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Lyme disease is the most common arthropod-borne infec-
tion in the United States, affecting approximately 23,000 indi-
viduals bitten by Borrelia burgdorferi-infected Ixodes ticks in
2005 (30). Infection with B. burgdorferi results in a multisystem
disorder, manifesting as early as a week following infection and
increasing in severity that includes progression to a chronic
disease state in some patients (135). Among the most common
hallmarks of Lyme disease are erythema migrans (EM), dis-
ruption of electrical conduction of cardiac muscle, the devel-
opment of neurological abnormalities (135), and episodes of
arthritis. Some of these clinical features, especially arthritis,
subside and recur throughout the course of infection (135),
presumably corresponding to a reemergence of the immune
response to the spirochete. The recurrence of symptoms is a
reflection of the unique nature of Lyme disease, as its devel-
opment requires a complex interaction of vector, bacterial, and
host factors that mediates the establishment of initial infection,
bacterial dissemination to specific body sites, and the develop-
ment of pathology, respectively. Of particular interest is the
role of these interactions in the inflammatory events leading to
the establishment of Lyme arthritis.

Arthritis is a leading cause of Lyme disease-associated mor-
bidity in the United States, affecting approximately 60% of
individuals infected with B. burgdorferi (139). Intermittent ep-
isodes of arthritis develop several weeks or months after in-
fection and, despite adequate antimicrobial therapy, symptoms
persist in 10% of patients with arthritis (62, 78, 137, 139). In
severe cases, the highly inflammatory aspects of Lyme arthritis
can lead to cartilage and bone erosion with permanent joint
dysfunction (139). The fact that not all patients with Lyme
borreliosis develop arthritis may be a reflection of the genetic
diversity among the species comprising B. burgdorferi sensu
lato (Borrelia garinii and Borrelia afzelii, common in Europe,
where arthritis is not frequently observed, and B. burgdorferi
sensu stricto, predominantly observed in North America) (146)
as well as within the B. burgdorferi sensu stricto species (148,
149).

The mechanism(s) by which B. burgdorferi interacts with the
host immune system to induce arthritis is not fully understood.
Initially, effectors of the innate immune system play a signifi-
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cant role in the control of B. burgdorferi infection. While the
exact sequence of the initial spirochetal interaction with innate
host factors is not completely known, it is known that a variety
of host mechanisms work together to limit the dissemination of
B. burgdorferi and initiate an adaptive immune response to the
organisms. This review provides a synopsis of data from studies
of Borrelia-infected humans and animals of currently known
mechanisms responsible for the induction of Lyme arthritis
following infection with B. burgdorferi.

MODELS OF LYME ARTHRITIS

Animal models of diseases are extremely important for elu-
cidating the mechanisms of pathogenesis and defining targets
for therapeutic approaches for treatment of immune-driven
disorders such as Lyme arthritis. These animal models also
increase knowledge and understanding of the basic infectious
process and assist in developing strategies to prevent infection
and disease in humans. Unfortunately, no single animal model
mimics all the immunological, pathological, and clinical man-
ifestations associated with Lyme borreliosis in humans. Al-
though the inflammatory events leading to the development of
arthritis in animals provide a fairly accurate model by which to
study Lyme arthritis in humans, these findings need confirma-
tion in humans. Currently, there exist two major models of
Lyme arthritis: one of mild arthritis with a short duration of
pathology, based on infection of naive mice with B. burgdorferi,
and one of progressive arthritis that is sustained for several
months, based on challenge of B. burgdorferi-vaccinated mice.
It is likely that the immunological mechanisms that lead to
arthritis in these animal models of Lyme arthritis share many
pathways. Therefore, the use of these two models provides a
more complete picture of the immunological events associated
with Lyme arthritis in mice. Hopefully, these immunological
events that occur in Borrelia-infected or Borrelia-vaccinated
and challenged mice are predictive of events that occur in
humans.

Infection model of arthritis. Intradermal inoculation of sus-
ceptible strains of young mice, particularly C3H mice, with B.
burgdorferi has been shown to result in the migration of spiro-
chetes to the connective tissues surrounding joints as soon as 5
days after infection (8). Concomitant with this early presence
of spirochetes is the development of mild inflammation, char-
acterized by the influx of neutrophils and other leukocytes,
including lymphocytes, to the joint capsule. Within several
days, the joint rapidly develops a more pronounced inflamma-



22 MINIREVIEW

tion of the synovial lining, tendon sheaths, ligaments, and bur-
sae (8). By approximately 2 weeks after infection, a significant
increase in neutrophilic infiltration and fibrin deposition, as
well as increased synovial hyperplasia, affect the joint (8). The
severity of this arthritis generally peaks around 3 weeks after
infection, after which the pathological changes rapidly subside.
Long-term examination of these mice demonstrates a recur-
rence of arthritic symptoms, with subsequent bouts of arthritis
decreasing in severity (8). In addition, edematous changes of
the joint typically accompany the histological changes. In the
infection model of Lyme arthritis, this swelling is observable
approximately 2 weeks after infection and gradually dimin-
ishes. Consequently, the course of swelling does not corre-
spond directly to the course of actual histopathological
changes in the joint (8). Moreover, periarticular edema can
develop in the absence of arthritis (8). Therefore, the immu-
nologic mechanisms responsible for the induction and resolu-
tion of edema may be different from those that induce arthritis.
Observing the degree of swelling has been questioned as a
means to measure arthritic severity with this animal model of
arthritis (152). Most importantly, the major advantage of the
Borrelia-infection model of arthritis is that it may closely pre-
dict initial events associated with natural infection of humans
with B. burgdorferi. Our knowledge of the immune response to
Borrelia infection has been greatly increased with use of this
model. However, these findings need confirmation in humans.

Vaccination-challenge model of arthritis. The infection
model of Lyme arthritis has been useful in understanding the
basic immunological events leading to the development of B.
burgdorferi-induced inflammation (8). Depending upon the ex-
perimentation, however, investigators can utilize another
model of Lyme arthritis. Arthritis is induced in hamsters (40,
89) and mice (28, 35, 70, 109-111) following Borrelia-vaccina-
tion and challenge. The histopathology of the tibiotarsal joint
induced in Borrelia-vaccinated and -challenged hamsters or
mice is similar to the histopathology induced in Borrelia-in-
fected mice; however, the histopathology is enhanced. Further-
more, the histopathology is sustained for many months, and
the severity facilitates objective evaluation of results among
treatment groups of Borrelia-vaccinated and -challenged mice.
Mice are now used exclusively in the vaccination-challenge
model (28, 35, 70, 109-111) due to the commercial availability
of murine immunological reagents.

In the vaccination-challenge model of arthritis, C57BL/6
mice (no restriction on age or gender) are vaccinated with
formalin-fixed B. burgdorferi organisms in aluminum hydroxide
and infected with approximately 10° viable, heterologous Bor-
relia organisms in the hind paws approximately 3 weeks later. It
is necessary to infect with a genetically different isolate because
vaccination induces protective antibodies that prevent the ho-
mologous infection from eliciting arthritis (40, 89). Swelling of
the hind paws is exhibited approximately 4 days after chal-
lenge, peaking 8 to 10 days after infection before decreasing
gradually (28, 35, 70, 109-111). In contrast to the infection
model of arthritis, the severity of swelling of the hind paws
does correlate with the severity of histopathologic changes
occurring in the tibiotarsal joint. More importantly, these mice
develop inflammatory changes of the tibiotarsal joint, charac-
terized by mild synovial hyperplasia and hypertrophy and mod-
erate infiltration of neutrophils, other leukocytes, and lympho-
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cytes into the synovial lining, approximately 1 week after
infection (35, 70, 109-111). By approximately 3 weeks after
infection, the joints of vaccinated and challenged mice exhibit
massive infiltration of lymphocytes and inflammatory cells into
the synovium, severe hyperplasia of the synovial and subsyno-
vial tissues, pannus formation, erosion of cartilage, and de-
struction of bone, which gradually decreases after several
months (28, 35, 70, 109-111). Arthritis can still be detected in
these mice 1 year after infection. Borrelia-vaccinated mice also
develop arthritis after infection with inocula (=10* organisms)
similar to those used in the Borrelia infection model. However,
the pathology is sustained and consistently reproduced with a
higher inoculum of B. burgdorferi. Therefore, both early and
late immunological events responsible for the induction and
resolution of arthritis, respectively, can be evaluated. Finally,
the manifestations of mild arthritis (day 8 after infection) and
severe, destructive arthritis (day 20 after challenge) in the
Borrelia vaccination and challenge mouse model provide a
basis upon which to examine a broad spectrum of inflamma-
tory severities, including chronic arthritis, in humans.

DEVELOPMENT OF ARTHRITIS UPON INFECTION
WITH B. BURGDORFERI

Infection. What knowledge have we gained using these an-
imal models of arthritis along with observations in humans?
Borrelia organisms (generally 1 to 100 spirochetes) are trans-
ferred to the skin of the host during the bloodmeal of infected
Ixodes ticks. The characteristic EM lesion is caused by an
inflammatory response that aids in containing spirochete rep-
lication and preventing the migration of spirochetes from the
initial site of deposition in the skin. The occurrence of EM
lesions in infected humans has been estimated at approxi-
mately 60% (139). However, it is likely that this figure is grossly
underestimated, owing in part to the concealment of the lesion
by skin tone or the presence of hair, in addition to a lack of
recognition on the part of the patient or physician. It is un-
known why mice fail to develop EM (55), despite the presence
of spirochetes in the skin. During the feeding process, saliva
from the tick accompanies the spirochete into the host tissue.
Recent findings have provided clear evidence of roles for var-
ious tick salivary factors, such as B cell inhibitory protein (64)
and sialostatin L (84), among others (98, 106, 121-123), in the
localized disruption of host tissues and immune responses. The
activity of these salivary factors supports the successful trans-
mission of B. burgdorferi organisms to the host as well as pro-
viding a localized environment by which the spirochetes can
evade immune clearance. Once established in the host, B.
burgdorferi is able to modulate the expression of various sur-
face antigens, especially outer surface proteins OspA and
OspC (128), providing an additional mechanism by which to
evade the immune response. Therefore, dissemination of B.
burgdorferi organisms depends on a combination of tick and
bacterial factors to evade the innate immune system such that
a sufficient number of spirochetes survive in and escape from
the site of infection. This initial evasion of the immune re-
sponse plays a significant role in establishing conditions by
which B. burgdorferi organisms are able to disseminate from
the site of inoculation, establish residence in joint tissues, and
induce arthritis.
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Cells of the innate immune system. There are some individ-
uals exposed to B. burgdorferi that fail to develop clinical dis-
ease. These individuals likely possess an efficient innate im-
mune response that eradicates the spirochetes. In other
individuals, the innate immune system fails to completely elim-
inate the infectious agent, but programs the adaptive immune
system to mount a strong T helper 1 (Thl) and Th2 response
for final elimination of the spirochetes. The extent to which the
innate immune factors are effective in their antimicrobial re-
sponses is important in determining the likelihood that con-
current damage to the host, including the induction of arthritis,
will develop.

The innate immune system is primarily composed of natural
killer (NK) cells, neutrophils and monocytes/macrophages, and
dendritic cells. Each of these cell types has been considered
important because the cells may affect the response to Borrelia
infection. However, the role of NK cells in the development of
Lyme arthritis has yet to be fully elucidated. B. burgdorferi-
infected arthritis-susceptible C3H/HeJ mice and arthritis-resis-
tant C57BL/6 mice genetically deficient in granulocytes and
NK cells develop less severe arthritis than their wild-type coun-
terparts (9), suggesting a possible role for NK cells in the
induction of Lyme arthritis. In addition, NK cells from arthri-
tis-susceptible C3H/HelJ mice infected with B. burgdorferi pro-
duce greater levels of gamma interferon (IFN-y) than do NK
cells from infected arthritis-resistant DBA/2J mice (22). How-
ever, the additional IFN-y provided by NK cells does not
appear to contribute significantly to the development of arthri-
tis (22), as depletion of NK cells did not affect disease pro-
gression. Moreover, removal of NK cells in infected C57BL/6
mice failed to affect the severity of arthritis (9). These findings
suggest that, while NK cells may play a role in the development
of Lyme arthritis, they (and the IFN-y they produce) may not
be absolutely required.

Are there other NK cell-mediated factors that may play a
role in the immune events leading to the development of ar-
thritis upon infection with B. burgdorferi? The presence of
Toll-like receptor 2 (TLR2) on NK cells (145) suggests that
interaction with borrelial lipoproteins may induce an inflam-
matory response mediated by NK cells independently of
IFN-y. In addition, OspA is able to augment the activation of
NK cells (97), which can lead to the induction of other inflam-
matory mediators, such as tumor necrosis factor alpha
(TNF-a) (94), interleukin-8 (IL-8), macrophage inflammatory
protein 1, and RANTES (regulated on activation normal T cell
expressed and secreted) protein (160). Moreover, following
activation of dendritic cells (61) or stimulation of the adaptive
response, the production of IL-2 can stimulate NK cells to
indirectly assist in the stimulation of an overaggressive, patho-
genic response to infection, culminating in the induction of
Lyme arthritis.

There is more information on the roles of neutrophils in the
establishment of infection and induction of arthritis by B. burg-
dorferi. Although neutrophils are typically among the initial
immune cells recruited to sites of infection, their abundant
presence in the synovia of humans (136) and animals (22, 28,
35, 70, 109-111) with Lyme arthritis suggests that neutrophils
play a pathogenic role in the induction of arthritis as well as an
antimicrobial one against the spirochete. Neutrophils can kill
B. burgdorferi in the absence of antibody (96, 118) and release
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specific granules that also augment killing of spirochetes and
local tissue damage (57, 96).

Susceptibility to B. burgdorferi infection may be related to a
diminished development of a robust neutrophilic response to
the spirochete. Indeed, tick saliva contains factors that impair
the actions of neutrophils at the site of infection (106, 122),
and EM lesions are typically devoid of neutrophilic involve-
ment (155). In addition, an increase in the recruitment of
neutrophils to the infection site reduces the dissemination of B.
burgdorferi to the joint, as well as the experimental dose of
spirochetes required to establish residence there (155). There-
fore, it seems apparent that a strong influx of neutrophils upon
infection would assist in the clearance of spirochetes, greatly
limiting their dissemination and ability to induce arthritis.
However, such a strong neutrophil-mediated response is not
observed in the skin (155), although neutrophil infiltration is
prominent in the tibiotarsal joints of Borrelia-infected and Bor-
relia-vaccinated and -challenged mice. Conceivably, antigens of
B. burgdorferi in the skin stimulate other cells of the innate
immune system, especially dendritic cells, to release immune
mediators that prevent the infiltration of neutrophils. In con-
trast, borrelial antigens, like OspC, would be absent or less
likely to be expressed on B. burgdorferi found in the joints.
Therefore, these antigens would not stimulate immune medi-
ators, like transforming growth factor g (TGF-B) and IL-10,
which could prevent a prominent neutrophilic infiltration into
joint tissues.

Some studies suggest that arthritis develops independently
of the presence of neutrophils. For example, depletion of gran-
ulocytes, including neutrophils, in B. burgdorferi-infected C3H
mice led to an increase in arthritic development (9). Although
this finding suggests a possible role for neutrophils in the
protection against arthritis, it cannot be attributed to the re-
moval of neutrophils alone. B. burgdorferi-infected mice de-
pleted of neutrophils by means of monoclonal antibody in-
creased the presence of spirochetes in the joint tissues and
hastened the onset of arthritis (25). While the absence of
neutrophils in the joints of these arthritic mice was insufficient
to prevent the development of arthritis upon B. burgdorferi
infection, the presence of granulocyte precursors may be re-
sponsible for the initiation of inflammation (25). These find-
ings demonstrate that the actions of neutrophils may not be
required for the development of Lyme arthritis.

Other studies, however, suggest that neutrophils likely play a
significant role in the development of Lyme arthritis. B. burg-
dorferi-infected arthritis-susceptible C3H/HeJ mice express sig-
nificantly greater levels of the neutrophil-attracting keratino-
cyte-derived chemokine (KC) in the joint than do infected
arthritis-resistant C57BL/6 mice (24). The infiltration of neu-
trophils via attraction to KC into synovial tissues plays an
important role in the development of arthritis, as infected mice
deficient in the KC receptor CXCR2 developed significantly
milder arthritic changes than infected wild-type mice and
lacked the presence of neutrophils in the synovial tissues (24).
In addition, it was shown that OspA of B. burgdorferi, the
up-regulation of which correlates to the development of arthri-
tis (2), induces the adherence of neutrophils to proteins of the
extracellular matrix and stimulates neutrophils in the produc-
tion of IL-8 (108), which serves to attract other neutrophils.
These findings demonstrate that the presence of neutrophils in
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the tissues of the joint plays a significant role in the develop-
ment of Lyme arthritis.

How might the actions of neutrophils contribute to the in-
duction of Lyme arthritis? The reemergence of spirochetes at
synovial sites may serve as a stimulus for the expression of
inflammatory cytokines via binding of borrelial lipoprotein to
TLR2 on neutrophils (115). In addition, neutrophils can de-
stroy B. burgdorferi through release of lytic enzymes or phago-
cytosis (96, 144). Moreover, stimulated neutrophils produce
cytokines central to the induction of inflammation, such as
IL-1, TNF-a, and IL-8 (12, 48, 143), as well as cytokines in-
volved in the adaptive response to infection, such as IL-15 (76).
Depletion of IL-15 in Borrelia-vaccinated and -challenged mice
prevents the development of arthritis observed in untreated
controls (4). In support of a role for IL-15 in the development
of pathology, histopathologic examination showed that anti-
IL-15 antibody or recombinant IL-15 receptor alpha also de-
creased the infiltration of neutrophils at the tibiotarsal joint
compared to untreated controls (4). These findings suggest
that neutrophils contribute to the induction of arthritis by
release of proinflammatory cytokines.

The ability of B. burgdorferi to avoid clearance by the im-
mune system may be attributed in part to an inadequate innate
immune response upon infection. However, innate cells such
as monocytes, macrophages, and dendritic cells display a vig-
orous response against borrelial infection and play a major role
in the activation of the adaptive immune response against the
spirochete. Despite these efforts, though, arthritis still develops
in a significant number of patients infected with B. burgdorferi.
It appears that the robust response elicited by monocytes,
macrophages, and dendritic cells against the spirochete may be
viewed as insufficient in early infection but excessive in the
later stages. Paradoxically, in mounting such a strong defense
against the organism, these cells may inadvertently be contrib-
uting to the induction of Lyme arthritis.

Unlike neutrophils, large populations of monocytes, acti-
vated macrophages, and mature dendritic cells are found in
EM lesions (125), the sites of initial B. burgdorferi infection.
The presence of TLR2, which binds borrelial lipoprotein (72),
on these cell types (125) may induce the expression of inflam-
matory cytokines, chemokines, and mediators such as mono-
cyte chemoattractant protein 1 (MCP-1) (161) in an attempt to
eradicate the spirochetes within the lesion. In addition, inter-
action of macrophages with borrelial antigens induces the pro-
duction of proinflammatory mediators such as nitric oxide,
IL-1, TNF-a, IL-6, and IL-12 (97), as well as mediators of
tissue destruction such as matrix metalloproteinase 9 (MMP-9)
(162). Moreover, the spread of B. burgdorferi is hindered by the
ability of macrophages and dendritic cells to readily bind and
phagocytize B. burgdorferi by a variety of means (36, 53, 91,
103-105, 107). These findings demonstrate that the presence of
B. burgdorferi in the skin upon initial infection establishes a
rapid, robust innate response by monocytes, macrophages, and
dendritic cells in an attempt to stem the dissemination of
spirochetes. However, despite this strong initial response, it is
not sufficient to prevent chronic disease in all infected patients.

Are macrophages required for the induction of Lyme arthri-
tis? The synovial tissues of B. burgdorferi-infected, arthritis-
susceptible C3H/HelJ mice contain higher levels of MCP-1 than
infected arthritis-resistant C57BL/6 mice (24), suggesting a
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role for macrophages in the induction of arthritis. A deficiency
in the primary MCP-1 receptor CCR2 (21) in infected mice did
not prevent the influx of macrophages into the synovial tissues,
nor did it prevent the development of arthritis (24), demon-
strating that the inflammatory response against B. burgdorferi
employs various mechanisms to ensure the migration of mac-
rophages to locations harboring numerous organisms. These
findings, however, do not directly address whether macro-
phages are required for the development of arthritis. Viewing
the actions of macrophages from the perspective of antigen
presentation and T-cell activation may better address the issue.

Direct evidence of the role of macrophages in the induction
of arthritis was reported by DuChateau et al. (43-45). They
demonstrated in a series of reports that macrophages play a
direct role in the induction of arthritis following infection with
Borrelia. Transfer of macrophages previously exposed to B.
burgdorferi into hamsters infected with the spirochete resulted
in the development of severe, destructive arthritis of the tib-
iotarsal joint to a degree correlating with the number of
primed macrophages administered (43). By contrast, transfer
of unprimed macrophages to Borrelia-infected mice failed to
induce arthritis (43). These findings were extended to show
that the transfer of a combination of Borrelia-primed macro-
phages with naive or immune (44, 45) T cells to Borrelia-
infected mice hastened the onset of destructive arthritis com-
pared to the administration of primed macrophages or T cells
alone to Borrelia-infected mice. We now know that cells capa-
ble of ingesting and processing Borrelia and presenting its an-
tigens to T cells are required for the development of Borrelia-
associated arthritis.

The dissemination of B. burgdorferi following infection, and
the frequent development of arthritis subsequently, suggest
that the efforts of the innate immune system against B. burg-
dorferi infection are often insufficient for preventing chronic
disease. However, while the lack of an initial coordinated re-
sponse by macrophages, dendritic cells, and neutrophils
against infection permits the dissemination of the spirochetes,
these cells eventually recover to mount a highly effective attack
against the organisms. Unfortunately for the host, the early
failings of these innate cells require the use of immune mech-
anisms which directly aid in arthritic development in order to
fight persistent borrelial infection. Neutrophils, which are ab-
sent in EM lesions following infection, appear to be required in
the synovial tissues for the induction of arthritis (24). They
likely release enzymes that degrade host tissue while killing B.
burgdorferi. In addition, antigen-presenting cells such as mac-
rophages and dendritic cells, which work diligently (but inad-
equately) to clear initial borrelial infection, activate T cells to
specifically kill B. burgdorferi and, in doing so, initiate signifi-
cant inflammatory events that may result in destructive arthri-
tis. These shortcomings in the innate immune response to B.
burgdorferi infection are magnified when factors such as differ-
ential surface antigen expression in the host (87, 88, 128) elicits
additional, potentially damaging immune responses against an
organism that escaped innate immune surveillance.

Attachment of spirochetes to host tissues. B. burgdorferi
organisms contain several surface molecules that facilitate
binding to proteoglycan components of the extracellular matrix
of synovial tissues. Indeed, B. burgdorferi organisms have been
shown to persist in the connective tissues of chronically in-
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fected mice and humans (10, 11, 67). The presence of spiro-
chetes at these sites is likely required for the inflammatory
response leading to arthritis in individuals not receiving anti-
microbial therapy. Recent studies have demonstrated that B.
burgdorferi can bind to fibronectin via the borrelial BBK32
protein (54, 120) and that BBK32 may be a suitable antigen for
serodiagnosis of Lyme arthritis (69). In addition, B. burgdorferi
can bind to type I collagen (159), to glycosaminoglycans by the
Borrelia glycosaminoglycans-binding protein (116, 117), and to
integrins (38, 39) by the p66 protein (27, 113). Whether these
molecules are absolutely needed for establishing infectivity and
development of the immune response is unclear.

By contrast, the role of B. burgdorferi decorin-binding pro-
tein (Dbp) in mediating host attachment and assisting infec-
tivity is more defined. B. burgdorferi organisms have been
shown to bind decorin, a proteoglycan molecule found on the
surface of collagen fibers (63). Liang et al. (87) demonstrated
that the presence of spirochetes was related to the amount of
decorin found in the host tissues. It was also shown that the
degree of protection for B. burgdorferi in the joints was corre-
lated to the expression of the DbpA gene (dbpA) by B. burg-
dorferi (87). In addition, the presence of decorin in the host
appears to be required for the development of arthritis in mice
(26), and immunization of mice with DbpA may be protective
against infection (65). Furthermore, it was shown that DbpA
may be a suitable antigen for the serodiagnosis of Lyme ar-
thritis (68). By contrast, it was demonstrated that an increase in
the amount of DbpA on the surface of B. burgdorferi dimin-
ished colonization of the joint and prevented the development
of arthritis (156). In this case, it is likely that the adherence of
spirochetes to decorin in the skin was increased to a degree
such that dissemination to the joints was greatly reduced. The
development of Lyme arthritis, therefore, is likely mediated by
the binding of B. burgdorferi to decorin located within the
tissues of the joints.

Facilitating attachment following infection with B. burgdor-
feri is the expression of various host molecules in the synovial
tissues. The increased expression of adhesion molecules such
as intracellular adhesion molecule-1 (ICAM-1), vascular cell
adhesion molecule-1 (VCAM-1), E-selectin, and P-selectin has
been demonstrated upon in vitro interaction of B. burgdorferi
and host endothelial tissues (19). The joint tissues of B. burg-
dorferi-infected mice also have been shown to significantly up-
regulate the expression of these adhesion molecules (127). In
addition, the expression of ICAM-2 and VCAM-1 was ob-
served in human synovial cells infected with B. burgdorferi
(134) as well as in the synovial tissues of patients with Lyme
arthritis (3). It is believed that these molecules are responsible
for homing of inflammatory cells to the site of infection and
maintaining the sustained interaction between T cells and an-
tigen-processing cells. Furthermore, infection with B. burgdor-
feri has been shown to increase the expression of the neutro-
phil-attracting KC (24). The infiltration of neutrophils via
attraction to KC into synovial tissues plays an important role in
the development of arthritis, as infected mice deficient in the
KC receptor CXCR?2 developed significantly less severe arthri-
tis than wild-type mice and lacked the presence of neutrophils
in the synovial tissues (24). Cinco et al. (37) further demon-
strated that B. burgdorferi organisms bind to neutrophils via the
a,B, integrin, adding a novel pathway for the innate immune
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system to recognize infection without implementing phagocy-
tosis and antigen processing. Taken together, these findings
suggest that adhesion molecule induction facilitates Borrelia
attachment to neutrophils localized in the tissue and promotes
the rapid migration and accumulation of leukocytes at the site
of B. burgdorferi infection. Subsequently, neutrophils release
inflammatory cytokines before they phagocytize B. burgdorferi
organisms, initiating antigen processing for adaptive T-cell re-
sponses.

The role of TLRs in B. burgdorferi-induced arthritis. A ro-
bust inflammatory response to B. burgdorferi is the hallmark of
both early-stage (EM) and middle and late-stage (arthritis)
manifestations of Lyme disease. These inflammatory responses
are likely initiated by the expression of genes activated by the
binding of borrelial components to Toll-like receptors (TLRs).
TLRs are host cell receptors which recognize conserved mo-
lecular patterns on microbial components such as lipoproteins,
lipopolysaccharide, proteoglycans, flagellin, and nucleic acids.
Binding of these components to TLRs initiates a signaling
cascade that results in the NF-kB-mediated expression of var-
ious proinflammatory cytokines and chemokines. Most TLR
signaling is directed through the adapter molecule myeloid
differentiation factor 88 (MyD88). Recent studies have illumi-
nated the role of TLR signaling in the control of borrelial load
and the development of arthritis.

MyD88 appears to play a significant role in the control of B.
burgdorferi organisms. The ability of Ixodes scapularis ticks to
obtain B. burgdorferi from infected mice was increased in the
absence of MyDS8S in the mice, as was the ability of the ticks to
deliver spirochetes to uninfected mice (18). The importance of
MyDS88 has also been demonstrated following intradermal in-
fection of mice (15, 20, 92). Mice deficient in MyD88 harbor a
significantly higher bacterial load in various tissues, including
the joints, than MyD88"/* and MyD88*'~ mice. For example,
levels of B. burgdorferi DNA in the joints of MyD88™/~ mice
were approximately 71 times and 166 times greater than those
found in MyD88"/~ and MyD88"'* mice, respectively, 2
weeks after infection (20). A significantly higher bacterial load
was still observed in MyD88 ™/~ mice 8 weeks following infec-
tion. Similarly, the joints of MyD88 ~/~ mice contained more B.
burgdorferi organisms (on the order of 2.5 logs) than infected
wild-type mice 3 weeks after infection (15). The role of MyD88
in controlling infection with B. burgdorferi has been sup-
ported by findings demonstrating that the organisms are less
commonly found in blood cultures of wild-type mice (92).
Collectively, these findings suggest that the presence of in-
tact TLR signaling, through the adaptor molecule MyDS8S, is
necessary for a competent innate immune response against
B. burgdorferi.

The absence of MyD88-mediated TLR-mediated inflamma-
tory cytokine production in MyD88™/~ mice suggests that
these mice would fail to develop significant histopathological
changes of the joints, despite the presence of high bacterial
loads. However, histopathological examination of the joints of
these mice has shown differing degrees of arthritic severity.
Other studies have reported no significant differences in in-
flammation and composition of cellular infiltrate in the joints
between B. burgdorferi-infected MyD88 '~ and wild-type mice
(15, 92). Analysis of cytokines and chemokines in the joints of
B. burgdorferi-infected MyD88 ™/~ mice showed no significant
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increase in the levels of IFN-y, TNF-a, IL-12, CXCL-1, or
CXCL-2 compared to infected wild-type mice (15). By con-
trast, others studies have shown that B. burgdorferi-infected
MyD88 '~ mice developed arthritis with increased levels of
neutrophil and mononuclear cell infiltration relative to both
MyD88"/~ and MyD88 '~ mice (20). Bolz et al. (20) hypoth-
esized that immune events independent of MyDS8S signaling
may be responsible for the development of arthritis and influx
of inflammatory cells in MyD88 ™/~ mice infected with B. burg-
dorferi.

Research on the role of specific TLRs in Borrelia infection
has centered on TLR2, as Borrelia organisms present multiple
lipoproteins on the cell surface. Various investigators have
demonstrated that B. burgdorferi-infected TLR2-deficient mice
harbor significantly more spirochetes in various tissues, includ-
ing the joints, than TLR2™* and TLR2"/~ mice (20, 150, 151,
154). For example, TLR2™'~ mice harbor approximately six-
fold more Borrelia organisms in the joint tissues than wild-type
mice 21 days after infection (150). Even greater effects of
TLR?2 deficiency on borrelial load were reported by Bolz et al.
(20), who demonstrated that the presence of spirochetes in the
joint of infected TLR2-deficient mice is approximately 15
times greater than that found in infected controls. These find-
ings were extended to show that significantly higher borrelial
loads were present in the ankle joints of TLR2-deficient mice
up to 8 weeks after infection (154). These findings provide
clear evidence that early immune recognition of B. burgdorferi
is mediated by TLR2 signaling events. An intact TLR2 re-
sponse induces the production of inflammatory cytokines and
chemokines necessary to provide more efficient clearance of
infection.

While it has been shown that the production of inflamma-
tory molecules through TLR?2 signaling following interaction
with borrelial lipoproteins has the capability to effectively limit
infection, these initial inflammatory events may also set the
course for development of arthritis. It would be reasonable to
infer that absence of immune mediators leading to the in-
creased borrelial load in TLR2-deficient mice would result in a
decrease of arthritic pathology in these mice. However, recent
findings have provided conflicting results. One study found no
significant difference in swelling of the ankles between Borre-
lia-infected wild-type and TLR2-deficient mice, despite the
higher borrelial load in the joints of the latter (150). In addi-
tion, the degree of arthritis, as determined by the degree of
synovitis and capsular inflammation, was indistinguishable be-
tween the groups. By contrast, increases of both ankle swelling
(20, 151) and arthritis (20) have been reported in Borrelia-
infected TLR2-deficient mice compared to infected wild-type
controls. Another study (154) found that infected TLR2-defi-
cient mice experienced greater ankle swelling and slightly in-
creased, but insignificantly different, arthritis. Taken together,
these results suggest that mechanisms other than TLR?2 signal-
ing may be responsible for the induction of arthritis.

Host proteins responsible for tissue degradation. In addi-
tion to inducing inflammatory mediators from cells of the in-
nate immune system, the presence of B. burgdorferi in the
synovial tissues leads to the induction of tissue-degrading fac-
tors from nonimmune host cells. B. burgdorferi is not known to
export proteases capable of causing degradation of cartilage
and erosion of bone. However, elevated levels of host MMPs
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have been found in synovial fluid of patients with Lyme arthri-
tis (74, 90). MMPs (13, 74) have been induced from chondro-
cytes following culture with B. burgdorferi. Recently, Behera et
al. (14) showed that B. burgdorferi also induced, in human
chondrocytes, aggrecanase 1, which exposes the collagen ma-
trix for processing by MMPs (14, 74, 90). The means by which
MMPs are induced following infection with B. burgdorferi re-
main unclear, as TLR-dependent (58) and TLR-independent
(16) mechanisms have been reported.

In summary, the presence of B. burgdorferi in the joints plays
a major role in the development of Lyme arthritis. These
organisms have developed mechanisms to adhere to the con-
nective tissue of the synovium, induce the expression of leu-
kocyte adhesion molecules and chemoattractants from synovial
cells, and stimulate the production of extracellular matrix-
degrading proteases from cartilage cells and inflammatory cy-
tokines from immune cells via multiple cell-signaling pathways.
The various routes by which arthritis may be induced by the
presence of B. burgdorferi signify the complexity and intensity
of the immune response to the spirochete.

ARTHRITIS DEVELOPMENT IN THE
ABSENCE OF B. BURGDORFERI

The presence of B. burgdorferi in connective tissues of the
joints of infected individuals likely plays an important role in
establishing the course of Lyme arthritis. Indeed, it has been
demonstrated that B. burgdorferi organisms and DNA in the
joints of infected individuals are not detected following anti-
microbial treatment (112) and that arthritic symptoms typically
subside shortly thereafter. However, approximately 10% of
patients with Lyme arthritis maintain disease despite adequate
antimicrobial therapy (137, 139). High levels of various proin-
flammatory mediators are observed in the joints of these indi-
viduals (132), but the levels of these mediators differ among
patients prior to and following treatment (90). In addition, the
synovial tissues of antibiotic-treated Lyme arthritis patients
express high levels of leukocyte adhesion molecules such as
ICAM-1 and VCAM-1 (3), which would likely lead to the
development of inflammation at the site. The progression of
chronic arthritis appears to be independent of spirochetes at
the disease site. However, significant controversy about this
topic still exists within the field of Lyme disease (7, 142).

Recently, Steere and Glickstein (136) proposed a series of
hypotheses to elucidate the mechanism(s) by which arthritis
persists despite adequate antimicrobial treatment. The first
hypothesis explored the possibility of a sustained presence of
B. burgdorferi (136) in the host, possibly by establishing resi-
dence in sites inaccessible to antibiotics or by mechanisms of
immune evasion (99). Contrary to this hypothesis, the presence
of B. burgdorferi DNA has not been observed in chronically
arthritic patients following multiple antibiotic regimens (112).
These antibiotic-resistant arthritis patients are usually admin-
istered anti-inflammatory drugs following antimicrobial ther-
apy to resolve the arthritis (136). However, a recent study
demonstrates that B. burgdorferi DNA may be detected in
infected mice treated with a combination of ceftriaxone and
antibodies to the inflammatory cytokine TNF-a, while treat-
ment with ceftriaxone alone yielded no observation of borrelial
DNA (157). The authors claim that their findings support the
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hypothesis of borrelial persistence despite antibiotic treatment.
Moreover, they suggest that the inflammatory response may
contribute to both the persistence of arthritis and the suppres-
sion of B. burgdorferi to levels below the detection capability of
PCR but not the immune components responsible for main-
taining arthritis. As a relatively low percentage of mice were
positive for B. burgdorferi by culture or PCR (22 to 30%)
following treatment with anti-TNF-a antibody and ceftriaxone
and as the results were reflective of one individual trial (157),
additional studies are needed to clarify whether Borrelia or-
ganisms can survive in the host after treatment with antimicro-
bial agents.

A second hypothesis proposed to explain the occurrence of
antibiotic-resistant arthritis pertains to the possibility of bor-
relial antigens’ being retained in the host following treatment
(136). While some studies may possibly support this hypothesis
(60), the evidence, especially in humans, is lacking. Although
Gondolf et al. (60) showed that outer surface proteins of B.
burgdorferi are retained on the surface of cartilage and synovial
membranes, Carlson et al. (29) could not confirm these find-
ings among 26 patients with treatment-resistant Lyme arthritis.
More evidence, however, supports the hypothesis by Steere
and Glickstein that antibiotic treatment-resistant Lyme arthri-
tis is mediated by an autoimmune mechanism (136), possibly
involving host molecular mimicry to OspA.

Various studies have implicated an autoimmune response to
OspA peptides in the development of antibiotic-resistant Lyme
arthritis. Among patients with this arthritis, there is an in-
creased frequency in the possession of the major histocompat-
ibility complex class II molecule histocompatibility leukocyte
antigen (HLA)-DR4, and this association correlated to pro-
longed antibody reactivity to OspA (78). In addition, these
patients experienced increased T-cell reactivity to OspA pep-
tides (34). It was further shown that certain HLA-DRBI alleles
were also associated with a predisposition to this chronic ar-
thritis (141) and that these molecules were able to bind a
peptide of OspA (138) with homology to a peptide of human
leukocyte function-associated antigen 1 (hLFA-1) (62). Fur-
thermore, the production of immunoglobulin G antibodies to
OspA and OspB correlates with the severity and duration of
chronic, destructive arthritis in humans, while the immuno-
globulin G antibody response to all other borrelial proteins
correlates with earlier disease stages (2).

Additional evidence for the role of autoimmunity induced by
B. burgdorferi OspA in the maintenance of arthritis has per-
tained to the development of a Lyme disease vaccine. Several
reports have demonstrated that the immune response against
OspA is protective against infection; however, the possibility
that this antigen may possess epitopes likely to induce cross-
reactivity to host tissues (62) has created a significant amount
of controversy in the field of vaccination against Lyme disease.

Fikrig et al. demonstrated that mice immunized with Esch-
erichia coli organisms transformed with OspA from B. burgdor-
feri provided greater protection from the development of ar-
thritis than immunization with nontransformed E. coli (52). In
addition, immunization with a recombinant OspA fusion pro-
tein completely prevented the development of arthritis in mice
(52). These findings were supported and extended to suggest
that antibodies elicited against OspA in the host are capable of
clearing B. burgdorferi from the feeding ticks (50). In addition,
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it was shown that vaccination with OspA prevented the devel-
opment of arthritis several months after challenge and that the
protective potential of OspA vaccination was sufficient to pre-
vent arthritis when challenge was administered months after
vaccination (51). These results suggested the feasibility of
OspA as a potential Lyme disease vaccine candidate, and in-
dependent clinical trials by Steere et al. (140) and Sigal et al.
(133) supported the use of a recombinant OspA vaccine in
humans. As a result, such a vaccine was approved and mar-
keted for use in humans in 1998.

Concerns about side effects, particularly arthritis (124), fol-
lowing vaccination of humans with the OspA vaccine arose
soon after the vaccine was approved by the Food and Drug
Administration. Prior to the approval of this vaccine, studies
implicated OspA (2, 78) or a peptide of OspA (62) in the
development of severe inflammation or autoimmunity. It was
shown that the antibody response to OspA correlated with the
development of severe arthritis in untreated, B. burgdorferi-
infected patients (2) and in genetically susceptible (HLA-
DR4), antibiotic-resistant Lyme arthritis patients (78). In ad-
dition, the demonstration of structural homology between
peptides of OspA and hLFA-1 led to the possibility that vac-
cination with OspA might lead to an autoimmune response.
Following the approval of the OspA vaccine for human use,
follow-up experimental studies showed that OspA-vaccinated
hamsters challenged with different strains of whole B. burgdor-
feri organisms exhibited a destructive osteoarthropathy (40).
Additional support for the role of auto-reactive OspA peptides
in the development of antibiotic-resistant Lyme arthritis was
provided (138, 141). However, an investigation of vaccine re-
cipients reported no significant evidence of adverse effects due
to the vaccine (86). Despite this, the recombinant OspA vac-
cine was withdrawn from the market in 2002, citing a lack of
demand (73). Its presumed role in arthritis was not mentioned.

Recently, an OspA vaccine containing a mutated auto-reac-
tive epitope was shown to decrease the occurrence of paw
swelling in mice compared to a wild-type OspA vaccine while
providing similar protection against infection (153). Despite
this, however, further studies will be required to determine the
safety, efficacy, and necessity for a Lyme disease vaccine, es-
pecially one comprised of OspA peptides, for humans. The
major concern about OspA, besides induction of arthritis, is
that OspA expression is rapidly down-regulated upon tick
feeding (128), and therefore vaccination with OspA offered
little or no protection for humans. Although this argument was
sidestepped with claims that blood from the vaccinated host
killed the OspA-expressing Borrelia in the midgut of the ticks
(51), we now know that the saliva of ticks can inactivate com-
plement (101, 121), eliminating the threat of complement-
dependent OspA bactericidal antibody. The present focus on
vaccination, however, has turned to OspC (46, 47, 93) and
other antigens because they are expressed on Borrelia when
it enters the human host. Again, epitopes that elicit broad
protection without inducing arthritis are prime targets for a
vaccine.

The final hypothesis posed by Steere and Glickstein for
explaining the development of antibiotic-resistant arthritis is a
dysfunction in the immunoregulation of innate or adaptive
responses, leading to the perpetuation of inflammation in-
duced by B. burgdorferi in the synovium (“bystander activa-
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tion”) (136). Although little evidence is available to directly
support this hypothesis (136), it is intriguing nonetheless. A
role for regulatory T cells in the control of a sustained inflam-
matory response to B. burgdorferi was posed (136). In support
of this hypothesis, CD4" CD25" T cells were shown to medi-
ate the development of arthritis in Borrelia-vaccinated and
-challenged mice (109, 111). An increase in the population of
these cells corresponded to a significant reduction of arthritic
severity (109). In addition, removal of these cells with a mono-
clonal antibody induced a severe, destructive osteoarthropathy
(109). Moreover, adoptive transfer of enriched populations of
CD4" CD25" T cells into Borrelia-vaccinated and -challenged
mice prevents the development of arthritis (111). These find-
ings support a role for cells with immunoregulatory function in
the control of an excessive immune response leading to Bor-
relia-associated arthritis. However, these findings do not di-
rectly address a dysfunction of specific components of innate
or adaptive immunity and, as such, are limited in their support
of this bystander activation hypothesis.

Finally, other B. burgdorferi antigens, besides OspA, may be
responsible for autoimmune effects. It has been demonstrated
that B. burgdorferi 50772, which lacks the B. burgdorferi ospA/B
operon, is able to induce severe, destructive arthritis in mice
(unpublished data). In addition, antibodies to a borrelial 37-
kDa protein (arthritis-related protein; Arp) was able to hasten
the resolution of established arthritis in severe combined im-
munodeficient mice (49); however, immunization with recom-
binant Arp or anti-Arp serum prior to infection with B. burg-
dorferi failed to prevent the induction of arthritis.
Furthermore, administration of inactivated or heat-killed
whole B. burgdorferi is unable to elicit arthritis upon challenge
or in a vaccination-challenge model of Lyme arthritis (unpub-
lished data). These findings demonstrate that borrelial anti-
gens in addition to OspA may be responsible for the autoim-
mune effects of B. burgdorferi infection. The mechanisms
responsible for their induction of arthritis may be the same or
different from that of OspA.

LYME ARTHRITIS: A Th1-MEDIATED RESPONSE?

An early investigation demonstrated that, upon stimulation
with borrelial antigens, synovial fluid cells from patients with
chronic Lyme arthritis produced IL-2, TNF-«, and IFN-vy but
not IL-3, IL-4, or IL-5 (158). Following this finding, various
studies implicated IFN-y as a key modulator of arthritic de-
velopment. As a result, the inflammation characterizing Lyme
arthritis has traditionally been assigned as a Thl-mediated
response. However, recent findings have questioned the abso-
lute requirement for IFN-y in the development of Lyme ar-
thritis (22, 23, 35, 59, 130). These findings have generated
considerable research interest, as their implications would lead
to an amendment of the established paradigm of Lyme arthritis
as solely a Thl cytokine-driven inflammatory response.

Evidence for lyme arthritis as a Thl cytokine-driven inflam-
matory response. It has been demonstrated that the host ge-
netics of experimental animals play a significant role in deter-
mining the severity of arthritis upon infection with the Lyme
spirochete (8). For example, C3H/HeJ mice have been char-
acterized as “arthritis-susceptible,” as they have been shown to
develop relatively severe inflammation of the paws upon infec-
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tion with B. burgdorferi, while “arthritis-resistant” BALB/c
mice develop only mild inflammation of the paws (8). This
difference in pathology led to the investigation of a corre-
sponding difference in the Th cell-mediated response to Bor-
relia infection. Specifically, Borrelia-stimulated popliteal lymph
node cells from infected C3H (arthritis susceptible) showed a
characteristic Thl cytokine response (high production of
IFN-y and low production of IL-4), while those of BALB/c
mice showed a Th2 cytokine-mediated response (low produc-
tion of IFN-y and high production of IL-4) (102). In addition,
it was demonstrated that administration of anti-IFN-vy antibod-
ies to Borrelia-infected C3H and BALB/c mice reduced the
degree of paw swelling (80, 102) and reduced the spirochete
load in the joints (80), while administration of anti-IL-4 anti-
bodies to these mice increased both the severity of paw swell-
ing (80, 102) and the number of spirochetes found in the joints
(80). Furthermore, administration of recombinant IL-4 to ar-
thritis-susceptible C3H mice reduced swelling and the number
of spirochetes found in the joints (81). Overall, these findings
suggest that Thl cytokines, such as IFN-y, play a significant
role in the development of Lyme arthritis, while Th2 cytokines
serve to influence protection from arthritis.

Moreover, the role of IL-4 as a Lyme arthritis-preventing
cytokine was challenged by Kang et al. (79), who demonstrated
that arthritis-resistant BALB/c mice and arthritis-susceptible
C3H mice develop similar degrees of arthritis during early
infection and that lymph node cells from BALB/c mice actually
produce greater amounts of IFN-y than C3H mice 2 days after
stimulation with borrelial antigens. It was also shown that
BALB/c mice recover from arthritis more rapidly than C3H
mice, and the observation from previous studies of high levels
of IL-4 detected in Borrelia-infected BALB/c mice may be a
reflection of immune events leading to the resolution, rather
than the prevention, of arthritis (79). In support of this finding,
it was shown (42) that the ratio of IL-4-producing CD4™ T cells
to IFN-y-producing-CD4™ T cells increased with time in cul-
tures of Borrelia-stimulated lymph node cells from infected
BALB/c mice. These findings provide further evidence of an
initial Th1 cytokine-mediated response in the development of
Lyme arthritis and suggest that arthritis resolution, but not
prevention, is associated with Th2 cytokine production.

Other studies have provided additional evidence of a role for
Th1 cytokines in the development of Lyme arthritis. Adminis-
tration of antibodies to IL-12, an IFN-vy-inducing cytokine, to
Borrelia-infected C3H mice decreased the production of IFN-y
and reduced the severity of arthritis (5). Interestingly, treat-
ment of infected SCID mice with anti-IL-12 antibodies in-
creased the severity of arthritis (6), indicating a role for innate
immunity in determining the degree of arthritic pathology. In
addition, activation of endothelial cells with B. burgdorferi and
IFN-vy led to the increased expression of various mediators
involved in leukocyte and T-cell recruitment (41); these cells
would likely function to contribute to an inflammatory re-
sponse leading to arthritis (41). In support of this hypothesis, it
was shown that the synovial fluid of patients with antibiotic-
resistant Lyme arthritis contains significant levels of IFN-y and
chemokines responsible for the recruitment of inflammatory
cells and lymphocytes (132). Collectively, many studies dem-
onstrate roles for Thl and Th2 cytokines in the development
and resolution of Lyme arthritis.



VoL. 15, 2008

Evidence that Thl cytokines are not required to induce
Lyme arthritis. Recent studies examining the roles of IFN-y
and IL-4 in the development of Lyme arthritis have reached
conclusions at odds with the established Th1/Th2-cytokine
model. Shanafelt et al. (130) demonstrated that, although dis-
rupting B7/CD28-mediated costimulation of T cells with anti-
bodies to CD80 and CDS86 increased levels of IFN-y, this
antibody treatment resulted in a trend of decreased severity of
arthritis. In addition, since blocking costimulation with anti-
CD86 antibodies also prevented the production of IL-4 (130),
it was determined that a mediator(s) other than this Th2 cy-
tokine is responsible for the resolution of Lyme arthritis. Fur-
thermore, it was shown that disruption of the genes encoding
IL-4 and the IL-4 receptor alpha failed to affect joint swelling
and arthritis in Borrelia-infected mice (119).

Brown and Reiner (22, 23) also showed that IFN-y is not
required for the induction of Lyme arthritis. They demonstrated
that depletion of IFN-y-producing NK cells in arthritis-suscepti-
ble C3H mice did not affect the development of arthritis in chal-
lenged mice (22). It was also shown that Borrelia-infected IFN-vy-
deficient mice developed arthritis to the same degree as wild-type
mice (23). In addition, infected mice deficient in the IFN-y re-
ceptor displayed pathology to a similar extent as the wild-type
parental strain (59). Furthermore, vaccinated and challenged
IFN-y-deficient C57BL/6 mice developed a chronic, severe, de-
structive osteoarthropathy characterized by destruction of carti-
lage and erosion of bone (35). These results suggest that Lyme
arthritis is induced by cytokines other than IFN-y.

Interleukin-17 as a possible mediator of Lyme arthritis. The
findings that arthritis can develop in the absence of IFN-y
indicate that the currently accepted model of Lyme arthritis as
a Thl cytokine-driven inflammatory response is incomplete.
That the prototypical Thl cytokine is not absolutely required
for the induction of arthritis following B. burgdorferi infection
warrants a modification of the paradigm to include additional
proinflammatory cytokines, chemokines, or immune modu-
lators.

What other immune factors could contribute to the para-
digm of Lyme arthritis as a Th1-mediated response? A recently
discovered subset of helper T cells, Th17 cells, which are dis-
tinct from Thl and Th2 cells (66, 85, 114) and are character-
ized by the production of the inflammatory cytokine IL-17, has
been shown to play a role in the development of arthritis (71,
131) and the erosion of bone (126). In addition, high levels of
IL-17 are present in the synovial fluid of patients with rheu-
matoid arthritis (32, 163). IL-17 induces the production of
proinflammatory cytokines from stromal cells, synoviocytes,
chondrocytes, and macrophages (31, 56, 129) and shows syn-
ergy with other cytokines for the induction of bone resorption
(83, 95) and stimulation of osteoclast differentiation (83). Fur-
thermore, neutralization of IL-17 causes substantial reduction
of collagenase activity (33), osteoclast formation (83), and pro-
duction of proinflammatory cytokines (1, 32, 77). Moreover, B.
burgdorferi (82) or its lipoproteins (75) have been shown to
induce the production of IL-17. These properties make the
Th17 cell subset a strong candidate for an additional route by
which Lyme arthritis may be induced.

What evidence is available for an amendment of the current
paradigm of Lyme arthritis as a solely Thl-mediated inflam-
matory response to include IL-17-producing Th17 cells? IFN-
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vy-deficient Borrelia-vaccinated and -infected mice adminis-
tered antibodies to IL-17 (28, 109) or to the IL-17 receptor
(28) fail to develop the destructive arthritis observed in un-
treated control mice. The induction of destructive arthritis has
also been observed in wild-type C57BL/6 Borrelia-vaccinated
and -challenged mice (70) and has been prevented by admin-
istration of anti-IL-17 antibodies (unpublished data). These
findings suggest that IL-17 and presumably the subset of acti-
vated T cells that produce it (1) play a major role in the
development of Borrelia-induced arthritis, even in the presence
of an intact Thl cytokine response.

Additional evidence implies that Th17 cells may play a role
in the modulation of arthritis induced upon Borrelia infection.
Neutralization of IL-17 in IFN-y-deficient Borrelia-vaccinated
and -challenged mice induces the production of CD4" CD25™
T cells (109) with the ability to prevent the induction of arthri-
tis upon adoptive transfer into Borrelia-vaccinated and -chal-
lenged mice (111). These findings were the first to demonstrate
a relationship between the absence of IL-17 and the develop-
ment of T cells with immunoregulatory function. In support of
these findings, the local inflammatory cytokine environment
has been shown to modulate the development of Th17 cells
and CD4" CD25" Foxp3™ T regulatory cells from a common
precursor in vitro (17, 100, 147), and evidence indicates that
development of these cells is polar (17). Furthermore, alter-
ations of this cytokine environment dictate the induction of
helper T cells into either a Th1l or Th17 phenotype (17, 100,
147). These parallel findings suggest that the IL-17 responsible
for the development of Borrelia-induced arthritis may be de-
rived from a subset of helper T cells distinct from Thl cells,
implying the necessity to modify the current paradigm of Lyme
arthritis as solely a Th1-mediated response.

CONCLUSION

Atrthritis is a well-documented complication following infec-
tion with the tick-borne spirochete B. burgdorferi. The severity
of arthritis can range from mild to moderate inflammation of
the joints and tendons months after infection, to a chronic,
debilitating osteoarthropathy complete with destruction of car-
tilage and erosion of bone in a subset of these individuals
within a few years. Host morbidity following infection with B.
burgdorferi is an unintended consequence of a robust immune
response against the bacteria. The innate response against B.
burgdorferi has been implicated in the release of cytokines,
chemokines, and other immune mediators responsible for the
development of an inflammatory response that inflicts damage
to host tissues while attempting to eliminate the spirochetes. In
addition, processing and presentation of B. burgdorferi antigens
by macrophages and dendritic cells initiate an adaptive im-
mune response, characterized by the release of Thl cytokines,
which further exacerbates the inflammatory response.

While the exact sequential mechanism(s) responsible for the
development of Lyme arthritis is unknown, various studies
implicate an intricate network of vector, bacterial, and host
factors responsible for aiding initial spirochetal infection, dis-
semination to and establishment within joint tissues, and the
recruitment of immune and nonimmune cells which release
inflammatory and tissue-degrading mediators within the joint.
Complicating the prevention of Lyme arthritis is a genetic
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FIG. 1. Proposed mechanism for the development of Th17 cells
and arthritis following infection with B. burgdorferi. Infection with B.
burgdorferi stimulates the TLR-mediated release of proinflammatory
cytokines, such as IL-6. IL-6, in combination with endogenous TGF-,
induces the development of Th17 cells from T-cell precursors. Th17
cells produce IL-17, which stimulates the production of other proin-
flammatory cytokines, such as IL-1B and TNF-a. IL-17 also induces
from fibroblasts and synovial cells the production of IL-6, which serves
to continue the inflammatory feedback loop. This process may occur
until the borrelial load is reduced such that TLR-mediated production
of IL-6 is insufficient to influence Th17 cell production.

predisposition in certain individuals to autoimmunity after vac-
cination. Therefore, the current prevention of morbidity asso-
ciated with B. burgdorferi infection may have to rely on treat-
ment of established infection rather than vaccination.

The development of Lyme arthritis has traditionally been
attributed to Thl cytokines, such as IFN-y. However, recent
studies demonstrate that IFN-vy is not absolutely required for
the induction of Lyme arthritis. This suggests that the estab-
lished model of Lyme arthritis as solely a Thl-mediated re-
sponse may have to be modified to include other inflammatory
cytokines or mediators. One possible candidate for the updat-
ing of this paradigm is the Th17 cell subset, a recently discov-
ered helper T-cell subset distinct from Th1 and Th2 cells. The
prototypical Th17 cytokine, IL-17, has been shown to play a
major role in the development of arthritis in Borrelia-vacci-
nated and challenged mice (28, 109). How might Th17 cells
play a role in the development of arthritis following infection
with B. burgdorferi? Interaction of host cells with B. burgdorferi
may lead to the production of proinflammatory cytokines, in-
cluding IL-6. Transforming growth factor-f (100), in combina-
tion with IL-6 (17, 147), may induce the production of IL-17-
producing Th17 cells. IL-17 may then induce the downstream
production of inflammatory cytokines such as IL-18 and
TNF-a. Moreover, IL-17 may stimulate cells such as fibroblasts
and synoviocytes to produce inflammatory cytokines, including
IL-6. This IL-6 may serve to contribute to additional TGF-B-
mediated Th17 cell production until the spirochete burden is
eventually reduced to levels inefficient for inducing further
inflammation (Fig. 1). In addition to significantly altering the
release of IL-1B and TNF-q, blocking IL-17 may prevent the
release of additional IL-6 required for the development of
Th17 cells.

Further investigation of IL-17 and Th17 cells in the devel-
opment of arthritis in the Borrelia infection and Borrelia vac-
cination and challenge models will provide a more complete
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picture of the inflammatory events leading to the development
of arthritis in mice. The development of novel targets for the
treatment and prevention of Borrelia-associated arthritis in
humans may include expansion of the current paradigm that
Th1 cells are solely responsible for the arthritis.
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