidual chimeras. However, when the proportions were statisti-
cally tested, neither the data from late Lyme (P 5 ;0.25) nor
the data from early Lyme (P 5 ;0.20) could reject the null
hypothesis that all RCBPs were equal. This is also true when
all the data were combined (P 5 ;0.30). Thus, A-93 (97 kDa)
and B-C-Fla individually and the two in combination had sen-
sitivities that were not statistically distinguishable.

(ii) Specificity of the RCBPs. To further characterize the
chosen chimers in the screening studies, we tested sera from
patients with diseases associated with serological responses
that are known to produce cross-reactivity in currently used
tests (Table 2). We used a total of 56 samples of syphilis,
50 samples of autoimmune diseases (rheumatoid arthritis
and systemic lupus erythematosus), 28 normal sera from an
area where the disease is not endemic, and 30 normal sera
from healthy donors from an area of endemicity. Variously
sized samples were chosen randomly. For all four types of sera,
there was no significant difference in the specificity of A-93 (97
kDa) and B-C-Fla individually or combined. To simplify fur-
ther testing, a RCBP assay mixture containing A-93 (97 kDa)
plus B-C-Fla at a 1:1 molar ratio was used in the comparison
study.

Study II: comparison of RCBP-based tests with commer-
cial test kits. Three different commercial WCB ELISAs
were compared in blinded tests with a panel of 20 sera from
culture-confirmed early Lyme disease patients with EM at
presentation. The sensitivities of the tests were as follows:
test A detected five positive sera (25%), test B detected
three positive sera (15%), and test C detected one positive
serum (5%). Because test A was the most sensitive, it was
then compared to our RCBP assay with A-93 (97 kDa) plus
B-C-Fla. The serum panels used were obtained from strictly
characterized patients, were clinically classified, and were
run blinded and in parallel (paired comparison) on both
tests (Table 3). For the early Lyme patients, the following
results were obtained: for panel 1A, with 41 EM- and cul-
ture-positive sera, 16 were positive in the WCB assay (39%)
and 18 were positive in the RCBP assay (44%); for panel 1B,
with 50 acute disseminated sera, 27 were positive in the
WCB assay (54%) and 31 were positive in the RCBP assay
(62%). The overall sensitivity of detection of antibodies to B.
burgdorferi in early Lyme disease patients was 39 to 54% for
the WCB assay and 44 to 62% for the RCBP assay. The
difference in sensitivity between the RCBP assay and the WCB
assay in the early stages of the disease was statistically signif-
icant by McNemar’s exact test for correlated proportions (P 5

TABLE 2. Study I: serological screening of the RCBPsa

RCBP (size [kDa])

No. of positive results/no. of samples tested (%) for indicated serab

Late Lyme Early Lyme Gross-reactive
autoimmune disease Syphilis Normal, not from an

area of endemicity
Normal, from an area

of endemicity

A-93 (62) 9/16 (56) 2/20 (10) ND f

A-93 (97) 47/53 (89)c 49/99 (50)d 1/40 (3) 6/27 (22) 0/20 (0) 3/20 (15)
B-Fla (43) 10/21 (48) 11/47 (23) ND
B-C-Fla (64) 60/69 (87)e 86/139 (62)e 4/50 (8) 4/56 (7) 0/28 (0) 5/30 (16)
A-93 (97) 1 B-C-Fla (64) 49/51 (96) 64/111 (58) 2/25 (8) 2/37 (5) 0/20 (0) 2/30 (7)

a Variously sized samples were chosen randomly from the panels, and the individual RCBPs were tested. Goat anti-human IgM (Fc) and IgG (Fab) antibodies
conjugated to alkaline phosphatase (Jackson ImmunoResearch Laboratories) were used as the secondary antibodies. Normal sera from an area of endemicity might
show some reactivity because individuals might be infected with B. burgdorferi without recognizing any clinical symptoms.

b A chi-square test with correction for continuity was used to determine statistical significance between the large and small versions of the same chimeras. Differences
with probabilities that were ,0.05 were considered statistically significant.

c P 5 0.01, compared to 62-kDa protein.
d P , 0.005, compared to 62-kDa protein.
e P , 0.001, compared to 43-kDa protein.
f ND, not determined.
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0.0312, P , 0.05), since all the discordant results were positive
in the RCBP assay and negative in the WCB assay. For the late
Lyme patients, the following results were obtained: for panel
2A, with 26 sera from patients with previous clinical history of
EM and presenting signs and symptoms of late Lyme disease
(arthritis or neurologic system involvement), 21 were positive
in both the WCB and the RCBP assays (81%); for panel 2B,
with 29 not-prescreened sera from patients with definite organ
system involvement that had previously tested positive for
B. burgdorferi antibodies, 29 were positive in both the WCB
and the RCBP assays (100%). There was no difference on the
sensitivity of detection of antibodies to B. burgdorferi in the late
stages of the disease for either test. For the potentially cross-
reactive patients, the following results were obtained: for panel
3A, with sera from 33 syphilis patients, 7 were positive in the
WCB assay (21%) and 5 were positive in the RCBP assay
(15%); for panel 3B, with sera from 27 autoimmune disease
patients, 2 were positive in the WCB assay (7%) and none was
positive in the RCBP assay (0%). The overall specificity was 79
to 100% for the WCB assay and 85 to 100% for the RCBP
assay. The difference in specificity between the RCBP and the
WCB assays was not statistically significant (P 5 0.125, P .
0.05). However, all discordant results were positive in the
WCB assay and negative in the RCBP assay. This suggests that
with a larger sample size, the RCBP assay will likely be signif-
icantly more specific.

DISCUSSION

Whole B. burgdorferi assay mixtures contain many proteins
with epitopes that cross-react with antibodies against other
common infectious agents. Bruckbauer et al. demonstrated
extensive cross-reactivity between B. burgdorferi and the bac-
terial pathogens Borrelia hermsii, Treponema pallidum, Trepo-
nema phagedenis, Leptospira interrogans, Neisseria meningitidis,
Haemophilus influenzae, Yersinia enterocolitica, Campylobacter
jejuni, Listeria monocytogenes, Pseudomonas aeruginosa, E. coli,
Salmonella enterica serovar Typhimurium, Shigella flexneri, and
Legionella micdadei (1). Many healthy adults with no history of
B. burgdorferi infection have detectable levels of anti-41-kDa
IgG, and many individuals also have antibodies directed
against other spirochetal antigens. The Borrelia proteins in the
60- to 75-kDa range, p33 and two proteins with a mass of about
20 kDa, are among the most highly cross-reactive (1, 9, 13).

The immunodominant 41-kDa flagellin antigen is not cross-
reactive with nonflagellated bacteria but it is highly cross-re-
active with similar proteins from other spirochetes. In addition,
the accuracy of indirect assays for B. burgdorferi infection can
be compromised by infectious and immunopathological condi-
tions such as viral infections, subacute bacterial endocarditis,
rheumatoid arthritis, and systemic lupus erythematosus.

Recombinant protein-based assays are a natural evolution-
ary advance from the crude whole bacterial preparations now
used, offering improvements in sensitivity, specificity, and re-
producibility over whole spirochetal tests. By creating trun-
cated forms of the relevant antigenic proteins of B. burgdorferi,
we expected to remove some cross-reactive epitopes, and un-
like whole-borrelia assay mixtures, which generally contain
only one genospecies, multiple genospecies and variants can
easily be included in these assays. These two aspects alone can
be used to produce a more sensitive, specific seroassay. The
two-tiered system recommended by the Centers for Disease
Control and Prevention (4, 14) has been adopted because of
the poor positive predictive value of current tests. Recombi-
nant protein-based assays, by being more sensitive in the clin-
ically crucial early stages of the disease and by limiting cross-
reactive proteins, can potentially reduce the numbers of false
positives and could eventually eliminate the need for the two-
tiered system.

Several attempts to generate a diagnostic test with a single
antigenic protein have been made (6, 10, 17), but the resulting
tests proved to be not sensitive enough. We generated recom-
binant chimeras containing key sequences from a number of
B. burgdorferi proteins, including OspA, OspB, OspC, Fla, and
p93. Flagellin (Fla or p41) and p93 are two good candidate
antigens for serodiagnosis of Lyme disease (14, 15). Full-length
p41 is sensitive but lacks specificity. The variable middle region
of p41 is a better candidate antigen for more specific serodi-
agnosis of the disease (5, 11, 19). This region of p41, used
alone, is not very sensitive for detection of Lyme disease. As a
component of chimeric constructs, however, it adds signifi-
cantly to the diagnostic performance of the chimeric antigens.
Therefore, this lack of sensitivity of the internal fragment of
p41 was not a problem in the recombinant chimeras we se-
lected for our serologic assays.

Recently, a significant degree of genetic diversity has been
demonstrated for B. burgdorferi OspC genes (7, 28). A study of

TABLE 3. Study II: comparison of the RCBP and WCB ELISAs for sensitivity and specificity in detecting antibodies against Lyme disease

Serum and
panela

Sensitivity (%)
(no. of sera positive/no. tested) for:

Specificity (%)
(no. of sera positive/no. tested) for: Pb

WCB A-93 (97 kDa) 1 B-C-Fla (RCBP) WCB A-93 (97 kDa) 1 B-C-Fla (RCBP)

Early Lyme 0.0312c

1A 39 (16/41) 44 (18/41)
1B 54 (27/50) 62 (31/50)

Late Lyme NCd

2A 81 (21/26) 81 (21/26)
2B 100 (29/29) 100 (29/29)

Cross-reactive 0.125c

3A 79 (7/33) 85 (5/33)
3B 93 (2/27) 100 (0/27)
3C 100 (0/10) 100 (0/10)

a Panels are as described in Materials and Methods.
b By McNemar’s test. Differences with P values of ,0.05 were considered statistically significant.
c Combined value.
d NC, not calculable.
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a local Long Island population showed that most of the major
OspC groups found worldwide (as listed in GenBank) are
found within a single population. This pattern indicated that
the geographical distribution of major OspC groups is rela-
tively homogeneous (28). Seinost et al. identified four clones of
B. burgdorferi sensu stricto defined by their OspC group that
cause invasive infection in humans (23). The combination of
multiple OspC types in a second-generation assay could in part
account for an increase in the sensitivity of this test.

Preliminary screening of the chimeric proteins indicated that
different chimeric constructs vary significantly in their immu-
noreactivities, presumably due to secondary structural charac-
teristics that affect the presentation of the epitopes. While
individual recombinant proteins are not ideal for use as single
antigens in diagnostic assays (6, 10, 17), a combination of
several recombinant Borrelia antigens proved to be highly ef-
fective. Unlike tests employing WCB preparations, where im-
provements in sensitivity usually reduce the specificity and vice
versa, the improvements in sensitivity of the ELISA using
recombinant chimeric borrelia proteins was accompanied by at
least an equivalent specificity for the WCB assay as was shown
by the statistical analysis. These protein chimeras were con-
structed without knowledge of their potentiality. With further
study of the genetic variability of the important epitopes, even
better chimeras can be created. The construction of recombi-
nant chimeras containing genes from several genospecies al-
lows us to generate one protein that confers antigenicity to
multiple strains, revealing the great potential and adaptability
of this technique. Furthermore, the use of pure protein prep-
arations as antigens offers greater flexibility in adapting the test
to different assay formats.
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