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Abstract
In this study, the membrane lipids of B. burgdorferi were separated into 16 fractions; the components
in each fraction were identified, and the immunogenicity of each fraction was determined by ELISA
using sera from Lyme disease patients. Only the 2 glycolipids, acylated cholesteryl galactoside (ACG,
BbGL-I) and monogalactosyl diacylglycerol (MgalD, BbGL-II), were immunogenic. Early in the
infection, 24 of 84 patients (29%) who were convalescent from erythema migrans and 19 of the 35
patients (54%) with neuroborreliosis had weak IgG responses to purified MgalD, and a smaller
percentage of patients had early responses to synthetic ACG. However, almost all of 75 patients with
Lyme arthritis, a late disease manifestation, had strong IgG reactivity with both glycolipids. Thus,
almost all patients with Lyme arthritis have strong IgG antibody responses to B. burgdorferi
glycolipid antigens.
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Introduction
Lyme disease, which is caused by the tick-borne spirochete, Borrelia burgdorferi, typically
begins with an expanding skin lesion, erythema migrans (1). Within days to weeks, spirochetal
dissemination often occurs, particularly to the nervous system, heart or joints. Soon after
dissemination, early neurologic or cardiac involvement may develop. Months later, untreated
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patients often have intermittent or persistent arthritis in a few large joints, especially the knee,
over a period of several years.

Antibody responses in Lyme disease develop gradually to a large array of spirochetal proteins
(2-4). In both the human disease and in murine models of the infection, many of the
immunogens are plasmid-encoded outer-surface lipoproteins (4,5). B. burgdorferi-infected
mice have T-cell-independent B-cell responses to certain outer-surface lipoproteins (6).
However, in patients with Lyme disease, the responses to most spirochetal lipoproteins exhibit
IgG class-switching; the titers are highest late in the infection (2,7), and antibody reactivity
declines slowly after spirochetal eradication with antibiotic therapy (7,8). These features are
suggestive of T-helper-cell dependent B-cell responses.

In an early study in which B. burgdorferi was separated into 4 fractions by thin layer
chromatography (TLC), patients with Lyme disease were found to have IgM or IgG antibody
responses to lipid or glycolipid components of the spirochete, but the actual components of
these fractions were not identified (9). In a later study, using TLC and mass spectrometry, B.
burgdorferi was reported to have 2 phospholipids and a glycolipid component, α-galactosyl
diacyglycerol (10), similar to a previously reported glycolipid in other Borrelia or
Treponema (11). Ten patients each with stage II or III Lyme disease had antibody responses
to this glycolipid, as determined by Western blotting, but the antibody isotypes were not
identified. Antibody responses were not found in 5 patients with stage I disease, and the
phospholipids were not immunogenic (10). The clinical manifestations of patients at each stage
of the disease were not reported.

Subsequently, using nuclear magnetic resonance spectroscopy, two B. burgdorferi glycolipids
were identified (12). One was a novel glycolipid, cholesteryl 6-O-acyl-β-D-galactopyranoside,
called acylated cholesteryl galactoside (ACG or BbGL-I); the other was the previously
recognized α-galactosyl diacyglycerol, which was further characterized as 1,2-di-O-acyl-3-O-
α-D-galactopyranosyl-sn-glycerol, called monogalactosyl diacylglycerol (MgalD or BbGL-II).
When mice were immunized with these glycolipids in complete Freund’s adjuvant, each
glycolipid induced low-level antibody responses, primarily of the IgM isotype, as determined
by ELISA (12). In a similar study, the presence of these 2 B. burgdorferi glycolipids was
confirmed, and it was noted that ACG also existed in a non-acylated form (13). Three of 4
patients with early Lyme disease had IgG responses to ACG (BbGL-I), and 1 had IgG reactivity
with MgalD (BbGL-II). Seven of 8 patients with late disease had IgG responses to ACG
(BbGL-I), but none had reactivity with MgalD (BbGL-II).

Taken together, the description of antibody responses to B. burgdorferi glycolipids in humans
and mice were incomplete or contradictory. One study of Lyme disease patients noted reactivity
with MgalD (10), and the other primarily with ACG (13). One noted IgG responses to ACG
(13), and the other did not report antibody isotypes to MgalD (10). In mice immunized with
these glycolipids, only weak responses were noted, primarily of the IgM isotype, but the
responses were not determined after infection with B. burgdorferi. Thus, the significance of
these anti-glycolipid antibody responses was not clear.

As a part of our ongoing survey of immune responses in Lyme disease, our goal here was to
assess the immunogenicity of the membrane lipids of B. burgdorferi using serum samples from
human patients with early or late manifestations of Lyme disease.
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Materials and Methods
Patients

All patients met the criteria of the Centers for Disease Control and Prevention (CDC) for the
diagnosis of Lyme disease (14). They had either culture-confirmed erythema migrans or a later
manifestation of the illness accompanied by a positive antibody response to a sonicated
preparation of B. burgdorferi by ELISA and Western blot, interpreted according to the CDC
criteria (15). The Human Investigation Committees at Yale University School of Medicine
(1976-1987), Tufts Medical Center (1987-2002), and Massachusetts General Hospital
(2002-2007) approved the study.

Serum samples were selected from 194 antibiotic-treated patients with erythema migrans, early
neuroborreliosis, or Lyme arthritis. Since glycolipid antigen preparations were limited and
since more patients with erythema migrans have antibody reactivity during convalescence than
during active infection (16,17), only convalescent-phase serum samples were tested from all
84 patients with culture-confirmed erythema migrans who participated in a field study of early
Lyme disease in Wakefield, Rhode Island or East Lyme, Connecticut (1998-2001) in whom
serum samples were still available (18). By the time of early, disseminated infection with organ
system involvement, antibody responses to B. burgdorferi sonicates are positive during active
infection (16,17). Thus, all available serum samples were tested from 35 patients with early
neuroborreliosis, 20 with facial palsy alone and 15 with combinations of meningitis, cranial
neuropathy, or radiculoneuropathy, who were seen from 1976-2007. Finally, the first serum
sample was tested from 75 patients with active Lyme arthritis, 23 with antibiotic-responsive
arthritis and 52 with antibiotic-refractory arthritis, who participated in a study called “Immunity
in Lyme Arthritis” from 1987-2007 (19). This proportion of responsive and refractory cases is
reflective of our role as a referral center.

For initial screening for the immunogenicity of B. burgdorferi membrane fractions, serum
samples were pooled from 10 patients, 2 with erythema migrans, 3 with neuroborreliosis, and
5 with Lyme arthritis. To determine the natural history of the antibody response, 4 serial serum
samples were tested from 10 non-antibiotic-treated patients seen in the late 1970s who were
followed throughout early and late infection prior to the use of antibiotic therapy to treat this
illness.

To assess the decline in antibody responses after antibiotic therapy, serum samples obtained
during the acute or convalescent phases of the illness and again approximately 6 months after
the completion of antibiotic therapy were available in 38 (16%) of the 194 patients, 9 with
erythema migrans, 7 with acute neuroborreliosis, and 22 with Lyme arthritis. These samples
were obtained by protocol and not because of disease activity after antibiotic therapy. A normal
control group consisted of serum samples from 70 subjects; 60 from individuals with no history
of Lyme disease who were seen for well patient visits in Wakefield, Rhode Island or East Lyme,
Connecticut, and 10 from healthy individuals in our laboratory. To screen the membrane
fractions, sera from the 10 laboratory workers were pooled.

Extraction and fractionation of B. burgdorferi membrane lipids
To isolate membrane lipids, B. burgdorferi N40 spirochetes were grown to a density of
∼1×109 spirochetes per ml in 1 L of Barbour-Stoenner-Kelly II media (BSK-II; Sigma, St.
Louis, MO). The culture was centrifuged at 10,409 × g for 20 minutes, resuspended twice with
phosphate buffered saline (PBS, pH 7.4; Fisher Scientific, Pittsburgh, PA), and centrifuged
again after each wash for an additional 20 minutes. The resulting spirochetal pellet (0.37 g,
wet weight) was flash frozen and stored at -80°C.
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Membrane lipids were isolated using a modified Bligh and Dyer extraction protocol (20). All
solvents were HPLC grade (Honeywell Burdick & Jackson, Morristown, NJ). For analysis, the
frozen B. burgdorferi pellet was thawed on ice and resuspended in 3 ml of water.
Methanol:chloroform (2:1) (11.25 ml) was added to the cell suspension, and the mixture was
vortexed briefly each minute for 15 minutes at room temperature. Because of concern that
highly glycosolated lipids might be lost in the standard 2-phase (aqueous/organic) separation,
additional chloroform and water were not added. The lipid extract was dried under a stream of
nitrogen, and stored under nitrogen at -80°C.

The extract was fractionated using the protocol of Ben-Menachem et al. (12), with slight
modifications. Silica gel 60 (230-400 mesh, EMD Chemicals, Gibbstown, NJ) was heated to
130°C for 2 hours to remove adsorbed water. A 3-cm diameter glass column was packed to a
3-cm height with silica gel in chloroform and washed with chloroform. The extract was
resuspended in 10 ml of chloroform and filtered through glass wool onto the column. A step-
elution technique was used to separate the membrane lipids using increasing concentrations of
methanol in chloroform (100 ml each of 0, 2.5, 5, 10, 20, 50 and 100 % solutions). Three
fractions (33.3 ml each) of each concentration of methanol were collected in glass tubes and
dried under a nitrogen stream. Each fraction was resuspended in 1.5 ml of the same
methanol:chloroform mixture in which it had been eluted. The tubes were flushed with nitrogen
and stored at -80°C.

To obtain large quantities of MgalD (BbGL-II), a second preparation was made with slight
modifications. First, lipids in the spirochetal pellet (1.2 g wet weight) were extracted by the
Bligh and Dyer protocol (20), as described above. However, for this preparation, more
chloroform:water (1:1) (7.5 ml) was added to the extract; the mixture was vortexed and
centrifuged at 2,988 × g for 5 minutes for separation into two phases. The lower lipid-containing
phase was transferred to a clean glass tube, dried under a stream of nitrogen, and stored under
nitrogen at -80°C. The procedure yielded 21.2 mg of membrane lipids. Second, to increase
resolution, a longer column (10 cm rather than 3 cm) was used for separation. The 3 fractions
that contained only MgalD were pooled and dried under a stream of nitrogen, and the combined
fraction was resuspended in 5 ml of 5% methanol in chloroform.

Mass spectrometry analysis
One aliquot (2.5 ul) of each fraction was analyzed by matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectrometry using a 2,5-dihydroxybenzoic acid
matrix with a Bruker Reflex IV MALDI-TOF mass spectrometer (Billerica, MA) operated in
positive ion reflectron mode. Individual mass spectral peaks were assigned corresponding to
the monoisotopic m/z of known lipid ionic forms of B. burgdorferi (11). The identities of these
ions were confirmed by tandem mass spectrometry on an Applied Biosystems QSTAR Pulsar
i- quadrupole orthogonal time-of-flight mass spectrometer (Foster City, CA) fitted with either
a Proxeon nanospray source (San Mateo, CA) or an o-MALDI1 source.

Antibody responses to B. burgdorferi glycolipids
To screen the membrane fractions, the first fraction in which lipid material appeared (called
fraction 1) and the subsequent 15 fractions (2-16) were analyzed by ELISA. The fractions were
diluted 1:100 in 100% ethanol. Because only the fractions containing ACG (BbGL-I) or MgalD
(BbGL-II) appeared to be immunogenic, antibody reactivity with these glycolipids was then
determined in individual samples from large numbers of Lyme disease patients. Although
chemically synthesized ACG (BbGL-I) was available (21), a synthetic form of MgalD (BbGL-
II) was not, and therefore, this glycolipid was purified from cultured spirochetes, and its purity
was verified by mass spectrometry.
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In initial experiments in which polystyrene (PS) or polyvinyl chloride (PVC) plates were used,
serum samples from normal control subjects gave high background absorbances (∼0.5). Better
results were obtained using polystyrene plates coated with polyvinylidine fluoride (PVDF)
membranes. However, since such plates are opaque, the samples had to be transferred to PS
plates for reading. In this way, background absorbances were reduced to negligible levels for
IgG determinations (∼0.1), but not for IgM determinations, which remained high (∼0.5). IgM
responses, which were tested in all patients, rarely exceeded this absorbance. Because IgM
responses in patients could not usually be distinguished from those in control subjects, only
IgG responses are reported here. Insufficient synthetic ACG or purified MgalD remained to
determine IgA reactivity or IgG subtype responses.

Polystyrene 96-well microtiter plates with PVDF membranes (Millipore #MSIPN4550,
Billerica, MA) were coated with either ACG (BbGL-I) or MgalD (BbGL-II) (100 μl per well)
and incubated overnight, loosely covered to facilitate ethanol evaporation. All steps were done
at room temperature. The optimal concentration of chemically synthesized ACG (BbGL-I) in
100% chloroform was 2 μg/ml in ethanol, and the optimal dilution of the preparation containing
MgalD (BbGL-II) was 1:40 in ethanol. The next day, the plates were incubated with 5% milk-
PBS (blocking buffer) (150 μl) for 2 hours and then washed 3 times with PBS alone. After
dilution in blocking buffer (1:100), patient or control sera (100 μl) were added to each well
and incubated for 1 hour with shaking. After 3 washes with PBS, goat anti-human IgG
conjugated to horseradish peroxidase (Kierkegaard and Perry Labs, Gaithersberg, MD) (100
μl), diluted 1:10,000 in blocking buffer, was added to each well for 1 hour with shaking. After
3 more washes, the plates were incubated with a 1:1 mixture of the substrate, 3,3′,5,5′-
tetramethylbenzidine, and 0.01% hydrogen peroxide (100 μl, Kierkegaard and Perry Labs).
The reaction was stopped after 10 minutes with 1M phosphoric acid (100 μl). To measure the
absorbance (450 nm), 100μl from each well were transferred to clear-bottomed 96-well plates
(Corning, Lowell, MA).

Cut-off values for positive responses in individual patient samples were 3 standard deviations
above the mean value of 22 normal control samples included on the same plate. For serial
patient samples, cut-off values were 3 standard deviations above the mean values of 11 normal
control samples included on the same plate.

Statistical analysis
IgG antibody responses to BbGL-I or BbGL-II were compared between patient groups by
Mann-Whitney rank sum test. The percentage of patients with positive IgG responses to either
glycolipid was compared by chi-square test. Among the patients in whom serum samples were
available during the period of active arthritis and ∼6 months after antibiotic therapy, the decline
in IgG antibody responses was assessed by the Wilcoxin Signed-Rank test. All P-values are
two-tailed. P-values ≤ 0.05 were considered statistically significant.

Results
Identification and immunogenicity of B. burgdorferi membrane lipids

Using a step gradient technique in which B. burgdorferi membrane lipids were separated into
16 fractions and analyzed by MALDI-TOF mass spectrometry, 2 glycolipids, ACG (BbGL-I)
and MgalD (BbGL-II), non-acylated cholesteryl galactoside, and 2 phospholipids,
phosphatidylglycerol and phosphatidylcholine, were identified. The verification of MgalD
(BbGL-II) is shown in Figure 1.

In a screening ELISA, the immunogenicity of each fraction was determined using pooled sera
from 10 patients with Lyme disease or 10 normal control subjects. The IgG antibody responses
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to fractions 3-6, which contained MgalD (BbGL-II), were clearly greater in Lyme disease
patients than in normal control subjects, and the responses to ACG (BbGL-I) in fractions 1-3
appeared to be higher in patients than in control subjects (Figure 2). However, there was no
reactivity with the 2 membrane phospholipids in either patients or control subjects. Although
this screening assay showed antibody responses in normal control subjects against the material
in fractions 1-3, which contained ACG (Figure 2), normal subjects did not react with synthetic
ACG (Figure 3A). Thus, we focused on determining the immunogenicity of the 2 B.
burgdorferi glycolipids in patients with early or late manifestations of Lyme disease using a
synthetic preparation of ACG (BbGL-I) and a purified preparation of MgalD (BbGL-II).

IgG antibody responses to B. burgdorferi glycolipids
Early in the infection, only 8 of the 84 patients (10%) who were in the convalescent-phase of
the illness, 3-4 weeks after the initiation of antibiotic treatment for erythema migrans, and only
10 of 35 patients (29%) with early neuroborreliosis who were seen 2-8 weeks after disease
onset had weak IgG antibody responses to synthetic ACG (BbGL-I) (Figure 3A). Late in the
illness, months to several years after disease onset, 74 of the 75 patients (99%) with Lyme
arthritis had strong IgG responses to this glycolipid (median absorbance = 1.0).

In comparison, 24 of the 84 patients (29%) who were convalescent from erythema migrans,
19 of the 35 patients (54%) with neuroborreliosis, and 71 of the 75 patients (95%) with Lyme
arthritis had IgG antibody reactivity with purified MgalD (BbGL-II) (Figure 3B). The median
absorbance was lowest in patients who were convalescent from erythema migrans (0.38),
intermediate in those with neuroborreliosis (0.55), and highest (0.95) in those with Lyme
arthritis. Normal control subjects had minimal or no reactivity with either glycolipid. Thus,
patients with early infection (erythema migrans or acute neuroborreliosis) had more frequent
reactivity with MgalD (BbGL-II) than with ACG (BbGL-I), but later in the illness, almost all
patients with Lyme arthritis had antibody responses to both glycolipids (Table 1). Reactivity
with either glycolipid in the 52 patients with antibiotic-refractory arthritis was not significantly
different than that in the 23 patients with antibiotic-responsive arthritis (data not shown). Thus,
some patients with early infection had weak IgG antibody responses to MgalD and less often
to ACG, but most patients with Lyme arthritis had strong IgG reactivity with both glycolipids.

Longitudinal evaluation of the antibody responses to B. burgdorferi glycolipids
To determine the natural history of antibody reactivity to B. burgdorferi glycolipids in
individual patients followed throughout the infection, IgG antibody levels to the 2 glycolipids
were determined in serial serum samples from 10 non-antibiotic-treated patients who were
followed throughout their 2- to 5-year course of the illness in the late 1970s before the etiologic
agent of Lyme disease was known. It was later shown that PCR testing for B. burgdorferi DNA
remained positive throughout this several-year disease course (22), and therefore, the
spirochete is thought to be present in the natural infection until eradication by the immune
response at the time of arthritis resolution.

Among the 10 patients, only 1 had an antibody response to ACG (BbGL-I) during early
infection, whereas all 10 had reactivity with this glycolipid late in the illness when arthritis
developed (Figure 4A). In comparison, 5 of the 10 patients had antibody responses to MgalD
(BbGL-II) during early infection, and all 10 had reactivity with this glycolipid when arthritis
was present (Figure 4B). With both glycolipids, reactivity was higher during periods of arthritis
than in early disease, and the strongest median responses occurred at the time of arthritis
resolution, 2- to 5-years after disease onset. Thus, immune processing of B. burgdorferi
glycolipids appears to continue throughout the infection.
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IgG antibody responses to B. burgdorferi glycolipids after antibiotic therapy
To assess the decline in antibody responses to the 2 glycolipids after antibiotic therapy, initial
samples obtained during the acute or convalescent phase of the illness and again approximately
6 months later were tested in 38 of the 194 patients (16%) in whom such samples were available.
Nine of the patients had erythema migrans, 7 had neuroborreliosis, and 22 had Lyme arthritis.
Since the decline in responses could only be determined in patients who had positive antibody
responses in initial samples, the decrease in responses to ACG (BbGL-I) could only be assessed
in the 22 patients with Lyme arthritis (Figure 5A). In these patients, the median absorbance
value during active arthritis (1.2) declined slightly ∼6 months after antibiotic therapy (1.0), a
difference of possible significance (P=0.06).

Because more patients with early infection had reactivity with MgalD (BbGL-II), it was
possible to measure the decline in antibody responses to this glycolipid in each patient group
(Figure 5B). In the 9 patients with erythema migrans, the median absorbance during
convalescence (0.46) declined below the cut-off value 6 months after antibiotic treatment
(0.12). Of the 9 patients, 2 still had values above the cut-off value, but all 9 patients remained
well after antibiotic treatment. In the 7 patients with neurologic involvement, the decrease in
responses over a 6-month period after treatment was minimal. These changes in patients with
erythema migrans or neuroborreliosis were not statistically significant. However, among the
22 patients with Lyme arthritis, the slight decline in the median value from 0.96 during active
arthritis to 0.90 ∼6 months after treatment was statistically significant (P = 0.008). With both
glycolipids, the minimal decline in reactivity in the 14 patients with antibiotic-refractory
arthritis was similar to that in the 8 patients with antibiotic-responsive arthritis (data not shown).

Discussion
In this study, 10% of the study patients who were convalescent from erythema migrans 3-4
weeks after the onset of illness, 29% with neuroborreliosis 2-8 weeks after disease onset had
IgG antibody responses to MgalD (BbGL-II), and a smaller percentage of patients had early
responses to ACG (BbGL-I). However, almost all patients with Lyme arthritis, which occurs
months to years later, had strong IgG reactivity with both glycolipids. In untreated patients,
these responses were often highest when the arthritis resolved 2-5 years after disease onset,
whereas the titers in antibiotic-treated patients declined gradually after antibiotic therapy.

Similarly, greater frequency of responses and higher titers late in the infection and gradual
decline in reactivity after antibiotic therapy are characteristic of the responses to most protein
antigens of B. burgdorferi. For example, in a previous analysis of antibody responses to B.
burgdorferi sonicates, which contained multiple spirochetal proteins and membrane
components, 18% of the patients who were convalescent from erythema migrans, 85% with
early neuroborreliosis or carditis, and 100% with Lyme arthritis had IgG antibody responses
to this preparation (17). One of the most prominent antibody responses in Lyme arthritis
patients is to B. burgdorferi decorin binding protein A (DbpA) (7). As was seen here with
responses to MgalD, about half of patients with early, disseminated infection had low-level
reactivity with DbpA, and almost all patients with Lyme arthritis had marked IgG responses
to this protein. Moreover, in untreated patients, the responses to DbpA were often highest at
the time of arthritis resolution, whereas reactivity in antibiotic-treated patients declined slowly
after antibiotic therapy, except in patients with erythema migrans in whom low-level reactivity
decreased somewhat faster (7,17,23). Thus, these general features of the antibody responses
seemed similar to protein and glycolipid antigens of the spirochete.

Antibody responses to spirochetal lipoproteins are directed against protein epitopes, and not
the lipid moiety (24). Therefore, what portions of B. burgdorferi glycolipids constitute antibody
epitopes? A previous analysis suggested that the galactose moiety is an essential component
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of the MgalD (BbGL-II) epitope. Periodate treatment, which eliminated the galactose residue,
abrogated antibody responses to α-MgalD (10). In addition, we observed antibody reactivity
with α-MgalD, but not with commercially available β-MgalD that was isolated from spinach
(Matreya, Pleasant Gap, PA) (data not shown). Thus, it would appear that anti-MgalD
antibodies bind the alpha configuration of the galactose moiety. No information is yet available
regarding the antibody-binding site for ACG. In previous experiments in which potential cross-
reactivity between antibodies to ACG (BbGL-I) and MgalD (BbGL-II) was assessed using
hyperimmune mouse sera in IgM and IgG immunodiffusion assays, no evidence of cross-
reactivity was found (personal communication, Dr. Gil Ben-Menachem). Thus, these 2
borrelial glycolipids appear to have different antibody epitopes that induce separate antibody
responses.

Because lipid antigens often elicit T-cell independent B-cell responses, we anticipated that
glycolipid antigens of B. burgdorferi might induce transient responses early in the infection.
Instead, the converse was found. The antibody responses to B. burgdorferi glycolipids included
IgG class switching, persistent high titers late in the illness, and gradual decline in reactivity
after spirochetal eradication, features which typify T-cell-dependent B-cell responses. It was
recently reported that NK T cells may provide lipid antigen-specific cognate help for B cells
(25). Moreover, it was recently learned that the MHC-like CD1d molecule on antigen
presenting cells presents B. burgdorferi MgalD (BbGL-II) to NK T cells in vitro (26). One
possibility is that the B cell receptor binds the galactose moiety of MgalD, internalizes the
glycolipid, and presents the lipid portion via the CD1 molecule to NK T cells. Another
hypothesis is that each of these glycolipids is a part of a protein-glycolipid complex. In that
case, the glycolipid may bind to the B cell receptor, internalize the complex, and present a
peptide from the complex via traditional class II MHC molecules to CD4+ T helper cells. As
yet, there is no evidence that B. burgdorferi glycolipids are covalently attached to spirochetal
proteins. However, spirochetal fragments in which glycolipids and proteins are non-covalently
complexed could contribute to T-cell-dependent anti-glycolipid antibody responses.

Might the antibody response to B. burgdorferi glycolipids be useful as a diagnostic test or in
vaccination? In syphilis, which is caused by another spirochete, Treponema pallidum,
reactivity with the lipid antigen cardiolipin, which is diphosphatidylglycerol (27), is measured
by the VDRL test. The response to this lipid antigen declines ≥4-fold or disappears within 6
months after antibiotic therapy, and therefore, the success of antibiotic treatment can be
confirmed with this test. Although B. burgdorferi has phosphatidylglycerol, rather than
diphosphatidylglycerol, this closely related phospholipid was not immunogenic, and the
antibody responses to B. burgdorferi glycolipids did not decline rapidly after treatment. Thus,
B. burgdorferi infection does not appear to induce a response to either a lipid or glycolipid
antigen that could be used as a surrogate marker for spirochetal eradication in Lyme disease
patients.

The original vaccine for human Lyme disease consisted of recombinant, lipidated outer-surface
protein A (OspA) (28,29). Three injections of this vaccine gave high antibody titers to OspA,
but the titers declined rapidly (28). Previously, mice immunized with B. burgdorferi glycolipids
had only weak IgM anti-glycolipid antibody responses, primarily to ACG (12). In contrast, in
patients with Lyme arthritis, antibody responses to B. burgdorferi lipoproteins last for years
after spirochetal killing (7), and re-infection has not been observed in these patients. As shown
here, antibody reactivity with B. burgdorferi glycolipids also appears to be long lasting. Thus,
immunization with B. burgdorferi glycolipids, perhaps in combination with particular
spirochetal lipoproteins, may be beneficial for vaccination.
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In summary, some patients with early Lyme disease had weak IgG antibody responses to
MgalD (BbGL-II) and less often to ACG (BbGL-I), but most patients with Lyme arthritis had
strong IgG reactivity with both glycolipids.
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Figure 1.
Positive mode MALDI quadrupole orthogonal TOF product ion spectrum of MgalD (BbGl-
II). The BbGL-II-containing fraction was spotted (4 μl) on a stainless steel target with DHB
matrix. The ion at m/z 779.64 (16:0/18:1, [M + Na]+) was subjected to collisionally activated
dissociation with argon collision gas. The figure shows the product ion spectrum of [M
+Na]+, 16:0/18:1 with characteristic neutral losses of fatty acyl chains (-16:0, -18:1) and hexose
(-Hex), as well as the hexose oxonium ion.
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Figure 2.
After fractionation by normal phase chromatography, each fraction was tested by ELISA in a
screening assay using pooled serum samples from patients with erythema migrans, early, acute
neuroborreliosis, or Lyme arthritis sera (N=10) and pooled samples from normal control
subjects (N=10).
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Figure 3.
IgG antibody responses to synthetic ACG (BbGL-I) (panel A) and purified MgalD (BbGL-II)
(panel B) in sera from patients with Lyme disease or normal control subjects. The horizontal
bars indicate median absorbance values. Cut-off values for positive responses in individual
patient samples were ≥3 standard deviations above the mean value of 22 normal control samples
included on the same plate. A few patients with erythema migrans had reactivity with ACG,
but the differences between these patients and normal control subjects were not statistically
significant. Compared with patients with erythema migrans, more of those with early, acute
neuroborreliosis had responses to ACG (P=0.05), and compared with the other groups, more
patients with Lyme arthritis had responses to this glycolipid (in each instance, P=0.001).
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Compared with normal control subjects, patients with each manifestation of Lyme disease had
higher responses to MgalD (in each instance, P=0.001). Patients with neuroborreliosis had
significantly higher reactivity than those with erythema migrans (P=0.05), and those with
arthritis had higher responses than the other groups (P≤0.01). ACG = acylated cholesteryl
galactoside, MgalD = monogalactosyl diacylglycerol.
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Figure 4.
Longitudinal IgG antibody responses to synthetic ACG (BbGL-I) (panel A) and purified MgalD
(BbGL-II) (panel B) in serial serum samples from untreated patients followed throughout the
course of Lyme disease. Four samples were tested from each patient; one was obtained early
in the infection, a second during initial periods of arthritis, a third during maximal periods of
arthritis, and a fourth near the time of resolution of arthritis. The horizontal bars indicate the
median absorbance at each time point. Cut-off values for positive responses in individual
patient samples were ≥3 standard deviations above the mean value of 22 normal control samples
included on the same plate. ACG = acylated cholesteryl galactoside, MgalD = monogalactosyl
diacylglycerol.
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Figure 5.
Decline in IgG antibody responses to synthetic ACG (BbGL-I) (panel A) and purified MgalD
(BbGL-II) (panel B) in patients with erythema migrans, neuroborreliosis, or Lyme arthritis
after antibiotic treatment. Absorbance values were compared in initial samples obtained during
the acute-phase or convalescent-phase of the illness and again approximately 6 months after
the completion of antibiotic therapy. The horizontal bars indicate median absorbance values,
which were calculated only for patients who had positive values in initial samples. Cut-off
values for positive responses in individual patient samples were ≥3 standard deviations above
the mean value of 22 normal control samples included on the same plate. The median values
at the 2 time points were not significantly different in patients with erythema migrans or
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neuroborreliosis. However, among the patients with arthritis, the difference of in values was a
possible significance for ACG (P = 0.06) and was significantly different for MgalD (P = 0.008).
ACG = acylated cholesteryl galactoside, MgalD = monogalactosyl diacylglycerol.
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Table 1
Percent of patients with a positive IgG antibody response to the B. burgdorferi glycolipids.

Percent Positive

ACGa
(BbGL-I)

MgalDa
(BbGL-II) P Valueb

Patients with Lyme disease

Erythema migrans (N = 84) 10 29 ≤0.001

Early neuroborreliosis (N = 35) 29 54 0.05

Lyme arthritis (N = 75) 96 99 NS

Normal control subjects (N = 70) 2 0 NS

a
ACG = acylated cholesteryl galactoside, and MgalD = monogalactosyl diacylglycerol.

b
Statistical significance of comparisons tested by chi square test.
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