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We investigated the mechanisms that lead to the production of proinflammatory mediators by human
monocytes when these cells are exposed in vitro to live Borrelia burgdorferi spirochetes. We first focused on
myeloid differentiation primary response protein 88 (MyD88), an adapter molecule that is essential in the
Toll-like receptor (TLR) pathway. Real-time PCR, flow cytometry, and confocal microscopy experiments
revealed that MyD88 was maximally expressed in THP-1 cells after 24-h stimulation of these cells with live B.
burgdorferi. Silencing of the MYD88 gene by using small interfering RNA resulted in 24%, 35%, and 84%
down-modulation of the production of tumor necrosis factor alpha (TNF-�), interleukin-8 (IL-8), and IL-6,
respectively, in THP-1 cells stimulated with live B. burgdorferi. Specific silencing of the TLR1, TLR2, or TLR5
gene by RNA interference further revealed that silencing of the TLR1 and TLR2 genes alone or combined, but
not the TLR5 gene, caused a downregulation of IL-6, IL-8, and TNF-� in live B. burgdorferi-stimulated THP-1
cells. Overall, similar results were obtained for THP-1 cells stimulated with purified lipoproteins. Our results
indicate that the TLR pathway mediates, at least in part, the release of inflammatory mediators in human
monocytes stimulated with live B. burgdorferi spirochetes and furthermore suggest that the TLR-dependent
interaction between these cells and live spirochetes is mediated by spirochetal lipoproteins but not by flagellin.

Borrelia burgdorferi, the spirochete that causes Lyme disease,
is spread to humans and other mammals through the bite of
infected Ixodes ticks (8). Invasion of the mammalian host by B.
burgdorferi results in the release of inflammatory mediators
and the influx of inflammatory cells (23, 25, 26) in multiple
organs such as the skin, heart, joints, and central and periph-
eral nervous systems (15, 20, 46, 55). It is thought that inflam-
mation, induced either by the spirochete or by the spirochetal
antigens left in tissues after bacterial demise, plays a major role
in disease pathogenesis.

Recognition of microbial pathogens by cells of the innate
immune system occurs in part via pattern recognition receptors
such as those belonging to the germ line-encoded Toll-like
receptor (TLR) family (31). To date, 13 mammalian TLRs
(TLR1 to TLR13) have been identified (2, 33, 61). TLR2
recognizes bacterial lipopeptides and lipoproteins in a het-
erodimeric complex with TLR1 or TLR6 (4, 30, 42, 52, 56, 57);
TLR4 recognizes lipopolysaccharide (48); and TLR5 detects
bacterial flagellin (27). TLR3, TLR7, and TLR8 are special-
ized primarily for viral RNA detection (3, 18, 28, 41); TLR9
recognizes unmethylated CpG DNA (29, 59). TLR11 recog-
nizes uropathogenic bacteria and apicomplexan profilins in
mice (37, 47, 61), but it is nonfunctional in humans because of
the presence of a stop codon in the gene (37, 47). The ligands
for TLR10, TLR12, and TLR13 are as yet unknown (58).

The signaling events downstream of TLRs proceed through

at least four adapter proteins: myeloid differentiation factor 88
(MyD88), MyD88 adapter-like/Toll interleukin-1 receptor-as-
sociated protein (MAL/TIRAP), TLR-associated activator of
interferon (TRIF), and TLR-associated molecule (TRAM)
(54). Notable among the TLR-mediated activation processes
of innate immune cells is the induction of the transcription
factor NF-�B, which in turn triggers the expression of many
proinflammatory mediators such as cytokines, chemokines,
and costimulatory molecules (1, 2, 19, 22, 34, 36, 49). Perhaps
the most important TLR-expressing cells are dendritic cells
and macrophages. These are major effectors and mediators of
innate and acquired immunity and, as such, are crucial players
at the host-pathogen interface (31, 45).

Studies addressing the mechanisms of TLR signaling by B.
burgdorferi in innate immune cells have focused predominantly
on spirochetal surface lipoproteins. These molecules have
been shown to play an important role in the inflammatory
response to and host defense against spirochetal infection.
Lipoproteins of B. burgdorferi interact with TLR2/TLR1 het-
erodimers (4, 56), resulting in the activation of NF-�B and
release of inflammatory mediators (30). Although purified mi-
crobial motifs selectively activate TLRs, recent data indicate
that the interaction of live organisms with TLR-bearing cells is
more complex than initially anticipated, as different compo-
nents of the same organism can activate several different
TLRs, as well as other receptors, and can lead to the activation
of multiple signaling cascades and different patterns of gene
expression (1, 31). In this regard, it has been shown that B.
burgdorferi binds to integrin �3�1 and that binding of the spi-
rochete to this integrin results in the induction of inflammatory
cytokines and chemokines in primary human chondrocytes (6).

Elucidating the molecular basis of signaling events caused by
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live B. burgdorferi spirochetes in innate immune cells is crucial
to understanding inflammation in Lyme disease. Thus, in the
present study, we used human monocytic THP-1 cells and live
B. burgdorferi spirochetes as a model for monocyte-pathogen
interactions to mimic the initial phase of the immune response
during the course of a spirochetal infection. We focused on the
candidates most likely to recognize live B. burgdorferi spiro-
chetes, namely, TLR1, TLR2, and TLR5, and determined
whether their involvement was dependent on the well-charac-
terized downstream adapter protein MyD88 for inflammatory
mediator production. First, we verified the ability of live B.
burgdorferi to activate the expression of the MYD88 gene in
THP-1 cells and then correlated this expression level with the
production of concomitantly elicited inflammatory mediators.
We then used RNA interference (RNAi) to silence specifically
the MYD88 gene and evaluated the resulting effect on the
production of inflammatory mediators induced by live B. burg-
dorferi. Next, kinetics studies were conducted to determine the
ability of live B. burgdorferi to induce the expression of TLR1
and TLR2 in THP-1 cells. The TLR1, TLR2, and TLR5 genes
were silenced to evaluate the contribution of these genes to the
production of inflammatory mediators induced by live B. burg-
dorferi. Finally, for the purpose of comparison, the effect of
silencing MYD88, TLR1, and TLR2 expression on induction of
inflammatory mediators by purified recombinant lipidated
outer surface protein A (L-OspA) was quantified. The results
of this study are presented herein.

MATERIALS AND METHODS

Bacteria and lipoprotein. B. burgdorferi spirochetes (strain B31, clone 5A19,
with the complete plasmid content) were grown in vitro in Barbour-Stoenner-
Kelly (BSK)-H medium, as previously described (16). Purified recombinant L-
OspA protein was kindly provided by GlaxoSmithKline Biologicals (Rixensart,
Belgium). The L-OspA preparation contained less than 0.25 endotoxin unit per
mg of protein, as assessed by Limulus amoebocyte assay (Associates of Cape Cod
Inc., Woods Hole, MA).

Cell stimulation and culture conditions. The THP-1 monocytic cell line was
the same as that described previously (43) and was obtained from the American
Type Culture Collection (Manassas, VA). THP-1 cells were pretreated with 0.05
�M 1�,25-dihydroxyvitamin D3 (Calbiochem-Nova Biochem International, La
Jolla, CA) for 48 h prior to being used in this study. Cell culture medium
consisted of RPMI 1640 medium (Gibco Invitrogen, Carlsbad, CA), 10% heat-
inactivated fetal bovine serum (HyClone, Logan, UT), 1 mM HEPES (Gibco
Invitrogen), 2 mM L-glutamine (Gibco Invitrogen), and 1 �g/ml antibiotic/anti-
mycotic (complete medium). To determine the kinetics of cytokine production
and gene expression, THP-1 cells (3 � 106 cells/ml/well) were cultured in 24-well
plates (Costar, Cambridge, MA) with either L-OspA at 1 �g/ml or with live B.
burgdorferi spirochetes at a multiplicity of infection (MOI) of 10:1 for 2, 4, 6, and
24 h. Viable spirochetes were incubated with cells in antibiotic-free medium. The
organisms remained viable for up to 24 h in culture, as assessed by dark-field
microscopy and by their ability to grow successfully upon transfer to BSK-H
medium. All stimulated and unstimulated cell cultures were subsequently cen-
trifuged at 400 � g for 10 min at 4°C, and cell-free culture supernatants were
collected, aliquoted, and stored at �70°C until they were used. RNA was ex-
tracted from the cell pellet using a Qiagen RNeasy kit (Qiagen Inc., Valencia,
CA), which included a DNase I digestion step.

RNAi. A HiPerfect transfection reagent kit (Qiagen) containing positive and
nontargeting control small interfering RNAs (siRNAs) was used in all studies.
ON-TARGETplus SMARTpool siRNAs targeting human MyD88, TLR1,
TLR2, or TLR5 transcripts were obtained from Dharmacon (Chicago, IL). A
volume of 100 �l of THP-1 cell suspension (containing 2 � 104 cells) in antibi-
otic-free medium was seeded in each well of a 24-well plate. Transfection com-
plexes (100 �l) were generated by vortexing and incubating 100 nM siRNA with
3 �l of HiPerfect transfection reagent at room temperature for 10 min in serum
and antibiotic-free medium. A volume of 100 �l of the complex was used to
transfect each well containing 100 �l of cells. The plates were incubated at 37°C

for 6 h, after which 400 �l of fresh antibiotic-free medium was added to each
well, and were incubated for an additional 18 h prior to stimulation. Transfected
cells were stimulated for 24 h with live B. burgdorferi (MOI of 10) or 1 �g/ml of
L-OspA to collect cell-free culture supernatants or RNA. RNA was isolated from
cell pellets using an Allprep RNA/protein kit (Qiagen). Supernatants and RNA
samples were stored at �70°C until used. All siRNA studies included negative
and positive control siRNAs. Transfection complexes were not cytotoxic to
THP-1 cells, as assessed by the trypan blue exclusion assay.

Cytokine ELISA. Cytokine enzyme-linked immunosorbent assay (ELISA)
paired antibodies (BD-Pharmingen, San Jose, CA) were employed to detect
interleukin-6 (IL-6), IL-8, and tumor necrosis factor alpha (TNF-�) secretion in
cell-free culture supernatants of THP-1 cells. The ELISA protocol was described
previously (43).

qRT-PCR. Purified RNA (50 ng) was used as the template in the quantitative
real-time PCR (qRT-PCR) mixture according to the manufacturer’s standard
protocol for QuantiFast SYBR one-step RT-PCR (Qiagen). MAPK1, GAPDH,
MyD88, TLR1, TLR2, and TLR5 QuantiTect primers were used (Qiagen), and
quantifications using SYBR Green were performed using an ABI model 7700
apparatus (Applied Biosystems, Foster City, CA). The specificity of the PCR was
controlled by no-template controls. Specific cDNA was quantified by using stan-
dard curves based on known amounts of product. Threshold values were nor-
malized to the expression of GAPDH. qRT-PCR results are expressed as the fold
increase in induction (normalized copy number of stimulated cells/normalized
copy number of unstimulated cells). The percentage of relative gene expression
was calculated as the relative amount of MyD88, TLR1, TLR2, or TLR5 mRNA
in cultures transfected with MyD88, TLR1, TLR2, or TLR5 siRNA (and stim-
ulated with live B. burgdorferi) compared to that of cells transfected with the
nontargeting control siRNA (and stimulated with live B. burgdorferi), which was
set to 100%.

Confocal microscopy. THP-1 cells (1.0 � 107), either unstimulated or stimu-
lated with live B. burgdorferi, were washed and fixed in a microcentrifuge tube
with isotonic 2% paraformaldehyde. Cells were washed, resuspended in 100 mM
glycine solution, washed again, and subsequently subjected to immunostaining
with rabbit anti-MyD88 primary antibody (Santa Cruz Biotechnology Inc., Santa
Cruz, CA) diluted to 1:50 in a 10% normal goat serum–phosphate-buffered–fish
skin gelatin and Triton X-100 solution and a goat anti-rabbit secondary antibody
(1:1,000) coupled to either Alexa-488 or Alexa-568 (Invitrogen-Molecular
probes). Nuclei were stained with ToPro-3 or BoPro-1 nuclear stain. For some
studies, THP-1 cells were stained with fluorescein isothiocyanate-labeled affinity-
purified anti-B. burgdorferi antibody (Kirkegaard & Perry, Gaithersburg, MD) or
with human anti-CD14 antibody (produced from an ATCC hybridoma) coupled
to Alexa-633. Protein expression was visualized by using a Leica True Confocal
Laser Scanning Microscope SP2 equipped with three lasers (Leica Microsystems,
Exton, PA). MyD88 protein expression levels were semiquantified by measuring
the fluorescence intensity for the stained cells, using Image-Pro analysis software
(Media Cybernetics, Silver Spring, MD).

Flow cytometry. The expression of MyD88 and the effect of silencing MYD88
in THP-1 cells (0.5 � 106) after 24 h of stimulation with live B. burgdorferi were
examined by flow cytometry using a rabbit anti-MyD88 primary antibody (Santa
Cruz Biotechnology), followed by a goat anti-rabbit secondary antibody (1:1,000)
coupled to Alexa-488 (Invitrogen-Molecular probes). As MyD88 is known to be
recruited to the cell surface for colocalization with TLRs (35), both surface and
intracellular staining assays were performed using a Cytofix/Cytoperm kit (BD-
Pharmingen). Stimulated cells were also stained with secondary antibody alone.
Unstimulated control cell cultures (medium) were kept as background controls.
All samples were fixed with 1% paraformaldehyde prior to data acquisition. Data
acquisition was performed using a FACScalibur flow cytometer and Cell Quest
software (Becton Dickinson Immunocytometry Systems, Mountain View, CA).
For each sample, a minimum of 1 � 105 cells were analyzed with FlowJo software
version 8.6.3 (Tree Star Inc., Ashland, OR) by gating the cluster of cells based on
forward and side scatters. All gated cells were further analyzed for their expres-
sion of MyD88, and the mean fluorescent intensities were determined.

Statistical analysis. All data were analyzed using GraphPad Prism software
(GraphPad Software, Inc., La Jolla, CA), applying a one-way analysis of variance
nonparametric test with Tukey’s multiple comparison test. Differences were
considered significant if the probability that they occurred by chance was less
than 5%. (P � 0.05).

RESULTS

Live B. burgdorferi bacteria activate MyD88 expression in
THP-1 cells. To determine whether or not live B. burgdorferi
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bacteria activate components of the TLR pathway, we first
focused on MyD88, an adapter protein that serves as a bridge
from most TLRs to the downstream signaling elements, result-
ing in the activation of NF-�B and the production of inflam-
matory mediators. We used qRT-PCR to determine the level
of MyD88 mRNA expression in THP-1 cells as a function of
time at 2, 4, 6, and 24 h after stimulation of these cells with live
B. burgdorferi (MOI of 10). The highest level of MyD88 ex-
pression (P � 0.01) was observed after 24 h of stimulation (Fig.
1A). MyD88 expression was also evaluated at the protein level
by flow cytometry, showing that the percentage of MyD88-
dependent positive cells increased upon live B. burgdorferi
stimulation for 24 h at an MOI of 10 (Fig. 1B). This was also
evident qualitatively, as assessed by confocal microscopy (Fig.
1C to E). Thus, the MyD88 expression level was upregulated in
cells stimulated with live B. burgdorferi (Fig. 1C) compared to
that in unstimulated cells (Fig. 1D). The use of CD14, a surface
receptor that has been shown to mediate phagocytosis of both
gram-negative bacteria and apoptotic cells (17, 24, 50), re-
vealed a partial overlap between the live B. burgdorferi signal

and that of CD14 (Fig. 1E). This suggests that spirochetes are
internalized or, alternatively, are colocalized with CD14 and
MyD88 at the cell surface. MyD88 is known to be recruited to
the cell surface for colocalization with TLRs (35).

We next correlated the level of expression of MyD88 in
monocytes with inflammatory mediator production by measur-
ing the concentrations of TNF-�, IL-6, and IL-8 in the cell-free
culture supernatants as a function of time after stimulation
with live B. burgdorferi (Fig. 1F). At all time points, all of the
tested cytokines were below detection limits in the absence of
live B. burgdorferi. In cultures in which live B. burgdorferi was
added, TNF-� production was observed at 2 h poststimulation
and remained significantly elevated thereafter (P � 0.001). In
contrast, IL-6 and IL-8 levels gradually increased (P values of
�0.05 to �0.001) from 2 to 24 h poststimulation. The expres-
sion level of MyD88 was also elevated at 24 h in THP-1 cells
stimulated with L-OspA (12-fold increase) and, as with the live
B. burgdorferi, a similar pattern of cytokine production by L-
OspA-stimulated THP-1 cells was observed (data not shown).
Our results indicate that live B. burgdorferi can activate MyD88

FIG. 1. Live B. burgdorferi spirochetes (MOI of 10) activate MyD88 expression in THP-1 cells. Vitamin D3-treated THP-1 cells (3 � 106

cells/ml) were incubated in supplemented antibiotic-free RPMI medium alone or with live B. burgdorferi (Bb). (A) RNA samples were collected
after 2, 4, 6, and 24 h of incubation, and the MYD88 transcripts were quantified by qRT-PCR. All values were normalized with respect to the
GAPDH “housekeeping” gene mRNA levels. Results are presented as the fold increase over control (the level in unstimulated cells). Each line
symbol represents the means 	 standard deviations (SDs) of three independent experiments. Asterisks indicate significant upregulation (P � 0.01).
(B) THP-1 cells (0.5 � 106) incubated with live B. burgdorferi for 24 h and then fixed and stained with anti-MyD88 antibody and Alexa-488-labeled
secondary antibody and subjected to flow cytometric analysis revealed upregulation of MyD88 expression in cells compared with that in the medium
control cells. Numbers in the insets are percentages of MyD88-positive cells. (C and D) After 24 h of stimulation with live B. burgdorferi, cells were
fixed and stained with anti-MyD88 antibody and Alexa-488-labeled secondary antibody (green), and nuclei were counterstained with ToPro3
(blue). Both stimulated (C) and unstimulated (D) cells were visualized by confocal fluorescence microscopy. (E) Cells were fixed and triple stained
with anti-MyD88 antibody and Alexa-568-labeled secondary antibody (red), fluorescein isothiocyanate-labeled anti-B. burgdorferi antibody (green),
and anti-CD14 antibody and Alexa-633-labeled secondary antibody (blue); nuclei were counterstained with BoPro-1 (gray) and were visualized by
confocal fluorescence microscopy. (F) Cell-free supernatants were harvested from the culture medium at 2, 4, 6, and 24 h and analyzed by antibody
capture ELISA for TNF-�, IL-8, and IL-6 production. The lower limit of detection of the ELISA was 15 pg/ml. Each bar represents the means
	 SDs of three independent experiments.
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expression in human monocytes. MyD88 expression as induced
by live B. burgdorferi or by L-OspA in THP-1 cells correlated
with the enhanced production of TNF-�, IL-6, and IL-8 pro-
teins.

MyD88 is involved in the induction of inflammatory medi-
ators by THP-1 cells stimulated with live B. burgdorferi. To
assess the direct involvement of MyD88 in mediating the pro-
duction of inflammatory mediators by live B. burgdorferi, we
used RNAi to inhibit the expression of MyD88 in THP-1 cells.
Transfection of THP-1 cells with MyD88-specific siRNA sig-
nificantly reduced the expression of the MYD88 gene transcript
that was induced in these cells by live B. burgdorferi (P � 0.001)
(Fig. 2A). Expression of the MyD88 protein was also dimin-
ished (Fig. 2B). The mean fluorescence intensity due to
MyD88 expression in control siRNA-transfected cells stimu-
lated with live B. burgdorferi increased by 2.23-fold with respect
to that of unstimulated cells but increased only by 1.10-fold in
cells transfected with MyD88 siRNA, further validating the
efficiency of the MYD88 knockdown in cells (Fig. 2B).

After transfection for 24 h, as described above, with either
control siRNA or MyD88 siRNA and stimulation of cells with

live B. burgdorferi, cell culture supernatants were collected at
24 h poststimulation to determine the levels of production of
TNF-�, IL-6, and IL-8. Unstimulated cells did not produce
significant levels of any of these mediators. Silencing of MYD88
led to significant inhibition of TNF-�, IL-8, and IL-6 secretion
(P � 0.001) induced by live B. burgdorferi in THP-1 cells,
namely, by 24%, 35%, and 84%, respectively, compared to that
in control siRNA-transfected cells stimulated with live B. burg-
dorferi (Fig. 2C). MYD88-silenced cells stimulated with
L-OspA showed a similar pattern of inhibition of these inflam-
matory mediators (Fig. 2C). Our results indicate that recogni-
tion of live B. burgdorferi by human monocytes and the down-
stream secretion of TNF-�, IL-8, and IL-6 inflammatory
mediators require, in part, the MyD88 adapter molecule. The
data further suggest that the TLR pathway is involved in the
induction of inflammatory mediators by live B. burgdorferi in
THP-1 cells in a MyD88-dependent fashion.

Transfection of THP-1 cells with TLR1 and TLR2 siRNAs
reduces the production of inflammatory mediators in response
to live B. burgdorferi. Because MyD88 is essential to the TLR
signaling pathway, we investigated which TLR is recognized by

FIG. 2. MyD88 siRNA transfection of THP-1 cells inhibits the production of inflammatory mediators elicited in response to stimulation with
live B. burgdorferi. Vitamin D3-treated THP-1 cells (0.5 � 106) were transfected with 100 nM nontargeting control siRNA or with 100 nM of MyD88
siRNA and cultured in medium alone for 24 h. They were then stimulated with live B. burgdorferi (MOI of 10) for an additional 24 h. (A) RNA
was extracted from transfected cells and analyzed by qRT-PCR to assess MYD88 expression in relation to that of GAPDH as the housekeeping
gene. The percentage of relative expression was calculated as the amount of MyD88 mRNA in cultures transfected with MyD88 siRNA and
stimulated with live B. burgdorferi compared to that of cells transfected with nontargeting control siRNA and stimulated with live B. burgdorferi.
Results are the means 	 standard deviations (SDs) of three independent experiments. (B) Cells transfected as described above were analyzed by
flow cytometry to assess the silencing of MyD88 expression at the protein level. The mean fluorescence intensity of MyD88 siRNA-transfected cells
was markedly decreased compared with that of medium or control siRNA-transfected cells. (C) Cell-free culture supernatants were harvested from
transfected cells after 24 h of stimulation with live B. burgdorferi (MOI of 10) or with L-OspA of B. burgdorferi at 1 �g/ml. Supernatants were
analyzed by antibody capture ELISA for TNF-�, IL-8, and IL-6 production. The lower limit of detection of the ELISA was 15 pg/ml. Each bar
represents the means 	 SDs of three independent experiments. Asterisks indicate significant differences (P � 0.001) in the production of
inflammatory mediators in cells transfected with MyD88 siRNA compared to that of the control siRNA-transfected cells.
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live B. burgdorferi for the induction of inflammatory mediators
by THP-1 cells. We focused initially on TLR1 and TLR2, the
prototype TLRs used by lipoproteins of B. burgdorferi. We
employed qRT-PCR to determine the expression levels of the
TLR1 and TLR2 gene transcripts in THP-1 cells stimulated
with live B. burgdorferi. In addition, we used L-OspA, a known
ligand of TLR1 and TLR2, as a positive control for a direct
comparison. We observed that expression of both TLR1 and

TLR2 was significantly upregulated after 24 h of stimulation
with live B. burgdorferi (P � 0.01); transcript activation kinetics
were comparable to those induced by L-OspA (Fig. 3A and B).

To determine if TLR1 and TLR2 are mediators of live-B.
burgdorferi signaling in THP-1 cells, we inhibited the expres-
sion of the TLR1 and TLR2 gene transcripts with their specific
siRNAs (Fig. 3C). In addition, and because whole bacteria
contain agonists for multiple TLRs, we also silenced the ex-

FIG. 3. TLR1 or TLR2 siRNA transfection of THP-1 cells affects the production of inflammatory mediators in response to stimulation with
live B. burgdorferi. Vitamin D3-treated THP-1 cells (3 � 106 cells/ml) were incubated with supplemented antibiotic-free RPMI medium alone or
with live B. burgdorferi at an MOI of 10 or with L-OspA at 1 �g/ml in complete medium. RNA samples were collected after 2, 4, 6, and 24 h of
incubation and qRT-PCR was performed for TLR1 (A) and TLR2 (B) mRNA transcript levels. Results are presented as the increase over control
(the level in unstimulated cells). Each data point represents the mean 	 standard deviation (SD) of two independent experiments. (C) Cells were
transfected and analyzed for TLR1, TLR2, and TLR5 knockdown as described in the legend to Fig. 2A. (D) Supernatants were analyzed by antibody
capture ELISA for TNF-�, IL-8, and IL-6 production as described in the legend to Fig. 2C. (E) Cells were transfected with nontargeting control
siRNA or with TLR1 or TLR2 siRNA and cultured in complete medium alone for 24 h. They were then stimulated with L-OspA (1 �g/ml) for
an additional 24 h, and RNA was extracted from transfected cells and used in qRT-PCR to assess TLR1 and TLR2 knockdown as described in the
legend to Fig. 2A. Results are the means 	 SDs of three independent experiments. (F) Supernatants were analyzed by antibody capture ELISA
for TNF-�, IL-8, and IL-6 production as described in the legend to Fig. 2C.
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pression of TLR5 (Fig. 3C). The relative expression of the
three gene transcripts was significantly reduced by this proce-
dure (P � 0.001). Silencing of TLR1 caused a significant down-
regulation of TNF-� in cells stimulated with live B. burgdorferi
compared to that of the control siRNA. Surprisingly, produc-
tion of TNF-� was increased significantly (P � 0.0001) when
TLR2 was silenced (Fig. 3D). On the other hand, silencing of
either TLR1 or TLR2 resulted in a significant downregulation
of both IL-8 and IL-6 (P � 0.001) compared with their pro-
duction levels induced in control cells (Fig. 3D). The TLR1
TLR2 double knockdown yielded results similar to those ob-
tained when these genes were knocked down individually (data
not shown).

The silencing of TLR5 had no effect on the production of
TNF-�, IL-8, or IL-6 by these cells upon stimulation with live
B. burgdorferi (Fig. 3D). Because lipoproteins of B. burgdorferi
are known to signal through TLR1 TLR2 heterodimers, we
also individually silenced both receptors in experiments in
which L-OspA was used as the stimulant (Fig. 3E). Silencing of
either TLR1 or TLR2 in L-OspA-stimulated THP-1 cells sig-
nificantly affected the protein expression levels of TNF-�, IL-8,
and IL-6 (P � 0.001) (Fig. 3F). The downregulatory effect was
more pronounced in TLR2-transfected cell cultures.

DISCUSSION

Substantial efforts have been made to understand the mo-
lecular mechanism by which the lipoproteins of B. burgdorferi
elicit the production of inflammatory mediators in cells of the
human innate immune system. In contrast, much has yet to be
learned about how live B. burgdorferi participates in this pro-
cess. Here, we investigated the molecular mechanisms that
lead to the production of proinflammatory mediators by hu-
man monocytes when these cells are exposed in vitro to live B.
burgdorferi. We showed in kinetics studies that live B. burgdor-
feri upregulates the expression of components of the TLR
pathway, such as MyD88, TLR1, and TLR2. We further dem-
onstrated that MYD88, TLR1, and TLR2, but not TLR5, tran-
script knockdown significantly reduced the production of
proinflammatory mediators by human monocytes in response
to live B. burgdorferi stimulation. THP-1 cells stimulated with
lipoproteins yielded similar results but with some interesting
differences that we discuss below.

Our results indicate that live B. burgdorferi activates MYD88
transcription and translation in human monocytes. Using
RNAi, we showed that specific silencing of the MYD88 gene
significantly downmodulates the production of TNF-�, IL-6,
and IL-8, suggesting that live B. burgdorferi stimulation of
monocytes for the production of these inflammatory mediators
is MyD88 dependent. MyD88 is an adapter molecule that plays
a critical role in the downstream signaling of several TLRs in
innate immune cells. In vitro, studies using cells from MyD88-
deficient mice have shown that MyD88 is an important medi-
ator of inflammatory signaling in several bacterial diseases (38,
40, 53). Studies conducted by Shin and coworkers (53) ele-
gantly demonstrated that MyD88 was necessary for the inter-
nalization and phagocytosis of live B. burgdorferi and for the
production of several inflammatory mediators in mouse bone
marrow-derived macrophages. To our knowledge, our study is
the first to demonstrate a MyD88-mediated innate immune

signaling pathway activated by live B. burgdorferi in human
monocytes. Our findings and those of Shin et al. (53) together
ascribe a critical role to MyD88 during the initial phase of B.
burgdorferi infection.

Silencing of the TLR5 gene revealed that flagellin, the TLR5
ligand, is not involved in the monocyte response to live B.
burgdorferi, as measured by the production of TNF-�, IL-6, and
IL-8. Our finding, however, contrasts with that of Shin et al.,
(53), who observed that the knockdown of the TLR5 gene
resulted in diminished expression of cytokine (TNF-�, IL-6,
and IL-�) but not chemokine (MCP-1 and CXCL-2) tran-
scripts in murine bone marrow macrophages. Differences re-
cently shown between TLR signaling of mouse and human
macrophages (10, 44) may explain this discrepancy.

Evaluation of the roles of TLR1 and TLR2 as mediators of
inflammation in Lyme disease has been limited in most in-
stances to examining the stimulation of innate immune cells
with B. burgdorferi lipoproteins or lysates (4, 9, 30, 32, 51, 53,
60). Our study is one of the few to address the roles of both
TLR1 and TLR2 in inflammatory mediator production by hu-
man monocytes stimulated with live organisms. Another study
(21) focused only on TLR2 and showed that TLR2 was essen-
tial in mediating the production of matrix metalloproteinases
from human monocytes in response to live spirochete stimu-
lation.

While the inhibition of TLR1 and TLR2 transcription by the
corresponding siRNAs under conditions of live B. burgdorferi
stimulation was 94 and 79%, respectively (Fig. 3C), cytokine/
chemokine production was less inhibited. Thus, IL-6 produc-
tion was decreased by 63% upon TLR1 silencing and by 60%
upon silencing of TLR2, whereas IL-8 production was reduced
by only 21% (TLR1) and 28% (TLR2), respectively. TNF-�
behaved differently, in that its production was 48% inhibited by
the silencing of TLR1 but was enhanced by 21% upon TLR2
knockdown. These results indicate that alternative receptors
and pathways are involved in mediating inflammation as in-
duced by live B. burgdorferi in human monocytes. In mice,
Lyme disease inflammation can proceed via a TLR-indepen-
dent pathway(s), since ablation of TLR or MyD88 signaling
failed to decrease the influx of inflammatory cells or inflam-
mation in response to B. burgdorferi infection (6, 7, 39). To this
end, B. burgdorferi has been shown to bind to various integrin
receptors such as �IIb�3, �v�3, �3�1 (11, 12, 13, 14), and �3�1

(6) on host cells, suggesting the importance of these molecules
in the non-TLR-dependent pathogenesis of Lyme disease. In
fact, a recent study uncovered the �3�1 integrin as a receptor
utilized by live spirochetes, specifically the BBB07 protein of B.
burgdorferi, for the induction of matrix metalloproteinases and
several inflammatory mediators in human chondrocytes (5, 6).
In experiments in vivo, those same investigators also showed
significant production of several chemokines and cytokines in
the joints of MYD88 knockout mice, thus validating the occur-
rence of inflammation in a MyD88-independent manner (6).

The probable utilization of receptors other than TLR1 and
TLR2 by live B. burgdorferi in its interaction with human mono-
cytes is further substantiated by the results obtained with L-
OspA. For example, while the silencing of TLR2 led to the
complete inhibition of the production of TNF-� by THP-1 cells
that were stimulated with L-OspA (Fig. 3F), it resulted, as
mentioned above, in an increase in the production of this
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cytokine upon stimulation with live B. burgdorferi. The increase
in TNF-� production in TLR2-silenced cells stimulated with
live B. burgdorferi and not in those stimulated with L-OspA
would indicate the utilization of a TLR-independent pathway
by nonlipoproteins of B. burgdorferi for the induction of
TNF-�. Studies by Behera et al. (6) may help to corroborate
our findings, as those investigators demonstrated via siRNA
technology that the integrin �3 mediated the B. burgdorferi-
induced expression of several inflammatory mediators, includ-
ing TNF-� in human chondrocytes. Our present study provides
additional evidence that the induction of inflammation in
Lyme disease occurs via both TLR-dependent and -indepen-
dent pathways (5, 6, 7, 39).

The other two mediators whose production we evaluated in
this study, IL-8 and IL-6, responded to L-OspA stimulation
upon TLR1 and TLR2 silencing with a trend that was compa-
rable to that shown in response to live B. burgdorferi. In addi-
tion, silencing of MYD88 resulted in a similar response pattern
of THP-1 cells when these cells were stimulated with either live
B. burgdorferi or L-OspA. However, the inhibition of mediator
production upon TLR2 silencing was complete after stimula-
tion with L-OspA, whereas it was partial when THP-1 cells
were stimulated with live B. burgdorferi. Thus, it is possible that
B. burgdorferi lipoproteins, as well as other surface proteins
such as the recently identified BBB07 protein of B. burgdorferi
(5), are involved in the interaction of human monocytes with
live spirochetes. In conclusion, our results indicate that the
TLR pathway mediates, at least in part, the release of inflam-
matory mediators in human monocytes stimulated with live B.
burgdorferi spirochetes and further suggest that the TLR-de-
pendent interaction between these cells and spirochetes is me-
diated by spirochetal lipoproteins but not by flagellin.
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