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Abstract The VlsE lipoprotein of Borrelia burgdorferi elicits a strong immune response during
the course of Lyme disease. The present study was aimed at characterization of the epitopes of
VlsE targeted by the antibody response in patients with post-Lyme disease syndrome, a condition
characterized by persisting symptoms of pain, fatigue, and/or neurocognitive impairment
despite antibiotic treatment of B. burgdorferi infection. Epitope mapping was carried out using
microarrays that contained synthesized overlapping peptides covering the full sequence of VlsE
from B. burgdorferi B31. In addition to the previously characterized IR6 region in the variable
domain, specific sequences in the N- and C-terminal invariable domains of VlsE were found to be
major B cell epitopes in affected patients. The crystal structure of VlsE indicated that the newly

described epitopes form a contiguous region in the surface-exposed membrane-proximal part of
the monomeric form of the protein.
© 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Lyme disease is caused by spirochetes of the Borrelia
burgdorferi species complex and is the most common
ed.
vector-borne infection in the United States and Europe
[1–3]. It is a multisystem disease that is typically associated
with a characteristic skin lesion(s) (erythema migrans (EM))
in the early phase and with extracutaneous manifestations
affecting joints, heart, and the nervous system in later
stages [2,4,5]. Lyme disease is usually successfully treated
with antibiotics, although some patients complain of
persistent symptoms despite what is currently considered
to be adequate antibiotic therapy and in the absence of clear
evidence for ongoing infection [6–8]. These symptoms
include mild to severe musculoskeletal pain, fatigue, and/
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or difficulties with concentration and memory [6,7]. The
condition, known as post-Lyme disease syndrome (PLDS or PLS)
and sometimes referred to as chronic Lyme disease, can be
associatedwith considerable impairment in the health-related
quality of life in some patients [9]. However, despite several
years of debate and a number of treatment trials [9–11], few
clues to the causes of the symptoms have emerged. Lack of
biomarkers to aid in the identification and follow up of PLDS
patients or those at risk of becoming affected has been amajor
barrier to gaining a better understanding of the condition.

The human body's immune response to infection with B.
burgdorferi includes production of antibodies to many
antigens of the organism. These antibodies are utilized
extensively in aiding the clinical diagnosis of Lyme disease
[1]. Recently, a specific protein of B. burgdorferi, known as
VlsE (variable major protein (Vmp)-like sequence
expressed), has emerged as a particularly useful antigen in
serologic assays for Lyme disease. VlsE is a surface
lipoprotein of B. burgdorferi that undergoes antigenic
variation during the course of infection. It consists of two
invariable domains located at the N- and C-termini of the
protein, as well as six variable regions (VR1–VR6) and six
invariable regions (IR1–IR6) within its central variable
domain [12]. VlsE elicits a strong antibody response that
can be detected throughout the course of the disease (from
early to late phase) and which persists for months to years
following treatment [13–15]. The major immunodominant
epitope of VlsE has been found to be located within the IR6
region [16,17]. C6, a peptide that reproduces the IR6 epitope,
is now utilized in a commercially-available diagnostic test.

While the antibody response to VlsE has been, in general,
well-studied, it has not been explored in detail in PLDS
patients. Liang et al. found 8 of 13 (62%) CDC criteria-
seropositive PLDS patients to be positive for C6 antibodies
[15]. A study by Fleming et al., which examined serum
specimens from the same clinical trial as used in our study,
reported C6 antibody positivity in 53 of 76 (70%) WB-positive
and 8 of 51 (16%) WB-negative samples [14]. This study also
reported a lack of correlation between longitudinal change
in C6 antibody titer and clinical outcome upon additional
antibiotic therapy in PLDS patients. In another study it was
shown that the C-terminal variable domain of VlsE contains
an immunodominant region(s) that is targeted by antibodies
in PLDS, as well as in early and late phases of Lyme disease,
although the associated epitope(s) was not identified [18]. In
the present study, we describe the existence of specific
epitopes of VlsE in addition to the IR6 region that are
prominently targeted in the anti-VlsE immune response of
PLDS patients. Located in the N- and C-terminal invariable
domains of VlsE, these target sequences form a contiguous
region in the protein's membrane-proximal zone. The newly
described epitopes may be associated with later stages and
more intractable forms of Lyme disease, or reflect differences
in host response, that could lead to persistence of symptoms.
2. Materials and methods

2.1. Study participants

Serum samples were from 54 individuals with PLDS who were
seropositive by enzyme-linked immunosorbent assay (ELISA)
for IgG antibodies to B. burgdorferi (25 female, 29male; mean
age 56.3±12.8 years (SD); mean elapsed time since the
original diagnosis of Lyme disease 4.7±2.8 years (SD)). The
source of samples and selection criteria have been previously
described in detail [9,19]. Patients had at least one of the
following: a history of EM skin lesion, early neurologic or
cardiac symptoms attributed to Lyme disease, radiculoneuro-
pathy, or Lyme arthritis. Documentation by a physician of
previous treatment of acute Lyme disease with a recom-
mended antibiotic regimen was also required. Patients had
one or more of the following symptoms at the time of
enrollment: widespread musculoskeletal pain, cognitive im-
pairment, radicular pain, paresthesias, or dysesthesias.
Fatigue often accompanied one or more of these symptoms.
The chronic symptoms had tohavebegunwithin 6 months after
the infection with B. burgdorferi.

The study also included control serum specimens from 14
borrelial IgG ELISA-seropositive individuals who had been
treated for early localized or disseminated Lyme disease
associated with single or multiple EM with no post-Lyme
symptoms after at least 2 years of follow-up (4 female, 10
male; mean age 51.4±18.0 years (SD); mean elapsed time
since the original diagnosis of Lyme disease 4.6±3.5 years
(SD)). The original diagnosis of acute Lyme disease in these
currently healthy subjects was confirmed by recovery of B.
burgdorferi in cultures of skin and/or blood. The source of
samples and selection criteria were previously described
[19].

Serum samples from 20 healthy subjects without history or
serologic evidence of past or present Lyme disease were also
included in the study (12 female, 8 male; mean age 49.7±
15.5 years (SD)). This study was approved by the Institutional
Review Board of the Weill Cornell Medical College at Cornell
University.
2.2. Anti-borrelia antibody seropositivity

2.2.1. B. burgdorferi Whole-Cell ELISA
IgG anti-borrelia antibody levels were determined by ELISA,
as previously described [19].
2.2.2. B. burgdorferi western blot assay (WB)
IgG antibody response to B. burgdorferi B31 was further
characterized by WB, using commercial blots and the
Euroblot automated WB instrument, according to the
manufacturer's protocols (Euroimmun, Boonton, New Jersey)
as previously described [20]. Briefly, nitrocellulose strips
containing electrophoresis-separated B. burgdorferi B31
proteins were blocked and then incubated with 1.5 mL of
diluted serum sample (1:50) for 30 min. Membrane strips
were washed and incubated with AP-conjugated anti-human
IgG antibody for 30 min. Bound antibodies were detected
using the NBT/BCIP system. Quantitative analysis of bands on
each blot was carried out using the EuroLinescan software
(Euroimmun). Accurate background correction and determi-
nation of cutoff values for positivity were carried out by the
software for the p18, p25 (OspC), p28, p30, p39 (BmpA), p41
(FlaB), p45, p58, p66, and p93 borrelial protein bands.
Determination of IgG positive serology for Lyme disease was
based on the CDC criteria [21,22].
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2.3. Antibody response to VlsE protein of B.
burgdorferi

2.3.1. Detection of antibodies to recombinant VlsE
Presence of antibodies to the whole VlsE molecule was
determined by immunoblotting, using nitrocellulose strips
containing recombinant VlsE protein (Euroimmun) and the
Euroblot automated WB instrument, based on the above WB
procedure and as previously described [20].

2.3.2. C6 ELISA
IgG antibodies to C6, a peptide that reproduces the IR6
invariable region of the VlsE lipoprotein of B. burgdorferi, was
determined using an ELISA kit, according to the manufacturer's
instructions (Immunetics, Boston, Massachusetts). Serum spec-
imen dilution was at 1:20. Test results were expressed as an
index, calculated by dividing the optical density value for a
given sample by that of a positive control included on each
plate. The samplewas considered positive if the index valuewas
greater thanorequal to 1.10, negative if itwas less thanorequal
to 0.90, and equivocal when it was between 0.91 and 1.09.

2.3.3. VlsE Peptide microarray and epitope mapping
Preliminary mapping of epitopes of the VlsE protein targeted
in the anti-borrelia immune response in patients and controls
was done using randomly selected PLDS (n=13) and post-
Lyme healthy (n=9) individuals who were positive for
antibodies to the recombinant VlsE band in the immunoblot-
ting experiment, as well as specimens from non-Lyme
healthy subjects (n=16). The designed peptide array con-
sisted of seventy 14mers, with an overlap of 9 amino acids
each (except the final peptide, which had an overlap of 12
amino acids with the peptide preceding it), based on the
amino acid sequence of the B. burgdorferi B31 VlsE protein
(NCBI accession number AAC45733) (Fig. 1A). Peptide
notation was based on the amino acid number (in the
published protein sequence) of the first residue of each
peptide (VlsE1 through VlsE343). Amino-oxy-acetylated
peptides were synthesized on cellulose membranes using
SPOT synthesis technology (JPT, Berlin, Germany), as
previously described [23]. Following side chain deprotection,
the solid phase bound peptides were transferred into 96 well
filtration plates (Millipore, Billerica, Massachusetts) and
treated with 200 μL of aqueous triethylamine (0.5% by vol) in
order to cleave the peptides from the cellulose. Peptide-
containing triethylamine solution was filtered off and solvent
was removed by evaporation under reduced pressure.
Resulting peptide derivatives (50 nmol) were re-dissolved
in 25 μL of printing solution (70% DMSO, 25% 0.2 M sodium
acetate at pH 4.5, 5% glycerol) and transferred into 384-well
microtiter plates. Peptide derivatives were deposited in
triplicate onto epoxy-functionalized glass slides (Corning,
Corning, New York) using a contact printer. Each array also
contained a human IgG feature, which was used as a control.
Printed peptide microarrays were kept at room temperature
for 5 h and treated for 1 h with 1% BSA at 42 °C. Slides were
washed extensively with water, followed by ethanol, and
dried using a microarray centrifuge. Resulting peptide
microarrays were stored at 4 °C. Prepared array chips were
hydrated and incubated with 1:200 dilutions of serum
samples in Tris-buffered saline containing 0.05% Tween-20
(TBST) for 2 h. They were washed with TBST and incubated
with Cy5-labeled anti-human IgG in TBST (0.8 μg/mL)
(Jackson ImmunoResearch, West Grove, Pennsylvania) for
1 h. Arrays were washed with TBST and de-ionized water,
and dried under a stream of nitrogen. The arrays were read
using a GenePix 4000B Axon instrument (Molecular Devices,
Sunnyvale, California) with excitation at 635 nm and
emission filter at ~650–690 nm. The data were analyzed
using the GenePix Pro 6.0 software (Molecular Devices).
Signals for all features were normalized based on the IgG spot
signal on each array. A signal value was considered positive if
it was greater than or equal to 3 times its respective
background signal (signal to noise ratio (SNR)≥3) and
greater than or equal to 2 times its standard deviation.

2.3.4. ELISA for antibodies to differentially targeted VlsE
epitopes
Results of the epitope mapping analysis for VlsE were used to
develop an ELISA to measure levels of antibodies against
specific epitopes in all of the available specimens. Biotin-
labeled peptides representing sequences of 3 epitopes found
to be differentially targeted by antibodies from PLDS
patients in the peptide microarray epitope mapping analysis
were synthesized by utilizing Fmoc chemistry (Sigma-
Aldrich, St. Louis, Missouri). These included 1) VlsE21–31
(SQVADKDDPTNKFYQSVIQLGNGF), 2) VlsE96 (SDISSTTGKPDS
TG), and 3) VlsE336 (LRKVGDSVKAASKE). Stock solutions of
each peptide were prepared in 50% acetonitrile (4–5 mg/
mL). Preblocked neutravidin-coated polystyrene plates
(Pierce, Rockford, Illinois) were washed with phosphate-
buffered saline containing 0.05% Tween-20 (PBST) immedi-
ately before use. Wells were incubated with 100 μL of
0.2 μg/mL solutions of biotinylated peptides in dilution
buffer (1% BSA in PBST) for 2 h. Control wells were incubated
only with buffer. Plates were washed with PBST, followed by
incubation with patient serum specimens (1:300 in dilution
buffer) for 1 h. Two samples found to have high antibody
reactivity in preliminary experiments were included as
controls on each plate. Wells were washed as before and
incubated with HRP-conjugated sheep anti-human IgG (GE
Healthcare, Piscataway, New Jersey) (1:2000 in dilution
buffer) for 50 min. Incubation with developing solution,
comprising 27 mM citric acid, 50 mM Na2HPO4, 5.5 mM o-
phenylenediamine, and 0.01% H2O2 (pH 5), was done for
40 min. Absorbance was measured at 450 nm and corrected
for non-specific binding by subtraction of the mean
absorbance of corresponding wells not coated with the
peptide for each specimen. Absorbance values were normal-
ized based on the mean corrected value for the positive
samples from the array analysis on each plate. Cutoff for
positivity was assigned as three standard deviations above
the mean for the non-Lyme healthy control group. The
published 3-dimensional crystal structure of VlsE was
analyzed for the spatial location of reactive epitopes [24].

2.4. Data analysis

Group differences were analyzed by the two-tailed Welch t
test or Mann–Whitney U test (continuous data), and the chi-
square test or Fisher's exact test (nominal data). Differences
with p values of b0.05 were considered to be significant.
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Figure 1 Epitope mapping of VlsE. A) Synthesized peptides of the VlsE protein of B. burgdorferi B31 used for preparation of
microarrays. Peptide notation is according to the amino acid number (in the VlsE protein sequence) of the first residue of each
peptide. B) Diagrammatic structure of VlsE showing the 14 peptides (representing 6 contiguous regions) that were found to be the main
epitopes of the protein targeted by antibodies in individuals with a history of Lyme disease. These peptides had significantly higher
level of IgG antibody reactivity towards them in the post-Lyme groups (n=13 for PLDS, n=9 for post-Lyme healthy) in comparison to
the non-Lyme healthy control group (n=16) (pb0.05). C) Heat map of antibody reactivity for tested specimens towards the 70
synthesized VlsE peptides (VlsE1 through VlsE343 from left to right, corresponding to panel B).
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3. Results

3.1. Determination of seropositivity

All selected serum samples from PLDS patients and fully
recovered post-Lyme healthy individuals were positive by IgG
whole-cell ELISA, while none of the sera from the non-Lyme
healthy control group was positive. 47 of 54 (87%) ELISA-
positive PLDS subjects, 11 of 14 (79%) ELISA-positive post-
Lyme healthy subjects, and none of the non-Lyme healthy
subjects were found to be IgG seropositive for anti-borrelia
antibodies by WB according to the CDC criteria.
3.2. Antibody response to VlsE protein of B.
burgdorferi

3.2.1. Detection of antibodies to recombinant VlsE
45 of 54 (83%) whole-cell ELISA-positive PLDS subjects, 9 of
14 (64%) whole-cell ELISA-positive post-Lyme healthy sub-
jects, and none of the non-Lyme healthy subjects were
positive for IgG antibodies to recombinant VlsE.

3.2.2. C6 ELISA
Of the 54whole-cell ELISA-seropositivePLDS serum specimens,
47 (87%) were positive (n=43) or equivocal positive (n=4) for
antibody to the C6 peptide of the borrelial VlsE protein. In
comparison, 9 of 14 (64%) whole-cell ELISA-seropositive post-
Lyme healthy serum specimens were positive (n=9) or
equivocal positive (n=0) for C6 antibody. None of the sera
from the non-Lyme healthy control group was positive. The
mean C6 antibody index value for the PLDS, post-Lyme
healthy, and non-Lyme healthy groups were 3.91±0.36
(SEM), 2.99±0.71 (SEM), and 0.18±0.01 (SEM), respectively.

3.2.3. Peptide microarray
Epitope mapping of the anti-VlsE antibody response in a
randomly selected group of PLDS and post-Lyme healthy
subjects (all were positive for anti-VlsE antibodies by
immunoblotting) identified 14 individual VlsE peptides,
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comprising 6 unique contiguous amino acid sequences
(Fig. 1B). Binding to these peptides (as quantified by the
normalized fluorescence signal to noise ratio) for the PLDS
and/or post-Lyme healthy serum antibodies was significantly
higher than in the non-Lyme healthy control group (pb0.05)
(Figs. 1C, 2). Fig. 2 shows the level (Fig. 2A) and frequency of
positivity (Fig. 2B) for antibodies to each of the 14 peptides
in patient and control groups. Among these peptides were
those that form the previously identified IR6 epitope of VlsE
(VlsE271–291), which is utilized in the C6 assay. Among the
14 identified peptides, reactivity to 5 peptides covering 3
separate contiguous sequences of amino acids, including
VlsE21 through VlsE31 (SQVADKDDPTNKFYQSVIQLGNGF),
VlsE96 (SDISSTTGKPDSTG), and VlsE336 (LRKVGDSVKAASKE)
was significantly higher in the PLDS group than in the post-
Lyme healthy group.
3.2.4. ELISA for antibodies to differentially targeted VlsE
epitopes
An ELISA protocol was developed to assess the reactivity of
antibodies to the above three specific differentially targeted
peptides of VlsE in all available specimens. By ELISA, the
level of antibody reactivity to VlsE21–31 and VlsE336 (as
measured by mean normalized absorbance) was significantly
higher in the PLDS group than in the post-Lyme healthy and
non-Lyme healthy groups (pb0.001) (Fig. 3). However, the
difference in antibody reactivity towards VlsE96 did not
reach statistical significance with the ELISA system. Similar-
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The amino acid sequence and 3-dimensional crystal
structure of VlsE indicated that the newly identified epitopes
are located in the two invariable domains of VlsE, appearing
to form a single contiguous area in the surface-exposed
membrane-proximal region of the monomeric form of the
protein (Figs. 1B, 4).

4. Discussion

The VlsE protein of B. burgdorferi has emerged as a highly
useful diagnostic entity in WB- and ELISA-format assays for
active Lyme disease. It is used either as a whole recombinant
protein or as a peptide representing its immunodominant
epitope located in the IR6 region. While several studies have
examined the immune response to VlsE in the course of acute
B. burgdorferi infection, no systematic characterization of the
targeted epitopes of the protein in the antibody response of
71 VlsE276 VlsE281 VlsE291 VlsE336 VlsE341 VlsE343VlsE286

*

71 VlsE276 VlsE281 VlsE291 VlsE336 VlsE341 VlsE343VlsE286

ntially targeted peptides of VlsE, as determined by peptide
ach of the 14 peptides in PLDS (n=13), post-Lyme healthy (n=9),
ndard error of the mean. Among these 14 peptides, reactivity
as significantly higher in the PLDS group than in the post-Lyme
indicates pb0.05, while 2 asterisks indicates pb0.01 for the
y of positivity for IgG antibodies to each of the 14 peptides in the



0

0.2

0.4

0.6
PLDS (n=54)

Post-Lyme healthy (n=14)

M
ea

n 
an

tib
od

y 
le

ve
l (

A
U

)

VlsE21-36 VlsE336VlsE96

Non-Lyme healthy (n=20)

Figure 3 Mean levels of antibodies to differentially targeted VlsE epitopes, as measured by ELISA. Antibody reactivity to VlsE21–31
and VlsE336 remained significantly higher in the PLDS group (n=54) than in the post-Lyme healthy (n=14) and non-Lyme healthy
groups (pb0.001 for both peptides). Error bars represent the standard error of the mean.

108 A. Chandra et al.
PLDS patients has been attempted previously. In order to
analyze the anti-VlsE immune response in PLDS,we carried out
a detailed epitope mapping of the entire sequence of the VlsE
protein of B. burgdorferi B31.Our data show that in addition to
the IR6 epitope in the variable domain, PLDS patients have a
strong antibody response to specific sequences in the N- and C-
terminal invariable domains of VlsE.

We found good concordance between antibody reactivity
to the recombinant VlsE molecule (WB) and the IR6 epitope
(C6 ELISA). The epitope mapping data demonstrated that the
ab

A B

Figure 4 Spatial position of epitopes of VlsE for which a differenti
diagram (A) and an orthographic molecular surface representation (B
program, based on NCBI's 3D-structure database coordinates. Two
targeted by antibodies in PLDS patients are shown in red:
LRKVGDSVKAASKE. Parts of the protein that were missing from the
lines in the ribbon diagram. The sequence representing the IR6 epito
figure represents the membrane proximal region.
IR6 region is the primary linear epitope in the anti-VlsE
antibody response in PLDS patients, as well as in post-Lyme
healthy individuals. Interestingly, earlier work had shown a
lack of significant antibody reactivity in humans and non-
human primates against constituent peptides of the IR6
epitope derived from the amino acid sequence of VlsE from
the IP90 strain of Borrelia garinii [25]. In contrast, our data
indicate that patients with a history of Lyme disease express
antibodies against the VlsE protein of the B. burgdorferi B31
strain that seem to recognize the IR6 region as multiple
al antibody response is found in the PLDS patient group. A ribbon
) of VlsE monomer are depicted using the VMDmolecular graphics
specific epitopes of the protein believed to be differentially
a, VlsE21–31: SQVADKDDPTNKFYQSVIQLGNGF. b, VlsE336:
3D-structure database coordinates are represented as dashed

pe of VlsE (used in C6 ELISA) is shown in green. The bottom of the
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individual epitopes. The contradiction between our study
and the earlier work may be attributed to differences in the
amino acid sequences of the synthesized 14mer peptides.

In addition to the IR6 region, two additional sequences,
covered by peptides VlsE21 through VlsE31 and by VlsE336
through VlsE343 were found to be major targets in the
antibody response of PLDS patients. Specifically, antibodies
to sequences covered by VlsE21 through VlsE31 and by VlsE336
were found at significantly lower level and frequency in the
post-Lyme healthy group, which were also confirmed by ELISA.
These two sequences are located at the N- and C-terminal ends
in the invariable domains of VlsE. The 3-dimensional crystal
structure of the protein indicates that the two sequences are
spatially adjacent to one another, suggesting that they might
form a single target region. In addition, they appear to be
surface-exposed and located in the membrane-proximal part
of the monomeric form of VlsE. Antibodies that bind to the
membrane-proximal region of specific proteins in other
organisms have been previously described, some of which
exert neutralizing or lytic activity [26–28].

VlsE is a membrane protein with a high turnover rate and
antigenic variation as a function of time [12]. The B cell
memory immune response against specific epitopes in the
invariable sections of the protein would be expected to
become stronger the longer an infection is left untreated in
an individual. Previous work from our group demonstrated
increased antibody reactivity in PLDS patients towards
borrelial proteins that are associated with later stages of
Lyme disease [20]. The fact that PLDS patients in the current
study exhibited significantly greater antibody response to
VlsE21–31 and VlsE336 epitopes than the fully recovered
individuals with a history of early localized or disseminated
Lyme disease might indicate that antibodies to the mem-
brane-proximal invariable domains of VlsE become more
prominent in later phases of B. burgdorferi infection.
Therefore, these antibodies may become useful in patient
follow-up and for the determination of the stage of active or
antecedent infection in Lyme borreliosis and PLDS patients.

A limitation of this study is that it was focused on
examining the antibody response to a single sequence
variation of the VlsE molecule. It is therefore likely to have
missed certain target epitopes in the protein's variable
domain. However, in view of the rapid antigenic variation
and sequence turnover in these regions, the associated
antibody response is not expected to be significant.
Nevertheless, follow-up work should consider such sequence
variations of the protein, as well as sequence differences
among the invariable regions of the various genospecies and
strains of borrelia. Another issue to consider is that only
seropositive PLDS patients were examined in this study. This
was done in order to ensure that all samples had the minimal
detectable anti-borrelia antibody response necessary for
subsequent analyses. Therefore, our findings do not extend
to the seronegative subset of individuals, which formed
about 40% of affected PLDS patients in the original treatment
study [9]. Future prospective analyses will help to determine
whether the newly described antibodies could be useful in
predicting the development of PLDS or in ascertaining if the
treatment of early Lyme disease has been successful.
Continuation of these studies, aimed at detailed examina-
tion of antigen and epitope specificity of the anti-borrelia
immune response in PLDS, may lead to development of
specific biomarkers for the condition and provide additional
insights into its mode of pathogenesis and potential
therapies.
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