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Abstract
Borrelia burgdorferi invasion of mammalian joints results in genesis of Lyme arthritis. Other than
spirochete lipids, existence of protein antigens, which are abundant in joints and participate in B.
burgdorferi-induced host inflammatory response, is unknown. Here, we report that major products
of the B. burgdorferi basic membrane protein (bmp) A/B operon that are induced in murine and
human joints, possess inflammatory properties. Compared to the wild type B. burgdorferi, an isogenic
bmpA/B mutant induced significantly lower levels of pro-inflammatory cytokines TNF-α and
IL-1β in cultured human synovial cells, which could be restored using bmpA/B-complemented
mutants, and more directly, upon addition of recombinant BmpA, but not BmpB or control spirochete
proteins. Non-lipidated and lipidated versions of BmpA induced similar levels of cytokines, and
remained unaffected by treatment with lipopolysaccharide inhibitor, polymyxin B. The bmpA/B
mutant was also impaired in the induction of NF-κB and p38 MAP kinase signaling pathways in
synovial cells, which were activated by non-lipidated BmpA. These results show that a protein moiety
of BmpA can induce cytokine responses in synovial cells via activation of the NF-κB and p38 MAP
kinase pathways and thus, could potentially contribute to the genesis of Lyme arthritis.
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1. Introduction
Lyme borreliosis is a prevalent tick-borne human disease caused by Borrelia burgdorferi or
related spirochetes [1]. Ixodes ticks, while feeding on a mammal, deposit spirochete on the
dermis. The bacteria soon spread to a variety of host organs, most often in joints where a robust

*Corresponding author: Utpal Pal, Department of Veterinary Medicine, Building 795, Room 1341, University of Maryland, College
Park, MD 20742. Phone: 301-314-2118, Fax: 301-314-6855, Email: upal@umd.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Microbes Infect. Author manuscript; available in PMC 2009 October 1.

Published in final edited form as:
Microbes Infect. 2008 October ; 10(12-13): 1300–1308. doi:10.1016/j.micinf.2008.07.029.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



host inflammatory responses result in complications of Lyme arthritis. Without antibiotic
therapy, approximately 60% of the infected patients develop Lyme arthritis [1]. The physical
presence of spirochetes in the joint tissue is indispensible for the development of Lyme arthritis
[2], however, the identity of the precise molecular components of spirochetes that trigger
inflammation in the host remains largely unclear [1].

B. burgdorferi-induced joint inflammation is primarily orchestrated by inflammatory cytokines
and chemokines, such as tumor necrosis factor (TNF)-α, interleukin (IL)-1α, IL-1β, IL-6, IL-8,
IL-12p70, and IL-18, IL-23/IL-17 and interferon (IFN)-γ [1,3,4]. As spirochetes lack
lipopolysaccharide (LPS), lipoproteins are thought to be the primary mediator of B.
burgdorferi-induced inflammatory responses [5], which are mediated by specific toll-like
receptors (TLRs), such as TLR1 and TLR2, in conjunction with CD14 [6–8]. However, the
fact that TLR2-deficient mice, more importantly MyD88-knockout mice, the shared adaptor
molecule for most TLRs-induced signaling, also develop joint inflammation, suggesting that
TLR-independent receptors are also important in the pathogenesis of Lyme arthritis [9].
Multiple subtypes of integrins and Fcγ receptors are examples of non-TLR receptors that
recognize specific spirochete ligands, such as p66 [10], BBB07 [11] or unidentified B.
burgdorferi antigens [12], and are likely to be associated with host inflammatory responses.
In addition to cell surface events that initiate B. burgdorferi-cell activation, details of
intracellular signaling pathways that control the expression of immunomodulators have also
been studied. B. burgdorferi activates distinct signaling pathways, for example, NF-κB, p38
MAPK, JNK and JAK/STAT that contribute to the expression of a variety of target cytokines,
chemokines, matrix metalloproteinases (MMP) [13–16], thereby contributing to the genesis of
Lyme arthritis [1]. These studies established the paradigm that Lyme arthritis results from a
multifactorial inflammatory response that is triggered by diverse host-pathogen interactions
and the activation of signaling cascades that induces immnomodulatory molecules contributing
to the genesis of inflammatory disease.

The B. burgdorferi basic membrane protein (bmp) A/B operon encodes two paralogous
lipoproteins, BmpA and BmpB [17]. BmpA, however, is the major product of the operon,
which is expressed at levels 4-fold higher than BmpB [18]. BmpA/B proteins are exposed on
the microbial surface [19], highly antigenic [20], and induced in infected murine and human
joints [19]. A recent study indicated that bmpA/B mutants, although infectious in mice, were
unable to persist in joints, and thus, induced less severe arthritis [19]. We therefore sought to
determine whether the products of the bmpA/B operon could directly induce inflammatory
cytokine responses in joint derived cells. Elucidation of the inflammation cascades mediated
by specific B. burgdorferi antigens that are induced locally in joints might shed light on the
mechanisms of the complex arthritic disorder caused by the pathogen.

2. Materials and methods
2.1. Borrelia burgdorferi isolates and the human synovial cell line

An infectious isolate of B. burgdorferi B31 and isogenic mutants were used throughout the
study [19]. The human synovial cell line SW 982 (ATCC, Manassas, VA) was grown in L-15
medium (Invitrogen, Carlsbad, CA) supplemented with 2% glutamine and 10% fetal calf serum
(Invitrogen) at 37°C in a humidified incubator without CO2. The cells were grown to 80%
confluence in 12-well (2×105 cells/well) plates before use.

2.2. Production of lipidated and non-lipidated recombinant Borrelia burgdorferi proteins and
antibodies

Recombinant non-lipidated BmpA and BmpB proteins [19], BB0365 [21] and lipidated OspA
[22] were produced in Escherichia coli as detailed. Lipidated BmpA was produced in E. coli
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using the bacterial expression vector, pGEX-6P1 (GE Healthcare, Piscataway, NJ) and the
following primers with EcoRI and XhoI restriction sites (5′-3′): ACG AAT TCA TGA ATA
AAA TAT TGT TGT TGA, AGC TCG AGT TAA ATA AAT TCT TTA AGA AA).
Expression, purification and enzymatic cleavage of the glutathione transferase (GST) fusion
protein were carried out as described previously [19]. Generation of rabbit antisera against
non-lipidated BmpA has been described previously [19].

2.3. Stimulation of synovial cells with B. burgdorferi and recombinant proteins
Synovial cells were exposed to B. burgdorferi with a multiplicity of infection (MOI) of 1:50
[23], different concentrations of recombinant proteins (30 nanogram - 1μg/ml),
lipopolysaccharide (LPS, 5μg/ml, Sigma Chemical Co. St. Louis, MO) and LPS inhibitor,
polymyxin B (10μg/ml, Sigma) as described [5].

2.4. Quantitative RT-PCR
Quantitative RT-PCR (qRT-PCR) analyses were performed to measure quantities of cytokine
transcripts as described [19,21]. Briefly, at indicated time points following stimulation,
synovial cells were harvested and total RNA was purified with the TRIzol reagent (Invitrogen).
Total RNA was digested with RNase-free DNaseI (NEB, Ipswich, MA) followed by
purification on RNeasy mini spin columns (Invitrogen) and transcribed to first-strand cDNA
using a commercial kit (Stratagene, La Jolla, CA). Following forward and reverse primers were
used for qRT-PCR analysis: TNF-α, 5′-TCT CCT TCC TGA TCG TGG C-3′ and 5′-TGA AGA
GGA CCT GGG AGT AGA-3′; IL-1β, 5′-CAA AGG ATA TGG AAA CAA AAG-3′ and 5′-
GGA ACG TGC TGT CAG AGG TC-3′; β-actin, 5′-GAC GAC ATG GAG AAA ATC TG-3′
and 5′-AGG TCT CAA ACA TGA TCT GG-3′. Quantities of cytokine mRNA in each sample
were normalized based on the respective quantities of β-actin as described [19,21].

2.5. ELISA
Following stimulation, culture supernatants were centrifuged at 2500g for 5 min to obtain cell-
free samples. TNF-α and IL-1β protein levels were measured using commercially available
cytokine capture-ELISA kits (BD Bioscience, Franklin Lakes, NJ), according to the
manufacturer’s instructions.

2.6. Western blot analysis
Western blot analysis was performed as described [14] using antibodies that recognize total
and phosphorylated forms of IκB-α (Cell Signaling Inc. Danvers, MA) and p38 MAP kinase
(Cell Signaling Inc) proteins. The immunoblot signals were revealed by horseradish
peroxidase-conjugated secondary antibodies (Sigma Chemical Co) and chemiluminence
substrate (GE Healthcare). Western blots were also imaged in a Chemidoc XRS (Bio-rad
laboratories, Hercules, CA) for densitometric analyses of relative protein levels using Quantity
One software (Bio-rad).

2.7. Electrophoretic mobility shift assays (EMSA)
Nuclear extracts of synovial cells were separated using a commercially available kit (PIERCE
Biotech, Rockford, IL) following incubation of 0, 5, 10, 15, 30 and 60 minutes in the absence
or presence of BmpA (0.1μg/ml) or LPS (5μg/ml). Binding reactions were performed using 2
μg of nuclear protein in the presence of specific 32P-end-labeled double stranded
oligonucleotide as described [14] with or without unlabeled oligonucleotide probe
corresponded to the consensus NF-kB binding site (AGT TGA GGG GAC TTT CCC AGG
C). A oligonucleotide probe corresponding to AP-1 binding site was used as a control [24].
Super-shift and competition assays were performed using antibodies against p50 and RelA
(Santa Cruz Biotechnology, Santa Cruz, CA).
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2.8. Reporter gene assays
The activation of the NF-κB or p38 MAP kinase pathways in transfected synovial cells was
assessed as described before [25] using signal transduction pathway activation assay
(PathDetect reporting systems, Stratagene). Briefly, cells were co-transfected using effectene
transfection reagent (Qiagen, Valencia, CA) with either 400ng of pNF-κB-Luc or 400ng and
40 ng of pFR-Luc and pFA-CHOP plasmids, respectively. Cells were also transfected with
50ng of phRL-TK plasmid as an internal control. Twenty-four hours following transfection,
cells were exposed to recombinant proteins in the presence or absence of polymyxin B as
described earlier. BmpA antibodies (1: 100 dilution) were added in some wells. In addition,
selected wells also received either TLR2 agonist Pam3CSK4 (5 nanogram/ml, InvivoGen, San
Diego, CA) or LPS (5μg/ml) and TLR2 or TLR4 neutralization antibodies (10μg/ml,
InvivoGen). After 18 hours of incubation, the cells were lysed in lysis buffer (Promega,
Madison, WI) and Firefly and Renilla luciferase activities were determined by the Dual
Luciferase reporter system (Promega).

2.9. Statistical analysis
Results are expressed as the mean ± standard error (SEM) derived from at least three
independent experiments done in duplicate. The significance of the differences between the
mean values of the groups was evaluated by Student’s t test. P < 0.05 was considered
significant.

3. Results
3.1. BmpA/B-deficient B. burgdorferi fails to induce pro-inflammatory cytokines in cultured
human synovial cells

It has been reported that B. burgdorferi bmpA/B genes are preferentially induced in infected
murine and human joint tissues, and that infection with bmpA/B mutants leads to less severe
Lyme arthritis [19]. To assess if bmpA/B mutant B. burgdorferi are defective in activating
cellular inflammatory responses, human synovial cells (ATCC cell line SW982) were exposed
to B. burgdorferi at a multiplicity of infection (MOI) of 1:50 and harvested at 2, 6, 12 and 24
hours following spirochete treatment. As controls, parallel wells were left untreated or exposed
to lipopolysaccharide (LPS). Transcript and secreted protein levels of two pro-inflammatory
cytokines, TNF-α and IL-1β, which are implicated in the pathogenesis of Lyme arthritis [1,3,
4] were analyzed by quantitative RT-PCR (qRT-PCR) and ELISA, respectively. Compared to
wild type spirochetes, bmpA/B-deficient B. burgdorferi induced significantly lower levels of
both cytokine transcripts at all indicated time points (Fig. 1A, P < 0.001). Consistent with the
mRNA level, the amounts of TNF-α and IL-1β proteins were also significantly reduced in the
supernatants of cultured synovial cells exposed to bmpA/B mutants (Fig 1B, P < 0.0002). These
results suggest that deletion of bmpA/B genes impairs the ability of the spirochete to induce
TNF-α and IL-1β production in synovial cells. A bmpA/B-complemented isolate that restored
the production of both BmpA and BmpB proteins [19] was able to induce significantly higher
levels of TNF-α and IL-1β transcripts than bmpA/B mutants (P< 0.05), indicating that the
phenotypic defects of bmpA/B mutants for the induction of TNF-α and IL-1β can be attributed
to the loss of the bmpA/B gene products (Fig. 1C). These experiments indicate that B.
burgdorferi bmpA/B gene products can directly induce selected pro-inflammatory cytokines
in human synovial cells.

3.2. BmpA activates pro-inflammatory cytokine production via non-lipidated portion of the
lipoprotein

As B. burgdorferi possesses numerous membrane lipoproteins with common lipid
modifications [17], we next studied whether the defect of bmpA/B mutants to induce cytokine
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response was due to the loss of the non-lipidated portion of lipoproteins. Synovial cells were
treated with bmpA/B mutants (MOI of 1:50) in the presence or absence of either non-lipidated
BmpA or BmpB proteins (300 nanogram/ml). As control, equal amounts of non-lipidated
BB0365 were added in parallel wells to assess the effect of an unrelated B. burgdorferi protein.
BmpA, BmpB and BB0365 were produced using the same expression vector and E. coli isolate.
Additional wells were also treated with polymyxin B (10μg/ml) to exclude the effects of
contaminating endotoxins. Results showed that non-lipidated BmpA was the most potent
inducer of cytokine expression, and significantly reconstituted the capability of bmpA/B mutant
B. burgdorferi to induce the expression of TNF-α and IL-1β (P< 0.01), whereas BmpB or
BB0365 proteins were unable to rescue the mutant ability to induce the cytokine response (Fig.
2). Polymyxin B did not influence BmpA-induced cytokine response, indicating that
contaminated bacterial endotoxins are not responsible for the effect (Fig. 2). As BmpA alone
was sufficient to restore the ability of the bmpA/B mutant to induce an inflammatory response,
subsequent studies were focused on BmpA.

We then investigated whether the non-lipidated BmpA protein, in the absence of B.
burgdorferi, could directly induce cytokine production in the synovial cells. Cells (2×105 cells/
ml) were treated with non-lipidated BmpA or the control protein, BB0365, at two
concentrations (30 and 300 nanogram/ml), and transcript levels of TNF-α and IL-1β were
measured by qRT-PCR at 12 hours after treatment. To assess if the lipid modification of BmpA
could influence the cytokine response, parallel wells were also treated with equal
concentrations of lipidated BmpA. Lipidated OspA, a known inducer of TNF-α and IL-1β
[26], was used as a control. As an additional control, parallel wells were also treated with
polymyxin B. Results showed that, compared to untreated control, non-lipidated BmpA was
able to induce both TNF-α and IL-1β expression, which was not statistically different from
that of lipidated BmpA (Fig. 3), indicating that the lipid modification of the BmpA protein is
not necessary to induce pro-inflammatory cytokine production in synovial cells. As expected,
lipidated OspA induced TNF-α and IL-1β transcripts. In contrast, BB0365 failed to induce a
significant cytokine response, and polymyxin B did not influence the cellular cytokine
expression, suggesting that the ability of BmpA to induce cytokine expression was likely
specific and independent of endotoxin contamination. Together, these data indicate that the
non-lipidated portion of the B. burgdorferi BmpA lipoprotein is capable of inducing the
production of pro-inflammatory cytokines by synovial cells.

3.3. bmpA/B mutant B. burgdorferi fails to activate NF-κB and p38 MAPK signaling events
We then explored the signaling events in synovial cells that might influence the ability of
bmpA/B mutant B. burgdorferi to induce pro-inflammatory cytokine expression. We chose to
assess two key signaling pathways associated with genesis of Lyme arthritis, NF-κB [15] and
p38 MAP kinase [14] pathways, which are also known to regulate expression of inflammatory
cytokines [1]. To compare the activation of these two pathways, synovial cells were exposed
to equal numbers of wild type or bmpA/B mutant B. burgdorferi at a MOI of 1:50 and the
phosphorylation status of cellular IκB-α (as a surrogate marker of NF-κB activation) and p38
MAP kinase were assessed after 0, 5, 10, 15, 20 and 30 minutes of the spirochete treatment.
Western blot analyses showed that phosphorylation status of IκB-α and p38 MAPK were
rapidly enhanced with the exposure of wild type spirochetes, and an approximate 10-fold
increase of phosphorylation was noted within the first few minutes of spirochete treatment
(Fig. 4). In contrast, cells exposed to bmpA/B mutant B. burgdorferi failed to display a
significant increase in the phosphorylation status of either IκB-α or p38 MAP kinase (Fig. 4).
These results suggest that the reduced TNF-α and IL-1β expression in synovial cells exposed
to bmpA/B mutants (Fig. 1) could be linked to the impaired ability of mutants to activate NF-
κB and p38 MAP kinase signaling pathways.
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3.4. Non-lipidated BmpA directly activates NF-κB and p38 MAPK pathway in synovial cells
As BmpA directly induced the expression of TNF-α and IL-1β in synovial cells (Fig. 3), we
next assessed whether the recombinant protein could directly induce the activation of NF-κB
and p38 MAP kinase in synovial cells. Similar to wild type B. burgdorferi-induced
phosphorylation of synovial cells (Fig. 4), phosphorylation of IκB-α and p38 MAP kinase was
readily evident within 5 minutes of recombinant BmpA treatment (Fig. 5A), while the control
protein, BB0365, did not show obvious phosphorylation of either protein (Fig. 5A). Similarly,
electrophoretic mobility shift assay (EMSA) showed that BmpA induced the formation of
complexes with the consensus binding sequence that was similar to those obtained with LPS
(Fig. 5B). Super-shift assays further confirmed the specificity of the EMSA assay and showed
that the heterodimeric NF-kB induced by BmpA contains p50 and RelA (Fig. 5B). Finally, we
assessed whether BmpA can induce the NF-κB and p38 MAP kinase reporter genes expression
in the transfected synovial cells. To accomplish this, cells were transfected with NF-κB and
p38 MAP kinase reporter plasmids or control plasmids, as detailed in the Materials and
Methods section. Twenty-four hours after transfection, cells were exposed to equal
concentration (300 nanogram/ml) of either non-lipidated BmpA or the control B.
burgdorferi protein, BB0365, for 18 hours. As additional controls, parallel wells were also
treated with polymyxin B and BmpA antibodies (1: 100 dilution) to assess the specificity of
BmpA-induced reporter gene expression. BmpA increased the activity of NF-κB and p38 MAP
kinase reporting systems to increase by 8- and 5-fold, respectively, which was significantly
higher (P< 0.01) than that induced by the control BB0365 protein (Fig. 5C). Polymyxin B did
not influence the ability of BmpA to induce the reporter gene expression (data not shown).
BmpA antibodies significantly blocked the effects of BmpA-mediated reporter gene expression
(P< 0.05), but had no effect on BB0365-induced wells, further suggesting that the activation
of NF-κB and p38 MAP kinase can be solely attributed to BmpA (Fig. 5C). Of note, neutralizing
antibodies against either TLR2 or TLR4 were unable to inhibit non-lipidated BmpA-mediated
activation of NF-κB pathways in transfected synovial cells; TLR2 antibodies, however,
significantly blocked similar activation of NF-κB pathway mediated by lipidated BmpA
(P<0.004, Fig 5D).

4 Discussion
Lyme arthritis is a multifactorial host inflammatory response triggered by the B. burgdorferi
invasion of the joint tissue [1]. Here, we show that the major product of the B. burgdorferi
bmpA/B operon, BmpA, which is selectively induced in infected murine and human joints
[19], triggers expression of two pro-inflammatory cytokines, TNF-α and IL-1β, in cultured
human synovial cells. While spirochete lipids are regarded as the primary mediator of B.
burgdorferi-induced host inflammatory response [5,15,26], BmpA induced the cytokine
expression through the non-lipidated portion of the lipoprotein, and also activated NF-κB and
p38 MAP kinase pathways. Exploration of specific contributions of joint-inducible B.
burgdorferi gene products, such as BmpA, in the development of inflammatory responses
might provide new insights into the pathogenesis of Lyme arthritis.

B. burgdorferi infection in joints induces expression of selective inflammatory cytokines that
are triggered by distinct cell surface events [1,7,10–12]. Contrary to infiltrating immune cells,
such as macrophages or monocytes, where phagocytosis of B. burgdorferi is required for
activation of cytokine response [27], resident joint cells, such as synovial cells, are likely to
be non-phagocytic, thus, might rely on the interaction with the spirochete or its derived
components via cell surface receptors. While TLR2 is known to recognize spirochete lipids
[7,8], integrins [10,11] and Fcγ receptors [12] have also been shown to interact with specific
B. burgdorferi ligands, resulting in cellular inflammatory responses. Additionally, a recent
study implicated TLR5, a known receptor for bacterial flagellin, as a possible participant in B.
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burgdorferi-induced cellular cytokine activation [13]. Although we have determined that
synovial cells used in the current study produce detectable levels of TLR2, TLR4 and TLR5
mRNA and protein (data not shown), and are also known to express multiple subtypes of
integrins [28], their involvement in BmpA-mediated cytokine production remains unclear.
While lipidated BmpA-induced activation of synovial cells could be mediated by TLR2 (Fig.
5D), our studies suggest that BmpA could trigger similar inflammatory responses that are
independent of its lipid modification, and likely involve a protein moiety of the lipoprotein.
Non-lipidated BmpA-mediated activation of synovial cells is specific to the concerned antigen,
rather endotoxin contamination as polymyxin B had minimal inhibitory effects. This is further
supported by the observations that although each non-lipidated recombinant protein used in
our study used the same expression vector and E. coli isolates, only BmpA, unlike BmpB (Fig.
2) and BB0365 (Fig. 2 and Fig 5), selectively activated the synovial cells. BmpA is paralogous
to 3 additional members of B. burgdorferi bmp gene family [17], and structurally most similar
to BmpB (49% amino acid identity). However, BmpB failed to induce significant cytokine
responses, when compared to BmpA, suggesting that unique epitope/s selectively present in
BmpA are responsible for the pro-inflammatory cytokine response in synovial cells.

B. burgdorferi burden in infected joints is correlated with the severity of Lyme arthritis [1],
which, at least in part, depends on the localized production of inflammatory cytokines [1].
TNF-α and IL-1β are two key pro-inflammatory cytokines that are readily induced by B.
burgdorferi when exposed to human or murine cells in vitro [26,27] and in infected mice or
Lyme disease patients [4,29]. B. burgdorferi-mediated TNF-α and IL-1β induction in joint
tissues is also shown to contribute to the subsequent production of additional
immnomodulatory molecules, such as IL-8 [3], which is a potent chemoattractant for
polymorphonuclear cells. Lyme arthritis could be characterized by a massive influx of immune
cells from the blood vessels, including polymorphonuclear cells, which significantly
contributes to the etiology of arthritis [30]. Since BmpA undergoes a spatial and temporal
upregulation in infected murine joints that coincides with development of inflammation [19],
our results strongly suggest that BmpA may participate in the B. burgdorferi-induced activation
of pro-inflammatory cytokine in synovial cells via NF-κB and p38 MAP kinase signaling
pathways, thereby contributing to the outcome of joint inflammation.

In conclusion, we show that a joint-inducible, antigenic and surface-exposed lipoprotein of B.
burgdorferi, BmpA, is directly capable of inducing pro-inflammatory cytokine responses via
a protein moiety. Identification of cell surface events, including participation of putative host
receptor/s that mediate BmpA-induced inflammatory responses, will provide new insights into
the pathogenic mechanisms of the multifactorial joint disorders caused by the Lyme disease
pathogen.
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Fig. 1.
Deficiency of B. burgdorferi bmpA/B operon impairs production of TNF-α and IL-1β. (A) A
B. burgdorferi isolate deficient in BmpA/B proteins (BmpA/B−) is significantly impaired in
its ability to induce TNF-α (left panel) and IL-1β (right panel) expression in cultured human
synovial cell line SW 982. Cells were exposed to wild type B. burgdorferi (dark gray bar) and
isogenic bmpA/B mutants (bmpA/B−, light gray bar) for 2, 6, 12 and 24 hours. Total RNA was
isolated and TNF-α, IL-1β and β-actin transcript levels were measured by quantitative RT-
PCR analysis, and the levels of cytokines were further normalized to β-actin levels. Expression
of cytokines in untreated cells (black bar) and cells exposed to lipopolysaccharide (LPS, white
bar) at indicated time points were used as negative and positive controls, respectively. Bars
represent the mean ± standard error (SEM) from three independent experiments. bmpA/B
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mutant-exposed transcript levels were significantly lower than those treated with wild type
spirochetes at all time points (P < 0.001). (B) B. burgdorferi bmpA/B mutant is impaired to
induce secretion of TNF-α and IL-1β proteins. Synovial cells (SW 982) were exposed to wild
type B. burgdorferi (dark gray bar) and isogenic bmpA/B mutants (bmpA/B−, light gray bar)
for 2, 6, 12 and 24 hours. The cells without treatment, or exposed to lipopolysaccharide (LPS)
were used as controls. Supernatants were evaluated for TNF-α (left panel) and IL-1β (right
panel) by enzyme-linked immunosorbent assay. Bars represent the mean ± standard error
(SEM) from three independent experiments. bmpA/B mutant-induced cytokine levels were
significantly lower than those of wild type spirochetes at all time points (P < 0.0002), except
for TNF-α levels at 2 hour time point (P > 0.05). (C) bmpA/B-complemented B. burgdorferi is
able to induce higher levels of cytokines than bmpA/B mutants. Synovial cells were exposed
to wild type or genetically manipulated B. burgdorferi isolates for 12 hours and transcript levels
of TNF-α and IL-1β were detected by quantitative RT-PCR analysis and normalized to the
level of β-actin. The cells without treatment were used as a negative control. Bars represent
the mean ± standard error from three independent experiments. Difference between bmpA/B-
complemented and bmpA/B− B. burgdorferi is significant (P< 0.05).
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Fig. 2.
Recombinant BmpA selectively reconstitutes the ability of bmpA/B mutant B. burgdorferi to
induce cytokine expression. Synovial cells were exposed to B. burgdorferi bmpA/B mutants
(bmpA/B−) for 12 hours in the absence or presence of recombinant B. burgdorferi proteins (300
nanogram/ml), BmpA, BmpB and BB0365 (control). Parallel wells were treated with 10 ug/
ml of polymyxin B (PB) before addition of B. burgdorferi. Expression of TNF-α (black bar)
and IL-1β (gray bar) were measured by quantitative RT-PCR analysis and normalized to the
level of β-actin. Levels of cytokine transcripts in the untreated cells and in cells exposed to
either wild type spirochetes or bmpA/B mutants were shown. Bars represent the mean ±
standard error from three independent experiments. Unlike corresponding concentration of
BmpB and BB0365, only BmpA (300 nanogram/ml) was able to reconstitute the ability of
bmpA/B− to induce the cytokine response (P< 0.05).
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Fig. 3.
Non-lipidated and lipidated BmpA directly induce comparable levels of TNF-α and IL-1β
transcripts. Synovial cells were treated with either 30 or 300 nanogram/ml of recombinant non-
lipidated (black bar) or lipidated (gray bar) BmpA proteins in the absence or presence of 10ug/
ml polymyxin B (PB) for 12 hours. Amounts of TNF-α and IL-1β mRNA were measured by
quantitative RT-PCR analysis and normalized to the level of β-actin. Levels of cytokine
transcripts in the untreated cells (control) and in cells exposed to lipidated B. burgdorferi OspA
(Lip-OspA, white bar) were shown. Bars represent the mean ± standard error from three
independent experiments. Difference in the levels of cytokine transcripts between non-
lipidated and lipidated BmpA exposed cells are non-significant (P>0.05), but higher than
untreated cells (P< 0.001).
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Fig. 4.
bmpA/B mutant B. burgdorferi has impaired ability to induce phosphorylation of IκB-α and
p38. (A) Phosphorylation of IκB-α. Cells were exposed to wild type and bmpA/B mutant
spirochetes and harvested at 0, 5, 10, 15, 20 and 30 min following B. burgdorferi exposure.
Western blot analysis was performed on whole cell lysates using antibodies that specifically
recognize phosphorylated (PIκB-α) and total (IκB-α) forms of IκB-α proteins. Cellular actin
level was used as a loading control. A representative of three experiments is presented. (B)
Densitometric analysis of IκB-α phosphorylation. Relative densities of phosphorylated and
total IκB-α levels in synovial cells exposed to wild type (black bar) and bmpA/B mutant B.
burgdorferi (gray bar) were determined by densitometric scan. Data represented as the relative
ratio of phosphorylated and total IκB-α levels, and the values of 0 minute time points, were
considered as 100%. (C) and (D) Phosphorylation of p38 MAPK. The cell lysates were assessed
by Western blotting using antibodies that specifically recognize phosphorylated (Pp38) and
total (p38) forms of p38 MAPK proteins, followed by densitometric analysis with similar
parameters as described for IκB-α in (A) and (B) above.

Yang et al. Page 14

Microbes Infect. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Non-lipidated BmpA activates NF-κB or p38 MAPK signaling pathways in synovial cells. (A)
Phosphorylation of IκB-α and p38 MAPK. Cells were harvested at indicated times after
treatment with non-lipidated BmpA or BB0365 (300 nanogram/ml), and phosphorylation of
IκB-α was assessed by Western blotting using antibodies that specifically recognize
phosphorylated (PIκB-α) and total (IκB-α) forms of IκB-α proteins (upper panels). Lower
panels indicate phosphorylation of p38 MAPK assessed using antibodies that specifically
recognize phosphorylated (Pp38) and total (p38) forms of p38 MAPK proteins. (B) BmpA-
mediated induction NF-κB was assessed by electromobility shift assays (EMSA). The left panel
shows a time course of nuclear extracts binding to an oligonucleotide probe containing
consensus NF-κB binding sites. Synovial cells were stimulated for the indicated times with
BmpA or LPS (control). The panel also shows a representative super shift assay using
antibodies specific for p50 and c-Rel. The reactions using BmpA- (1) or LPS- (2) induced
nuclear extracts were performed in the absence or presence of excess (100X) unlabeled
oligonucleotides (cold NF-κB, right panel). The competition reactions were also carried out
with cold AP-1 consensus binding sequences (negative control). (C) Activation of NF-κB or
p38 MAPK signal transduction pathways in transfected synovial cells. Cells were co-
transfected with phRL-TK plasmid (internal control) and pNF-κB-Luc (NF-κB reporter) or
pFR-Luc and pFA-CHOP (p38 reporter). Transfected cells were exposed to 300 nanogram/ml
of either non-lipidated recombinant proteins, BmpA (black bar) or control B. burgdorferi
protein, BB0365 (gray bar) in the presence or absence of BmpA antibodies (1: 100 dilution).
After 18 hours of incubation, luciferase activities were determined in each sample, and
differential transfection efficiencies were normalized using Renilla luciferase activities.
Specific luciferase activities of each group were presented as fold increase compared to the
corresponding zero time values. Bars represent the mean ± standard error from three
independent experiments. Luciferase reporter gene expression in BmpA exposed cells is
significantly higher than that of BB0365 treated cells (P< 0.001), which is abrogated by the
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addition of BmpA antibody (P< 0.01). (D) TLR antibody-mediated inhibition of BmpA-
induced activation of NF-κB signal transduction pathways in transfected cells. Synovial cells
were co-transfected with phRL-TK plasmid (internal control) and pNF-κB-Luc (NF-κB
reporter) plasmids, exposed to either 300 nanogram/ml of recombinant BmpA proteins (dark
gray bars) or known TLR2 or TLR4 agonists, Pam3CSK4 or LPS, respectively (light gray
bars). In addition, selected cells were also incubated with either TLR2 or TLR4 antibodies
(black bars). After 18 hr of incubation, luciferase activities were determined and presented as
fold increase relative to the corresponding zero time values. Bars represent the mean ± standard
error from three independent experiments. TLR2 antibody significantly reduced the luciferase
expression in cells exposed to either lipidated BmpA or Pam3CSK4 (P<0.004), but did not
alter the reporter gene expression in cells exposed to non-lipidated BmpA (P>0.05). TLR4
antibody, while reduced the LPS-mediated luciferase expression (P<0.005), did not influence
either lipidated or non-lipidated BmpA-mediated reporter gene expression (P>0.05).
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