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We previously showed that heat-killed Borrelia burgdorferi spirochetes and lipidated outer surface protein A
(L-OspA) stimulated the in vitro production of interleukin-10 (IL-10) in peripheral blood mononuclear cells
(PBMC) from uninfected humans and rhesus monkeys (G. Giambartolomei et al., Infect. Immun. 66:2691-
2697, 1998). Here we demonstrate that uninfected human peripheral blood monocytes, but not B or T cells, are
the cells that transcribe the IL-10 cytokine gene in response to heat-Killed B. burgdorferi. B. burgdorferi similarly
induced an upregulation of the IL-13 and IL-6 cytokine genes in monocytes and the production of IL-10 and
IL-6 in culture supernatants of the human monocytic cell line THP-1. Purified L-OspA (but not unlipidated
OspA [U-OspA] or U-OspC) also stimulated the production of both cytokines in THP-1 cells in a dose-
dependent fashion, suggesting that acylation of the OspA protein molecule is required for the production of
both anti- and pro-inflammatory cytokines in naive monocytes. A lipohexapeptide that contained the tripalmi-
toyl-modified cysteine motif (Pam;Cys-Hex) of B. burgdorferi lipoproteins but with an arbitrary peptide
sequence had the same effect. Monoclonal antibodies (MAbs) MY4 and 60bca, both of which bind to CD14 and
are known to block lipopolysaccharide (LPS)-mediated cytokine production, were able to block L-OspA-
mediated IL-10 and IL-6 cytokine production. In contrast, MAb 26ic, which also binds to CD14 but does not
block LPS function, failed to inhibit L-OspA-mediated cytokine production. These data suggest that activation
of monocytes and production of both anti- and pro-inflammatory cytokines induced by lipoproteins proceeds
via the CD14 receptor. LPS binding protein was not required for OspA-induced cytokine production. Our
results demonstrate that pro- and anti-inflammatory cytokines induced by B. burgdorferi lipoproteins in PBMC
are produced by monocytes and that lipoprotein and LPS signaling pathways share at least the initial signaling

event that involves the CD14 receptor.

Borrelia burgdorferi, the spirochete that causes Lyme disease,
can invade multiple organs and persist in them for a long time
(3, 53). Spirochetal persistence in these organs has been asso-
ciated with severe pathology (6, 9, 53) and may cause localized
inflammation. Inflammatory foci in the joints, skin, heart, and
nervous system are characteristically observed in Lyme disease
patients and in some animal models of Lyme disease (29).
Cytokine-stimulatory properties possessed by B. burgdorferi
may explain the correlation between tissue invasion and local-
ized inflammation (7, 13, 18, 40).

B. burgdorferi lacks lipopolysaccharide (LPS) (41), but its
genome contains no fewer than 105 genes coding for putative
lipoproteins (10). Since bacterial lipoproteins have potent in-
herent stimulatory properties (15, 16), it has been hypothe-
sized that B. burgdorferi lipoproteins are responsible for the
inflammation associated with infection (23, 33, 40, 50). Outer
surface protein A (OspA) has been the lipoprotein chosen as a
model to investigate the molecular basis of inflammation in
Lyme borreliosis. At the most general level, OspA is capable of
inducing nuclear translocation of the transcription factor
NF-kB in human endothelial cells and in a human monocytoid
cell line (26, 50). Other potentially inflammatory responses
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such as upregulation of interleukin-18 (IL-1B) and IL-6 cyto-
kine genes in mouse macrophages (26, 33), and the production
of these cytokines by human umbilical vein endothelial cells or
human monocytes (14, 50), also are induced by OspA. Like
LPS, OspA is capable of inducing the production not only of
inflammatory cytokines but also that of anti-inflammatory cy-
tokines such as IL-10 (11, 14). The OspA protein moiety itself
does not appear to play a role in these phenomena, as heat-
killed spirochetes from mutant strains of B. burgdorferi that
lack the plasmid that contains the ospA gene are equally ca-
pable of stimulating the production of IL-10 in peripheral
blood mononuclear cells (PBMC) (11). In addition, synthetic
lipohexapeptides varying in peptide composition but all with a
tripalmitoyl-Cys moiety are able to elicit inflammatory stimuli
as does the OspA lipoprotein itself (33).

Since the spectrum of pro- and anti-inflammatory cytokines
induced by OspA and LPS (1, 8) and the cell types involved
(11, 26, 33, 50) are remarkably similar, we hypothesized that
both molecules may utilize common stimulation pathways. In
recent years, much insight has been gained into the mecha-
nism(s) by which LPS acts at the cell surface to activate cells of
the myeloid lineage. Several investigators (43, 47, 52) have
shown that LPS interacts with an acute-phase reactant called
LPS-binding protein (LBP) and that the LBP-LPS complex
binds to CD14, a glycosylphosphatidylinositol-anchored pro-
tein on the cell surface.

We first elucidated which of the main cell populations within
the PBMC compartment, namely, B cells, T cells, and mono-
cytes, produce pro (IL-1f and IL-6)- and anti (IL-10)-inflam-
matory cytokines when stimulated with B. burgdorferi. Once the
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cell type involved in these phenomena was identified, we used
the human monocytic cell line THP-1 as a model to investigate
if LBP and CD14 are involved in the lipoprotein signaling
pathway. Here, we present the results of this study.

MATERIALS AND METHODS

Reagents. Anti-CD14 monoclonal antibodies (MAbs) 60bca immunoglobulin
G1 ([IgG1]) and 26ic (IgG2b) (45) were kindly provided in ascitic fluid by Robert
F. Todd (University of Michigan, Ann Arbor). Purified anti-CD14 MAb MY4
(IgG2b; 1 mg/ml) was obtained from Coulter Immunology (Hialeah, Fla.). Neg-
ative control immunoglobulins for the inhibition experiments were purified
mouse IgG2b and IgG1 (Sigma Chemical Company, St. Louis, Mo.). Purified
recombinant human LBP (rLBP) was kindly provided by Peter Tobias (Scripps
Clinic and Research Foundation, La Jolla, Calif.). Tissue culture-tested bovine
serum albumin (BSA) (endotoxin, <0.1 ng/mg; fatty acids, <0.005%), LPS from
Escherichia coli 026:B6, and phytohemagglutinin (PHA) were from Sigma. The
lipohexapeptide Pams-Cys-Ser-Lys,-OH (Pam;Cys-Hex) was obtained from
Boehringer Mannheim (Indianapolis, Ind.).

Bacteria and lipoproteins. The JD1 strain of B. burgdorferi sensu stricto was
used in this study (30). Heat-killed spirochetes to be used as antigen were
prepared as previously described (11). Recombinant lipidated OspA (L-OspA),
unlipidated OspA (U-OspA), and unlipidated OspC (U-OspC) were obtained
from John Dunn, Brookhaven National Laboratories, Brookhaven, N.Y. The
recombinant OspA gene was from the B31 strain of B. burgdorferi sensu stricto.
U-OspA and U-OspC were equivalent to the mature Osps but lacked the cys-
teine in position 18 of the unprocessed proteins. The L-OspA, U-OspA, and
U-OspC preparations contained less than 0.25 endotoxin units per mg of protein,
as assessed by Limulus amebocyte assay (Associates of Cape Cod, Woods Hole,
Mass.).

Stimulation and purification of monocytes, B cells, and T cells. PBMC from
healthy human donors were isolated as already described (11). PBMC were
cultured in round-bottom polypropylene tubes (Sarstedt, Niimbrecht, Germany)
in RPMI 1640 supplemented with 25 mM HEPES buffer, 2 mM L-glutamine,
10% heat-inactivated fetal bovine serum (FBS; HyClone, Logan, Utah), 100 U of
penicillin per ml, 100 g of streptomycin per ml, and 0.25 g of amphoterium B
(Fungizone) per ml (RPMI), in the presence of heat-killed B. burgdorferi spiro-
chetes (107 spirochetes/ml) or PHA (10 wg/ml) in a final volume of 1 ml. Cultures
were incubated at 37°C in a humidified atmosphere (5% CO, and 95% air) for
24 h. At the end of the incubation, cells were centrifuged at 450 X g at 4°C. The
supernatants were discarded, and the cells were washed in separation buffer
(phosphate-buffered saline [PBS; 137 mM NaCl, 1.5 mM KH,PO,, 20 mM
Na,HPO,, 2.7 mM KClI] containing 0.5% BSA and 5 mM EDTA). T cells, B
cells, and monocytes were separated from the stimulated PBMC mixture by using
immunomagnetic beads as instructed by the manufacturer (Miltenyi Biotec Inc.,
Auburn, Calif.). B cells were isolated by positive selection using MACS CD19-
microbeads (Miltenyi) and the Miltenyi Mini MACS magnetic separation system.
Monocytes were separated from T cells by positive selection using MACS CD14
microbeads (Miltenyi). Separated cells were washed, counted, and processed
immediately for RNA extraction. Purity of the B-cell, T-cell, and monocyte
preparations was assessed by flow cytometry analysis with a FACScalibur cell
sorter (Becton Dickinson Immunocytometry Systems, Mountain View, Calif.)
and anti-CD19-phycolerythrin (B1; Becton Dickinson), anti-CD2-fluorescein iso-
thiocyanate (T11; Becton Dickinson), and anti-CD14-fluorescein isothiocyanate
MADs. Control MAbs of the same isotype were used for each sample. T cells
(99% T cells and 1% B cells), monocytes (85 to 95% monocytes and 15 to 5% T
cells), and B cells (86 to 87% B cells, 12% T cells, and 1 to 2% monocytes) were
used to analyze cytokine gene expression by RT-PCR.

Detection of cytokine mRNA by semiquantitative RT-PCR. Reverse transcrip-
tion (RT)-PCR was performed as previously described (11). Results were ex-
pressed as fold increase over the mRNA levels of cells cultured in the absence of
antigen.

Cell culture. Cells of the THP-1 monocyte cell line (46) were purchased from
the American Type Culture Collection (catalog no. TIB 202) and cultured as
described previously (20). To induce elevated expression of CD14, cells were
exposed to 0.05 wM 1,25-dihydroxyvitamin D5 (Calbiochem-Nova Biochem Int.,
La Jolla, Calif.) for 48 h (19).

Stimulation of cytokine production. Vitamin D-treated THP-1 cells (10%ml)
were cultured in round-bottom polypropylene tubes (Sarstedt) with RPMI, spi-
rochetes, L-OspA, U-OspA, U-OspC, Pam;Cys-Hex, or LPS at the indicated
concentration in a final volume of 0.5 ml. Cultures were incubated at 37°C in a
humidified atmosphere (5% CO, and 95% air) for 24 h. Where indicated,
cultures also contained 10 pg of polymyxin B sulfate (Sigma) per ml. At the end
of the culture, cells were centrifuged at 400 X g at 4°C for 10 min, and the
supernatants were aliquoted and stored at —70°C until they were assayed for
IL-10 or IL-6.

Inhibition of CD14 binding. Equal volumes (125 pl) of vitamin Ds-treated
THP-1 cells (4 X 10°/ml) and different dilutions of MAbs MY4, 60bca, and 26ic
or their respective nonimmune isotype controls were mixed and incubated in
round-bottom polypropylene tubes (Sarstedt) for 30 min at 4°C. This preparation
was subsequently incubated with 250 pl of LPS, L-OspA, or Pam;Cys-Hex to
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reach a final concentration of 10 ng/ml for LPS, 100 ng/ml for L-OspA or 5 ng/ml
for Pam;Cys-Hex in a final volume of 0.5 ml. Cultures were incubated for 24 h
as described above, and supernatants were aliquoted and stored at —70°C until
being assayed for IL-10 or IL-6.

Role of LBP in the CD14-dependent lipoprotein-induced cytokine production.
Vitamin D3-treated THP-1 cells (10%ml) were cultured in RPMI medium in
round-bottom polypropylene tubes (Sarstedt) with L-OspA or LPS at the indi-
cated concentrations in the presence of either 10% FBS, 5% BSA, or 5% BSA
containing increasing amounts of rLBP in a final volume of 0.5 ml. To allow for
the formation of complexes with LBP, LPS, or L-OspA were incubated with
rLBP for 10 min at 37°C before addition of the cells. Cultures were incubated for
24 h as described above, and the supernatants were aliquoted and stored at
—70°C until being assayed for IL-10 or IL-6.

Cytokine ELISA. A sandwich enzyme-linked immunosorbent assay (ELISA)
was used to detect IL-10 and IL-6 secretion in culture supernatants of THP-1
cells. Secreted IL-10 was quantified with MAb JDS3-9D7 (PharMingen, San
Diego, Calif.) as capture antibody and biotin-conjugated MAb JDS3-12G8
(PharMingen) as detection antibody. The ELISA protocol was as described
previously (11). The secretion of IL-6 was quantified with MAb MP5-20F3
(PharMingen) as capture antibody (50 ng/well) and the biotinylated MAb MP5-
32C11 (PharMingen) as detection antibody (50 ng/well), using the procedure
described for IL-10 (11).

RESULTS

B. burgdorferi spirochetes induce IL-10, IL-6, and IL-1p
gene transcription in human peripheral blood monocytes. We
had shown that B. burgdorferi is capable of stimulating the
transcription and secretion of IL-10 in uninfected human and
rhesus monkey PBMC in vitro (11). To determine the cell
subpopulation involved in this phenomenon, cell purification
experiments were performed with uninfected human PBMC.
PBMC were cultured for 24 h in the absence or presence of
whole heat-killed B. burgdorferi JD1 or PHA. After culture,
PBMC were separated into T-cell, B-cell, and monocyte sub-
populations with appropriately tagged immunomagnetic beads,
and cytokine gene expression was assessed by semiquantitative
RT-PCR.

Compared to unstimulated cells, JD1 induced a marked
upregulation of the expression of the IL-10 gene only in the
monocyte-enriched cell population (10- to 18-fold increase
over unstimulated cells). In contrast, JD1 did not ostensibly
affect the expression of the IL-10 gene in normal T or B cells
(onefold increase). The mitogen PHA induced the expression
of the IL-10 gene in the three cell subpopulations (Fig. 1A).
Heat-killed B. burgdorferi also caused an upregulation of IL-13
(five- to eightfold increase [Fig. 1B]) and IL-6 (two- to seven-
fold increase [Fig. 1C]) gene expression in monocytes; a similar
finding was reported for a study using OspA as the stimulant
(26). JD1 did not induce an upregulation of expression of the
IL-1B, or IL-6 gene in B or T cells (onefold increase) com-
pared to unstimulated cells. PHA induced an upregulation of
the expression of the IL-1B and IL-6 genes in B cells (Fig. 1A
and B) but not in T cells (data not shown). Failure of purified
human T cells to transcribe the IL-6 gene in response to PHA
has been observed previously (48). We did not further inves-
tigate the inability of PHA to induce IL-1B gene transcription
in T cells.

B. burgdorferi lipoproteins induce the production of pro- and
anti-inflammatory cytokines in the THP-1 cell line. After de-
termining that the PBMC cell type that secreted IL-10, IL-1p3,
and IL-6 in response to JD1 was the monocyte, we performed
experiments with the well-characterized THP-1 human mono-
cytic cell line (46). This cell line was used to further investigate
the mechanisms by which B. burgdorferi lipoproteins induce the
production of cytokines in uninfected human monocytes. To
induce cell maturation and expression of surface CD14, THP-1
cells were pretreated with vitamin D5, a treatment previously
shown to enhance the responsiveness of this cell line to LPS
and B. burgdorferi lipoproteins (20, 26). Vitamin D;-treated
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FIG. 1. Cytokine mRNA expression induced by B. burgdorferi in T lympho-
cytes, B lymphocytes, and monocytes separated from PBMC of uninfected hu-
man donors. PBMC (3 X 10° per ml) from each of two donors were incubated
for 24 h in supplemented medium (RPMI) alone or with added heat-killed B.
burgdorferi JD1 spirochetes (107/ml) or PHA (10 pg/ml). After culture, PBMC
were separated into T cells (A), B cells (), and monocytes (O) by using
immunomagnetic beads tagged with specific MAbs. The induced mRNA levels of
IL-10 (A), IL-1B (B), and IL-6 (C) were determined by RT-PCR. Responses are
shown as fold increase over unstimulated cells. Each point represents the re-
sponse of cells from an individual donor. All values were normalized with respect
to GAPDH mRNA levels.

THP-1 cells were incubated with JD1 spirochetes, L-OspA,
U-OspA, U-OspC, or LPS; after 24 h of culture, the produc-
tion of IL-10 and IL-6 was evaluated in the culture superna-
tants by ELISA. Corroborating the results obtained with puri-
fied peripheral blood monocytes, the production of both IL-10
and IL-6 was markedly higher in culture supernatants of
THP-1 cells that were stimulated with JD1 than in the unstimu-
lated cells (Fig. 2). Cytokine production was a function of the
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FIG. 2. B. burgdorferi and its lipoproteins induce pro- and anti-inflammatory
cytokines in THP-1 monocytoid cells. Vitamin Ds-treated THP-1 cells (10°/ml)
were incubated for 24 h with supplemented medium (RPMI), various concen-
trations of heat-killed strain JD1 spirochetes (from left to right, 107 to 10?
spirochetes/ml, in multiples of 10), or various concentrations of L-OspA, U-
OspA, U-OspC (from left to right, 1,000, 500, 250, 100, 10, and 1 ng/ml) and LPS
(100, 10, and 1 ng/ml) in the presence or absence of polymyxin B (PB). IL-10 (A)
and IL-6 (B) in the cell supernatants were quantified by antibody capture ELISA.
Data are representative of two separate experiments. The lower limit of detec-
tion of the ELISA was 15 pg/ml.
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amount of spirochetes present in the culture. A marked inter-
leukin upregulation was detected in cultures containing be-
tween 10° and 107 spirochetes/ml. As previously observed for
IL-10 (11), IL-6 and IL-10 production in cultures that con-
tained 10° spirochetes/ml or less dropped dramatically to the
levels of unstimulated cells (Fig. 2). L-OspA also induced
IL-10 and IL-6 in a dose-dependent fashion. Cytokine produc-
tion was seen with as little as 1 ng of L-OspA per ml, and
maximum production was achieved with 1,000 ng/ml (Fig. 2).
IL-10 and IL-6 production by lipoprotein-stimulated THP-1
cells was dependent on the lipidation of the molecules, as
U-OspA and U-OspC failed to induce cytokine production at
all concentrations tested (1 to 1,000 ng/ml) (Fig. 2). Interest-
ingly, untreated THP-1 cells also secreted IL-10 in response to
LPS and L-OspA, although at concentrations of =100 ng/ml
for both stimulants (12). Interleukin secretion was not due to
LPS contamination, as the addition of polymyxin B had no
effect on JD1- or L-OspA-induced cytokine production under
conditions in which it completely blocked cytokine production
in response to LPS concentrations ranging from 1 to 100 ng/ml
(Fig. 2). These results showed that acylation of B. burgdorferi
lipoproteins is crucial for the induction of both pro- and anti-
inflammatory cytokines in uninfected monocytes.

The Pam;-modified cysteine is the molecular structure that
induces the production of pro- and anti-inflammatory cyto-
kines in THP-1 cells. Recently, it was demonstrated that lipo-
hexapeptides which had in common the tripalmitoyl-Cys moi-
ety but had peptides of different amino acid compositions are
qualitatively as effective as the OspA lipoprotein itself in the
activation of macrophages and production of inflammatory
cytokines (33). Moreover, the presence of OspA per se is not
required in heat-killed spirochetes for the induction by the
latter of IL-10 production in PBMC, as heat-killed spirochetes
from mutant strains of B. burgdorferi that lack the plasmid that
contains the ospA gene are equally effective (11). This led us to
investigate the role of the Pamy-modified cysteine in the in-
duction of both pro- and anti-inflammatory cytokines in THP-1
cells. For that purpose, vitamin D;-treated THP-1 cells were
incubated with Pam,Cys-Hex, a lipohexapeptide with a peptide
sequence different from B. burgdorferi lipoproteins but having
the common tripalmitoyl-modified cysteine, and after 24 h of
culture, the production of IL-10 and IL-6 was evaluated in
culture supernatants by ELISA. Pam;Cys-Hex induced the
production of IL-6 and IL-10 in a dose-dependent manner
(Fig. 3). Addition of polymyxin B had no effect on the cytokine
induction by Pam,Cys-Hex, which indicated that this phenom-
enon was not due to LPS contamination. These results dem-
onstrate that the Pamj;-modified cysteine is the molecular
structure that induces the production of pro- and anti-inflam-
matory cytokines in THP-1 cells.

B. burgdorferi lipoprotein-induced cytokine production is
CD14 mediated. To examine the role of the CD14-dependent
signaling pathway in the cytokine production induced by spi-
rochetal lipoproteins in monocytes, vitamin D5-treated THP-1
cells were preincubated with the anti-CD14 MAbs 60bca and
26ic or their respective nonimmune controls and then cultured
with LPS, L-OspA, or Pam;Cys-Hex. After 24 h of culture, the
production of IL-10 and IL-6 was evaluated in culture super-
natants by ELISA. As expected, MAb 60bca blocked the LPS-
mediated production of both IL-10 and IL-6 in a dose-depen-
dent manner, whereas MAb 26ic, which was previously
reported to be an antibody to CD14 that does not block LPS-
mediated responses (52), failed to inhibit the cytokine produc-
tion induced by LPS at all dilutions tested (Fig. 4). Mimicking
the effect observed on the LPS-mediated response, MADb 60bca
blocked both the L-OspA- and Pam;Cys-Hex-mediated pro-
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FIG. 3. A synthetic lipohexapeptide induces pro- and anti-inflammatory cy-
tokine production in THP-1 cells. Vitamin Ds-treated THP-1 cells (10%/ml) were
incubated for 24 h with supplemented medium (RPMI), L-OspA (10 ng/ml),
various doses of the synthetic lipohexapeptide Pam;Cys-Hex (from left to right,
50, 25, 12.5, 5, 0.5, and 0.05 ng/ml), or LPS (10 ng/ml) in the presence or the
absence of polymyxin B (PB). IL-10 (A) and IL-6 (B) were quantified in the cell
supernatants by antibody capture ELISA. Data are representative of two sepa-
rate experiments.

duction of IL-10 and IL-6 in a dose-dependent fashion, while
MAD 26ic had no effect on this response (Fig. 4). MAb MY4,
which like 60bca is able to block the LPS-induced production
of cytokines by monocytes, also inhibited the LPS- and L-
OspA-mediated production of cytokines in a dose-dependent
fashion (data not shown). Isotype control MAbs had no effect
on all responses studied. These results indicate that at the
concentrations of L-OspA and Pam;Cys-Hex tested, activation
of monocytes and cytokine production induced by B. burgdor-
feri lipoproteins and LPS proceeds via the CD14 receptor. The
results also suggest that the tripalmitoyl-modified cysteine is
the molecular moiety of lipoproteins that binds to the CD14
molecule.

B. burgdorferi lipoprotein-induced cytokine production is
LBP independent. To determine the role of LBP in the CD14-
mediated lipoprotein-induced cytokine production, vitamin
D;-treated THP-1 cells were cultured with L-OspA or LPS in
the presence of FBS or in its absence (BSA). After 24 h of
culture, the production of IL-10 was evaluated in the culture
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FIG. 4. Inhibition of lipoprotein-induced cytokine production by anti-CD14 MAbs 60bca and 26ic. Vitamin Ds-treated THP-1 cells (10®/ml) were preincubated with
RPMI (untreated) or treated with different dilutions (1/100 to 1/5,000) of ascitic fluids containing MAbs 60bca and 26ic or the respective nonimmune ascitic fluid isotype
controls (1/100) IgG1 and IgG2b for 30 min at 4°C. A volume of additional RPMI was then added without (RPMI) or with LPS, L-OspA, or Pam;Cys-Hex such that
the final concentrations of these three reagents were 10, 100, and 5 ng/ml, respectively, and the cells were then incubated at 37°C for 24 h. IL-10 (A) and IL-6 (B) were
quantified in the cell supernatants by antibody capture ELISA. Data are representative of two separate experiments.

supernatants by ELISA. In the absence of FBS, LPS did not
induce IL-10 production in THP-1 cells, whereas the L-OspA-
induced IL-10 production was unaffected (Fig. 5). Similarly,
increasing concentrations of LBP restored the ability of LPS to
induce IL-10 production but did not alter that of L-OspA (Fig.
5). This finding indicates that LBP is not involved in the li-
poprotein-induced cytokine production by B. burgdorferi.

DISCUSSION

Inflammation is present both in the acute and chronic
phases of Lyme borreliosis and in virtually all organs affected
by this disease (6). In the skin, the histopathologic hallmarks of
erythema migrans are perivascular mononuclear cellular infil-
trates, mostly monocytic, which appear in the superficial and
deeper dermis within 1 to 2 weeks of infection both in humans

and in animal models of Lyme disease (4, 28). Intermittent
inflammatory arthritis is present in the early phases of disease
in humans (39), and some patients may develop chronic in-
flammatory arthritis that resembles other forms of human in-
flammatory arthritis (22). In rhesus monkeys, 6 months after a
B. burgdorferi infection delivered via ticks, a spectrum of in-
flammatory changes was evident in the joints, which included
synovial cell hyperplasia, mononuclear cell infiltration of the
synovium, mostly perivascular, and active chronic changes such
as pannus formation (35). Joint damage was associated with
presence of B. burgdorferi in these joints, as shown by immu-
nostaining of synovial tissue and in vitro culture of synovial
tissue and fluid (35).

In the nervous system, elevated levels of IL-1 and tumor
necrosis factor alpha (TNF-a) have been found in neurobor-
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FIG. 5. Effect of rLBP on IL-10 production induced by L-OspA. Vitamin
Ds-treated THP-1 cells (10° per ml) were incubated for 24 h in RPMI alone or
with 10 ng of LPS or L-OspA per ml in the presence of 10% FBS, 5% BSA, or
5% BSA and 10-fold increasing concentrations of rLBP (0.6 to 600 ng/ml). IL-10
was quantified in the cell supernatants by antibody capture ELISA. Data are
representative of two separate experiments.

reliosis patients, and IL-6 production is simulated by coincu-
bation of C6 glioma cells (13) or cultured rat brain cells (42)
with B. burgdorferi. In the rhesus monkey, peripheral neuritis
involving multiple nerves was the most consistent neurologic
manifestation observed 3 months postinfection when the pe-
ripheral nervous system was investigated in these animals.
Both macrophages and B lymphocytes, but not T lymphocytes,
were present in the cellular infiltrates. Some of the Schwann
cells in lesions stained with antinitrotyrosine and anti-TNF-a
antibodies. B. burgdorferi, or antigens thereof, were visualized
immunohistochemically within macrophages (36).

Since bacterial lipoproteins have potent inherent stimulatory
properties (15, 16), it has been hypothesized that B. burgdorferi
lipoproteins are responsible for the inflammation associated
with infection (23, 33, 40). Studies on the molecular pathogen-
esis of inflammation in Lyme borreliosis have focused on B.
burgdorferi’s lipoproteins, as the general stimulatory properties
of lipoproteins from other bacterial species have become bet-
ter understood (15, 16). As these studies progressed (23, 24, 33,
40), it became apparent that local and systemic production of
the inflammatory cytokines IL-6, IL-1B, and TNF-a, which are
elicited by B. burgdorferi lipoproteins in cells such as macro-
phages and which have potent cell recruitment and immune
response amplification capabilities (33), could explain why
Lyme disease can be overtly manifest even when spirochetes
are hard to find in lesions or bodily fluids. Moreover, the ability
of B. burgdorferi lipoproteins to induce anti-inflammatory cy-
tokines such as IL-10 might explain the focal and transient
nature of inflammatory episodes in Lyme disease (11).

We therefore focused our studies on both IL-6 and IL-10, as
we (i) determined which cells from within the PBMC compart-
ment were stimulated by lipoproteins to produce these cyto-
kines as well as IL-1B, (ii) demonstrated that the Pam;Cys
moiety was essential for the elicitation of IL-10 and confirmed
this residue’s requirement for the induction of IL-6 (33), and
(iii) began to elucidate the mechanism whereby production of
these cytokines is elicited by lipoproteins in monocytes.

When incubated with a mixture of cells such as PBMC for
24 h, spirochetes induced cytokine gene transcription in mono-
cytes but not in B cells or T cells. While longer incubation
periods might have led to different results, especially concern-
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ing the involvement of T cells, the results that we obtained
indicate that within hours of infection, B. burgdorferi has the
potential of inducing both inflammatory and anti-inflammatory
responses via the same cellular source, i.e., monocytes. Indeed,
mice with the severe combined immunodeficiency mutation
(scid mice), which are devoid of T and B cells but have mono-
cytes, develop an arthritis which is entirely similar to that of
immunocompetent mice (2, 37); in monkeys infected with B.
burgdorferi, perivascular cellular infiltrates observed in organs
such as the skin, joints, and peripheral nerves are mostly mono-
cytic in nature (28, 35, 36). This finding indicates that innate
immune responses, together with spirochetal persistence in the
tissues, may lead to pathology in Lyme disease.

These results were corroborated in assays using a monocytic
cell line, THP-1. Whole spirochetes and L-OspA induced the
secretion of IL-10 and IL-6 in a dose-dependent fashion. Nei-
ther U-OspC nor U-OspA induced cytokine secretion in
THP-1 cells, demonstrating that acylation of the lipoprotein
molecule is required for the production of cytokines in unin-
fected human monocytes. Indeed, a lipohexapeptide with a
peptide sequence different from that of any B. burgdorferi li-
poprotein but sharing the tripalmitoyl-modified cysteine motif
had the same qualitative effect as the acylated lipoprotein. This
finding indicates that the Pam;-modified cysteine hexapeptide
is the molecular structure involved in the production not only
of proinflammatory cytokines, as previously shown by Radolf
et al. (33), but also anti-inflammatory cytokines, in cells of the
monocyte/macrophage lineage.

The spectrum of cytokines, chemokines, and adhesion mol-
ecules induced by OspA and other B. burgdorferi lipoproteins
(11, 17, 23, 24, 33, 34, 40, 42, 50) is similar to that induced by
LPS (1, 31, 47). Furthermore, there are striking similarities
between cell types that respond to LPS and OspA (11, 25, 26,
33). These facts suggest that there may be similar cell signaling
pathways for these microbial molecules. The present study
provides evidence that LPS and spirochetal lipoproteins acti-
vate monocytes via the same cell surface receptor, the CD14
molecule. Both L-OspA- and LPS-mediated cytokine produc-
tion were blocked by increasing amounts of two different anti-
CD14 MAbs, MY4 and 60bca. In contrast, cytokine production
induced by L-OspA and LPS was not inhibited by MAD 26ic,
which was previously reported to be a nonblocking antibody to
CD14 (52). The same results were obtained when Pam,Cys-
Hex was used as stimulus, strongly suggesting that the molec-
ular structure recognized by the CD14 receptor is the tripalmi-
toyl-modified cysteine.

While this report was being processed for publication, it was
demonstrated by others that activation of monocytic and hu-
man umbilical vein endothelial cells by spirochetal lipoproteins
and lipopeptides is enhanced by CD14 (38, 51), particularly at
low doses of stimulant. The dependence on CD14 was lost at
higher concentrations of lipoproteins (51). Our results also
indicate that, as with LPS (5), a CD14-independent stimulatory
pathway becomes apparent at progressively higher concentra-
tions of spirochetal lipoproteins (12).

Norgard and colleagues (26) had indicated that B. burgdor-
feri lipoproteins induce cellular activation by a mechanism that
does not involve the LPS receptor. Evidence for this came
from experiments performed with the CD14-negative murine
pre-B-cell line 70Z/3 and the same cells transfected with hu-
man CD14. It was shown that human CD14 expression, which
conferred LPS sensitivity to 70Z/3 cells, did not impart respon-
siveness to OspA or to other spirochetal lipopeptides. Sellati
and colleagues (38) have now clarified the issue, demonstrating
that CD14 is involved in cellular activation by spirochetal li-
poproteins although likely by using a set of transmembrane
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proteins different from the one utilized by LPS to transduce
the signals. THP-1 monocytic cells transfected with CD14 re-
spond to lipoproteins, suggesting that, unlike murine pre-
B70Z/3 cells, THP-1 cells constitutively express the thus far
unidentified lipoprotein signal transducer. This would explain
our results indicating that heat-killed spirochetes do not induce
IL-10, IL-1pB, or IL-6 cytokine gene transcription in purified B
lymphocytes, which do express membrane-bound CD14 (21).
The same line of reasoning could explain the fact that C3H/
Hel mice macrophages, which express normal levels of CD14
but do not respond to LPS, are activated by spirochetal li-
poproteins. These cells would have the lipoprotein set of mem-
brane transducers but not the LPS one. All of these results
indicate that spirochetal lipoproteins utilize an alternative
CD14-dependent pathway. This notion is further strengthened
by our observation that monocyte stimulation by lipoproteins
does not require LBP. Neither the absence of FBS, which
contains LBP, nor the addition of recombinant LBP modified
the cytokine production induced by L-OspA. A major function
of LBP is to enable LPS to bind to either membrane or soluble
CD14 (32). LBP binds to LPS via lipid A (44) and lowers the
threshold stimulatory concentrations of LPS. B. burgdorferi
lacks lipid A (41), suggesting, as we have confirmed, that li-
poprotein-induced cytokine production via CD14 should be
LBP independent. Although there appear to be differences in
some of the initial events that lead to monocyte stimulation by
LPS and lipoproteins, there are similarities further on in these
two signaling pathways which indicate that they converge. Both
LPS and lipoproteins stimulate the nuclear translocation factor
NF-kB (26, 49), a transcription factor essential for the upregu-
lated transcription of a number of genes whose products are
involved in localized inflammation (1).

Our findings demonstrate that lipoproteins can induce in-
flammatory (IL-6 and IL-18) and anti-inflammatory (IL-10)
cytokines in the same cell type, which suggests (but does not
prove) that the same signaling pathway is utilized for both
types of cytokines. That these cytokines could thus act in con-
cert within the same microenvironment of B. burgdorferi-in-
fected tissues further underscores our hypothesis that IL-10
may play a role in the control of inflammation in Lyme borre-
liosis (11, 27). Indeed, IL-10 was shown to inhibit the induction
of NF-kB in human monocytes (50). Finally, CD14 has been
recognized as a receptor not only for LPS but also for polyu-
ronic acid polymers, lipoarabinomannan, and other bacterial
cell wall constituents (47). Our results indicate that B. burg-
dorferi lipoproteins also stimulate cytokine production via a
CD14-mediated mechanism, thus supporting the contention
that CD14 is a pattern recognition receptor by its unique ability
to recognize several structurally related microbial antigens
(47).
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