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Introduction

Borrelia burgdorferi (Bb), the cause of Lyme disease, has
appeared not to evoke a detectable specific antibody re-
sponse in humans until long after infection. This delayed
response has been a biologic puzzle and has hampered early
diagnosis. Antibody to the abundant organism-specific outer
surface proteins, such as the 31-kD OspA, has rarely been
detected less than 6 mo after infection. Antibody to a less
organism-specific 41-kD flagellin protein, sharing common
determinants with other bacteria and thus limiting its diag-
nostic potential, may appear after 4 to 6 wks. To investigate
our hypothesis that specific antibody to OspA may actually
be formed early but remain at low levels or bound in im-
mune complexes, we analyzed serum samples from patients
with concurrent erythema migrans (EM). This is the earli-
est sign of Lyme disease and occurs in 60-70% of patients,
generally 4-14 d after infection. Weused less conventional
but more sensitive methods: biotin-avidin Western blots and
immune complex dissociation techniques. Antibody speci-
ficity was confirmed with recombinant OspA.

Specific complexed antibody to whole Bb and recombi-
nant OspA was detected in 10 of 11 of the EMpatients
compared to 0 of 20 endemic area controls. IgM was the
predominant isotype to OspA in these EMpatients. Free
IgM to OspA was found in half the EMcases. IgM to OspA
was also detected in 10 of 10 European patients with EM
who also had reactive T cells to recombinant OspA.

In conclusion a specific antibody response to OspA oc-
curs early in Lyme disease. This is likely to have diagnostic
implications. (J. Clin. Invest. 1994.94:454-457.) Key words:
spirochete * Borrelia burgdorferi * ELISA * immune complex
* Western blot
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1. Abbreviations used in this paper: Ag, antigen; Bb, Borrelia burgdorf-
eri; EM, erythema migrans; IC, immune complex; OspA, outer surface
protein A.

Lyme disease is etiologically linked to the spirochete, Borrelia
burgdotferi (Rb)' (1, 2). Clinical suspicion of the diagnosis
has often been difficult to confirm with current serological meth-
ods (3). The human humoral response to the relatively abundant
and highly specific Bb outer surface proteins such as OspA, is
not usually detected until several months to years after infection
(4, 5). Seronegative, and even some seropositive Lyme arthritis
patients with a past history of erythema migrans (EM) and
more than 6 moof symptoms do not have demonstrable OspA
antibody (Ab) (4) by conventional Western blots (6) or ELISA.
This delayed humoral response has been puzzling and has ham-
pered early diagnosis (7). This is particularly problematic be-
cause the early clinical marker for infection, erythema migrans
(EM), which occurs on the average 4 to 14 d after an infected
tick bite, is not observed in over one-third of cases (3). Further-
more, in many instances the rash is atypical, and a confident
diagnosis of EMcannot be made. Though an Ab response may
occur to the 41-kD flagellin protein (8), it is usually delayed
4 to 6 wks after the infection, and its diagnostic utility is further
limited because these antigenic components are commonly
shared with other bacteria (4-6). Similarly, Ab may be pro-
duced to other proteins which are not unique to Bb.

The potential to produce Ab to OspA early is illustrated by
certain mouse infectivity models where a brisk response does
occur after needle inoculation (9). Wehypothesized that early
after infection in humans via a tick bite, Ab to OspA may
actually be produced at low levels not detectable by conven-
tional methods and/or be predominantly bound in immune com-
plexes. This follows the general observation that the normal
humoral immune response to an infection involves production
of Ab which then binds to provoking antigens (Ags) of the
infectious agent (10) and shortly thereafter the Ab may be
detectable in the free form by conventional methods. Thus the
early production of some Ab to a specific Bb protein, within
the first weeks of infection as opposed to months to years later,
would be consistent with the biologic response to most infec-
tions. Detection of specific Ab has important potential for diag-
nosis and consequent therapy, at a time when it is most likely
to be effective. In this current study, blinded analysis of serum
samples obtained at the time EMwas witnessed by a physician
demonstrates that a humoral response to OspA frequently occurs
in the first weeks of infection in Lyme disease.

Methods

Patients. All patients met the Centers for Disease Control criteria for
Lyme disease as defined in reference 3 (this does not require cultures
that are frequently negative). In addition for this study we required that
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the early cases (n = 11) had single or multiple EMwitnessed by a
physician (the lesion was photographed in eight cases), endemic area
exposure, and exclusion of other diseases. Serum samples were obtained
concurrent with the appearance of EM. For the later, more advanced
cases (n = 10), requirements included in addition to exposure and
exclusion of other illnesses, physician diagnosed arthritis and a seroposi-
tive Lyme disease test. Positive control sera came from previously diag-
nosed Lyme disease patients with active symptoms at the time of sam-
pling. Other disease controls included a variety of infectious, immuno-
logic, and neurologic diseases likely to have elevated circulating immune
complexes. The healthy asymptomatic controls were endemic area sub-
jects without a history of Lyme disease infection.

After the above patients from the United States were analyzed,
additional sera was kindly provided by Dr. A. Krause (University of
Erlangen-Nurnberg). These sera came from German patients (from
reference 14) with early Lyme disease who were EM positive and
were shown to have T cell reactivity, but not Ab using a conventional
immunoblot, to recombinant OspA. Due to the limited volume of sam-
ples our analysis was restricted to recombinant OspA IgM biotin-avidin
immunoblots for comparison.

Immune complex (IC) isolation and dissociation. Immune com-
plexes were isolated by polyethylene glycol precipitation and dissociated
as described (11, 12). Briefly, 0.5 ml of the serum sample was added
to an equal volume of 7% polyethylene glycol (PEG) in PBS, and
incubated overnight (or alternatively 2 h) at 40C, then centrifuged at
8,320 g for 15 min. Pellets were washed twice using 3.5% PEGand
resuspended in 0.5 ml of 0.1 Msodium borate, pH 10.2.

Biotin-avidin Western blot. Bb (B31) sonicates (kindly provided
by Dr. Marc Golightly, State University of New York, Stony Brook)
or recombinant OspA were added to Laemmli gel sample reducing
buffer consisting of 2%SDS, 60 mMTris-HCl (pH 6.8), 0.1 MDTT,
0.005% bromphenol blue, 10% glycerol, and boiled to load each well
of the preparative gel with 16 jig of whole Bb sonicates or 1.6 /ig of
recombinant OspA protein. Molecular weight standards were run in
tandem to these samples so as to provide markers. 12% SDS-polyacryl-
amide 7 x 8 cm mini-gels, 0.75 mmthick with stack was used on the
Mighty Small II system (Hoefer Sci. Instr., San Francisco, CA) for
SDS-PAGEand blotting. Immunetics Miniblotter (Vector Laboratories,
Inc., Burlingame, CA) was used for development. The blot was devel-
oped according to manufacturer instructions. Serum samples were added
to each lane at a 1:100 dilution and the PEGimmune complex precipi-
tates at 1:10 dilution ( 11). Secondary Abs consisted of goat biotinylated

anti-human IgG (y chain specific) and biotinylated anti-human 1gM (IL
chain specific), which were diluted 1:250, and biotinylated horse anti-
mouse IgG (H + L) which was diluted 1:500 (Vector Laboratories,
Inc.) in TBS-T plus 1% NGS.

Recombinant OspA protein. Full length OspA lipoprotein that had
been expressed in Escherichia coli and purified by Triton X-1 14 extrac-
tion and ion exchange chromatography (13) was used for the blots
above.

ELISA for free serum antibodies to B. burgdorferi. Clinical serum
samples were tested for anti-Bb (B31) Ab in an ELISA as described
(6, 11). Briefly, 96-flat bottom well microtiter plates (Costar Corp.,
Cambridge, MA) were coated with a sonicate of Bb (B31) (5 pg/ml)
for 18 h in 0.05 Msodium carbonate (pH 9.6) and then washed three
times with PBS (pH 7.2) containing 0.05% Tween 20 (PBS/Tween).
Aliquots of 200 pil were added to duplicate wells and incubated for 1
h at 370C. Nonspecific binding sites were then blocked by the addition
to each well of 250 1I solution of 1% BSA in PBS. The plates were
washed with PBS-Tween. Serum was diluted 1:500. A volume of 200
pd from each sample was added to duplicate wells and incubated for 1
h at 370C. The plates were washed with PBS-Tween. Alkaline phospha-
tase-conjugated goat anti-human (GAH) immunoglobulin (Ig) with
specificity for heavy chain determinants was added to individually detect
the anti-Bb Ig of IgM and IgG isotypes. Specific isotypes were analyzed
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Figure 2. Representative biotin-avidin Western blot immunoreactivity
of serum and serum IC Abs from patients with EMto purified recombi-
nant OspA lipoprotein. Patients with EMare represented by groups A,
B, E, F, G. Reactivity of the patients' free and IC antibody is represented
as follows: lane 1, free IgG; lane 2, IC IgG; lane 3, free JgM; lane 4,
IC IgM. Reactivity of mAb, H3TS, to 31 kD OspA is shown in group
C. Reactivity of mAb, H5332, also to OspA are shown in groups D, H.
Molecular weight standards are indicated by markers on the right.
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Table I. Distribution of Antirecombinant OspA Antibody Reactivities of Early Lyme Disease Samples by Western Blot*

Number with: free IgG, Number with only: Number with only:
complexed IgG, free IgM, complexed IgG, free IgM, free IgM and Number with only: Number with only:

and complexed IgM and complexed IgM complexed IgM complexed IgM complexed IgG

Early (EM+) cases
(n= 11) 0 2 5 1 2

* As represented partially in Fig. 2.

with the appropriate GAHIg conjugate. After a 1-h incubation at 37°C,
the microtiter wells were washed three times as before. As a colorimetric
substrate for alkaline phosphatase, p-Nitrophenyl phosphate (Sigma
Chem. Co., St. Louis, MO) was added to each well at a concentration of
0.66 mg/ml in 0.15 Msodium bicarbonate containing 1 mMmagnesium
chloride. After incubation at room temperature the reaction was stopped
with 30 ,1 of 3 N sodium hydroxide. The optical density of each well
was read at 405 nmon the ELISA reader (Bio-Tek Instr. Inc., Winooski,
VT). A positive result was indicated by optical density readings greater
than 3 SD above the mean of a panel of 10 healthy controls without a
history of Borrelia infection. In the clinical laboratory these 10 controls
represented the range of optical density readings from over 100 healthy
control samples such that they yielded the same mean + 3 SD as the
larger group.

ELUSAfor complexed serum antibodies to Bb. PEGprecipitates were
diluted 1:10 and run by ELISA (11) to separately detect IgG and IgM
reactive to Bb Ags. IC, on ELISA, were considered to be Borrelia
specific when the optical density readings of the PEGprecipitate was
greater than 3 SD above the mean of at least 10 normal controls run
on each plate (6, 11 ). A biotin-avidin modification with reagents similar
to those of the Western blot was also used.

Statistical analysis. Fisher's exact test was used to compare the
proportion of Bb-specific complexes in Lyme disease versus controls
and other disease patients.

Results

Detection of Ab to whole Bb and recombinant OspA. Overall
our results with biotin-avidin whole Bb and recombinant protein
Western blots show that patients with very early Lyme disease
have complexed and often free Ab directed against OspA.

10 of 11 early US cases had complexed Ab reactive to
OspA, as well as to other Bb Ags, on blots to whole Bb (B31 )
sonicates. These 10 also had specific anti-OspA Ab on recombi-
nant OspA blots. A representative group is shown in Fig. 1 and
2. The recombinant blots were performed to confirm that the
Ab was specific for OspA rather than another protein in the same
molecular weight range. The specific IgM and IgG isotypes and
free/complexed Ab states of these samples are shown in Table
I. These results were reproducible on other blots. To see if a
nonspecific but sensitive assay correlated with the Western blots
in a limited number of cases, we used an ELISA to detect
complexed Ab to sonicated whole Bb Ags (6, 11). The same
10 of 11 early cases were positive by ELISA for complexed
Abs to whole Bb (B31) sonicates (Table II). A biotin-avidin
IgM IC ELISA was positive in 7 of 7 available EM serum
samples. The controls had a mean ODof 0.08 (average ranging
from 0.04 to 0.15) and the mean + 3 SD was 0.20. 20 healthy
endemic area controls and 20 other diseased patients (infections
including syphilis, autoimmune diseases such as lupus, allergic,
and neurologic disorders, especially cases associated with ele-
vated levels of immune complexes) were not reactive for either
free or complexed Ab to OspA (see Fig. 3), whereas certain

chronic Lyme disease patients and several anti-OspA mAbs
(H3TS and H5332 kindly provided by Dr. Alan Barbour) could
recognize OspA (see Fig. 1 and 2).

The predominant anti-OspA isotype was IgM. In 2 of the
10 early cases of Lyme disease with specific Bb immune com-
plexes, both IgM and IgG isotypes were found in the complexes.
In 2 of 10 EMpatients, including one with a documented past
history of Bb infection and EM, the anti-OspA reactivity was
found solely in the complexed IgG fraction. This could reflect
an amnestic response. In half of the early (EM) Lyme disease
patients with complexed IgM to recombinant OspA, biotin-avi-
din blots also detected free IgM Ab to the recombinant protein.
Analysis of the German EMpatients also revealed specific IgM
to recombinant OspA in 10 of 10 cases (Fig. 4).

Discussion

The current studies demonstrate that OspA is recognized by the
immune system, and that specific anti-OspA Ab can be pro-
duced early in human Bb infection. The predominant isotype
in new acute cases was IgM, as might be expected with an early
Ab response. In this paper we have equated "early" with the
time that EMappeared or is most likely to appear.

Dissociation between T cell and B cell responses to anti-
genic components of Bb has been described in certain chronic
seronegative patients who exhibit T cell reactivity to Bb, but
no detectable free Ab to Bb (6). Recently, in early Lyme disease
patients, T cells reactive to OspA have been identified in the
absence of free Ab to OspA (14). However, complexed Ab
was not investigated in these studies, nor were blots performed
with biotin-avidin reagents. Wepoint this out because both these
techniques are likely to enhance the sensitivity of detection. We

Table II. Combined IgM and IgG Complexed Ab to Bb Ags in
Various Patient Groups by Western Blot and ELUSA

Number Number
with without

complexed complexed
Description of patient group anti-Bb Ab anti-Bb Ab P value

Early EM+ Lyme disease
(n = 11) 10 1 2 x 10-7

Seropositive symptomatic Lyme
disease with arthritis
(n = 10) 10 0 3 x 10-8

Other endemic area disease
subjects (n = 20) 0 20 < 10-8

Healthy endemic area controls
(n = 20) 0 20
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Figure 3. Representative biotin-avidin Western blot immunoreactivity
of serum and serum IC Abs from control subjects to purified recombinant

OspA lipoprotein. A positive Lyme disease patient is represented by
group B. Endemic area control subjects are represented in groups C, E,
F, G. Reactivity of the individuals' free and IC antibody is represented
as follows: lane 1, free IgG; lane 2, IC IgG; lane 3, free IgM; lane 4,
IC IgM. Reactivity of mAb, H3TS, to 31 kD OspA is shown in groups
A, D, H. Molecular weight is indicated by marker on the right.

were aware that the IC dissociation technique was likely to
yield Ab that might not be detected by an assay probing only
for free Ab. With respect to techniques to develop Bb Ab blots
of known samples, preliminary experiments revealed enhanced
staining with the biotin-avidin versus alkaline phosphatase re-
agents. This ranged from less intense staining of bands to virtual
absence of staining with conventional alkaline phosphatase re-
agents that were otherwise seen by using the enhancing biotin-
avidin reagents. Wereconfirmed this using recombinant OspA
as the target Ag in the blot. The detection of complexed and
free IgM to OspA in the German patients, with these methods,
is in agreement with this observation. The finding of free IgM
but not IgM complexed to OspA may reflect a response that
has evolved to IgG. It is important to consider that factors other
than technique, such as route of infection, number of infecting
organisms, and the host's immune system may contribute to
detection of an Ab response. Nevertheless, using an analysis of
serum immune complexes and sensitive Western blot tech-
niques, it was possible to identify in a large percentage of pa-
tients specific Ab to OspA within immune complexes and fre-
quently in the free state as well.

The exact mechanisms and chronology by which T cells
induce specific Ab production has yet to be delineated. The
kinetics of the immune response to the various Ags of Bb also
needs to be determined. It is still not clear why a discernible,
albeit often weak, humoral response to OspA occurs early but
does not fully develop to the point of detection by conventional
assays until late in the disease.

Our detection of OspA Ab early in the course of infection
in humans agrees with certain animal infectivity models that
are also capable of humoral immune recognition of OspA. The
precise parallels to animal models require further study with
particular consideration to the route of infection and the method
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Figure 4. Representative biotin-avidin Western blot IgM immunoreac-
tivity to purified recombinant OspA lipoprotein of serum and serum IC
Abs from patients with EMand T cell reactivity to OspA. Patients with
EMand T cell reactivity to OspA are represented by groups A, B, C,
D, E, G, H, I, J, K Reactivity of the patients' free and IC antibody is
represented as follows: lane 1, free IgM; lane 2, IC IgM. Reactivity of
mAb, H5332, to OspA is shown in groups F, L Molecular weight
standard is indicated by marker on the right.

of analysis. The animals mount a brisk and early response to
OspA when needle-inoculated with Bb (9, 15). Yet when in-
fected by ticks, they seem not to develop this specific response
until very late in the infection ( 15), as analyzed by conventional
assays. However, in these models, early serum samples have
not yet been examined with the present techniques.

In humans, the ability to detect Ab to OspA in the early
weeks resolves part of a biologic puzzle. Detection of specific
Ab has important potential to support a clinical diagnosis in
this illness, especially at the outset, when therapy is most likely
to be effective, and can be a diagnostic aid in patients who were
bitten by ticks but have not developed the typical rash (16).
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