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Abstract

Using immunoblots, we identified proteins of Borrelia burgdorferi
bound by IgM and IgG antibodies during Lyme disease. In 12
patients with early disease alone, both the IgM and IgG responses
were restricted primarily to a 41-kD antigen. This limited re-
sponse disappeared within several months. In contrast, among
six patients with prolonged illness, the IgM response to the 41-
kD protein sometimes persisted for months to years, and late in
the illness during arthritis, a new IgM response sometimes de-
veloped to a 34-kD component of the organism. The IgG response
in these patients appeared in a characteristic sequential pattern
over months to years to as many as 11 spirochetal antigens. The
appearance of a new IgM response and the expansion of the IgG
response late in the illness, and the lack of such responses in
patients with early disease alone, suggest that B. burgdorferi
remains alive throughout the illness.

Introduction

Lyme disease, which is caused by the tick-borne spirochete, Bor-
relia burgdorferi (1-3), typically begins in summer with a char-
acteristic skin lesion, erythema chronicum migrans (ECM)'
(4, 5). Weeks to months later, some patients develop the second
stage of the illness characterized by cardiac involvement (6),
neurologic abnormalities (7, 8), or migratory musculoskeletal
pain (5). Weeks to years later, many patients develop frank ar-
thritis, the third stage of the disorder (4, 9, 10). Joint involvement
often occurs intermittently in a few large joints for several years,
but it may become chronic with pannus formation and erosion
of cartilage and bone (9, 10).

Antibody titers to B. burgdorferi in Lyme disease patients
have been determined previously by indirect immunofluores-
cence and by enzyme-linked immunoassay (ELISA) (1, 2, 1 1,
12). The specific IgM response, which is often not detectable
during the first 1 or 2 wk of infection, usually peaks during the
third through the sixth week, and may persist for months or
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1. Abbreviations used in this paper: ECM, erythema chromicum migrans;
ELISA, enzyme-linked immunosorbent assay; SDS-PAGE, sodium do-
decyl sulfate-polyacrylamide gel electrophoresis.

years after disease onset (2, 11, 12). Specific IgG titers increase
more slowly. This response is frequently not detectable for 4-6
wk, is highest months to years later during arthritis and may
remain elevated for years after clinical remission (2, 11, 12).
Elevated total IgM levels, which are the best laboratory indicator
of disease activity (13), correlate with specific IgM titers, but
total IgG levels do not correlate with the specific IgG re-
sponse (1 1).

Using immunoblots, Barbour et al. demonstrated spirochetal
polypeptides that stimulate the IgG response in serum and joint
fluid of patients with Lyme disease (14). In this study, in an
effort to better understand the pathogenesis of the arthritis, we
defined the sequence in which IgM and IgG antibodies appeared
to each of the protein antigens of B. burgdorferi, and compared
the antibody responses in serum and joint fluid. Wereport here
the appearance of a new IgM response and the expansion of the
IgG response late in the illness. These findings suggest that the
Lyme spirochete persists for long periods in the host and triggers
new immune responses during later attacks of arthritis.

Methods

Organisms. The isolate of B. burgdorferi used in this study was G 39/
40, which was originally cultured from Ixodes dammini ticks in Con-
necticut (2). This isolate was not cloned by limiting dilution and could
be a mixture of more than one serotype. These organisms were maintained
in continuous culture in fortified Kelly's medium (15) at 330C in 13
X 100 mmsterile glass tubes (Pyrex, Corning Glassworks, Corning, NY).
For immunoblot studies, bulk cultures were grown in 650-ml tissue cul-
ture flasks to late log phase, as determined by dark field microscopy.
Organisms were then pelleted by centrifugation at 10,000 g for 20 min,
washed once in cold 0.01 Mphosphate-buffered saline with 5 mMMgCl2
(PBS/Mg), centrifuged at 14,000 g, resuspended in PBS/Mg with glycerol
(1 5% vol/vol), and frozen at -70'C until ready for use.

Sera. Serial serum samples and joint fluids from patients with Lyme
disease have been collected during the last nine years and frozen at -70'C
in our laboratory. For this study, we tested 86 sera and 9 joint fluid
samples from patients with Lyme disease. These included acute and
convalescent samples from 12 patients with mild disease (ECM alone),
1 1 of whomwere treated with antibiotics. Acute specimens were obtained
1-3 wk after disease onset and convalescent samples were obtained 2-
3 wk later. In 3 of the 12 patients, including the one who did not receive
antibiotics, one or two postconvalescent samples were available that had
been taken after 6 moto 4 yr of remission. At the other end of the disease
spectrum, six to nine serial samples were tested from six patients on
whom sera were available throughout a prolonged and severe illness.
Two of these patients had ECMfollowed by arthritis, three had ECM
followed by neurologic abnormalities and then arthritis, and one had
ECMfollowed by neurologic and cardiac involvement and then arthritis.
The first serum available at the beginning of each manifestation was

always included. Three of the six patients received penicillin therapy for
ECM, but their disease progressed despite therapy. Simultaneous serum
and joint fluid samples were available on four of the six patients, and
five additional patients with single serum and joint fluid samples were

934 J. E. Craft, D. K Fischer, G. T. Shimamoto, and A. C. Steere

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
002 1-9738/86/10/0934/06 $1 .00
Volume 78, October 1986, 934-939



evaluated. One of these five patients was treated with penicillin during
ECMbut still developed arthritis.

For comparison, we used four sera from normal subjects, six sera
from patients with active rheumatic diseases (two patients each with
rheumatoid arthritis, systemic lupus erythematosus, or Reiter's syn-
drome), and six sera from patients with other spirochetal infections (two
patients with louse-borne relapsing fever and four with primary or sec-
ondary syphilis).

Sodium dodecyl sulfate-polyacrylamide electrophoresis (SDS-PAGE).
Spirochetes were prepared for analysis with small modifications of the
method described by Barbour (16). Frozen spirochetes were thawed,
centrifuged for 2 min in a microfuge, and washed three times in cold
PBS/Mg. The washed cells were resuspended in deionized water and
adjusted to an ODof 0.100 when the mixture was assayed for protein
content by the Bradford method (17). Aliquots of the suspension were
then added to sample buffer to a final concentration of 2.0% SDSand
0.1 Mdithiothreitol. After boiling for 5 min, -7.5 ,ug of protein per
lane were subjected to discontinuous SDS-PAGE(18) on 10.0% acryl-
amide gels. Separated polypeptides on the gels were stained with Coo-
massie Brilliant Blue R-250 or were transferred to nitrocellulose paper
(Schleicher and Schuell, Keene, NH) as previously outlined (19). To
assess the efficiency of transfer, one lane was cut from the paper and
stained with amido black and compared to immunoblots. Molecular
weight markers, labeled with 1251 by the lactoperoxidase method (20),
were phosphorylase b (94,000), bovine serum albumin (67,000), oval-
bumin (43,000), carbonic anhydrase (30,000), soybean trypsin inhibitor
(20,100), and lactalbumin (14,400) (Pharmacia Fine Chemicals, Piscat-
away, NJ).

Detection of antigens on nitrocellulose paper. To saturate nonspecific
protein-binding sites, the nitrocellulose paper containing transferred
polypeptides was soaked in 0.01 MPBS, 0.20% gelatin (PBS-gelatin) for
1 h at 250C. The nitrocellulose was then cut into strips representing
individual lanes from the gel, and the strips were incubated individually
with patient sera or joint fluids diluted in PBS-gelatin (1:50 for detection
of IgM and 1:100 for detection of IgG) at 250C for 2 h (for IgG) or 6 h
(for IgM). The papers were washed four times in PBS-0.05% Tween
(PBS-Tween) and then probed for 1 h with affinity-purified '25I-labeled
goat anti-human IgM (Fc-fiagment specific) (Cooper Biomedical, Mal-
vern, PA) for IgM detection or with '25I-labeled protein A (Pharmacia
Fine Chemicals) for IgG detection. Both probes had been iodinated by
the lactoperoxidase method (20) and were used at a specific activity of
1 X 10, cpm/ml of PBS-gelatin. The blots were once again washed four
times in PBS-Tween, air-dried, and exposed to XRP-5 film (Eastman
Kodak, Co., Rochester, NY).

Separation and quantitation of IgM in sera. Separation of IgM from
IgG in sera was done with Sephacryl S300 and protein A Sepharose (both
from Pharmacia Fine Chemicals) filtration. Serum (1.5 ml) was filtered
over an S300 column (2.6 X 100 cm) in PBS (pH 7.3) with continuous
monitoring at an absorbance of 280 nm and a flow rate of 1.25 cm-2
h-1. 5-ml fractions were collected, and those containing the leading edge
of the IgM peak were pooled and concentrated (CX 10 ultrafiltration
units, Millipore Corp., Bedford, MA) to the original serum volume. The
sample was then filtered over a 4-ml protein A Sepharose column at a
flow rate of 0.15 ml/min. After the void volume, the first peak was col-
lected, concentrated, and its IgM content measured by radial immu-
nodiffusion (LC-Partigan and Tri-Partigan Plates, Calbiochem-Behring
Corp., La Jolla, CA). The sample was then adjusted to the concentration
of IgM in the original serum sample and saved at 4VC.
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of patients late in the disease typically bound a maximum of 11
of these 29 polypeptides (Fig. 1, lane 3).

Immunoblots: patients with only ECM. Within 1 to 3 wk
after disease onset, 6 of the 12 patients with ECMalone, of
whomall but one received antibiotic therapy, developed anti-
bodies of the IgM class that bound a polypeptide of 41 kD as
demonstrated by the example in Fig. 2 A. By convalescence 2-
3 wk later, 10 of the 12 had IgM antibodies to this antigen (Fig.
2 A). At that time, a polypeptide of 83 kD was also weakly
bound by IgM in four of these patients, although not by the
example in Fig. 2 A. Only 3 of the 12 patients developed anti-
bodies of the IgG class that bound the 41-kD antigen, and it
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Results

Total spirochetal proteins. SDS-PAGEanalysis of whole cell ly-
sates of B. burgdorferi showed at least 29 components (Fig. 1,
lane 1). A similar pattern was found after electrophoretic transfer
of the polypeptides to nitrocellulose and staining with amido
black (Fig. 1, lane 2). Antibodies of the IgG class from the sera

Figure 2. Immunoblot of IgM antibodies in serial serum samples from
three representative patients with Lyme disease. Spirochetal polypep-
tides were electrophoretically transferred to nitrocellulose, probed with
a 1:50 dilution of each serum, and bound IgM detected with 1251-la-
beled affinity-purified anti-human IgM. (A) Patient with ECMalone.
(B) Patient with ECMfollowed by arthritis. (C) Patient with ECMfol-
lowed by neurologic disease and then arthritis. Antigens commonly
bound by IgM are shown. A normal serum immunoblotted in parallel
is shown for comparison.
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typically required three or more weeks for this response to appear
(Fig. 3 A). In the three patients with postconvalescent samples,
which included the one patient who did not receive antibiotic
therapy, no protein antigens were bound in the samples obtained
6 mo to 4 yr after ECM. Patients with only ECMthus had an
IgM response that was restricted to polypeptides of 41, and to
a lesser degree, 83 kD, a later IgG response that was limited to
the 41-kD antigen, and neither response was evident several
months later.

Immunoblots: patients with prolonged disease. As shown by
the examples in Fig. 2 Band C, during ECMall six of the patients
with prolonged and severe disease also developed 1gM antibodies
that initially bound the 4 1-kD antigen. During this period, three
of them also bound weakly the component of 83 kD. In two of
the six patients, the IgM response to the 41-kD antigen persisted
during arthritis, in one instance for 58 mo (Fig. 2 B). 6 to 16
moafter onset of ECM, during arthritis, another two of the six
patients had a new IgM response to a 34-kD antigen (Fig. 2 C).
Of five additional patients with arthritis on whomsingle serum
specimens were available, two had strong binding by IgM an-
tibodies to the 41-kD polypeptide and one strongly bound the
34-kD structure. Two of the four patients with persistent binding
to the 41-kD antigen, one of the three with binding to the 34-
kD antigen, and one of the four with neither persistent nor late
binding were treated with antibiotics during ECM. In patients
with prolonged disease, the IgM response thus was characterized
by initial and sometimes persistent binding of a 41-kD antigen
followed sometimes by binding of a 34-kD antigen during ar-
thritis.

In the group of six patients with prolonged disease tested
serially, the IgG response developed in a typical sequential pat-
tern to as many as 11 antigens. During ECM, the 41-kD antigen
was bound (Fig. 3, B and C). 1-5 mo after disease onset, a
response to components of 83 and 66 kD developed in five of
six patients (Fig. 3, B and C), and antigens with molecular
weights of 27 and 15 kD were weakly bound in three patients.
The same pattern of antibodies developed regardless of whether
the patient had neurologic abnormalities, cardiac involvement,
or migratory musculoskeletal pain.
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During the following months to years, after the onset of ar-
thritis, two antigens of 75 and 60 kD were bound weakly to
moderately, and four antigens with molecular weights of 34, 31,
29, and 17 kD were bound strongly (Fig. 3, B and C). Of the
latter four antigens, the 34-kD component was identified by sera
from all six patients, and the 31-, 29-, and 1 7-kD structures were
bound by five. However, the onset of arthritis was not associated
with the appearance of antibodies to a particular polypeptide.
Of the five patients with arthritis in whomsingle sera were tested,
all bound the 34-, 31-, and 29-kD antigens and four bound the
1 7-kD structure. The antibody response among the four peni-
cillin-treated patients was similar to that of the seven untreated
patients. The IgG response in prolonged Lyme disease thus was
characterized by initial binding of only the 41-kD antigen, fol-
lowed in 1-3 mo by binding of the 83-, 66-, 27-, and 15-kD
polypeptides, and then months to years later, by binding of the
75-, 60-, 34-, 31-, 29-, and 1 7-kD components. Once developed,
IgG binding to each antigen typically persisted throughout the
illness.

Simultaneous sera and joint fluids were obtained from nine
patients with chronic Lyme arthritis. In all instances, IgM and
IgG in both fluids bound identical components.

Immunoblots: control patients. Using the '251-labeled goat
anti-human IgM probe, the four normal control sera did not
bind any spirochetal antigens (Fig. 4). Of the six rheumatic dis-
ease controls, one each of the sera from patients with SLE, rhe-
matoid arthritis, or Reiter's syndrome bound very weakly the
41-kD polypeptide as demonstrated by the sample serum from
a patient with rheumatoid arthritis (Fig. 4). A control serum
from one patient with syphilis also bound this polypeptide very
weakly, and serum from one patient with louse-borne relapsing
fever bound it quite strongly (Fig. 4). None of the control sub-
jects had IgG antibodies that bound any spirochetal antigens
(Fig. 4).

Separation of IgM and IgG antibodies. To prove that the
'251-labeled anti-human IgM probe was detecting IgM during
late disease, IgM and IgG antibodies were separated in two pa-
tient's sera by gel filtration. 16 mo after disease onset, whole
serum from patient C (Figs. 2 and 3) and the IgM fraction of

Figure 3. Immunoblot of IgG antibodies in serial serum samples
from the same three patients with Lyme disease as in Fig. 2. Af-
ter electrophoretic transfer of spirochetal antigens, the nitrocellu-
lose paper was probed with a 1:100 dilution of each serum and
bound IgG detected by 125I-labeled protein A. Antigens com-
monly bound by IgG are shown. A normal serum immunoblot-
ted in parallel is shown for comprsn.
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Figure 4. Immunoblot of IgM (A) and IgG antibodies (B) from sera

from four representative control patients. Immunoblots were per-

formed as depicted in Figs. 2 and 3. RA, rheumatoid arthritis.

this serum detected the 34-kD component of the spirochete when
blotted with the '251I-labeled IgM probe (Fig. 5, lanes 2 and 4).
This fraction did not contain detectable IgG antibodies, as shown
by the lack of iodinated-protein A binding (Fig. 5, lane 3). Sim-
ilarly, 33 mo after disease onset, serum from patient B (Figs. 2
and 3) and its IgM fraction still bound the 41-kD polypeptide
when reacted with the iodinated IgM probe, and this fraction
did not contain detectable IgG.

Discussion

Antibody response in patients. In early Lyme disease, the initial
IgM response was restricted to polypeptides of 41 kD, and to a
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taken 16.5 moafter ECM. Serum
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tein A (lane 1) and '251-labeled
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beled anti-human IgM (lane 4).
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lesser degree, 83 kD and the IgG response was limited to the 41-
kD antigen. Specific IgM antibodies usually appeared within 1-
3 wk after disease onset, and specific IgG antibodies generally
required three or more weeks to develop. The delay in appearance
of both specific IgM and IgG, shown here by immunoblots, is
in agreement with previous studies of the antibody response
done by indirect immunofluorescence and enzyme-linked im-
munosorbent assay (ELISA) (2, 11, 12). Studies of cell-mediated
immunity in Lyme disease have shown that spontaneous sup-
pressor cell activity is increased during the first several weeks of
infection, and after that time, the trend is toward less suppressor
cell activity than normal (21). Immunosuppression early in the
illness thus may limit the antibody response to only the most
immunogenic polypeptides.

Although the number of patients with ECMalone and post-
convalescent samples was small, the initial, restricted antibody
response in these patients dampened and disappeared within
several months, regardless of antibiotic therapy. In contrast, in
patients with prolonged illness, the IgM response to the 41-kD
protein sometimes persisted for months to years, and late in the
illness during arthritis, certain patients developed a new IgM
response to a 34-kD polypeptide. After initial binding of the 41-
kD antigen, the IgG response during the next 1-3 mo included
binding of two to four more polypeptides followed during the
next months to years by binding of four to six additional proteins.
Barbour et al. demonstrated 1I1 spirochetal antigens of the same
or similar molecular weight bound by IgG antibodies late in'the
illness (14, 22). Our analysis of serial sera in patients with different
clinical manifestations did not reveal an association between
arthritis and a particular polypeptide. Rather, progression of the
disease was associated with gradual expansion of the immune
response, regardless of the particular clinical manifestations and
despite antibiotic therapy during ECM.

Since the IgM response seemed to be limited to two or three
antigens, we were concerned that high-titered antibodies of the
IgG class may have blocked the binding of lower affinity IgM
to the other antigens. Furthermore, because the initial IgM re-
sponse sometimes persisted and since a new IgM response
sometimes appeared late in the illness, we wondered whether
our iodinated anti-human IgM probe might have falsely bound
the highly titered IgG antibodies. To answer these questions, we
separated IgM and IgG antibodies from the sera of two patients
late during the course of Lyme disease by two-stage column
chromatography. Although IgG3 may not be totally removed by
protein A binding used in the second column, these experiments
suggested that the probe was specific for IgM and that the sera
contained IgM antibodies to only the 41- and 34-kD structures.

Several possible mechanisms may explain the late appearance
of IgM or IgG antibodies to spirochetal proteins, two of which,
the 34- and 3 l-kD polypeptides, have been shown to be part of
the outer membrane of B. burgdorferi (16, 23). First, the im-
munosuppression of early Lyme disease may limit the T cell-
dependent antibody response until later in the disease. The period
of immunosuppression usually lasts only for several weeks (21),
however, and seems unlikely to explain the appearance of an-
tibodies months or years into the illness. Second, patients may
become reinfected. However, we think that this mechanism is
very unlikely to explain the characteristic sequential pattern of
antibody response observed in all six patients with prolonged
disease. Third, certain polypeptides may be covered, perhaps by
an extracellular slime layer, or hidden intracellularly until late
in the illness. Although not convincingly demonstrated, patho-
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genic treponemes may have an outer layer that protects against
host defenses (24), and such a layer has been postulated in B.
burgdorferi (15). Finally, like other borrelia (25, 26), outer
membrane proteins of B. burgdorferi may undergo antigenic
variation. Like relapsing fever, Lyme arthritis is clinically a re-
lapsing, remittent illness (27), and the 34-kD polypeptide does
show in vitro variation among isolates (23). However, an ade-
quate animal model of Lyme disease is not yet available to test
this hypothesis.

Late in the illness, the symptoms of Lyme disease are usually
localized to joints, the synovium shows many plasma cells pre-
sumably capable of producing antibody locally (9), and immune
complexes are usually found only in joints (28). Although syn-
ovium is not a selective barrier like the blood-brain barrier, we
hypothesized that additional antigens may be bound by anti-
bodies in joint fluid not present in serum. Among the nine pa-
tients tested, however, there were no qualitative differences in
the paired joint fluid and serum responses. These results may
be explained by movement of specific antibody either from serum
to synovial tissue or vice versa.

Control patients. Among control patients, IgM antibodies
that strongly bound the 41 -kD antigen were found in one of two
patients with louse-borne relapsing fever. Weak IgM binding of
this antigen was also seen in sera from three of the six patients
with rheumatic diseases and from one patient with syphilis. None
of the four normal subjects had either IgM or IgG antibodies
reactive with B. burgdorferi. In contrast, Barbour et al. found
crossreactive IgG antibodies in the sera of two of four patients
with syphilis, in one instance against a 17-kD antigen and in
the other against a 41-kD protein (14). In addition, one of their
two patients with relapsing fever had IgG antibodies to a 60-kD
polypeptide. The differences in the two studies are presumably
due to different sera and to the small numbers of patients tested.

Weexpected to find crossreactive antibodies in the sera of
patients with other spirochetal infections since B. burgdorferi is
known to share antigens with certain other spirochetes (14).
However, the meaning of the very weak binding to the 4 l-kD
antigen by IgM from sera of some patients with rheumatic disease
is unknown. These patients were not from an endemic area for
Lyme disease, and we do not think that they had asymptomatic
infection with B. burgdorferi. Perhaps these are crossreactive
antibodies from exposure to other spirochetes, possibly oral tre-
ponemes, or perhaps patients with certain rheumatic diseases
occasionally make crossreactive IgM antibodies against this
polypeptide. Sera from large numbers of patients with rheumatic
disease will need to be tested to clarify this finding.

Comparison with other infections. The immune response to
Treponema pallidum in syphilis has similarities to that in Lyme
disease. During the first several weeks of leutic infection, the
immune response is suppressed (29, 30), and the antibody re-
sponse is restricted to a few polypeptides (31, 32). In tertiary
syphilis, as in Lyme disease, specific IgM has been detected after
the development of specific IgG, although the responsible an-
tigens have not been identified in syphilis (33, 34). Similarly, in
certain chronic parasitic infections, immunosuppression occurs
in the illness (35), and specific IgM responses have been detected
in the presence of specific IgG (35). No comparable information
is available regarding infection with the relapsing fever borrelia.

In both syphilis and Lyme disease, serodiagnostic tests often
give false-negative results early in the illness (12, 36, 37). How-
ever, in syphilis, use of a flagellar-associated protein to which
an early IgM response is directed (37), rather than a crude son-

icate of spirochetes on the solid phase of an ELISA, improved
the- sensitivity of the test (36). This observation suggests that the
41 -kD antigen of B. burgdorferi may give better results in an
ELISA for early Lyme disease than the current test, which uses
sonicated whole spirochetes (1 1, 12). Furthermore, in this study,
IgM antibodies to the 4 1-kD polypeptide were usually apparent
by immunoblots before IgM titers were elevated by the current
ELISA (12). Although antibodies reactive against this antigen
may be present in patients with relapsing fever or syphilis (1 1,
14), these diseases can be distinguished clinically from Lyme
disease and therefore should not cause diagnostic confusion. The
binding of this antigen by IgM from rheumatic disease controls
was typically very weak and could potentially be blocked to
avoid false-positive results in this group of patients.

Implications regarding pathogenesis. Among immune-me-
diated diseases, it is of central importance whether a persistent
infectious agent is necessary for continued disease activity or
whether such an agent triggers disease, which is then followed
by autoimmunity. Recent evidence-the demonstration of spi-
rochetes by silver staining in the synovium of two of nine patients
(38) and the response of approximately half of patients with
arthritis to parenteral penicillin therapy (39)-suggest that the
Lyme spirochete is alive in the joint during arthritis. Although
the current study did not implicate a particular spirochetal an-
tigen as important in the pathogenesis of the arthritis, the ap-
pearance of a new IgM response and the expansion of the IgG
response late in the disease and the lack of such responses in
patients with ECMalone further suggest that B. burgdorferi re-
mains alive throughout the illness.
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