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Summary
Borrelia burgdorferi spirochetes cause Lyme Disease, which can result in severe clinical
symptoms such as multiple joint inflammation and neurological disorders. IFN-γ and IL-17 have
been suggested to play an important role in the host defense against Borrelia, and in the
immunopathology of Lyme Disease. The caspase-1 dependent cytokine IL-1β has been linked to
the generation of IL-17-producing T cells, whereas caspase-1-mediated IL-18 is crucial for IFN-γ
production. In this study, we show by using knockout mice the role of inflammasome-activated
caspase-1 for the regulation of cytokine responses by B. burgdorferi. Caspase-1 deficient cells
showed significantly less IFN-γ and IL-17 production after Borrelia stimulation. A lack of IL-1β
was responsible for the defective IL-17 production, whereas IL-18 was crucial for the IFN-γ
production. Caspase-1 dependent IL-33 played no role in the Borrelia-induced production of
IL-1β, IFN-γ or IL-17. In conclusion, we describe for the first time the role of the inflammasome-
dependent caspase-1 activation of cytokines for the regulation of IL-17 production induced by
Borrelia spp. As IL-17 has been implicated in the pathogenesis of chronic Lyme disease, these
data suggests that caspase-1 targeting may represent a new immunomodulatory strategy for the
treatment of complications of late stage Lyme disease.
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Introduction
Lyme Disease is caused by spirochetes of the genus Borrelia, of which B. burgdorferi sensu
stricto is causing disease mainly in the United States, and B. afzelii and B. garinii mainly
cause disease in Europe and Asia [1;2]. Clinical Lyme disease can be divided into early
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localized infection that is often characterized by skin manifestations, and in either the early
or late disseminated stage of the disease joint and skin inflammation, as well as neurologic
disorders can be seen [3]. The various Borrelia strains appear to cause different clinical
symptoms in Europe. B. burgdorferi sensu stricto is the main cause of Lyme arthritis, B.
garinii most often induces neurologic manifestations, while B. afzelii is mainly responsible
for skin disorders [4;5].

Cytokines play an important role in the pathogenesis of Lyme disease by regulating the
immune responses against Borrelia. [6]. It has been reported that Borrelia is able to induce a
pro- inflammatory cytokine response, characterized especially by production of IL-1β [7]. In
patients diagnosed with a typical skin disorder near the location of the tick bite, called an
erythema migrans (EM), high amounts of both IL-1β and IFN-γ were found [8].
Furthermore, the recently described IL-17-producing T-cells, called Th17 cells, are capable
of producing high amounts of IL-17 after exposure to Borrelia-derived stimuli [9]. Burchill
et al. [10] proposed an important role for IL-17 in the chronic stage of murine Lyme disease.
In a mouse model of Borrelia infection, severe destructive arthritis could be induced in IFN-
γ knock-out mice after challenge with Borrelia spirochetes. When mice were given
antibodies against IL-17, the development of Lyme arthritis was strongly reduced, with the
diminished severity of joint swelling [10].

Caspase-1 is an enzyme involved in processing of the cytokines IL-1β, IL-18, and is
activated by a protein platform called the inflammasome [11;12]. Host defense against
several pathogens have been linked to the proper activation of the inflammasome, including
Francisella [13], Salmonella [14], Listeria [15], and Legionella [16]. Interestingly, IL-1β
has been implicated in Th17 development [17–20], while IL-18 that was first called IGIF
(IFN-γ inducing factor) is associated with the induction of Th1 cells [21].

In the present study we investigated the role of caspase-1 in the host defense against
Borrelia. Caspase-1 deficient cells were unable to induce a Th1 or Th17 response upon
challenge with Borrelia. Importantly, IL-1β was responsible for the induction of the IL-17
pathway induced by Borrelia, while IL-18 was crucial for the induction of IFN-γ. In
contrast, IL-18 has an inhibitory effect on IL-17 production, providing further evidence for
counter-regulatory regulation between Th1 and Th17 responses.

Results
Borrelia induces inflammasome activation and bioactive IL-1β

It has been previously reported that caspase-1 is activated by several different
microorganisms [14–16]. Here we demonstrate for the first time that caspase-1 is also
activated by Borrelia in bone marrow derived macrophages (BMDM) from wild-type
C57BL/6 mice. After stimulation for 4 hours with 1×106 /ml heat-killed spirochetes, with
the last 30 minutes in the presence of ATP, cleaved caspase-1 was clearly induced (Figure
1A). As a control for caspase-1 activation, BMDMs were stimulated with LPS plus ATP,
which also resulted in cleaved caspase-1 (Figure 1A). Since we found strong caspase-1
activation, we next examined whether IL-1β production by murine macrophages could be
induced by Borrelia burgdorferi. Peritoneal macrophages from wild-type mice stimulated for
24 hours with 1×106/ml heat-killed spirochetes. Borrelia exposure induced IL-1β production
in peritoneal macrophages (Figure 1B). In addition, IL-6 was strongly produced in
peritoneal macrophages (Figure 1B).

To confirm that caspase-1 is specifically involved in the induction of the cytokines IL-1β
and IL-6, these stimulation experiments were repeated with caspase-1 deficient peritoneal
macrophages. Peritoneal macrophages of caspase-1 knock-out mice were stimulated for 24
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hours with either B. afzelii or B. burgdorferi. Both strains were able to induce IL-1β and
IL-6 in peritoneal macrophages of wild-type mice. Macrophages from caspase-1 deficient
mice showed significantly decreased levels of IL-1β, while the production of IL-6 by
Borrelia was not affected in caspase-1 deficient cells. Although a slight increase in IL-6 in
caspase-1 mice was found, this difference was not statistically significant (Figure 1C).

Interleukin-17 and Interferon-γ induction by Borrelia is dependent on caspase-1
Borrelia is able to elicit IL-β and IL-6 production, cytokines which are often associated with
inflammatory processes. In addition, production of IL-17 and IFN-γ by Th17 and Th1
subsets, respectively, have been suggested to play a role in the immune response against
Borrelia [9;22]. To investigate whether spleen cells of naive mice are able to produce IL-17
and IFN-γ after Borrelia exposure, spleen cells of wild-type mice were stimulated for five
days with 1×106/ml spirochetes. A significant amount of IL-17 production after Borrelia
stimulation could be detected (Figure 2A). In addition, IFN-γ production was also potently
induced after exposure to Borrelia (Figure 2A). Since it was shown that Borrelia activates
caspase-1, the contribution of caspase-1 in the induction of IFN-γ and IL-17 was
investigated. A significant decrease in both IL-17 and IFN-γ production was detected in
spleen cells of caspase-1 gene deficient mice stimulated with Borrelia spp. (Figure 2B).

Borrelia-induced joint inflammation depends on caspase-1
Since we know that caspase-1 plays an important role in the induction of cytokines, we
examined the role of caspase-1 in vivo. Borrelia spirochetes were injected directly into knee
joints of naive (Wt) and caspase-1 knockout mice. After 4 hours, patellae were collected and
cytokine levels were measured in patella washouts. Highly significant differences in IL-1β,
IL-6 and KC production could be detected when wild-type patellae were compared with
caspase-1 gene deficient patellae (Figure 3A). In addition, the influx inflammatory cells into
the joint cavity of caspase-1ko mice was decreased as compared to wild-type mice. Lower
amounts of polymorphonuclear cells (PMNs) could be seen in caspase-1 −/− mice as well as
less thickening of the synovial lining (Figure 3B). When we counted the cell influx, we were
able to see approximately 30% reduction in cell influx in all examined joints (n=10) of the
caspase-1 deficient animals in comparison to the wild-type animals (n=10), which was found
to be significant (Figure 3C).

Borrelia-induced IL-17 production is dependent on IL-1β
We explored whether IL-1β might play a role in the induction of IL-17 during Borrelia host
defense. Peritoneal macrophages and spleen cells of IL-1β gene deficient mice were
stimulated with 1×106/ml B. afzelii and B. burgdorferi for 24 hours or 5 days, respectively.
No differences in IL-6 production could be observed between wild-type and IL-1β deficient
cells (Figure 4A). Significant reduced IL-17 concentrations were detected in spleen cells
from mice lacking IL-1β that were stimulated with Borrelia, while IFN-γ production by
IL-1β deficient cells did not differ from that of wild-type cells (Figure 4B).

IL-18 suppresses the induction of IL-17 by Borrelia species
As demonstrated in figure 4B, IL-1β is not important in the regulation of IFN-γ production
after Borrelia exposure. Since caspase-1 is still functional in IL-1β deficient cells, it will still
be able to process pro-IL-18. To determine whether IL-18 was responsible for the induction
of IFN-γ by Borrelia, spleen cells of wild-type and IL-18 deficient mice were exposed to
Borrelia. IFN-γ levels were significantly reduced in the IL-18 gene deficient cells stimulated
with Borrelia (Figure 5A). Of high interest, IL-17 concentrations were significantly
enhanced in IL-18 deficient spleen cells after stimulation with B. burgdorferi when
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compared to wild-type spleen cells (Figure 5B). Stimulation of cells with B. afzelii led to
similar results, but this difference was not found to be statistically significant.

IL-33 is not involved in Borrelia-induced production of IL-17
It has been suggested by an earlier study that apart from IL-1β and IL-18, also IL-33 is
cleaved by caspase-1 [23]. To examine the contribution of this novel cytokine in anti-
Borrelia host defense, spleen cells from wild-type mice were stimulated with Borrelia
spirochetes with or without the presence of a neutralizing anti-murine IL-33 antibody. The
neutralizing activity of the anti-IL-33 antibody was confirmed in an IL-33 bioassay, in
which the IL-33-induced IL-5 production was inhibited (data not shown). When spleen cells
were stimulated with heat-killed Borrelia, a slight decrease in IL-17 levels could be
observed after blockade of IL-33, but this difference was not found to be significant (Figure
5C). Also, Borrelia-induced IL-1β, IL-6, and IFN-γ production did not reveal any
differences after blockade of endogenous IL-33 (data not shown).

Discussion
Activation of caspase-1 and subsequently IL-1β and IL-18 by the inflammasome has been
suggested to represent an important host defense mechanism. In the present study we
demonstrate that Borrelia spp. are strong inducers of inflammasome activation. Other
research groups demonstrated already the role of inflammasome components in sensing
pathogens, for example Listeria monocytogenes [24]. In addition, our data also show that
inflammasome/caspase-1 activation by Borrelia is a crucial event in the modulation of
cytokine responses by the spirochete. This immune response is crucial for both host defense
and immunopathogenesis. Borrelia spirochetes are able to induce IL-1β, IL-6, IL-17 and
IFN-γ. The production of IL-17 after Borrelia infection is regulated by both caspase-1 and
IL-1β, but not via IL-18 or IL-33. IFN-γ induction is regulated through caspase-1-dependent
IL-18-production. Furthermore, there is an important counter-regulatory mechanism
between IFN-γ and IL-17 responses during anti-Borrelia host defense. In addition, caspase-1
plays an important role in Borrelia-induced arthritis.

Recently, it has been suggested that caspase-1 plays a minimal role in a murine Borrelia
infection model [25]. However, in this study caspase-1 knock-out mice were significantly
more susceptible to acute infection with Borrelia, when acute joint inflammation seen in
knock-out mice was compared to wild-type mice. It was already known that caspase was
necessary for the activation of T cells after recognition of Borrelia species by PRRs [26],
which is in line with our results. The induction of pro-inflammatory cytokines IL-1β and
IL-17 by Borrelia was caspase-1-dependent, and both cytokines have been shown already to
play a role in the pathogenesis caused by Borrelia [27–29]. In line with this, we have
demonstrated that stimulation of macrophages and spleen cells by Borrelia resulted in
production of IL-1β, IL-6, IL-17, and IFN-γ (Fig. 1). In addition, after intra articular
injection with Borrelia we observed less cell influx and cytokine production in caspase-1
deficient animals as compared to the wild-type animals (Fig. 3). We observed differences in
IL-6 production after Borrelia stimulation between caspase-1 deficient peritoneal
macrophages and PMNs isolated from the knee of caspase-1 knockout animals. This
difference can be explained by the fact that different type of cells are involved and different
time points were used in these assays. In the patella washouts assays, the main cell types that
could produce IL-6 are granulocytes (PMN) and synovial fibroblasts. These cells may
respond different after exposure to Borrelia when compared to peritoneal macrophages. On
other explanation could be that the synovial cells were only 4 hours exposed to Borrelia
whereas the peritoneal macrophages were treated for 24 hours with Borrelia.
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We also describe that Borrelia-induced IL-1β, is the main inducer of IL-17 production after
stimulation with Borrelia (Fig. 4). Furthermore, caspase-1-cleaved IL-18 is responsible for
induction of IFN-γ by Borrelia species (Fig. 5A).

Caspase-1 is crucial for Borrelia-induced IFN-γ production, as caspase-1 deficient mice
produced almost no IFN-γ. The exact role of IFN-γ in the host defense against Borrelia has
not yet been elucidated. On the one hand, the induction of Borrelia-induced arthritis does
not seem dependent on IFN-γ [30–32], and it has been reported that mice with a disrupted
IFN-γ gene are more susceptible to autoimmune disorders such as experimental autoimmune
encephalomyelitis (EAE) and collagen-induced arthritis [33;34]. On the other hand, several
groups have proposed a role for IFN-γ-producing T cells in Lyme arthritis [34;35]. In
patients infected with Borrelia, high levels of IFN-γ were measured [36]. In line with this,
we found that IFN-γ is produced in large amounts by spleen cells after stimulation with
Borrelia spirochetes. Dame et. al [37] described that IFN-γ in combination with B.
burgdorferi cooperatively induced upregulation of endothelial cell genes, causing more T
cell infiltration.

It has been known that IFN-γ modulates other T cell cytokines. It has been described before
that IFN-γ controls or modulates Th17 responses [38;39], but until now this has not been
demonstrated for Borrelia-induced Th17 responses.

Elevated levels of IL-1β were induced by cells stimulated with Borrelia, and it was shown
before that IL-1β is needed for the induction of Th17 and IL-17 production [40]. We also
now formally demonstrate activation of the inflammasome by Borrelia. When spleen cells
of mice lacking IL-1β were stimulated with Borrelia, IL-17 production was significantly
diminished, which also raises the hypothesis the IL-1β is also involved in induction of Th17
cells by Borrelia species. IL-17 is associated with more severe disease progression in
several autoimmune disorders, such as rheumatoid arthritis (RA) or multiple sclerosis [41].
In patients diagnosed with RA, elevated levels of IL-17 were found in synovial fluid
[42;43]. Since several clinical symptoms between RA and Lyme arthritis are similar, it has
been proposed that IL-17 might be involved in the development of Lyme arthritis [10]. In
line with this hypothesis, it has been demonstrated that blockade of endogenous IL-17 in
IFN-γ deficient mice results in complete protection against development of arthritis after
infection by Borrelia [44]. These data indicate that controlling the IL-17 response by IFN-γ
plays an important role in chronic Lyme Disease.

IL-33 is a member of the IL-1 family and is mainly involved in induction of T-helper 2-like
cytokines, such as IL-4 and IL-5 [23]. Although it was shown that IL-33 is cleaved by
caspase-1, the activity of the mature protein has never been assessed. IL-33 can be secreted
from cells after caspase-1 stimulation [45], very recent data suggest that IL-33 activity is
independent of caspase-1 [46;47]. More recently it was shown that IL-33 can be functionally
active and bind to its receptor ST2 without being cleaved by caspase-1, and that this
cytokine is more related to IL-1α than to IL-1β or IL-18 [48]. It was also described that
IL-33/ST2 binding results in the regulation of mainly Th2 responses, which is in line with
our results. IL-33 seems not to be involved in either IL-17 or IFN- production by Borrelia
species [23]. In the present study we also demonstrate that IL-33 does not play a role in the
regulation of pro-inflammatory cytokines such as IL-1β and IL-6 induced after Borrelia
exposure.

The present study demonstrates modulation of IFN-γ/IL-17 responses by Borrelia species
through inflammasome and caspase-1 activity. These findings are the first to demonstrate
the existence of a counter-regulatory mechanism of Th1 versus Th17 cytokines during
stimulation with Borrelia species. As shown in this study, IL-18 is crucial for the Borrelia-
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induced IFN-γ production, and IFN-γ has been suggested to be essential for induction of
Th1 cells. Th1 cells drive cell-mediated immune responses and support the fight against
invading pathogens. Induction of Th1 cells after recognition of Borrelia might be very
important in the early immune response against spirochetes. Induction of large amounts of
Th1 cells will represent effective killing of invaded spirochetes by the host immune
responses already in the first stage of disease which might prevent the development of
chronic Borrelia-infection. On the other hand, when IL-1β is highly produced by host cells
after Borrelia recognition, high levels of Th17 cells may be produced. Borrelia-primed
Th17 cells might facilitate development of a chronic stage of Lyme disease, as already
described in other diseases, such as RA [41]. At this moment, it is still unknown which
specific T cell population is responsible for the induction of IL-17 (CD4+, γδT cells, NK T
cells, CD4−/CD8). One of our future plans is to detect which specific T cell population is
responsible for the induction of IL-17 by Borrelia species.

In summary, Borrelia is a strong inducer of inflammasome activation and caspase-1-
mediated IL-1β induction amplifies the production of IL-17 after Borrelia exposure. The
Borrelia-induced IL-17 production is modulated by the IL-18-driven IFN-γ. These data
indicate that caspase-1-dependent cytokines IL-1β and IL-18 determine the development and
clinical outcome of Lyme disease which was also demonstrated by our in-vivo data. This
findings give more insight in the pathogenesis of Lyme disease and may provide useful
information for the development of new therapeutic strategies targeting the inflammasome.

Materials and Methods
Borrelia burgdorferi and B. afzelii cultures

B. burgdorferi pKo strain and B. afzelii, patient isolate, were cultured at 33°C in Barbour-
Stoenner-Kelley (BSK)-H medium (Sigma-Aldrich) supplemented with 6% rabbit serum.
Spirochetes were grown to late-logarithmic phase and examined for motility by dark-field
microscopy. Organisms were quantitated by fluorescence microscopy after mixing 10 μl
aliquots of culture material with 10 μl of an acridine orange solution to concentrations.
Bacteria were harvested by centrifugation of the culture at 7000 × g for 15 min., washed
twice with sterile PBS (pH 7.4), and diluted in the specified medium to required
concentrations between 1–3 × 106 spirochetes per ml. Heat-killed B. burgdorferi and B.
afzelii were prepared as described above except for heating at 52°C for 30 min. before
dilution. Heat-inactivated bacteria were used according to Wang et al [6].

Animals
C57BL/6 and Balb/c mice were obtained from Charles River Wiga (Sulzfeld, Germany).
IL-1β gene deficient mice were kindly provided by J. Mudgett, Merck (Rahway, NJ, USA).
Caspase-1 deficient mice were originally obtained from R.A. Flavell, New Haven, CT, USA
and generation of these mice were previously described [49;50]. The generation of IL-18
knock-out mice were previously described [51]. Male wild-type and knock-out mice
between 6 and 8 weeks of age were used. The mice were fed sterilized laboratory chow
(Hope Farms, Woerden, The Netherlands) and water ad libitum. The experiments were
approved by the Ethics Committee on Animal Experiments of the Radboud University
Nijmegen.

Preperation of BMDM and Western blot
Bone marrow from mice (age between 8–20 weeks) was flushed out after dissecting mouse
legs. Differentiation into macrophages occurred in 5 days at 37°C (5% CO2) in the presence
of Iscove’s modified Dulbecco’s medium (IMDM) supplemented with 30% of L929
supernatant containing 10% fetal bovine serum (heat-inactivated, Invitrogen), 100 U / mL
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penicillin and 100 mg/mL streptomycin. Ultrapure LPS was purchased from Invitrogen and
used in a concentration of 10 μg/ml. ATP was from Sigma and used in a final concentration
of 3 mM. For immunoblotting, cells were washed twice with sterile phosphate-buffered
saline and lysed in buffer (150 mM NaCl, 10 mM Tris, pH 7.4, 5 mM EDTA, 1 mM EGTA,
0.1% Nonidet P-40) which was supplemented with a Roche protease inhibitor cocktail
tablet. After clarification and denaturation with SDS buffer, samples were boiled for 5
minutes. Separation of the proteins was done by using SDS-PAGE and thereafter transferred
to a nitrocellulose membrane. These membranes were coated with primary antibodies and
active caspase-1 was detected using secondary anti-rabbit antibody conjugated to
horseradish peroxidase followed by enhanced chemiluminiscence.

In vitro cytokine production
Peritoneal macrophages were isolated by injecting 5 ml of ice-cold sterile PBS (pH 7.4) in
the peritoneal cavity. After centrifugation and washing, cells were resuspended in RPMI
1640 containing 1 mM pyruvate, 2 mM L-glutamine and 100 μg/ml gentamycin (culture
medium). Cells were counted using a Z1 Coulter Particle Counter (Beckman Coulter,
Woerden, The Netherlands) and adjusted to 1 × 106 cells/ml. Cells were cultured in 96-well
round-bottom microtiter plates (Costar, Corning, The Netherlands) at 1 × 105 cells/well, in a
final volume of 200 μl. The cells were stimulated with RPMI or two different heat-killed
Borrelia strains. After 24 hours of incubation at 37°C in air and 5% CO2, the plates were
centrifuged at 500×g for 10 min, and the supernatant was collected and stored at −80°C until
cytokine assays were performed.

Investigating the role of IL-33 was performed by incubation of peritoneal macrophages
which were stimulated with RPMI or Borrelia in the presence or absence of 10 μg/ml anti-
mouse IL-33 antibody (R&D Systems). After 48 hours of incubation, IL-4 and IL-5 levels
were measured using ELISA kits (eBioscience). ELISA’s were performed according to the
manufacturer’s instructions. Spleen cells were isolated by gently squeezing spleens in a
sterile 200 μm filter chamber. After washing with sterile PBS and centrifugation at 4°C
(1200 rpm 5 min), cells were resuspended in 4 ml RPMI 1640 in presence of 20% FCS.
Cells were counted and concentrations were adjusted to 1 × 107 cells/ml. Cells were cultured
in 24-wells plates (Greiner, Alphen a/d Rijn, The Netherlands) at 5 × 106 cells/well, in a
final volume of 1000 μl. After 5 days of incubation, supernatant was collected and stored at
−80°C until cytokine assays were performed.

Cytokine measurements
Concentrations of mouse IL-1β were determined by specific radioimmunoassay (RIA;
detection limit is 20 pg/ml) as described by Netea et. al [52]. Mouse IL-6, IL-17, and IFN-γ,
concentrations were measured by a commercial ELISA kit (Biosource, Camarillo, CA;
detection limits 16 pg/ml), according to the instructions of the manufacturer. IL-4 and IL-5
levels were measured using mouse ELISA Ready-SET-Go! Kits (eBioscience, San Diego,
California, USA; detection limits 4 pg/ml), according to the instructions of the manufacturer.

In brief, IL-4 and IL-5 were detected using biotinylated monoclonal antibodies, which are
able to bind to avidin-conjugated horseradish peroxidase followed by TMB-substrate
incubation. After stopping the reaction with 0.1M acid, reactions were measured in an
ELISA reader.

Induction of Borrelia-induced joint inflammation—Joint inflammation was induced
by intra articular injection (i.a.) of 1×105 heat-inactivated B. burgdorferi in 10 μl of PBS
into the right knee joint of naive or knock-out mice. 4 hour after i.a. injection, synovial
specimens were isolated. After one day, knee joints were removed for histology.
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Patella washouts and cytokine measurements
Protein levels of murine IL-1β, IL-6 or KC were measured in patellae washouts. 4h after
injection of 1×105 sp B. burgdorferi, patellae were isolated from inflamed knee joints and
cultured 1 hour at RT in RPMI 1640 medium containing 0.1% bovine serum albumin (200
μl / patella). Thereafter supernatant was harvested and centrifugated for 5 minutes at 1000 ×
g. For intracellular IL-1β levels, patellae were frozen directly after isolation. After repeated
freeze-thawing IL-1β was determined. Mouse cytokines were determined by Luminex
technology, kits for IL-1β, IL-6 and KC were obtained from Bio-Rad (Hercules, CA, USA).

Histological analysis
Mice were sacrificed by cervical dislocation. Whole knee joints were removed and fixed in
4% formaldehyde for 7 days before decalcification in 5% formic acid and processing for
paraffin embedding. Tissue sections (7 μm) were stained with Haematoxylin/Eosin.
Histopathological changes in the knee joints were scored in the patella/femur region on 5
semi-serial sections, spaced 140 μm apart. Scoring was performed on decoded slides by two
separate observers, using the following parameters: in the haematoxylin/eosin stained slides
the amount of cells infiltrating the synovial lining and the joint cavity was scored from 0–3
[53;54].

Statistical Analysis
The data are expressed as mean ± SEM unless mentioned otherwise. Differences between
experimental groups were tested using the two-tailed Mann-Whitney U test (95% confidence
interval) performed on GraphPad Prism 4.0 software (GraphPad). P values of ≤0.05 were
considered significant.
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Figure 1. Borrelia induces caspase-1-dependent IL-1β production
(A) 1 × 106 Bone marrow derived macrophages per ml from 5 WT C57/BL6 mice were
incubated for 24 hours with or without 1 × 105 spirochetes/ml heat-killed B. burgdorferi or
LPS (10 μg/ml) with or without ATP (3 mM) for 30 minutes. Cleaved caspase-1 was
detected by Western blot using antibodies to detect the inactive caspase-1 (p45) or cleaved
or active caspase-1 (p20). (B, C) Peritoneal macrophages (1 × 105/well) from 5 WT C57BL/
6 mice and 5 caspase-1 knock-out mice were incubated for 24 hours with (B) 3 × 106

spirochetes/ml heat-killed B. burgdorferi or (C) 1×106/ml B. afzelii (B. afz) or B.
burgdorferi (B. burg) or medium alone. Supernatant cytokine levels were determined by
RIA (IL-1β) or ELISA (IL-6). Data are mean ± SEM (pg/ml, 5 animals per group); *p<0.05,
Mann-Whitney U test, two-tailed.
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Figure 2. Induction of IL-17 and IFN-γ by Borrelia is caspase-1-dependent
(A, B) Spleen cells (5×106/well) from 5 WT C57BL/6 mice or 5 caspase-1 KO mice were
incubated with 1×106/ml B. afzelii or B. burgdorferi species or medium alone (RPMI).
Supernatants were collected after 5 days for measurement of cytokines by ELISA. Data are
mean ± SEM of 5 mice per group; *p<0.05, two-tailed Mann-Whitney U-test.
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Figure 3. Borrelia-induced cytokine production and cell influx is dependent on caspase-1
(A) Four hours after intra-articular injection of 1×105 heat-inactivated Borrelia species in 10
μl of PBS, patellae from 5 WT C57BL/6 mice or 5 caspase-1 knock-out were cultured for 1
hour and IL-1β, IL-6 and KC levels were measured using Luminex. Data are mean ± SEM; 5
animals in each group; **p<0.01; Mann-Whitney U-test, two-tailed. (B) Histology (H&E
staining) 1 day after i.a. injection of heat-inactivated Borrelia. Left panel, WT; right panel,
caspase 1 knockout mice. Arrows highlight areas of cell influx and the synovial lining; 200x
magnification; P, patella; F, femur; JC, joint cavity; Scale bar represents 50 μM. (C) Scored
cell influx 1 day after i.a. injection of heat-inactivated Borrelia. Data are mean ± SEM from
10 animals in each group; **p<0.01; Mann-Whitney U test, two-sided.
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Figure 4. IL-1β is critical for induction of IL-17 by Borrelia
(A) Peritoneal macrophages (1 × 105 / well) and (B) spleen cells (5 × 106 / well) from 4 WT
129SvBl/6 mice and 4 IL-1β knock-out mice were incubated with 3 × 106 B. burgdorferi
spirochetes/ml for 24h and 5 days, respectively. Supernatants were collected for
measurement of cytokines by ELISA (IL-6, IFN-γ and IL-17) or RIA (IL-1β). Data (n = 4
per group) are mean ± SEM; *p<0.05; Mann-Whitney U-test, two-tailed.
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Figure 5. (A) IL-18 is crucial for Borrelia induced IFN-γ but not IL-33 production
(A, B) 5 × 106 /well spleen cells of 5 WT C57BL/6 mice and 5 IL-18 knock-out mice were
incubated with 1 × 106 spirochetes/ml B. burgdorferi or B. afzelii or medium alone for 5
days. Supernatants were collected for measurement of (A) IFN-γ or (B) IL-17 by ELISA.
Data are mean ± SEM in pg/ml; 5 mice per group *p<0.05 two-tailed Mann-Whitney U test.
(C) Spleen cells (5 × 106 /well) of 3 wild-type Balb/c mice were cultured for 5 days in RPMI
alone or with 1 × 106/mL B. burgdorferi in the presence/absence of 10 μg/ml IL-33 antibody
or 10 μg/ml control goat IgG antibody. Supernatants were collected and IL-17 was measured
by ELISA. Data are mean ± SEM; pg/ml; 3 animals per group.
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