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INTRODUCTION

Lyme disease became an important public health problem
during the decade following its clinical characterization in
the late 1970s (122, 123), discovery of the etiologic agent,
Borrelia burgdorferi (31, 67), and the isolation of the spiro-
chete from patients (2, 3, 19, 92, 94, 103, 119). This multi-
systemic and chronic tick-borne spirochetosis is of world-
wide distribution and has been the subject of various
monographs (18, 66, 113, 121) and recent reviews (5, 47,
114). In this article, we will focus on studies investigating
interactions between the spirochetes and the host. In so
doing, we will attempt to present current hypotheses of how
the disease progresses and to indicate the directions for
future investigations into the chronic nature of Lyme dis-
ease.
The clinical manifestations of Lyme borreliosis coexist

with a specific and vigorous immune response to the caus-
ative agent. To understand the role of active immunity in
Lyme disease we need to ask two basic questions concerning
this type of condition. First, is the immune response in Lyme
disease ineffective? Second, is the immune response itself
contributing to the production of injury in this disease?
Taking these questions further, answers need to be sought
regarding the mechanisms of persistence of the spirochetes
or their poorly degraded components in various tissues.
How do spirochetes evade the immune response? Is the
chronic condition in Lyme disease the result of antigenic
variability such as is seen in the relapsing-fever borrelia (8,
9), or is the chronic condition associated with persistent
antigen perpetuated by a specific immune response to the
spirochete? Does an autoreactive condition arise as a result
of molecular mimicry between the bacterium and host,
leading to a continuous cycle of injury in the patient?
The histopathological evidence so far has shown that

spirochetes are not abundant in lesions from patients, and
while technical difficulties may prevent detection, it is gen-
erally agreed that organisms are rare in affected tissues.
Furthermore, the difficulty in isolating B. burgdorferi from
the blood suggests that the spirochetemic phase is very
short. Since there is a paucity of organisms, it has been
reasoned that the inflammatory response in Lyme disease is
the result of amplification by potent host-derived mediators
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released as a result of contact with the spirochete or its
products. There are also open questions regarding infectiv-
ity. Are all strains of spirochete infective? Evidence so far
presented has shown that the spirochete's ability to persist in
an experimental animal is lost with increasing in vitro
cultivation. How are these observed changes related to the
virulence of the spirochetes?
Answers to these questions are being sought in many

laboratories. Evidence which may point to one particular
mechanism as the culprit for the causation of injury in this
disease is almost always balanced by evidence which points
to another as the possible explanation for pathogenesis.
Hence, the multiple factors which may be operational in this
disease and their possible relatedness to other bacterial
diseases have led to this review.

NONSPECIFIC HOST CELL RESPONSES
An important nonspecific host antimicrobial mechanism is

the eradication of the infectious agent by professional
phagocytes, namely polymorphonuclear leukocytes (PMN),
monocytes, and macrophages. At several stages during the
course of Lyme disease, phagocytic cells and B. burgdorferi
are found in proximity. Macrophages are present in the
erythema migrans lesion, where spirochetes have also been
visualized and isolated (45). Circulating PMN and mono-
cytes are exposed to the spirochetes during dissemination of
the bacteria to secondary sites. Finally, in joints where
chronic disease is apparent, the synovial fluid contains
abundant PMN and cultivatable spirochetes (103). Although
information about the interaction between spirochetes and
phagocytes in vivo is lacking, in vitro studies have been
described which address basic aspects of this host response.

Purified proteins from B. burgdorferi have been shown to
be chemotactic for human PMN (20). The proteins examined
in these experiments included outer surface protein A
(OspA), a basic molecule (21) which has been cloned and
sequenced (28) and is now known to be a lipoprotein (29),
and the flagellin, which has also been sequenced (52). Both
OspA and the 41-kDa flagellin proteins, purified by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and elec-
troelution, elicited a measurable chemotactic response in
modified Boyden chamber assays. The 41-kDa protein pro-
voked a larger response than OspA, stimulating PMN migra-
tion to 78% of that seen with formyl-methionyl-leucyl-
phenylalanine. In addition to spirochetal proteins, host-
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derived chemotactic proteins may be involved in recruitment
of PMN to sites of persistent spirochetes. B. burgdorferi has
been shown to activate complement in vitro (75). Comple-
ment activation at the surface of the organism would pro-
duce C5a, which is a potent chemoattractant for PMN.
Immune complexes were detected in the blood and synovial
fluid of Lyme disease patients (59, 60). The generation of
C5a as a result of complement activation by immune com-
plexes could also provide PMN chemoattractant activity.
Alone or in combination, host- and spirochete-derived
chemoattractants may contribute to the large influx of PMN
found in the synovial fluid of patients with Lyme arthritis.

Studies have shown that B. burgdorferi were internalized
by human PMN (Fig. 1) and peripheral blood monocytes,
murine macrophages, and rabbit peritoneal exudate macro-
phages (4, 23, 26, 91, 125). Uptake of the organism by PMN
and mononuclear phagocytes occurred in the presence or
absence of serum-derived opsonins. The uptake of unop-
sonized radiolabeled spirochetes (added in suspension above
adherent mononuclear phagocytes or in a suspension assay
with PMN) was inefficient at low bacteria-to-phagocyte
ratios (23). This in vitro system may represent the conditions
present during spirochete dissemination. With few organ-
isms present in the circulation, inefficient phagocytosis
would allow spread of the organism to secondary sites. In a
separate study, much greater uptake of unopsonized spiro-
chetes was observed when the phagocytes were added to
plastic surfaces coated with spirochetes, a process referred
to as surface phagocytosis (91). Surface phagocytosis may
more closely resemble events occurring in the connective
tissue of the skin or secondary sites following spirochete
dissemination.

Studies have shown that subculture of the spirochetes
leads to a loss in infectivity in rodent models of disease (71,
107). However, phagocytosis of spirochetes freshly isolated
from the spleens of infected Syrian hamsters was indistin-
guishable from the uptake of subcultured spirochetes (91),
indicating that in vitro cultivation did not alter the uptake of
spirochetes by phagocytic cells.

Opsonization of spirochetes facilitated their uptake by
monocytes and PMN in an Fc receptor (FcR)-mediated
process (23). Uptake of the bacterium was increased when
the spirochetes were incubated in the presence of fluids
containing antibodies to the organism, including sera from
several sources and human synovial fluid (4, 23, 91). In
contrast to unopsonized organisms, there was increased
uptake of opsonized spirochetes following short incubation
periods and at low spirochete-to-phagocyte ratios (4, 23, 91).
Prior opsonization of the spirochetes with immune sera
increased the number of cells involved in phagocytosis (23)
as well as the number of organisms ingested per phagocyte
(4). The role of the FcR in the uptake of opsonized spiro-
chetes was clearly demonstrated following the downmodu-
lation of these receptors with monomeric immunoglobulin G
(IgG) or a monoclonal antibody (MAb) to Fc-yR III, to
decrease the number of available receptors on monocytes
and PMN, respectively (23). Moreover, downmodulation of
these receptors led to a 90% decrease in the uptake of
radiolabeled- spirochetes.
The role of complement receptors in the phagocytosis of

B. burgdorferi has not been examined directly. A cerebro-
spinal fluid (CSF) isolate of B. burgdorferi activated com-
plement in normal human serum (75). The demonstration of
complement activation and the deposition of C3 on the
surface of the spirochete indicates that complement recep-
tors may be important in the uptake of the organism in the

absence of immune antibody. The increase in phagocytosis
of B. burgdorferi incubated with PMN in whole blood
compared with that of purified PMN suggests that comple-
ment may be involved in spirochetal uptake (4).

Results from transmission electron microscopic analysis
demonstrated conclusively that spirochetes were internal-
ized by PMN (23, 91, 125) and monocytes (91). Uptake of the
bacteria occurred with pseudopods extending circumferen-
tially around the diameter of the bacteria (125) (Fig. 1).
Pseudopod coiling, a process noted in the uptake of Legion-
ella pneumophila, has occasionally been seen in the uptake
of B. burgdorferi (125) (Fig. 1). However, the relevance of
this phenomenon is presently unknown.
The induction of the respiratory burst in PMN following

exposure to B. burgdorferi has been described in two studies
(91, 125) and was found to be lacking in a third (4).
Opsonized and unopsonized spirochetes induced a respira-
tory burst in a dose-dependent manner when exposed to
PMN (91, 125). The initial rate of oxygen radical production
and the overall magnitude of the response was increased
when spirochetes were first opsonized with immune rabbit
serum (91). In one study, no detectable respiratory burst was
measured in PMN stimulated with spirochetes (4). In fact,
hydrogen peroxide production was reduced in the presence
of Borreliae. It has been suggested that the spirochetes may
possess a scavenging molecule for superoxide anion. How-
ever, no detectable superoxide dismutase activity was ob-
served (4).
Morphological evidence provided by electron microscopy

and fluorescence microscopy has indicated that once inter-
nalized, spirochetes do not survive inside phagocytic cells.
Electron microscopic studies revealed the presence of dis-
rupted spirochetes in the phagosomes of PMN (23, 124a)
(Fig. 1). Also, the presence of fluorescent bodies stained
with antispirochete antisera in adherent mononuclear phago-
cytes demonstrated the presence of spirochetal debris within
the phagocytes (23). Acridine orange, a vital dye, was used
to demonstrate the presence of nonviable spirochetes inter-
nalized by PMN and monocytes (91). Interestingly, PMN
from a patient with chronic granulomatous disease, which
are defective in their ability to induce a respiratory burst,
efficiently killed B. burgdorferi, indicating that oxygen-
independent bactericidal compounds may be functioning in
the killing of these spirochetes (91).
A lipooligosaccharide moiety which demonstrated proper-

ties similar to those of endotoxin was found in B. burgdorferi
(16). Phenol-chloroform-petroleum-ether treatment of the
B31 strain produced an extract which possessed biologic
activities characteristic of lipopolysaccharide (LPS). This
extract was pyrogenic in rabbits, mitogenic for human mono-
nuclear cells and murine splenocytes, cytotoxic for murine
macrophages, and positive in the Limulus amebocyte lysate
assay for endotoxin. Analysis of the extract by polyacryl-
amide gel electrophoresis revealed a fast-migrating form
characteristic of rough-form LPS. Although the biologic
activities of this extract were similar to those of LPS, lipid
A, the hydrophobic backbone characteristic of classic LPS,
was not detected in another study (127).
A molecule with LPS-like activity has been suggested to

play a role in Lyme disease by stimulating an inflammatory
reaction in the host which is amplified by host-derived
cytokines (55, 56). Interleukin-1 (IL-1) is a potent immuno-
regulatory cytokine with a diverse range of effects on host
cells (41). Studies have shown that this cytokine was pro-
duced primarily by mononuclear phagocytes but also by
several other cell types (41). IL-1 has been detected in the
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synovial fluid of patients with Lyme arthritis and was
produced by cells following exposure to B. burgdorferi.
Human monocytes, murine macrophages, a human histio-
cytic cell line (U937), and cells isolated from human syno-
vium produced IL-1 following exposure to B. burgdorferi
(14, 55, 56). The IL-1 activity was neutralized with antisera
to human monocyte IL-1 (14, 56). In addition to whole
spirochetes, LPS and peptidoglycan fractions also elicited
IL-1 production by cells isolated from synovial fluid and by
mononuclear phagocytes (14, 15).

Several activities of IL-1 indicate that it may be an
important mediator in the development of inflammatory
responses in the joint. Intradermal injection of IL-1 caused
PMN extravasation in vivo (17), and these cells have been
found in the synovial fluid of Lyme arthritis patients (45).
Also, IL-1 stimulated the release of prostaglandin E2 (PGE2)
and collagenase from chondrocytes (41). Synovial tissue
derived from a patient with Lyme arthritis produced ele-
vated levels of PGE2 and collagenase (116). Many of the
destructive changes occurring in the joint space could be
initiated by IL-1 production in response to localized infec-
tion. The influx of phagocytic cells and the stimulation of
proteolytic activity of resident synovial cells would provide
the joint space with a high oxidant and protease burden,
which would undoubtedly contribute to erosive changes in
this tissue.

ADHERENCE AND INVASION

After reaching the bloodstream, B. burgdorferi invades
several different organ systems. The wide range of systems
affected in humans with Lyme borreliosis (45) and the
successful culture of spirochetes from several tissues in
experimentally infected rodents (12, 71) indicate that B.
burgdorferi is capable of adhering to cells at different tissue
sites. In vitro studies have demonstrated the adherence of
spirochetes to the surface of cells from invertebrate and
vertebrate sources, including tick cells (80), human epithelial
cells (20, 62), human umbilical vein endothelial cells (126,
128), and cells derived from neonatal rat brain (50). One
study has described the adherence of spirochetes to extra-
cellular matrices produced by endothelial cells in culture
(126). This section will review these results, with specific
attention paid to studies with endothelial cells and neonatal
rat brain cultures.
Adherence of B. burgdorferi to monolayers of endothelial

or rat primary brain cells occurred in both a dose- and
time-dependent manner. Spirochete adherence to cells in-
creased with inoculum size (50, 126, 128) and could not be
saturated even at spirochete-to-endothelial cell ratios of
1,000:1. The inability to saturate binding may reflect two
phenomena: adherence of the spirochetes to one another,
which is unavoidable at high spirochete densities, and the
ability of the spirochetes to penetrate the cell monolayers
during the long time course of adherence assays (2 to 24 h).
The presence of excess numbers of unlabeled spirochetes
reduced the adherence of radiolabeled organisms, suggesting
that the binding was specific (126, 128). Treatment of pri-
mary brain culture cells with vincristine and cytochalasin B,
which destabilize microtubules and microfilaments, respec-
tively, had no effect on spirochete adherence (50), indicating
that these cells did not internalize the spirochetes.

Spirochetes treated by Formalin fixation or heat showed
reduced association with primary rat brain cultures (50) and
human umbilical vein endothelial cells (HUVEC) (128).
These results suggest that spirochete viability is necessary

for cell adherence. Alternatively, destruction of adhesion
molecules by fixation or heat treatment may have occurred.
When adherence assays were performed at 4°C, spirochete
binding was greatly reduced (50). The reduction of spiro-
chete adherence at low temperatures may reflect decreased
metabolic activity and motility of the spirochetes or a
decrease in the fluidity of the outer membrane, which would
prohibit the aggregation of surface molecules involved in
adherence. The aggregation of OspA, a surface lipoprotein
of B. burgdorferi, has been described (10).
The adherence of several strains of B. burgdorferi to

endothelial cells has been compared. The adherence of a
high-passage strain, B31, was significantly reduced com-
pared with that of isolates of lower passage from both human
and tick sources (126, 128). Since low-passage strains tend to
aggregate, the increase in adherence may be due at least in
part to spirochete-spirochete association. Strain differences
have also been described in the ability of B. burgdorferi to
penetrate HUVEC monolayers (37, 126). Although it is
apparent that the high-passage strain B31 adheres poorly to
endothelial cells, this may only reflect the adherence capac-
ity of this particular strain. Direct evidence relating a strain's
pathogenicity and its ability to adhere to any cell type is
lacking.
The molecular mechanism of spirochete adherence and

the nature of the bacterial adhesin(s) have not been de-
scribed. Reports have demonstrated the effects of human
and rat immune antisera and MAbs to OspA, OspB, or
flagellin (41 kDa) on spirochete adherence to cells (20, 50,
128). While human immune antisera greatly reduced the
adherence of spirochetes to HUVEC (128), immune rat
serum did not inhibit the adherence of spirochetes to rat
primary brain culture cells (50). This rat immune serum
contained a strong antibody response to both OspA and
OspB, as detected by Western immunoblot. Pretreatment of
spirochetes with MAbs directed against OspA reduced the
adherence of the bacteria to HEp-2 cells (20) but not to
human umbilical vein endothelial cells (128) or primary rat
brain cultures (50). An MAb directed against OspB has been
shown to reduce the association of spirochetes with HUVEC
(128). Antibodies to the flagellin protein have only a slight
inhibitory effect on cell adherence (20, 128). While these
results suggest that spirochete adherence may involve the
major outer surface proteins (OspA and OspB) of the organ-
ism, adherence to certain cells, namely rat brain cells, may
occur independently of these proteins.
The nature of cell surface receptors for B. burgdorferi has

not been elucidated. The role of cell surface carbohydrate
has been investigated in studies with HEp-2 cells (20).
Neuraminidase treatment of these cells reduced spirochete
attachment by 43%. Growth of HEp-2 cells in the presence
of tunicamycin, which inhibits N-linked glycosylation of
proteins, did not significantly reduce spirochete binding.
Soluble monosaccharides, including L-fucose, galactose,
a-methylmannoside, N-acetylglucosamine, and N-acetylga-
lactosamine, did not inhibit spirochete adherence to HU-
VEC (126). Spirochete receptors in neonatal rat brain cul-
tures may be partly protein, since trypsin treatment of the
cells reduced subsequent adherence of the bacteria (50).

B. burgdorferi has been shown to adhere to the subendo-
thelial matrix produced by HUVEC (126) (Fig. 2). This
extracellular matrix contains basement membrane collagens
and several glycoproteins, including fibronectin and von
Willebrand factor. When the extracellular matrix was pre-
treated with a polyclonal antibody to human plasma fi-
bronectin, spirochete adherence was reduced 48 to 63%
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FIG. 2. Association ofB. burgdorferi with human umbilical vein endothelial cells and subendothelial matrix. (A) A spirochete penetrating
an endothelial monolayer at an intercellular space between adjacent cells. (B) Spirochetes adherent to subendothelial extracellular matrix.

(126). Antibodies against collagens type I and III and von
Willebrand factor did not alter spirochete adherence. Adher-
ence of the spirochetes to the subendothelial matrix was
unaffected in the presence of soluble human plasma fi-
bronectin. It has been found that B. burgdorferi does not
adhere to plastic coated with fibronectin (128). The ability of
B. burgdorferi to recognize subendothelial fibronectin and

not plasma fibronectin-coated plastic may reflect differences
between HUVEC-derived fibronectin and plasma fibronec-
tin, as well as conformational differences between the native
molecule present in the extracellular matrix and the protein
absorbed to plastic. Pretreatment of HUVEC monolayers
with polyclonal antifibronectin antibody did not significantly
reduce spirochete adherence to the cell surface, suggesting
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that attachment to HUVEC and their extracellular matrix is
mediated by different receptor molecules. The ability of the
spirochetes to adhere to the extracellular matrix may explain
the rather nonspecific tissue tropism of this organism.
Two studies have shown that B. burgdorferi penetrate

endothelial cell monolayers following adherence to HU-
VEC. A human blood isolate of B. burgdorferi (HBD1) was
shown to migrate across monolayers in the region of the
intercellular space (126) (Fig. 2). This mechanism of transen-
dothelial migration has been observed for another spiro-
chete, Treponema pallidum (130). Transmission electron
microscopy revealed the presence of B. burgdorferi at the
apical surface of the endothelium, passing through the mono-
layer between adjacent cells and beneath the endothelial
monolayer. This process occurs within 10 min following
attachment of the spirochetes to the apical surface of the
endothelial cells. Treatments that disrupt endothelial mono-
layer integrity (10 mM EDTA or physical scraping) increased
spirochete passage through the cell monolayers (126). This
would indicate that spirochete penetration of endothelium
during dissemination is slowed by the presence of the cells
and that abrogation of endothelial integrity may be necessary
for spirochetal penetration of tight endothelial monolayers,
such as those present in the central nervous system.

In a separate study, the passage of another isolate of
spirochetes from human blood (HB19) through the cyto-
plasm of the endothelial cell and not the region between
adjacent cells was reported (37). The penetration of endo-
thelial cell monolayers by a transcytotic process has also
been described for another spirochete, Leptospira interro-
gans (129). B. burgdorferi penetration of the endothelial
monolayer and an underlying polycarbonate filter occurred
at a measurable rate, indicating that the spirochetes do not
remain in an intracellular location. As was demonstrated for
adherence, heat-killed borreliae did not penetrate HUVEC
monolayers (37). This result indicates that the spirochetes
participate actively in the penetration process. Spirochete
penetration was reduced when experiments were performed
at 4°C.

Subsequent to attachment, spirochetes cause damage to
certain cells in vitro. Tick cells cocultured in the presence of
107 B. burgdorferi per ml lost surface microvilli, appeared
lysed, and became detached (80). Results of chromium
release assays and scanning electron microscopy have indi-
cated that coculture with spirochetes induced cytopathic
effects on macroglial cells from neonatal rat brain cultures
(46a). The oligodendroglial cells demonstrated a retracted
appearance and had numerous membranous blebs coincident
with the presence of spirochetes (strain B31) (Fig. 3). The
absence of detectable chromium release and the lack of
morphologic changes in HUVEC cocultured with B. burg-
dorferi (37; unpublished observation) would indicate that the
cytopathic effects observed may be cell specific. Alterna-
tively, longer periods of coculture may be necessary to
detect injury to endothelial cells.
While it is apparent that B. burgdorferi adhere to cells of

different origins, evidence in support of a tissue tropism
comes from studies of spirochete adherence to glycolipids.
The ability of spirochetes to adhere to membrane lipid and

glycolipid preparations revealed a greater adherence to
galactocerebroside than to other structurally related mole-
cules, including glucocerebroside, ceramide, and sphin-
gosine (46a). Galactocerebroside is located on the surface of
oligodendroglia and Schwann cells, which are myelin-pro-
ducing cells located in the central nervous system and
peripheral nervous system, respectively. The adherence of
B. burgdorferi to galactocerebroside-bearing cells and the
apparent damage to oligodendroglial cells in vitro may
explain aspects of the neurologic involvement during Lyme
disease (Fig. 3).

Experiments performed in adult Lewis rats have shown
that B. burgdorferi penetrated the blood-brain barrier (BBB)
in these animals 24 h following intravenous inoculation (49).
The detectable presence of spirochetes in the CSF of the rats
was preceded by an increase in the permeability of the BBB.
Increased BBB permeability was observed 12 h after spiro-
chete inoculation, as measured by the movement of 12511
labeled rat albumin from the blood to the CSF. No detect-
able alteration in BBB permeability resulted when
spirochetes were directly inoculated into the CSF. As few as
107 spirochetes per rat altered BBB permeability. Only
whole, viable spirochetes were effective; heat-killed spiro-
chetes or sonicates of the bacteria did not alter BBB perme-
ability. A low-passage tick isolate (J31) was more effective
than a high-passage isolate (B31) in causing BI3B permeabil-
ity changes. Detection of OspA and OspB in the CSF of
patients with early-stage Lyme disease provided evidence
for the early invasion of the CNS in humans (49).

Since increased BBB permeability was dependent upon
the inoculation of viable B. burgdorferi and preceded the
detection of spirochetes in the CSF, some interaction with
the host during dissemination appears to be necessary to
elicit this change. As mentioned previously, IL-1 was pro-
duced by cells in response to live B. burgdorferi. IL-1 has
been shown to increase vascular permeability and cause
blood vessel damage (41). It is possible that the elaboration
of IL-1 or another agent that alters vascular permeability is
a prerequisite to the penetration of the CNS by B. burgdor-
feri. The delay in spirochete penetration of the CNS in the
rat (24 h following inoculation) supports such a mechanism.

IMMUNE RESPONSE

The association of B. burgdorferi with Lyme disease was
first indicated by serology (31). Since that time, Lyme
disease has been diagnosed in the laboratory by detection of
specific antibodies to the organism. The B-cell response in
Lyme disease has been extensively characterized. The tem-
poral development of antibodies to the various antigens of
the organism has been elucidated, with significant reproduc-
ibility among the groups who have investigated this aspect of
the immune response (6, 35, 38). The evolution of the
specific antibody response can be concurrent with a poly-
clonal activation of B cells, as determined by elevated total
IgM levels, circulating immune complexes, and cryoglobu-
lins (59, 60, 106, 120).

Studies have shown that the first antibodies produced in
infected humans were of the IgM class and developed 3 to 6

FIG. 3. Association between B. burgdorferi and rat oligodendrocytes. Spirochetes were cocultured for 12 h with macroglial cells derived
from rat brain. (A) Oligodendroglial cell located on top of a layer of astrocytes. (B) Oligodendrocyte following coculture with B. burgdorferi.
(C and D) High-magnification micrographs of the boxed areas in panel B, revealing the presence of spirochetes on an oligodendroglial cell in
an area containing numerous membranous blebs and retracted cellular processes.
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weeks following the start of infection (6, 35, 38). These IgM
antibodies were directed against a polypeptide of 41 kDa,
which is a subunit of the flagellum (7). The IgM response in
patients with Lyme disease, as in other infections, may
persist or disappear. The IgG response, also to the flagellar
subunit, has been detected within 6 weeks of infection (6, 35,
38). Chronically infected patients eventually developed ad-
ditional antibodies to other spirochetal proteins (6, 35, 38).
The immunoblot patterns of patients' sera at various stages
of the disease have been analyzed in order to detect trends
which could be useful at a clinical diagnostic level. In
general, no correlation has been observed between disease
state and a specific pattern on Western blots. However, in
untreated individuals, the response usually expanded to
include many B. burgdorferi proteins (6, 35, 38). Although
the immune response continued to expand, suggesting pro-

longed survival of the spirochetes, little or no humoral
response has been detected against the major outer surface
proteins OspA and OspB. The vast majority of the antispi-
rochete IgG class antibodies were of the IgGl and IgG3
subclasses (61). An IgE response to B. burgdorferi has been
observed (24).
The mononuclear cell response in Lyme disease patients

has been studied, and the frequencies of the reactive cell
types have been determined (39, 85, 88, 101). Compartmen-
talization of the immune response at sites of active inflam-
matory response has been described (109, 110). The earliest
indication of localized B-cell responsiveness came from the
observation of intrathecal antibody production in excess of
that found in the serum in certain patients with neuroborre-
liosis (58, 64, 87, 115, 135). Compartmentalization of the
mononuclear response in this disease has also been docu-
mented in cells from the synovial fluid and from CSF of
patients with Lyme arthritis (110) and neuroborreliosis (90),
respectively. In both studies, cells collected from the fluids
proliferated more vigorously than peripheral blood mononu-

clear cells. B-cell hyperactivity has been documented in
patients at various stages of Lyme disease by means of both
in vivo and in vitro IgM production and antigen stimulation
(109). Antigen-specific cellular responses have been mea-

sured by using electroeluted OspA, OspB, and the 41-kDa
flagellar subunit, with both normal and patient cells as well
as with laboratory animals (20). In these studies, the cellular
reactivity correlated temporally with the B-cell response,

although marked differences in reactivity to antigens were

noted between humans and laboratory animals. A dissocia-
tion between the T- and B-cell response has been reported
and resulted in a phenomenon termed seronegative Lyme
disease (40), which, as the name implies, involves patients
whose mononuclear cells can proliferate after specific anti-
gen stimulation but who have no detectable antibodies. It
has been suggested that in some of these patients, the
specific antibodies may be sequestered in complexes (106).
Other functional immune system compartments may play

an important role in Lyme disease. Natural killer (NK) cell
function was inhibited in patients with both early and
chronic Lyme disease but was normal in patients who were

in remission (54). In this study, it was noted that the

organisms themselves inhibited NK cell function. Such an

interference could allow the organism to escape an early,

nonspecific protective response.

In a recent study, it was found that T cells from the

peripheral blood of patients with reactive arthritis who also
had antibodies to B. burgdorferi proliferated specifically

after stimulation with macrophages previously exposed to

the organism. The suggestion was made that the immune

response in the joint compartment could be triggered by
persistent agents (133)

If the immune response in Lyme disease is not fully
effective in eradicating the organisms, does it contribute to
the causation of injury? In the next section of this review, we
will discuss the evidence for autoreactivity. In general,
however, the lack of evidence for immune dysfunction
suggests that the organism evades the host immunological
response. In this regard, it would have been anticipated that
control of the borrelial infection would be lost in a human
immunodeficiency virus (HIV)-infected patient. The one
reported case of concurrent HIV and Lyme disease did not
appear to show significantly more severe borreliosis (51).

AUTOIMMUNITY AND ANTIGEN MIMICRY

One hypothesis for the production of chronic disease
following B. burgdorferi infection is the development of an
immune response in the host to self-determinants which
contain structural similarities to spirochetal antigens. An
immune response to spirochetal determinants shared with
host proteins could lead to chronic inflammatory conditions
and tissue damage. Such instances of molecular mimicry
have been documented for other viral and bacterial infec-
tions (89). MAbs prepared against several different viruses
have been shown to react with normal tissues from unin-
fected mice (112). The role of self-reactive T cells in the
development of disease following Mycobacterium tubercu-
losis infection has been described recently (131). It is appar-
ent that autoimmunity develops in certain individuals with
Lyme disease. Recent evidence suggests that two spiro-
chetal proteins may induce an autoimmune response, the
41-kDa flagellin subunit and members of a family of proteins
called heat shock proteins (1, 33, 84, 111).
The flagella of procaryotes, including the spirochetes, are

markedly similar in structure (42, 73, 74). These proteins
contain conserved regions in their amino and carboxy ter-
mini, with a central variable region. N-terminal sequence
similarity between the flagella of B. burgdorferi and T.
pallidum has been documented (36). The flagella of species
within the genus Borrelia contain cross-reactive epitopes (7).
As mentioned earlier, the 41-kDa flagellar subunit is the first
antigen recognized in individuals infected by B. burgdorferi.
The early response to this antigen may be the result of its

similarity to flagella from other bacteria, representing an
anamnestic immune response. It has been demonstrated that
IgM antibodies from patients with neurologic manifestations
in Lyme borreliosis reacted with normal human axons, as
determined by indirect immunofluorescence (111). This ac-
tivity could be absorbed out of the antisera by preincubation
with B. burgdorferi or spinal cord homogenates but not with
lysates of several other bacterial species. An MAb, H9724,
directed against B. burgdorferi flagellin (7) was also tested
and shown to detect a determinant present in human axons
(111). MAbs directed against OspA (H5332) or OspB
(H6831) did not react with axonal preparations. In a separate
study, the MAb H9724 reacted with antigen on myelinated
fibers of peripheral nerve, neurons in the central nervous
system, hepatocytes, synovial cells, and cardiac muscle (1).
In this study, several antibodies directed against the flagellin
subunit, OspA, or OspB were tested, but only H9724 reacted
with human tissues. By using immunogold electron micros-
copy, the determinant recognized by H9724 was localized to
the Schwann cell cytoplasm and the outermost lamella of
myelin sheaths. This MAb also reacted with peripheral
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nervous tissue homogenates and myelin in an enzyme-linked
immunosorbent assay.

Antineuronal antibodies have been detected in patients
with Guillain-Barre syndrome and lymphocytic meningorad-
iculitis (97). Antibodies to myelin and myelin basic protein
have been detected in the CSF and sera of some patients
with Lyme borreliosis (48, 124). Anticardiolipin antibodies
as well as rheumatoid factor have been detected in patients
with Lyme disease (79, 82). The prevalence of antibodies to
host cell determinants in the nervous tissue and the reactiv-
ity of an MAb directed against the flagellin suggest a role for
this molecule in autoimmune sequelae in the nervous sys-
tem.

Cellular immune responses in certain patients also indicate
an autoimmune phenomenon. T-cell lines reactive towards
peripheral myelin have been derived from patients with
Lyme radiculomyelitis (83). In addition, T-cell lines have
been shown to react with myelin basic protein, cardiolipin,
and galactocerebrosides (83). A small proportion of the
T-cell lines reacted with both B. burgdorferi antigen and
myelin basic protein. However, the fact that these are cell
lines and not clones does not preclude the possibility that
more than one T-cell specificity accounts for this finding.
Recent interest has been focused on the role of heat shock

proteins, or stress proteins, in the development of chronic
Lyme disease. Members of this family of proteins have been
shown to evoke autoimmune responses following experi-
mental infection with Mycobacteria spp. (137). It has been
demonstrated that the 65-kDa mycobacterial stress protein
has immunologic and N-terminal sequence homology with a
protein antigen of 58 to 60 kDa from B. burgdorferi (57, 84,
108). In general, stress proteins are highly conserved mole-
cules found everywhere from procaryotic organisms to
highly specialized eucaryotic cells (102, 136). Although first
described as a class of proteins produced in response to an
elevation in temperature, these proteins are also synthesized
in response to a variety of other perturbations, including
oxygen and nutrient deprivation, exposure to oxygen radi-
cals, and viral infection (137). The function of these highly
conserved proteins appears to be to stabilize proteins and
protein complexes intracellularly and perhaps at the cell
surface (46, 102). In this regard, they have been called
molecular chaperones (46). Based on molecular mass, stress
proteins have been divided into four families of 90, 70, 60,
and 10 to 30 kDa (81). Members within the 60-kDa and
70-kDa families are highly homologous at the amino acid
level and are also dominant antigens following infection by
many microorganisms (81).
During infection, B. burgdorferi is exposed to stressful

environments. First, the spirochetes are exposed to an
increase in temperature upon leaving the poikilothermic
vector (22, 25, 30, 32, 93, 96, 138) and entering the warm-
blooded host (78, 134). Another stressful environment would
be encountered in inflammatory foci. Recent studies have
shown that synthesis of several proteins is increased when
B. burgdorferi is cultured at elevated temperatures (33, 34).
In one study, stress proteins of 75, 42, 39, and 27 kDa were
reported when spirochetes were cultured at higher temper-
atures (34). In a separate report, major heat shock proteins
of 72, 66, 60, 43, and 27 kDa were observed (33). The 75-kDa
and 72-kDa proteins were the most abundant proteins in-
duced by increased temperature and may represent the same
protein. The 72-kDa protein demonstrated immunologic
cross-reactivity with well-characterized members of the 70-
kDa heat shock protein family from both Escherichia coli
and Mycobacterium tuberculosis (33). While members of

this family are antigenic, no reactivity to the 72-kDa protein
from B. burgdorferi was observed in a limited number of
antisera from patients with Lyme disease (33). The 66-kDa
and 60-kDa proteins were found to be related to members of
the 60-kDa stress protein family, including the 65-kDa pro-
tein of M. tuberculosis, by immunologic cross-reactivity
(33). This protein may be similar if not identical to the
60-kDa common antigen, which was found to be immuno-
logically related to proteins from Pseudomonas aeruginosa,
T. pallidum, and Legionella micdadei (57). The 58- to 60-kDa
protein was also a target of the humoral immune response in
patients with Lyme disease. It was also one of only four
antigens which reacted with antibodies from the synovial
fluid of a patient with Lyme arthritis (84).
Because of the similarity between procaryotic and eucary-

otic stress proteins and the strong immune response to a
member of the 60-kDa family in patients with Lyme disease,
it is tempting to speculate that this protein induces an
autoimmune response in the joints during Lyme arthritis.
Recent work with Mycobacterium spp. has shown that the
65-kDa stress protein, which is homologous to the 58- to
60-kDa protein of B. burgdorferi, is associated with autoim-
mune phenomena leading to experimental arthritis in rats
(136, 137). This autoimmune response can be transferred by
a T-cell clone (A2b), which was found to react with an
epitope found in both the mycobacterial 65-kDa protein and
cartilage proteoglycans (131). In addition, a second clone
(A2c) can suppress the development of disease (132). These
results indicate that different regions in the stress proteins
may invoke immune responses which are both harmful and
protective (65). The 65-kDa antigen also stimulated T cells
from the synovial fluid of patients with inflammatory arthritis
(53, 95). CD8+ T cells, which react to the 65-kDa antigen,
can lyse macrophages exposed to stressful stimuli, including
gamma interferon treatment and viral infection, indicating
that these proteins or portions thereof may be exposed on
the surface of cells (76).

In the case of Lyme disease, which would not be too
different from the mycobacterial model, highly conserved
stress proteins from B. burgdorferi could act as immunogens
or as autoimmunogens, or perhaps both. As is speculated in
a recent article, the stress proteins of B. burgdorferi could
have variable (species specific) regions which could induce a
protective response if B and T cells recognized determinants
within this region (33). On the other hand, if the immune
response is directed towards conserved regions in the stress
proteins, tissue destruction could occur. Clearly, this is a
thought-provoking and plausible theory to explain chronic
Lyme disease.

ANIMAL STUDIES

Several animal models have been developed to study
experimentally induced Lyme disease. These include studies
with rabbits, hamsters, rats, and mice. Thus far, these
studies have produced valuable information regarding the
infectivity of different strains of B. burgdorferi and the in
vivo sensitivity of the organism to antibiotics. Also, passive
immunization studies have provided some insight into vac-
cine development. Moreover, certain models, especially
those using immunocompromised or neonatal animals, have
demonstrated disease progression. A closer look at these
models is warranted on the basis of the nature of the
histopathological changes noted in the affected organs, no-

tably the joints, and the need for immunosuppression or, as
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in the case of the neonatal rat, an undeveloped immune
system in order to precipitate the signs of disease.

Rabbits were the first animals used to establish laboratory
infections with B. burgdorferi. These animals developed
erythematous skin lesions, which resembled erythema mi-
grans, following injection with the organisms (30). In gen-
eral, however, these lesions were unlike the ones in humans
in their morphology and the composition of the cellular
infiltrate (30, 77). In the rabbit, the lesion was found to be
indurated, of limited size, and infiltrated by neutrophils and
macrophages, thus resembling an acute dermal inflammatory
response rather than the expanding erythema migrans of
humans with its mononuclear cell infiltrate (27). The rabbit
has been used to infect ticks with spirochetes in the labora-
tory, indicating either a blood-borne phase or persistence
within the skin (30). In general, however, there has been no
specific disseminated disease in the rabbit following inocu-
lation with B. burgdorferi.
The Syrian hamster proved to be the first laboratory

animal which provided a reproducible model for the recov-
ery of spirochetes from the blood and other organs following
inoculation (71). Subsequent to intraperitoneal injection of a
human CSF isolate of B. burgdorferi, the hamsters became
spirochetemic within 24 h of inoculation, followed by a
persistent disseminated infection (71). After hematogenous
dissemination, spirochetes could be found in many organs,
notably the spleen and kidneys, but also in the gonads, liver,
brain, and eyes (70, 71). Spirochetes were also isolated
intermittently from the blood, suggesting the spirochetemia,
if not a constant phenomenon, can occur repeatedly during
the infection period in these animals (70, 71). B. burgdorferi
inoculated into the skin of hamsters also disseminated to
Qther organs and persisted in the skin for relatively long
periods of time. Recovery of the spirochetes from infected
hamsters was shown to diminish with subculture of the
organisms in vitro (71). This finding provided the first
indication that subculture of the spirochetes results in
changes which may be related to the virulence of the
organism. Although this hamster model has proven to be
quite useful in studies on antibiotic effectiveness and passive
immunization, signs and symptoms of disease have not been
documented. In this regard, Peromyscus leucopus, the nat-
ural reservoir for the spirochetes in nature, do not show
signs of illness (43). In fact, the organ histopathology in these
infected hamsters has shown only minimal changes limited
to moderate nonspecific inflammation (44).

Articular manifestations have been induced in LSH ham-
sters after injection of B. burgdorferi (CSF strain) into the
hind paws. These inflammatory changes were noted by
histopathology (63, 105). Irradiated hamsters (600 rads of
gamma radiation) inoculated in the same manner developed
severely inflamed joints in the hind legs, resulting in erosive
bone destruction (63, 105). Another model that used neona-
tal (3 day old) LewIN rats has shown that an arthritis can
develop after intraperitoneal inoculation with spirochete
strain N/40 (12, 13). In addition to arthritis, these rats
developed multiorgan invasion by spirochetes. The arthritis,
which developed by day 14 after inoculation, appeared in
multiple joints and was associated with the presence of the
organism (12, 13). Killed organisms did not induce articular
changes (12, 13), indicating that viable spirochetes are re-
quired for disease progression. This model offers additional
insights into the role of the rat genotype in terms of disease
manifestations. Studies have shown that both inbred and
outbred rats can be infected with B. burgdorferi and develop
arthritis (12, 13) and that the younger the rat at the time of

inoculation, the more severe the articular manifestations. In
this regard, the susceptibility of neonatal and weanling mice
to B. burgdorferi infection has been found to be genotype
dependent (11).

Recently, the mouse has been the subject of intensive
study. Inoculations of B. burgdorferi (high passage) into
several inbred mouse strains resulted in mild histopatholog-
ical changes in various organs (99). A more severe arthritis
was noted in severe combined immunodeficient (SCID) mice
inoculated with low-passage strains of B. burgdorferi (100).
These animals also developed evidence of carditis, a finding
which had not been noted in the previous models. In the
SCID mouse model, low-passage live spirochetes produced
inflammatory changes in the joints and the heart which were
not observed when the high-passage B31 isolate or UV-
irradiated low-passage strain was used. Furthermore, nor-
mal C.B-17 mice (not immunodeficient) did not develop signs
of disease (100).
The arthritis-producing models, i.e., irradiated hamsters,

neonatal rats, and SCID mice, have one remarkable feature
in common: of all the organ systems, the joints are most
readily and obviously affected. This is a very significant
finding in that it emphasizes the natural arthritogenic ten-
dency of this organism, in line with one of the major
manifestations of Lyme disease. Yet the histopathological
features in these animal models are similar in some respects
but differ in other ways from the features of the disease in
human joints.

It has been demonstrated that in both the irradiated
hamster and the neonatal rat, objective swelling of joints
developed with exudation of fibrin and infiltration of neutro-
phils into the periarticular areas and into the joint space. In
the rat model, synovial epithelial hypertrophy with erosion
followed by villous hypertrophy of the synovium with a
mononuclear cell infiltrate has been described (12, 13, 86).
The mastocytosis, lymphoid follicles, extensive fibrin depo-
sition, and marked angiopathic changes seen in human Lyme
arthritis were not present in any of the animal models (45, 72,
117). The SCID mouse model shows a prominent cellular
infiltrate composed primarily of macrophages (100). This
model is also unique in that significant pathology is noted in
other organs, indicating that this immunodeficiency permits
the invasion of most organ systems (100).
Normal Syrian hamsters passively immunized with anti-B.

burgdorferi antiserum raised in rabbits or in hamsters failed
to be infected following challenge; that is, spirochetes could
not be recovered from the organs of the animals (68). In
contrast, if the antiserum was administered after inoculation
of the spirochetes, the hamsters developed disseminated
infection (68). Protection by passive immunization was
shown to be strain specific, since antiserum directed against
one strain of B. burgdorferi did not prevent spirochete
infection caused by a challenge strain from a different
geographic location (70). Passive immunization was also
achieved in irradiated LSH hamsters (104). In this study,
irradiated hamsters were given immune serum intravenously
and then challenged with live B. burgdorferi. Passively
immunized hamsters did not develop gross histopathological
arthritis, and their organs did not yield spirochetes (104).
Likewise, active immunization with killed or lyophilized
organisms prior to challenge with viable B. burgdorferi
prevented colonization by the spirochetes (69).
A recent report demonstrated that a murine MAb raised

against OspA, given at the time of spirochetal challenge, can
protect SCID mice from developing arthritis and carditis
(98). This MAb but not others directed to the flagellin of B.
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burgdorferi was able to mitigate the severity of the disease
and inhibit the colonization of tissues in these animals. As in
the normal hamster, passive immunization of SCID mice
after challenge with spirochetes resulted in loss of the
protective effect.

It has been shown that mice and other laboratory rodents
developed antibodies to OspA and OspB very soon after a
single inoculation with intact, viable B. burgdorferi (20).
This rapid and well-defined B-cell response is in contrast to
the response of human patients, who generally develop
antibodies to OspA and OspB late in disease if at all (6, 35,
38). Thus, it is not surprising that either immune serum or an
MAb to OspA could provide passive protection in laboratory
animals. The fact that humans and laboratory animals react
to these antigens in fundamentally different manners (i.e.,
OspA is an immunodominant antigen in rodents but not in
humans) indicates that OspA may not be an appropriate
vaccine candidate for humans. If antigen processing and
presentation of OspA and OspB in humans were rapid,
perhaps this infection would be shorter lived.
Do these models truly represent Lyme disease? The

objective clinical observations are reminiscent but do not
entirely recreate the features of human disease. Collectively,
these studies demonstrate the tropism of B. burgdorferi for
joint tissue. In this regard, these studies are major break-
throughs not only for Lyme disease, but also for the field of
infection-associated articular diseases. On the other hand,
the need to immunosuppress these animals in order to
produce disease remains a feature which is contrary to the
natural history of this disease in humans. These disease
models, including the use of SCID, neonatal, and irradiated
animals, indicate that an effective immune response needs to
be suppressed in order to permit colonization and develop-
ment of clinical manifestations. Given that Lyme disease
affects thousands of people, it is unlikely that preexisting
immunological disorders are a significant risk factor. The
differences among the various animal models and human
infection may reflect nothing more complex than different
levels of innate resistance. In this regard, it is noteworthy
that arthritis develops in humans possessing the HLA-DR4
phenotype (118).

SUMMARY

The chronic inflammatory condition that develops after
infection by B. burgdorferi is a complex process resulting
from host responses to a limited number of organisms.
Amplification mechanisms driven by potent proinflamma-
tory molecules, i.e., IL-1, may explain the vigorous re-
sponse to a paucity of organisms. Spirochete dissemination
to distant locations involves adherence to and penetration
across endothelium and may be facilitated by host responses
that increase vessel permeability. The apparent lack of tissue
tropism in Lyme disease is reflected in the organism's ability
to adhere to different eucaryotic cell types in vitro and the
wide distribution of B. burgdorferi in various organs of
infected humans and experimentally infected animals. While
phagocytosis and complement activation have been ob-
served in vitro, the specific immune response that develops
in humans is inefficient in eradicating the organisms, which
may possess some mechanism(s) to evade this response.
There is significant evidence for host autoreactivity based on
antigenic cross-reactivity between the 41-kDa flagellar sub-
unit and stress proteins of the spirochetes and endogenous
host cell components. Although the outer surface proteins
appear to be suitable candidates as targets for vaccination in

animal studies, fundamental differences in the immune re-
sponse to spirochetal components may preclude their use in
humans.
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