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Toll-like receptors (TLRs) trigger innate immune responses via the recognition of conserved pathogen-asso-
ciated molecular patterns. Lipoproteins from Borrelia burgdorferi, the agent of Lyme disease, activate inflam-
matory cells through TLR2 and TLR1. We show that stimulation of human monocytes with B. burgdorferi
lysate, lipidated outer surface protein A, and triacylated lipopeptide Pam,CysSerLys, results in the up-regulation
of both TLR2 and TLR1 but the down-regulation of TLR5, the receptor for bacterial flagellin, and that this
effect is mediated via TLR2. TLR4 stimulation had no effect on TLR2, TLR1, and TLR5 expression. Human
monocytes stimulated with TLR5 ligands (including p37 or flaA, the minor protein from B. burgdorferiflagella)
up-regulated TLR5. In addition, TLR2 stimulation rendered cells hyporesponsive to a TLR5 agonist. These
results indicate that diverse stimuli can cause differential TLR expression, and we hypothesize that these
changes may be useful for either the pathogen and/or the host.

Lyme disease is a multisystem illness caused by Borrelia
burgdorferi and is the most common vectorborne illness
in the United States. It usually begins with erythema
migrans, a characteristic rash at the inoculation site.
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Within several days or weeks, there is hematogenous
dissemination of the spirochetes, and patients may pre-
sent with dermatological, neurological, cardiac, and rheu-
matological involvement [1]. The mechanisms involved
in eliminating the organism versus those contributing to
disease and persistent infection are not yet understood.
The main inflammatory response against B. burgdorferi
is directed against spirochetal lipoproteins [2—4].

Toll-like receptors (TLRs) are a family of pattern-rec-
ognition receptors that are important in innate immune
defense. Signal transduction through TLRs activates NF-
kB and the production of cytokines, chemokines, and
costimulatory molecules [5]. TLR2 mediates immune re-
sponses to a broad range of microbial products and is
critical for the recognition of bacterial lipopeptides. It
functions in combination with TLRI to recognize tri-
acylated lipopeptides, such as mycobacterial lipoprotein,
or the outer surface protein A (OspA) of B. burgdorferi
[6, 7]. TLR5 recognizes flagellin [8], the main component
of bacterial flagella, which is critically important for bac-
terial motility.
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In the present study, we show that human peripheral blood
mononuclear cells (PBMCs) and monocytes up-regulate TLR1
and TLR2 and down-regulate TLR5 when they are stimulated
with B. burgdorferi lysate (BL), lipidated-OspA (L-OspA), and
Pam,CysSerLys, (Pam,CSK,, a synthetic lipohexapeptide that
mimics the structure of the lipoprotein lipid moiety). These find-
ings are specific for TLR2 stimulation, because TLR4 stimulation
does not up-regulate TLR1 and TLR2 or down-regulate TLR5.
TLR5 ligands up-regulate TLR5 but have no effect on TLR1 and
TLR2. The results of our study indicate a role of the differential
expression of certain TLRs during infection with B. burgdorferi.

MATERIALS AND METHODS

Samples.
under studies approved by the National Cancer Institute and

PBMCs and monocytes were obtained by apheresis

the National Institute of Allergy and Infectious Diseases Insti-
tutional Review Boards. All volunteers provided signed, in-
formed consent.

Stimulus. Low-passage sonicate of B. burgdorferi sensu
stricto strain B31 was purchased from Biodesign; L-OspA and
nonlipidated OspA (nL-OspA) were obtained from SmithKline
Beecham Biologicals; Pam,CSK, was purchased from EMC Mi-
crocollections; recombinant B. burgdorferi p37, a flagellar outer-
sheath protein and the flaA gene product, was a gift from B.
Johnson (Centers for Disease Control and Prevention, Atlanta,
GA); purified flagellin isolated from Salmonella typhimurium
strain 14028 (fliC) was purchased from Alexis Biochemicals.
The final endotoxin concentration in medium for all antigens
tested was <0.05 EU/mL (Endosafe-PTS) or <0.1 EU/mL (Cam-
brex Bio Science). Lipopolysaccharide (LPS) was purchased
from Sigma-Aldrich.

PBMC and monocyte cultures. PBMCs were isolated by Fi-
coll density-gradient centrifugation (Bio-Whittaker) and resus-
pended in Iscove’s modified Dulbecco’s medium (Gibco-BRL)
supplemented with 2 mmol/L r-glutamine, 50 pug/mL gentami-
cin, 100 U/mL penicillin/streptomycin, and 5% human AB serum
(Gemini Bioproducts; complete medium [CM]). Cultures of
5 X 10° PBMCs were performed in 24-well plates. Monocytes

(>95%) were isolated by countercurrent elutriation from pe-
ripheral blood, as described elsewhere [9]. Monocytes (1 X 10°)
were plated in 96-well flat-bottom microtiter plates in CM. Cells
were cultured for different periods with or without stimuli, as
described in Results. For the blocking experiments, cells were
preincubated for 1 h with medium that contained 10 pg/mL
anti-human TLR2 monoclonal neutralizing antibody (aTLR2
MAD 2392; courtesy of Genentech) or medium alone.
Flow-cytometric staining. Staining was done using murine
monoclonal antibodies against the following human surface
antigens: CD3 (UCHT1, mouse IgG, k), CD14 (M5E2, mouse
IgG,,k), and CD19 (HIB19, mouse IgG,x; BD PharMingen), in
addition to human TLR1 (GD2.F4, mouse IgG k) and TLR2
(TL2.1, mouse IgG,,k; eBioscience). A total of 1 X 10° PBMCs/
assay were incubated with the respective antibody at a concen-
tration of 2.5 pg/sample for 30 min at 4°C. After 2 washes,
fluorescence intensity was measured in a FACSCalibur device
and analyzed using CellQuest (version 3.3) software (both from
Becton Dickinson). Results are expressed as median fluores-
cence intensity (MFI) values after subtraction of the MFI of
the isotype antibody control. All experiments were performed
at least in triplicate.
Quantitative Western blot. Monocytes (2 X 10”) were in-
cubated for 48 h with stimuli or medium alone. Protein from
whole cell lysates was loaded onto SDS-PAGE gels at 10 pg/lane,
in accordance with the Bradford assay, transferred to polyvinyli-
dene fluoride membranes, and blocked with 5% powdered milk
in PBS with Tween. Membranes were probed using rabbit poly-
clonal antibody against human TLRS5 at a dilution of 1:200 (Santa
Cruz Biotechnology), followed by a second block and goat anti-
rabbit horseradish peroxidase—conjugated secondary antibody
(BioRad) at a dilution of 1:5000. Reaction products were visu-
alized with the Opti-4CN Detection Kit (BioRad). Densitometric
analysis of bands was performed by Scion Image Beta (version
4.02; Scion). All experiments were performed at least 3 times.
Cytokine and chemokine protein secretion assays. Interfer-
on (IFN)—y, interleukin (IL)-1f, IL-6, IL-8, IL-10, IL-12 (p70),
and tumor necrosis factor (TNF)—« concentrations were deter-

Table 1. Quantitative reverse-transcription polymerase chain reaction primer and probe sequences.
Sequence (53

Primer
Target Sense Antisense Probe
TLR1 CCACAACAAGTTGGTGAAGATTTCT GCATATAGGCAGGGCATCAAATG ACTGTGAACCTCAAGCACTTG GACCTGTCA
TLR2  TTCAGGATGTCCGCCTCTCG CCCGTGAGCAGGATCAGCA ACAGAGCACAGCACATGCCAGAC ACCA
TLR5 GGACTGGGGAAAATGTATGAACC TGGCTTTTGCTGATGGCATTG TTCCTGTGATGTCCACTGTCCAGCCATT
TLR4  AAAGCCGAAAGGTGATTGTTGTG TGCTCAGAAACTGCCAGGTCT TGTCCCAGCACTTCATCCAGAGCCGC
TLR6 GAAGAAGAACAACCCTTTAGGATAGC GCTGGATTCTGTTATGGGAAAGTC CAAAAAGACCTACCGCTGAAAACCAAAGTC

MyD88 CTCCTCCACATCCTCCCTTCC

CGCACGTTCAAGAA CAGAGACA

CCGCACTCGCATGTTGAGAGCAGCCAG

NOTE. MyD88, myeloid differentiation factor 88; TLR, Toll-like receptor.
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Figure 1. Borrelia burgdorferi stimulation and differentially expressed Toll and NF-xB pathway genes. A, Heat map of genes differentially expressed
across peripheral blood mononuclear cells (PBMCs) from 16 individuals, stimulated with B. burgdorferi lysate (BL) at 1 ug/mL (challenge), compared
with unstimulated PBMCs (mock). Each column represents 1 individual and each row represents a gene, with the gene abbreviation and its Affymetrix
U95A probe set no. indicated. The values are the change in expression intensity, going from mock to challenge condition, and are expressed in a
symmetric adaptive transform scale based on the original average difference values. B, Expression values for the displayed genes. The X-axis shows
the log,, fold change in challenge cells, relative to mock control cells. Positive fold-change values indicate that the transcript is present at a higher
level in PBMCs stimulated with B. burgdorferi, whereas negative values indicate that the transcript is more abundant in mock control cells. C, Toll-
like receptor (TLR}-1, TLR2, TLR5, TLR6, and myeloid differentiation factor 88 (MyD88) mRNA quantification by oligoarray and quantitative reverse-
transcription polymerase chain reaction (RT-PCR). PBMCs from 5 individuals were stimulated with either 1 ug/mL BL or with medium only and were
analyzed by oligoarray or stimulated with 1 ug/mL BL, 100 ng/mL bacterial lipopolysaccharide (LPS), and 0.1 ug/mL lipidated outer surface protein A
(L-OspA) for 48 h and analyzed by RT-PCR. RT-PCR mRNA expression levels were normalized to glyceraldehyde-3-phosphate dehydrogenase. The fold
change for both array and RT-PCR data was calculated as mRNA expression of a specific gene in response to challenge, compared with cultures in
medium only. The quotients predicted by array quantification consistently agreed with values subsequently measured by RT-PCR. TLR4 stimulation with
LPS had no effect on TLR1, TLR2, TLR5, TLR6, and MyD88 expression but up-regulated TLR4 expression as measured by RT-PCR. TLR4 is not included
in the Affymetrix U95A array.

mined with a Luminex100 cytometer (Luminex) using BioPlex RNA isolation and quantitative reverse-transcription poly-
Manager software (version 3.0, build 282; BioRad) and LIN- merase chain reaction (RT-PCR). Total RNA was isolated
COplex Cytokine Kits (Linco Research), in accordance with the from cells by use of the RNeasy Kit (Qiagen) and reverse tran-
manufacturer’s instructions. All experiments were performed at  scribed to cDNA with random hexamers by use of the Tagman
least 3 times, and each supernatant was measured in triplicate. Reverse Transcription Reagents, in accordance with the man-
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ufacturer’s instructions (PerkinElmer). RT-PCR was performed
on an ABI Prism 7700 Sequence Detection System (Perkin-
Elmer). Amplification of glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was used for sample normalizations. Primers
and probes for myeloid differentiation factor 88 (MyD88),
TLR1, TLR2, TLR4, TLR5, and TLR6 (Synthegen) are shown
in table 1. The quantification of gene expression relative to
GAPDH was calculated using the AACt method. All experi-
ments were performed at least 3 times.

Oligonucleotide array hybridization. After 48 h of culture,
PBMCs were harvested, and total RNA was isolated (Qiagen).
The total RNA (15 ug) was reverse transcribed (Invitrogen) with
a T7-polyA primer. In vitro transcription of cDNA was per-
formed in the presence of biotinylated ribonucleotides (ENZO
Diagnostics). Hybridization to Human U95A GeneChip (Affy-
metrix) and scanning were performed in accordance with the
manufacturer’s protocols; 16 of 17 original samples yielded sat-
isfactory hybridizations for both “mock” and “challenge” con-
ditions and were retained in the study.

Analysis of oligoarray results. Scanned images were pro-
cessed with Affymetrix Microarray Suite software (version 4.0).
Data from each oligoarray were normalized in accordance with
the manufacturer’s protocol. Subsequently, we used a quantile
normalization procedure, which forces the normalized average
difference distribution to be identical on every chip. Data were
then transformed using a “symmetric adaptive transform” [10—
12] to remove the inherent dependence of variability of a mea-
sured value on the mean of the values across arrays. The paired
Student’s t test was applied to the transformed data comparing
the “mock” and “challenge” sample from each subject, with a
required false-discovery rate of <10% [13]. We also required
expression levels to have changed by >0.5 on the transformed
scale (approximately equivalent to requiring a >2-fold change
on the original measurement scale) and that at least 40% of
the samples show a “present call” in 1 of the 2 groups.

RESULTS

Differential expression of TLRs by cells stimulated with B.
burgdorferi. Multiple receptors and proteins involved in the
TLR and NF-«B pathways were differentially expressed in the
16 individual human PBMCs stimulated with 1 pg/mL BL
(“challenge”), compared with the corresponding nonstimulated
cells (“mock”) (figure 1A and 1B). Exposure to BL caused the
up-regulation of TLR1 and TLR2 (0.28 and 0.61 log,, expres-
sion intensity), whereas TLR5 was down-regulated by 0.46 log,,
expression intensity. There were no changes in TLR3, TLR6,
and MyD88 (data not shown). MD-1 was down-regulated by
0.32 log,, expression intensity, whereas CD14 was up-regulated
by 0.35 log,, expression intensity. There was induction of NF-
kB2 and NF-«B1, as well as of the NF-kB-related inhibitory

molecules IkBa and IxBe.
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Figure 2. Increased Toll-like receptor (TLR)}-1 and TLR2 surface ex-

pression by TLRZ agonists. Human monocytes were stimulated for 48 h
with Borrelia burgdorferi lysate (BL; 1 ug/mL), lipidated outer surface
protein A (L-OspA; 0.1 ug/mL), Pam,CysSerlys, (Pam,CSK,; 0.01 wg/mL),
nonlipidated (n) L-OspA (0.1 ug/mL), or the bacterial flagellin antigen p37
(1 mg/mL), and TLR1 and TLR2 surface expression was measured by flow-
cytometric analysis. Data are the mean and SD of 2 experiments. The
significance of the difference between the means was analyzed using
the ttest for correlated samples, and 1-sided values of P< .05 are shown
(*). All' 3 TLR2 ligands enhanced TLR1 and TLR2 surface expression,
whereas nL-OspA and p37 stimulation had no effect. Preincubation of
anti-TLR2 antibody with BL (1 ug/mL), L-OspA (0.1 ug/mL), or Pam,CSK,
(0.01 wg/mL) down-regulated TLR2 and TLR1 surface expression, com-
pared with that in cells treated with antigen alone. There was no sig-
nificant difference in TLRZ and TLR1 expression in cells stimulated with
nL-OspA, mock-treated cells (with or without anti-TLRZ antibody), and
cells stimulated with p37. MFI, mean fluorescence intensity.
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Figure 3. Toll-like receptor (TLR)-5 decreased by TLR2 ligands. A, After 48 h of incubation with the different TLR2 agonists, human monocytes
were harvested, and protein lysates were isolated. Equal amounts of protein (10 ug) were subjected to Western blot and probed for TLR5. Decreasing
optical density (OD) values for TLR5 were observed in response to increasing amounts of Borrelia burgdorferi lysate (BL), lipidated outer surface protein
A (L-OspA), and Pam,CysSerlys, (Pam,CSK,). Data are the mean and SD of 3 experiments. B, Human monocytes were stimulated for 48 h with the
different TLR2 agonists, with or without anti-TLR2 antibody. Data are the mean and SD of 2 experiments, and 2-sided P values were calculated using
the t test for correlated samples. Blocking TLR2 with anti-TLR2 antibody significantly reversed the down-regulation of TLR5 mRNA as measured by
quantitative reverse-transcription polymerase chain reaction. nL-OspA, nonlipidated L-OspA.

The up-regulation of TLR1 and TLR2 and the down-regu-
lation of TLR5 were confirmed by RT-PCR in PBMCs (figure
1C) and monocytes (data not shown) by use of BL (1 pg/mL)
and L-OspA (0.1 ug/mL). Neither stimulus had any effect on
TLR6 and MyD88. BL and L-OspA caused no change in TLR4
mRNA expression as determined by RT-PCR (TLR4 is not
included in the Affymetrix U95A array). As a comparison, we
investigated the effect of LPS, which signals through TLR4, by
RT-PCR. PBMCs cultured with LPS (100 ng/mL) for 48 h did

not alter TLR1, TLR2, TLR5, and TLR6 or MyD88 expression,
but they induced TLR4. Altogether, these results suggest that
the appropriate TLR ligands are required to cause transcrip-
tional induction of TLR expression.

Enhanced surface expression of TLR1 and TLR2 in mono-
cytes caused by TLR2 stimulants. To test which PBMC subset
displayed enhanced TLR expression, we analyzed CD3*, CD14",
and CD19" gated populations for TLR1 and TLR2 surface ex-
pression. Subpopulations of mock-incubated PBMCs did not
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Figure 4. Induction of Toll-like receptor (TLR)-5 by TLR5 agonists. After

48 h of incubation, human monocytes stimulated with bacterial flagellin
antigens p37 and fliC were harvested, and protein lysates were isolated.
Equal amounts of protein (10 ug) were subjected to Western blot and
probed for TLR5. Data are the mean and SD of 3 experiments. A dose-
dependent increase in TLR5 protein levels was observed in response to
increasing amounts of p37 and fliC.

stain for either TLR1 or TLR2. Coculture with BL (1 pg/mL)
induced TLR1 and TLR2 expression mainly on CD14" cells
(71.8%). Less than 1% of CD3" cells stained positive for both
TLR1 and TLR2, and they were undetectable on CD19" cells.
These results led us to focus on CD14" cells for the subsequent
quantification of TLR1, TLR2, and TLR5 in response to TLR
ligands.

To further investigate the increase in TLR1 and TLR2 surface
expression, we stimulated monocytes with various concentra-
tions of BL, L-OspA, nL-OspA, Pam,CSK,, p37, and fliC. Com-
pared with that in controls, TLR1 and TLR2 surface expression
on monocytes stimulated with BL, L-OspA, and Pam,CSK, in-
creased significantly between 24 and 48 h. Expression levels
remained steady or began decreasing at 72 h. On the basis of
the dose- and time-curve results (data not shown), the 48-h
time point and the following doses were chosen for further
experiments: 1 pug/mL BL, 0.1 pug/mL L-OspA, and 0.01 pg/mL
Pam,CSK,. As expected, nL-OspA (0.1 pg/mL) had no effect
on either TLR1 or TLR2 expression. Similarly, neither p37 nor
fliC (tested in a concentration range of 0.01-1 ug/mL) en-
hanced TLR1 or TLR2 expression on monocytes at 24, 48, or

72 h (data not shown). These results suggest that an appropriate
TLR2 agonist is required for the induction of TLR1 and TLR2
surface expression on monocytes.

TLR1 and TLR2 expression reduced by TLR2 blocking. We
used neutralizing anti-TLR2 antibody to demonstrate the role
of TLR2 in mediating B. burgdorferi-induced TLR1 and TLR2
surface expression. Monocytes were incubated with or without
anti-TLR2 antibody before coculture with BL (1 pug/mL), L-
OspA (0.1 ug/mL), nL-OspA (0.1 ug/mL), or Pam,CSK, (0.01
pg/mL) for 48 h. Compared with stimulation by the ligands
alone, preincubation with anti-TLR2 antibody reduced the
TLR2 surface expression induced by Pam,CSK,, BL, and L-
OspA by 63%, 66%, and 66%, respectively (P = .02, P =
.027, and P = .004, paired t test) (figure 2). The presence of
anti-TLR2 antibody resulted in a 40%, 39%, and 33% reduction
in TLR1 surface expression in cells stimulated by L-OspA,
Pam,CSK,, and BL, respectively (P = .02, P = .03, and P =
.044, paired t test). There was no significant difference in TLR2
and TLR1 expression between mock-treated cells and those in-
cubated with anti-TLR2 antibody alone, with nL-OspA (with
or without anti-TLR2 antibody), and with p37 (1 pg/mL).
Taken together, these results show that the increase in TLR2
and TLR1 surface expression caused by BL, L-OspA, and
Pam,CSK, in human monocytes is a result of TLR2 ligation.

TLR5 protein expression down-regulated by B. burgdorferi
and L-OspA. To confirm the down-regulation of TLR5 ex-
pression on exposure to BL observed in both oligoarray analysis
and RT-PCR, we measured TLR5 protein levels by Western blot
in monocytes incubated with BL, L-OspA, and Pam,CSK, (fig-
ure 3). The TLR5 protein level was down-regulated in a dose-
dependent manner in cells stimulated with 0.1-10 pug/mL BL
and 0.01-1 pg/mL L-OspA. Specifically, 1 pg/mL L-OspA re-
sulted in a 68% reduction in optical density from control values.
Although increasing concentrations of Pam,CSK, (0.01-1 ug/
mL) produced a dose-dependent curve, 1 ug/mL led to a 39%
reduction in levels of TLR5 protein. In contrast, RT-PCR results
showed a more pronounced decrease in TLR5 mRNA with 0.01
pg/mL Pam,CSK, than with 0.1 pg/mL L-OspA and 1 pg/mL
BL. Blocking TLR2 ligation with anti-TLR2 antibody reversed
the down-regulation of TLR5 (figure 3B). These results confirm
that lipoproteins in BL, L-OspA, and Pam,CSK, are able to
suppress TLR5 expression and that this effect occurs via TLR2
stimulation.

Induction of TLR5 protein expression by B. burgdorferi p37
and fliC. To test whether the down-regulation of TLR5 was a
general phenomenon of TLR stimulation, we incubated mono-
cytes with various concentrations of fliC or p37 and measured
the TLR5 protein levels by Western blot. Both TLR5 ligands
increased TLR5 protein levels in a dose-dependent manner (fig-
ure 4). At the highest concentration (0.1 pg/mL), fliC and p37
induced a 4.55- and 4.05-fold increase, respectively, in TLR5
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Figure 5.

Interleukin (IL}-6 and tumor necrosis factor (TNF)-ce protein quantification after stimulation with flagellin antigens p37 and fliC. Shown

are the values for IL-6 and TNF-« protein levels after exposure of monocytes from 4 healthy volunteers (HVs) to the bacterial flagellin antigens p37
and fliC at increasing concentrations (in micrograms per milliliter) for 48 h, as assessed by the Lincoplex Multiplex Inmunoassay Kit. Data are the
mean and SD of triplicate samples from each experiment. Where error bars are not shown, only 1 well was measured. Although there was individual
variation in the magnitude of the response, both p37 and fliC stimulated cytokine production.

protein levels. These data indicate not only that the down-reg-
ulation of TLR5 was caused by TLR2 stimulation but that TLR5
protein expression is enhanced on TLR5 stimulation. It also
shows that p37 can activate human TLR5.

Cytokine profile of monocytes stimulated with p37 and fliC.
To assess the functional consequences of TLR5 activation by
p37, we incubated monocytes with various concentrations of
p37 and fliC and measured IFN-v, IL-16, IL-6, IL-8, IL-10, IL-
12 (p70), and TNF-« protein secretion at 48 h. Both TLR5
agonists stimulated monocytes from different individuals to
produce cytokines, albeit at different amounts. Increasing con-
centrations (0.01-1 ug/mL) of p37 resulted in a dose-dependent
response for IL-6 and TNF-« levels (figure 5) in samples from
3 of 4 individuals. Both p37 and fliC also stimulated production

of IL-8, IL-1f3, and IL-10, whereas IFN-vy and IL-12 (p70) were
undetectable (data not shown).

Induction of tolerance in human monocytes. Given our
finding that TLR2 agonists down-regulate TLR5, we examined
whether they are able to induce cross-tolerance to flagellin, pos-
sibly by decreasing TLR5 expression. To test this hypothesis, we
compared the ability of L-OspA, Pam,CSK, (at a concentration
with little effect on TLR5 protein levels), LPS, and fliC to induce
tolerance and cross-tolerance. Monocytes were incubated with
L-OspA (1 pg/mL), Pam,CSK, (0.01 ug/mL), LPS (100 ng/mL),
fliC (0.1 pg/mL), or medium alone for 48 h as a pretreatment.
Cells were then washed twice and rested for 2 h in fresh medium
before challenge with 0.01 pg/mL Pam,CSK, or 0.1 ug/mL fliC
for 24 h. TNF-« and IL-6 protein secretion were measured by
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Figure 6. Comparison of tumor necrosis factor (TNF)-« and interleukin (IL)-6 production induced by the bacterial flagellin antigen fliC in nontolerized
and lipidated outer surface protein A (L-OspA), Pam,CysSerlys, (Pam,CSK,), fliC, and lipopolysaccharide (LPS) tolerized human monocytes. Human
monocytes were pretreated with medium only (C), L-OspA (1 ug/mL), Pam,CSK, (0.01 ug/mL), LPS (100 ng/mL), or fliC (0.1 wl/mL) for 48 h. Cells were
then washed twice, rested for 2 h at 37°C, and restimulated with fliC (0.1 ug/mL) and Pam,CSK, (0.01 ug/mL) for 24 h. Levels of TNF-« and IL-6
were assessed with the Lincoplex Multiplex Immunoassay Kit. Data are the mean and SD of experiments performed in triplicate for 2 individuals.
TLR2, TLR4, and TLR5 stimulation caused hyporesponsiveness on secondary fliC and Pam,CSK, stimulation. HV, healthy volunteer.

ELISA. Pretreatment with L-OspA, Pam,CSK,, LPS, and fliC
caused decreased TNF-« and IL-6 secretion on stimulation with
fliC and Pam,CSK, (figure 6). These data demonstrate that TLR2,
TLR4, and TLR5 ligands render monocytes hyporesponsive to a
second TLR5 and TLR2 stimulation and that, therefore, tolerance
and cross-tolerance occur independently of TLR modulation.

DISCUSSION

The expression of different human TLRs may act to either en-
hance or inhibit innate immune system recognition of particular
pathogen-associated molecular patterns, which suggests that cel-
lular responses to these patterns are dependent on the total rep-
ertoire of TLRs present on a cell, necessary cofactors, and the
extent to which levels of each protein are expressed [14-16].
In the present study, we have demonstrated the differential
expression of human TLR1, TLR2, and TLR5 in cells stimulat-

ed with B. burgdorferi. In agreement with previous data that
showed cooperation between TLR1 and TLR2 for the recog-
nition of triacylated lipoproteins [6, 7, 15, 16], expression of
both receptors was induced on stimulation with BL, L-OspA,
and Pam,CSK,. These findings were confirmed at the cellular
phenotypic level. Although the induction of TLR2 by TLR2
ligands in human cells, including monocytes, has been de-
scribed elsewhere [17-20], to our knowledge, the parallel in-
duction of expression of both receptors in human PBMCs and
monocytes has not yet been reported. TLR2 ligands have also
been shown to up-regulate TLR2 on murine cells [17, 21, 22].

Blocking the ligation of TLR2 on monocytes with neutral-
izing antibody reduced the TLR1 and TLR2 phenotypic ex-
pression induced by TLR2 ligands, thereby demonstrating that
these changes are TLR2 dependent. The up-regulation of TLR1
and TLR2 appears to be a specific response to TLR2 stimulation,
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given that both LPS and flagellin, which stimulate TLR4 and
TLR5, respectively, did not affect human TLR1 and TLR2 ex-
pression. The lack of effect of LPS on TLR2 expression and the
up-regulation of TLR4 by LPS are in accord with previous
results in human monocytes [23]. These results differ from
findings in murine cells, in which LPS causes the up-regulation
of TLR2 in macrophages [21, 24-26]. In contrast, TLR4 ex-
pression remained unchanged or decreased in murine mac-
rophages stimulated with LPS [25, 27], whereas LPS increased
TLR4 mRNA in rat cardiomyocytes [28]. The reasons for such
differences in TLR expression between human and mouse cells
remain unclear. They may represent species-specific as well as
cell-specific responses. For example, although LPS does not
change TLR2 expression on human monocytes, it does up-
regulate the receptor in human polymorphonuclear cells [23].
Also, although immature dendritic cells down-regulate TLRI,
TLR2, TLR4, and TLR5 in response to LPS, this phenomenon
did not occur in monocytes [29].

Interestingly, although we found TLR1 and TLR2 mRNA
and protein levels to be significantly up-regulated in response
to TLR2 agonists, we also observed a down-regulation of TLR5.
TLRS5 recognizes flagellin [8], the structural protein subunit of
the flagellum. TLR5 protein levels were reduced in a dose-
dependent manner after monocytes were incubated with BL
and L-OspA. This down-regulation was less pronounced in cells
stimulated with Pam,CSK, and seems to have been specific to
TLR2 stimulation, given that LPS did not induce the down-
regulation of TLR5. Moreover, TLR1 and TLR2 were unchanged
and TLR5 was up-regulated in cells stimulated with TLR5 li-
gands. The up-regulation of TLR5 on stimulation with its ligand
has been reported in SV40 immortalized human airway epi-
thelial cells and SV40 transformed human bronchial epithelial
cells [28]. To our knowledge, this is the first report of the up-
regulation of TLR5 by TLRS5 ligands in human monocytes and
that flaA, the outer layer protein that composes the B. burg-
dorferi flagella [30], can enhance TLR5 protein expression.

Of particular interest is the observation that TLR2 stimu-
lation resulted in the down-regulation of TLR5. Because flagella
play an essential role in motility and cell morphology [31] and
are important virulence factors [32-34] of B. burgdorferi, we
hypothesized that the down-regulation of TLR5 could be useful
to the organism by decreasing the cell response to flagellin. This
may represent an interesting mechanism of bacterial subversion
of the host response and could be useful for spirochete per-
sistence. Because flagella are indispensable for the organism,
they cannot be down-regulated—a mechanism of immune eva-
sion that has been demonstrated for other surface antigens [35].
This is an attractive hypothesis; however, B. burgdorferi flagella
are not exposed at the cell surface. The flagella of B. burgdorferi
are contained within the periplasm, a space between the pro-
toplasmic cell cylinder and the outer membrane sheath. The

possibility remains that Borrelia flagella could be exposed, per-
haps via transient gaps, as has been implied for Treponema
pallidum [36]. Finally, other organisms recognized by TLR2
and TLR5 may explore this mechanism. Alternatively, the
down-regulation of TLR5 could also be useful for the host. It
is possible that such down-regulation could be relevant in an
environment where strong and persistent innate immune re-
sponses are not desirable—for example, the central nervous
system or intestinal mucosa [37].

To investigate this hypothesis, we studied whether stimula-
tion with L-OspA and Pam,CSK, resulted in tolerance to TLR5
and TLR2 stimulation in human monocytes and compared it
with stimulation with LPS and fliC. Tolerance, a phenomenon
usually studied with LPS but also seen with the engagement of
other TLR/IL-1 receptors, is defined as a reduced capacity to
respond to activation after the first exposure to a stimulus. It
can be divided into tolerance or cross-tolerance, depending on
whether the tolerizing and challenge stimuli use the same or
different TLRs [38]. The mechanisms of tolerance are not fully
resolved, with one of the possible mechanisms being the down-
regulation of receptors [39, 40]. Our results demonstrate that
monocytes stimulated with TLR2 ligands become tolerant to
flagellin and to Pam,CSK,. The same occurred with monocytes
stimulated with LPS and fliC. Therefore, TLR modulation does
not seem to be involved in the development of tolerance. It is
likely that multiple factors contribute to this phenomenon, be-
cause numerous signaling proteins are altered during tolerance.
These include a decreased association of TLR4 with MyD88 [41],
increased IL-1R-associated kinase (IRAK) degradation and de-
creased association of IRAK with MyD88 [42, 43], the expres-
sion of MyD88 short [44], the induction of IRAK-M [45-47],
the induction of suppressor of cytokine signaling—1 [48, 49],
increased IkB inhibitory proteins and NF-«kB p50 homodimer
[38, 50], and disruption of the NF-«kB p65 transactivating stage
and alteration of chromatin remodeling at the IL-13 promoter
[51]. IL-10 and transforming growth factor—3 also participate in
the mechanism of tolerance [20, 52]. A combination of these
mechanisms is likely to be involved in monocyte hyporespon-
siveness observed after TLR2, TLR4, and TLR5 stimulation.

In conclusion, stimulation with TLR2 ligands induces the
up-regulation of TLR2 and TLR1 and down-regulates TLR5 in
human monocytes. It is intriguing to consider that TLR ex-
pression patterns may change in response to diverse environ-
ments and the surrounding conditions and that they may be
regulated differently at the inflammatory site. These changes
may be useful for either the pathogen or the host or for both.
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