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L

yme disease is the most common tick-transmitted disease in
North America and Europe. The disease is caused by spirochetes of the genus Borrelia (including B. burgdorferi, B. garinii,
and B. afzelii), which are transmitted to humans through the bite
of infected Ixodes ticks (1, 2). Early disease is typified by the characteristic skin lesion erythema migrans (EM), which occurs in the
majority of infected patients, as well as more-nonspecific symptoms that can include low-grade fever, headache, muscle and joint
aches, and swollen regional lymph nodes. Though early disease is
easily cured with an appropriate short course of antibiotics, if
allowed to persist, disease progression can lead to permanent neurological and/or musculoskeletal damage (1–8). Early intervention is therefore critical to disease outcome. Unlike most bacterial
diseases, in which the presence of the pathogen can be defined
microbiologically by direct observation, culture, or PCR, Lyme
disease is defined indirectly (9–12). EM is the classic marker of
early infection and is considered pathognomonic in areas of endemicity (9). However, not all patients infected with B. burgdorferi
develop EM (9), and even if present, it is fleeting and may be gone
by the time the patient seeks medical attention. In the absence of
EM, diagnosis of Lyme disease is based on the serological detection of antibodies against whole Borrelia and/or Borrelia proteins
(10).
Current CDC guidelines for the serodiagnosis of Lyme disease
mandate a two-tier analysis for improved accuracy, as current IgM
and IgG serological assays lack sufficient specificity and/or are
insensitive for the detection of antibody present at the time that
many patients with early Lyme disease seek initial medical care
(13–19). The first-tier assay is an enzyme-linked immunosorbent
assay (ELISA), typically utilizing lysates of whole Borrelia as the
target, which if positive or equivocal is followed by a Western blot
assay containing several whole Borrelia proteins (9, 10, 20, 21).
Some of the whole-protein antigens present in both whole-cell
ELISAs and in Western blot assays contain epitopes that are cross-
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reactive with epitopes found in antigens of other bacteria (9). Because of the need to maintain a reasonable balance between specificity and sensitivity, current laboratory tests fail to serodiagnose
early Lyme disease approximately 50% of the time (1, 4, 10, 20,
22). Clearly, new approaches are needed to develop better diagnostics. Peptides containing specific epitopes represent a logical
alternative to whole-protein antigens as targets in diagnostics because this allows for the elimination of cross-reactive epitopes,
retaining only those highly specific for Borrelia. An ELISA (IR6)
using a peptide derived from the VlsE protein of Borrelia has demonstrated greater specificity in the detection of Lyme disease than
whole-cell ELISAs and has been approved for use by the FDA (19,
23). However, C6, the peptide derived from VlsE, does not bind
IgM particularly well, is derived from an antigen that is expressed
only after infection is established (fewer than 1% of bacteria in the
tick express VlsE, and transcription of the gene is suppressed prior
to transmission of the bacteria), and the IR6 region of VlsE from
which the peptide is derived has shown a greater degree of variability than originally thought (19, 23–26). Though the IR6 assay
represents a significant improvement, in terms of specificity, compared to the whole-cell ELISA (27), these concerns have precluded
the use of the IR6 assay as a stand-alone diagnostic test for early

Received 18 October 2012 Returned for modification 27 November 2012
Accepted 2 January 2013
Published ahead of print 30 January 2013
Address correspondence to Raymond J. Dattwyler,
raymond_dattwyler@nymc.edu.
Supplemental material for this article may be found at http://dx.doi.org/10.1128
/CVI.00608-12.
Copyright © 2013, American Society for Microbiology. All Rights Reserved.
doi:10.1128/CVI.00608-12

p. 474 – 481

April 2013 Volume 20 Number 4

Downloaded from http://cvi.asm.org/ on May 5, 2021 by guest

Current serodiagnostic assays for Lyme disease are inadequate at detecting early infection due to poor sensitivity and nonspecificity that arise from the use of whole bacteria or bacterial proteins as assay targets; both targets contain epitopes that are crossreactive with epitopes found in antigens of other bacterial species. Tests utilizing peptides that contain individual epitopes
highly specific for Borrelia burgdorferi as diagnostic targets are an attractive alternative to current assays. Using an overlapping
peptide library, we mapped linear epitopes in OspC, a critical virulence factor of B. burgdorferi required for mammalian infection, and confirmed the results by enzyme-linked immunosorbent assay (ELISA). We identified a highly conserved 20-aminoacid peptide epitope, OspC1. Via ELISA, OspC1 detected specific IgM and/or IgG in 60 of 98 serum samples (62.1%) obtained
from patients with erythema migrans (early Lyme disease) at the time of their initial presentation. By comparison, the commercially available OspC peptide PepC10 detected antibody in only 48 of 98 serum samples (49.0%). In addition, OspC1 generated
fewer false-positive results among negative healthy and diseased (rheumatoid arthritis and positive Rapid Plasma Reagin
[RPRⴙ] test result) control populations than did PepC10. Both highly specific and more sensitive than currently available OspC
peptides, OspC1 could have value as a component of a multipeptide Lyme disease serological assay with significantly improved
capabilities for the diagnosis of early infection.

Diagnostic OspC Peptide for Lyme Disease

MATERIALS AND METHODS
Serum samples. Ninety-eight serum samples were obtained with consent,
under institutional review board (IRB) approval, from patients with erythema migrans (early Lyme disease) at their initial presentation to the
Lyme disease clinic at the Westchester Medical Center in Westchester, NY
(n ⫽ 48), or the Gundersen-Lutheran Medical Center in La Crosse, WI
(n ⫽ 50). Twenty serum samples were obtained from patients with Lyme
arthritis (late Lyme disease) upon first clinical presentation at the Gundersen-Lutheran Medical Center in La Crosse, WI, with swollen joints (n ⫽
20). Both areas are of high endemicity for Lyme disease. Forty-eight sera
from healthy individuals residing in a region where Lyme disease is not
endemic (New Mexico) were purchased from Creative Testing Solutions
(Tempe, AZ). Eighty-seven disease control sera obtained from patients
with rheumatoid arthritis (RA) (n ⫽ 48) or a positive Rapid Plasma Reagin (RPR⫹) test result (n ⫽ 39) were purchased from Bioreclamation,
LLC (Westbury, NY). Thirty-four of 39 RPR⫹ sera were also confirmed
positive for IgG against Treponema pallidum by ELISA (Abnova, Walnut,
CA). Both the RA and the RPR⫹ control sera were collected in a region
where Lyme disease is endemic (southern New York State).
Peptides. Epitope mapping was performed by ProImmune, Inc. (Oxford, United Kingdom) using their proprietary ProArray Ultra peptide
microarray technology. In brief, overlapping peptide libraries generated
from the sequence for OspC type K (accession no. AAB86554) and consisting of 15-mer peptides overlapping by 10 amino acids (aa) were exposed to multiple dilutions of eight individual sera containing antibodies
against B. burgdorferi sensu stricto, as determined by Western blotting
(Viramed Biotech AG, Planegg, Germany). Positive binding of serum was
detected using a fluorochrome-labeled anti-human secondary antibody,
and the data were reported as dimensionless units of the average fluorescence signal intensity (FSI) for replicate spots of each peptide. A positive
signal was required to be at least 4 times the FSI of the negative assay
control. Peptides chosen for further analysis were produced by Lifetein,
Inc. (South Plainfield, NJ), and had a minimum of 90% purity. Sequence
alignment of different OspC types was performed using CLC Workbench
(see Fig. 2 and Fig. S1 in the supplemental material). Sequences for each
OspC type were identified previously (14, 35, 36); the B. burgdorferi strain,
OspC type, and accession number for these sequences are as follows: B31,
A, CAA49306; PBRe, B, CAA57242; OC3, C, AAB86545; CA-11.2A, D,
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AAA22956; N40, E, CAA58545; B. burgdorferi strain isolated from Ixodes
pacificus, F, AAC45538; OC8, G, AAB86550; LDS79, H, ABK41060; OC9,
H, AAB86551; HB19, I, AAC43297; MIL, J, AAB81899; OC10, J,
AAB86553; OC12, K, AAB86554; LDP74, K, ABK41058; T255, L,
CAA57244; B356, M, AAN37936; 2591, M, AAN16057; 26815, N,
AAB37006; CS5, U, ABD95831. When a complete sequence was not available for an OspC type, multiple sequences (if available) for that type were
presented showing the presence or absence of the peptide of interest.
ELISA. Maxisorp (Nunc, Rochester, NY) 96-well plates were coated
with 10 g/ml of peptide in 0.1 M sodium carbonate buffer, pH 9.4, for
1 h at room temperature. After 1 h, 1% bovine serum albumin (BSA) in
phosphate-buffered saline (PBS) (blocking buffer) was added to each
well, and the wells were incubated overnight at 4°C. The next morning,
plates were washed 3 times with 0.05% Tween 20 in PBS using an
automated plate washer (Molecular Devices, Sunnyvale, CA). Serum
samples diluted 1:100 in blocking buffer were added in triplicate and
incubated at room temperature for 2 h. The plates were washed again,
and horseradish peroxidase (HRP)-labeled goat anti-human IgM
(-chain specific) or HRP-labeled goat anti-human IgG (␥-chain specific) (Southern Biotech, Birmingham, AL) diluted 1:5,000 in blocking
buffer was added to each well for 1 h at room temperature. The plates
were washed and developed with TMB substrate (KPL, Gaithersburg,
MD) for 30 min at room temperature. The reaction was stopped by
addition of 2 N sulfuric acid, and absorbance was read at 450 nm and
570 nm (Molecular Devices).
Data analysis. The sensitivity and specificity of each peptide were
determined for both IgM and IgG by comparing results from Lyme patients with results from negative controls via receiver operating characteristic (ROC) analysis using Prism 6.0 (Graphpad, La Jolla, CA). Cutoff
values used for comparing sensitivity and specificity between the two peptides were 3 standard deviations (SD) from the mean of healthy controls
(limit of detection). Statistical analysis of categorical data presented in the
tables and the text was performed using a Fisher exact test with a twotailed P value using Prism 6.0 (Graphpad).

RESULTS

Eight serum samples from Lyme disease patients were chosen for
the initial epitope mapping based upon a high titer of anti-Borrelia
antibodies as determined by the detection of 9 or 10 of 10 bands on
a commercially available Lyme disease diagnostic Western blot
strip test (5 of 10 bands is the minimum requirement for a sample
to be considered positive). Epitope mapping was performed by
ProImmune, Inc., using their proprietary ProArray Ultra peptide
microarray technology. A partial sequence for OspC type K (B.
burgdorferi OC12, accession no. AAB86554) was expressed as an
overlapping peptide library consisting of a total of 37 peptides
(Table 1), each 15 aa in length, overlapping by 10 aa (offset by 5
aa). OspC type K was used for the epitope mapping because it has
been associated with disseminated disease (37). In addition to
lacking the first 10 aa, the partial sequence does not contain the
final 10 aa, which correspond to the commercially available OspC
peptide, PepC10. Of the 37 peptides assessed, only 3 were observed to bind more than 50% of the eight serum samples used in
the epitope mapping. These were peptide 1, peptide 18, and peptide 30; in addition, 3 of 5 samples that bound peptide 1 also
bound peptide 2, indicating that the epitope found in peptide 1
might extend into peptide 2. Here, these peptides are referred to as
OspC1 (peptide 1 and 2, MTLFLFISCNNSGKDGNTSA), OspC18
(peptide 18, TLLAGAYTISKLITQ), and OspC30 (peptide 30, AK
KAILITDAAKDKG). Serum binding was confirmed in subsequent ELISAs in which the 3 peptides were incubated with an
additional 30 sera from high-titer Lyme disease patients (8 to 10 of
10 bands on Western blot strip assay) and 20 negative sera from
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Lyme disease. These limitations could be addressed by combining
multiple peptide epitopes into a single assay (28). Thus, the identification of further epitopes is of paramount importance to the
advancement of Lyme disease serodiagnostics.
OspC is a Borrelia surface protein required for transmission of
the bacteria from the midgut of the tick into the human host (29).
It is a protein of significant diagnostic value because it is required
for entry into the mammalian host and therefore will always be
present during infection and is expressed during the initiation of
infection. However, the OspC protein is not highly conserved,
containing numerous subtypes that have significant sequence
variability. Furthermore, some previous studies using whole recombinant OspC as a serodiagnostic for Lyme disease demonstrated a high level of cross-reactivity within negative disease control samples (30, 31), though cross-reactivity was not often seen in
normal control serum (30–34). In the present study, we mapped
linear epitopes within the OspC protein to identify highly conserved regions lacking cross-reactivity with antigens from other
bacteria. We have generated an antigenic peptide (OspC1) that
binds to antibody from early Lyme disease patients with high specificity. OspC1 outperformed a previously identified peptide antigen from OspC (PepC10) in an ELISA and is a potential target for
inclusion into a sensitive multipeptide serological assay for the
diagnosis of early Lyme disease.

Arnaboldi et al.

TABLE 1 Borrelia burgdorferi OC12 OspC (type K) peptidesa
Position in
protein sequence

Peptide sequence

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

11–25
16–30
21–35
26–40
31–45
36–50
41–55
46–60
51–65
56–70
61–75
66–80
71–85
76–90
81–95
86–100
91–105
96–110
101–115
106–120
111–125
116–130
121–135
126–140
131–145
136–150
141–155
146–160
151–165
156–170
161–175
166–180
171–185
176–190
181–195
186–200
190–204

MTLFLFISCNNSGKD
FISCNNSGKDGNTSA
NSGKDGNTSANSADE
GNTSANSADESVKGP
NSADESVKGPNLTEI
SVKGPNLTEISKKIT
NLTEISKKITESNAV
SKKITESNAVVLAVK
ESNAVVLAVKEIETL
VLAVKEIETLLASID
EIETLLASIDELATK
LASIDELATKAIGKK
ELATKAIGKKIQQNG
AIGKKIQQNGGLAVE
IQQNGGLAVEAGHNG
GLAVEAGHNGTLLAG
AGHNGTLLAGAYTIS
TLLAGAYTISKLITQ
AYTISKLITQKLDGL
KLITQKLDGLKNSEK
KLDGLKNSEKLKEKI
KNSEKLKEKIENAKK
LKEKIENAKKCSEDF
ENAKKCSEDFTKKLE
CSEDFTKKLEGEHAQ
TKKLEGEHAQLGIEN
GEHAQLGIENVTDEN
LGIENVTDENAKKAI
VTDENAKKAILITDA
AKKAILITDAAKDKG
LITDAAKDKGAAELE
AKDKGAAELEKLFKA
AAELEKLFKAVENLA
KLFKAVENLAKAAKE
VENLAKAAKEMLANS
KAAKEMLANSVKELT
EMLANSVKELTSPIV

a

Partial sequence; accession no. AAB86554.

healthy individuals (Fig. 1). Initially, 10 Lyme disease and 10
healthy control sera were titrated on peptide-coated plates to determine an optimal dilution for further study (Fig. 1, upper panels), and then peptide binding was confirmed at a single serum
dilution of 1:100 (Fig. 1, lower panels) using an additional 20 sera
from Lyme disease patients and 10 sera from healthy controls.
OspC18 bound serum antibodies from Lyme patients and normal
individuals equivalently (Fig. 1, upper and lower panels), indicating that the epitope contained in the peptide was cross-reactive
and not specific for Borrelia. OspC18 was not used in further analyses. The mean absorbance of serum antibody binding to both
OspC1 and OspC30 was significantly higher in Lyme disease patients than in normal individuals; however, OspC1 appeared to
correctly identify more individual Lyme samples than did OspC30
(Fig. 1, lower panels).
A limitation in the use of OspC in a diagnostic assay is the
inherent variability found within the protein. Many OspC
“types” (allelic variants) have been described in the literature
(14, 35, 36), some having been associated with a greater propensity for dissemination of the bacteria from the site of initial
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infection following the tick bite. While the association of OspC
type and disseminated disease is beyond the scope of this study,
to be effective within the constraints of a diagnostic assay, an
epitope must be highly conserved. Thus, we aligned the sequences of 15 different OspC types, assessing the amino acid
variability in the epitopes OspC1 and OspC30 and comparing
it to the degree of sequence variability found within the commercially available PepC10 sequence (PVVAESPKKP). Complete single sequences were not available for OspC types C, G, H, J,
K, M, and U; when possible, multiple different sequences from the
same OspC type were aligned to demonstrate the presence or absence of each epitope. As demonstrated in Fig. 2, the sequence for
OspC1 is both present and highly conserved in all the OspC types
analyzed, being identical to the consensus sequence generated by
alignment of the different OspC proteins. This is similar to
PepC10, which is also highly conserved and identical to the
aligned consensus sequence, though this peptide does appear to be
absent in OspC type U and type J. Complete sequences containing
the C-terminal portion (where PepC10 is located) of OspC type C
and type G were not available, so it is unclear if PepC10 is fully
present in those types. On the other hand, OspC30 is poorly conserved among the different OspC types; the sequence identified in
the epitope mapping was highly divergent from the consensus
sequence generated by alignment of that position within the different OspC types. Indeed, a subsequent epitope mapping of
OspC type A did not identify the analogous region for OspC30 as
an epitope (data not shown). The high degree of conservation in
both OspC1 and PepC10 may be due to their placement in the
N-terminal and C-terminal portions, respectively, of the protein,
as the highest degree of variation among the different OspC types
falls in the middle of the protein (see Fig. S1 in the supplemental
material). OspC30 was not used in further analyses.
To assess the potential of OspC1 in a diagnostic assay for early
Lyme disease, we screened the peptide against a large panel of sera
obtained from patients with EM at the time of their initial diagnosis and compared the results to those obtained with PepC10. As
EM develops anywhere from 3 to 30 days after a tick bite (with the
average being 7 days), the level of anti-Borrelia antibody within
this patient population can vary greatly. Early disease is marked by
elevated IgM antibodies against Borrelia. As the disease progresses
and the immune response evolves, the IgM response diminishes
and is replaced by the IgG response. Dependent upon when patients seek medical attention, they may present with IgM, IgG, or
a mixture of both. As a result, we independently assayed for IgM
and IgG against OspC1 and PepC10 (Fig. 3). Sera from healthy
individuals collected in a region of nonendemicity for Lyme disease (the U.S. southwest) were used as a negative control and to set
the limits of detection. In addition, sera from patients with RA or
a positive RPR test were used as negative disease controls in this
assay. RA is an autoimmune inflammatory disease marked by elevated serum antibody levels and joint destruction, which can also
occur in Lyme disease. The RPR test is a first-tier screening test for
syphilis, an infectious disease caused by the related spirochete
Treponema pallidum, and was used as a negative control for crossreactive antibody generated by infection with a related spirochete.
Sera from 48 healthy donors were used to establish the limits of
detection for the ELISA. The mean absorbances for OspC1 binding of IgM (0.316 ⫾ 0.187) and IgG (0.139 ⫾ 0.051) and for
PepC10 binding of IgM (0.335 ⫾ 0.187) and IgG (0.125 ⫾ 0.101)
were determined. A sample was considered positive if the mean
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absorbance of three replicate wells was greater than 3 SD from the
mean of the healthy controls, equivocal if it was between 2 SD and
3 SD from the mean of healthy controls, or negative if it was less
than 2 SD from the mean of the healthy controls. IgG bound to
PepC10 in 4 of 48 serum samples in the healthy control population
with high absorbance levels. In two of these four samples, IgG
binding occurred at absorbance values of ⬎3 SD from the mean of
the population. These two samples were treated as outliers, and
while not removed from the analysis, they were not included in the
calculation of cutoff values. All four high-binding samples were

not positive for IgM binding to PepC10 or binding of either isotype to OspC1 and were subsequently treated as bona fide false
positives. All false-positive control samples were evaluated with
commercially available Lyme disease diagnostic Western blot strip
tests to determine if the serum was obtained from an individual
with previously undiagnosed Lyme disease. All negative controls
included in this evaluation were negative for Lyme disease via
Western blot strips.
Positive binding of serum IgM to OspC1 was detected in almost one-half (47 of 97) of early Lyme disease patient sera (Fig. 3a;

FIG 2 Amino acid sequence alignment of different OspC types depicting the regions corresponding to OspC1, OspC30, and PepC10. Sequences were aligned
using CLC Workbench and were trimmed to show only the regions corresponding to the peptides of interest. In several instances, complete sequences for the
OspC types containing all three peptides were not available. When possible, multiple partial sequences for that OspC type were aligned, depicting the presence
or absence of a particular peptide sequence. *, partial sequence; **, partial sequence used for epitope mapping. B. pacificus, B. burgdorferi strain isolated from
Ixodes pacificus.
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FIG 1 IgG and IgM antibodies specific for OspC peptides in sera from patients with Lyme disease. Sera from patients with Lyme disease were confirmed to be
positive for anti-Borrelia antibodies using commercially available Western blot strips prior to incubation with OspC peptides (10 g/ml) in an ELISA. Antibody
binding was detected using a polyclonal HRP-labeled goat anti-human IgG and IgM (␥- and -chain-specific) antibody. Upper panels show dose titration of
Lyme disease patient sera (Lyme sera, n ⫽ 10) and healthy control sera (normal sera, n ⫽ 10) on OspC peptide-coated 96-well plates. Data are reported as mean
absorbance ⫾ SD. Lower panels depict binding of serum from Lyme disease patients and healthy controls (normal sera) at a single dilution of 1:100. Data are
reported as absorbance at 450 nm; the solid lines represent means ⫾ SD. Numbers of samples: for OspC1, Lyme disease, n ⫽ 20; normal, n ⫽ 10; for OspC 18,
Lyme disease, n ⫽ 20; normal, n ⫽ 10; for OspC30, Lyme disease, n ⫽ 17; normal, n ⫽ 10. Patient samples whose results are depicted in the upper panels are
different from those used in the lower panels. *, P ⬍ 0.05 by the Mann-Whitney test.

Arnaboldi et al.

antibodies in sera from patients with early Lyme disease. Sera from patients
with early Lyme disease (erythema migrans positive [Lyme]), healthy controls
(normal), patients with rheumatoid arthritis (RA), RPR⫹ patients, or patients
with Lyme arthritis (late LD) were incubated on OspC1- or PepC10-coated (10
g/ml) plates in an ELISA. Serum IgM (a) and IgG (b) was detected using
HRP-labeled goat anti- or anti-␥ chain antibodies, respectively. The dashed
line represents 3 SD from the mean of healthy controls incubated with OspC1;
the dotted line represents 3 SD from the mean of healthy controls incubated
with PepC10. The lines overlap in panel a. The y axis in panel b is segmented to
show the data more clearly. Data are reported as absorbance at 450 nm. Numbers of samples: Lyme disease, n ⫽ 98; normal, n ⫽ 48; RA, n ⫽ 48; RPR⫹, n ⫽
39; late Lyme disease, n ⫽ 20.

TABLE 2 OspC1 and PepC10 serum IgM and IgG binding
% Antibody binding (no. of samples/total no.)
Lyme disease
Diagnostic
a
Antibody result
OspC1
PepC10

Healthy
OspC1

RA
PepC10

OspC1

Late Lymec

RPR⫹
PepC10

OspC1

PepC10

OspC1

PepC10

IgM

Positive
Equivocal
Negative

48.5 (47/97) 41.2 (40/97) 0 (0/48)
8.2 (8/97)
13.4 (13/97) 2 (1/48)
43.3 (42/97) 45.4 (44/97) 98 (47/48)

IgG

Positive
Equivocal
Negative

24.5 (24/98) 16.3 (16/98) 2.0 (1/48)
8.3 (4/48)
12.5 (6/48) 2.0 (1/48)
7.7 (3/39)
5.1 (2/39)
25 (5/20) 10 (2/20)
16.3 (16/98) 11.2 (11/98) 4.2 (2/48)
0 (0/48)
6.2 (3/48)
4.2 (2/48)
17.9 (7/39) 0 (0/39)
20 (4/20) 15 (3/20)
59.2 (58/98) 72.5 (71/98) 93.8 (45/48) 91.7 (44/48) 81.3 (39/48) 93.8 (45/48) 74.4 (29/39) 94.9 (37/39) 55 (11/20) 75 (15/20)

Totalb

Positive
Equivocal
Negative

62.1 (60/98) 49.0 (48/98) 2.0 (1/48)
8.3 (4/48)
14.6 (7/48) 14.6 (7/48) 15.4 (6/39) 20.5 (8/39) 40 (8/20)
15.3 (15/98) 16.3 (16/98) 6.3 (3/48)
6.3 (3/48)
8.3 (4/48)
6.3 (3/48)
20.5 (8/39) 7.7 (3/39)
20 (4/20)
23.5 (23/98) 34.7 (34/98) 92.7 (44/48) 85.4 (41/48) 77.1 (37/48) 79.1 (38/48) 64.1 (25/39) 71.8 (28/39) 40 (8/20)

a
b
c

0 (0/48)
2.0 (1/48)
12.5 (6/48) 10.3 (4/39) 20.5 (8/39) 15 (3/20) 10 (2/20)
6.2 (3/48)
6.2 (3/48)
2.0 (1/48)
12.8 (5/39) 7.7 (3/39)
10 (2/20) 0 (0/20)
93.8 (45/48) 91.8 (44/48) 85.5 (41/48) 76.9 (30/39) 71.8 (28/39) 75 (15/20) 90 (18/20)

20 (4/20)
15 (3/20)
65 (13/20)

Positive, more than 3 SD from mean of healthy controls; equivocal, between 2 and 3 SD from mean of healthy controls; negative, less than 2 SD from mean of the healthy controls.
Total number of serum samples containing either IgM or IgG antibody binding to OspC1 or PepC10.
Late Lyme, Lyme arthritis.
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FIG 3 Comparison of OspC1 and PepC10 in the detection of IgM and IgG

Table 2), while significantly fewer sera positive for IgG (24 of 98)
were found (Fig. 3b and Table 2, P ⫽ 0.006). This was expected, as
IgM is the predominant antibody isotype found during early infection. However, some of the samples were positive only for either IgM or IgG; the total number of patient sera considered unequivocally positive (detecting either serum IgM or IgG) for Lyme
disease via binding of OspC1 was greater than 60% (60 of 98,
62.9%) (Table 2). If samples found to be equivocal were included
in that rate, OspC1 positively detected Lyme disease more than
75% of the time (75 of 98, 76.5%; Table 2, sum of positive and
equivocal results). By comparison, PepC10 positively detected serum IgM antibodies in fewer early Lyme patient serum samples
than did OspC1 (40 of 97 versus 47 of 97, respectively; no significant difference [NS]) (Table 2) and also had a higher rate of false
positives for IgM binding within negative disease control populations (Table 2). As with OspC1, PepC10 detected significantly
fewer IgG-positive than IgM-positive sera (16 of 98 versus 40 of
97, respectively, P ⬍ 0.001) but detected a lower number of IgGpositive early Lyme patient sera than did OspC1 (16 of 98 versus
24 of 98, respectively; NS). Fewer total positive sera (binding either IgM or IgG) were detected by PepC10 (48 of 98, 49.0%) than
by OspC1 (60 of 98, 62.9%, Table 2 [Total]; NS). This difference
was also maintained when the number of equivocal samples was
included (OspC1, 75 of 98 [76.5%], versus PepC10, 64 of 98
[65.3%]; NS). OspC1 detected a higher number of IgG false positives within the negative disease control patient population (Table 2 and Fig. 3) than did PepC10. However, PepC10 demonstrated more variability in serum IgG binding within the negative
healthy control population than did OspC1: binding for PepC10
was 0.125 ⫾ 0.100 (mean ⫾ SD), with a coefficient of variation
(CV) of 0.80, versus binding for OspC1 of 0.139 ⫾ 0.049, with a
CV of 0.35, and the detection of 4 false positives within the normal
control sera incubated with PepC10 compared to no false positives in the normal control sera incubated with OspC1 (Fig. 3b).
This resulted in incrementally higher cutoff values for the detection of IgG antibodies by PepC10 than by OspC1, as a result of
larger SD values (Fig. 3b), which in turn resulted in lower rates of
both true and false positives. Thus, counterintuitively, the higher
degree of nonspecificity demonstrated by PepC10 following incu-
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DISCUSSION

The inefficiency of current whole-cell- and whole-protein-based
serological assays for Lyme disease diagnosis mandates the need
for improved technologies. Though erythema migrans develops in
a large majority of cases of Lyme disease, it does not develop in all
of them and may be gone by the time a patient seeks medical care
(9). Improved laboratory diagnostics are critical for the diagnosis
of early Lyme disease in the absence of EM and other indeterminate cases. Peptide-based diagnostics, whereby cross-reactive
epitopes can be excluded, are an attractive alternative to currently
available assays. The IR6 assay, based on a peptide (C6) from the
6th conserved region of the VlsE protein of B. burgdorferi, demonstrates that a peptide target can significantly improve both sensitivity and specificity compared to whole-protein/cell-based assays. A recent report by Wormser et al. (27) provides evidence
suggesting that the IR6 assay has both the specificity and sensitivity to function as a stand-alone diagnostic assay for Lyme disease.
In that study, the authors compared the IR6 assay to a standard
two-tier assay against a large panel of Lyme disease patient and
negative-control sera and found that IR6 had a much higher sensitivity than the standard two-tier assay while demonstrating a
nearly similar level of specificity. However, as the authors noted,
the patient population was derived from a single area of hyperen-
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demicity; therefore, it is unclear if similar results would be obtained using sera from different geographical locations. Furthermore, the individual second-tier Western blot assay utilized in the
study has been demonstrated to be less sensitive than other, comparable kits, suggesting that the use of a more sensitive second-tier
assay could alter the results. The use of a single epitope increases
the likelihood of generating false negatives, as there is only a single
antibody binding site and a relatively small variation in the amino
acid sequence at that site would decrease the ability of such an
assay to detect infection. C6, which is more variable than originally recognized, places the IR6 assay at risk for this limitation (19,
23, 24). Despite the recent results, it is unlikely that the current
paradigm will be changed in favor of the single-peptide IR6 assay.
However, these results strongly support the further development
of peptide-based assays. The logical solution is to create a multipeptide assay, which would retain specificity while increasing sensitivity through the inclusion of multiple antibody binding sites
(through multiple peptides), limiting the impact of sequence variability within any one epitope. An elegant analysis by Barbour et
al. demonstrated that an effective diagnostic serological assay for
the detection of early Borrelia infection would require a minimum
of five distinct antigens to attain an appropriate level of both specificity and sensitivity that would be unaffected by antigenic variation (28).
In the present study, we performed epitope mapping of OspC,
a principal virulence factor for B. burgdorferi that is expressed at
the initiation of infection, making it an ideal target for a diagnostic
assay. We identified 3 potential epitopes for further analysis. Previous studies utilizing OspC as a serodiagnostic peptide for Lyme
disease demonstrated substantial cross-reactivity with negative
disease controls, indicating the presence of cross-reactive epitopes
within the protein (30, 31). PepC10 is a commercially available,
conserved peptide from the C-terminal region of OspC, which,
when initially described, demonstrated a similar level of sensitivity
and specificity with respect to healthy controls and a slightly reduced cross-reactivity to negative disease control sera similar to
that of the whole OspC protein (30). Given the amount of previous data generated on the serodiagnostic capabilities and limitations of recombinant OspC protein (30–34), as well as the significant sequence variability associated with the different OspC
types, we instead chose to draw comparisons in our study to the
more efficacious peptide PepC10, rather than whole OspC protein. Of the three peptide epitopes identified, OspC1, a 20-aa peptide from the N-terminal region of OspC, was the only peptide
that was both highly conserved among the different OspC types
(Fig. 2) and capable of distinguishing between individual Lyme
disease patient sera and healthy control sera (Fig. 1 and Table 2).
OspC30 did bind to some Lyme patient serum samples during the
initial screening process; however, as this sequence was found to
be poorly conserved among the different OspC types, it was not
included for further analysis because of the high likelihood that
the peptide would be unable to consistently detect serum antibody
in large patient populations from different geographical areas. In
subsequent analyses, OspC1 was found to be highly effective at
detecting the presence of IgM and/or IgG antibodies in sera obtained from patients diagnosed with early Lyme disease at the time
of initial diagnosis, outperforming the commercially available
peptide PepC10 (Fig. 3 and Table 2). OspC1 was also more effective at detecting late Lyme disease than PepC10 (Fig. 3 and Table
2). Much of the higher observed efficacy of OspC1 compared to
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bation with normal control serum resulted in the detection of
fewer false positives in other negative-control populations.
Late Lyme disease sera were obtained from patients with Lyme
disease upon first presentation with swollen joints. OspC1 positively detected IgM in 3 of 20 (15%) and IgG in 5 of 20 (25%)
patients with late Lyme disease. Unlike with early Lyme disease, all
sera identified as unequivocally positive had only either IgM or
IgG; thus, OspC1 detected late Lyme disease in a total of 8 of 20
samples (40%). On the other hand, PepC10 detected IgM in only
2 of 20 (10%) samples and IgG in only 2 of 20 (10%) samples for
a total detection of Lyme disease in 4 of 20 (20%) samples.
The sensitivity and specificity of both peptides for identifying
positive samples were determined by ROC analysis using 3 SD
from the mean of healthy controls as a cutoff. When comparing
detection of Lyme disease in patient sera to healthy controls,
OspC1 demonstrated a specificity of 100.00% and sensitivity of
41.24% for IgM detection and a specificity of 97.92% and sensitivity of 24.92% for IgG detection. This is in contrast to PepC10,
which demonstrated specificity and sensitivity of 100.00% and
29.90%, respectively, for IgM and of 91.67% and 17.35%, respectively, for IgG. Thus, both peptides were highly specific for the
detection of Lyme disease, indicating that when a positive value is
returned, it is highly likely that it is a true positive. When these
values were recalculated comparing Lyme patient sera with all
negative controls, OspC1 demonstrated specificity and sensitivity
of 98.52% and 41.24%, respectively, for IgM and 92.59% and
24.49%, respectively, for IgG. In comparison, PepC10 demonstrated specificity and sensitivity of 99.26% and 29.90%, respectively, for IgM and 94.81% and 17.35%, respectively, for IgG.
Thus, with respect to both healthy and disease controls, both peptides are highly specific. However, OspC1 had a marginally higher
sensitivity than PepC10 (41.24% versus 29.90% for IgM and
24.49% versus 17.35% for IgG). Overall, the areas under the curve
(AUC) for the two peptides were similar (OspC1 IgM AUC ⫽
0.8047 versus PepC10 IgM AUC ⫽ 0.7406 [NS], and OspC 1 IgG
AUC ⫽ 0.7296 versus PepC10 IgG AUC ⫽ 0.7573 [NS]).
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that of PepC10 lay in reduced variability among negative healthy
and diseased patient controls, resulting in lower cutoff values.
Indeed, ROC analysis revealed that the specificity of both peptides
for the positive detection of Lyme disease was very high, though
ultimately both peptides functioned similarly in the assay (yielding comparable AUCs). As expected, however, the sensitivity of
both peptides was lower than desirable, highlighting the need for
multipeptide assay development (28). The observed sensitivity of
OspC1 in binding IgM in our study mirrors the level of sensitivity
demonstrated for full-length recombinant OspC in multiple previous studies, which was between 40 and 45% (30–33, 38). The
initial study describing the efficacy of PepC10 also demonstrated
that PepC10 performed at least as well as full-length recombinant
OspC in the detection of Lyme antibodies (30). This indicates that
OspC peptides have the capacity to function as well as full-length
protein in serological assays, but with superior specificity. We assessed the ability of OspC1 and PepC10 to function in concert for
the detection of Lyme disease (data not shown); however, the use
of both peptides together resulted in an increased background
staining in healthy control sera, which in turn led to an increased
cutoff and did not enhance the ability of the assay to identify Lyme
disease compared to that of assays using individual peptides.
As a target for a serological diagnostic assay, OspC1 has a number of desirable attributes: it is derived from a principal virulence
factor that is required for mammalian infection, it is expressed
very early in infection, increasing the likelihood of an immune
response being mounted against it, it is highly conserved among
different OspC genotypes, and it identified a significant majority
of patients with early disease. Our data suggest that OspC1 should
be considered as a viable candidate for testing in a multipeptide
diagnostic assay. An assay containing 5 or more specific peptide
antigens, derived from multiple B. burgdorferi proteins, would
markedly improve upon currently available technologies in both
specificity and sensitivity (28) and may represent a potentially
viable stand-alone laboratory test for all phases of Lyme disease
diagnosis, especially early disease.
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