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Recent studies have suggested an important role for the B-cell-attracting chemokine CXCL13 in the
B-cell-dominated cerebrospinal fluid (CSF) infiltrate in patients with neuroborreliosis (NB). High levels of
CXCL13 were present in the CSF of NB patients. It has not been clear, however, whether high CSF CXCL13
titers are specific for NB or are a characteristic of other spirochetal diseases as well. Furthermore, the
mechanisms leading to the observed CXCL13 expression have not been identified yet. Here we describe
similarly elevated CSF CXCL13 levels in patients with neurosyphilis, while pneumococcal meningitis patient
CSF do not have high CXCL13 levels. In parallel, challenge of human monocytes in vitro with two of the
spirochetal causative organisms, Borrelia garinii (the Borrelia species most frequently found in NB patients)
and Treponema pallidum, but not challenge with pneumococci, induced CXCL13 release. This finding implies
that a common spirochetal motif is a CXCL13 inducer. Accordingly, we found that the lipid moiety N-palmitoyl-
S-(bis[palmitoyloxy]propyl)cystein (Pam3C) (three palmitoyl residues bound to N-terminal cysteine) of the
spirochetal lipoproteins is critical for the CXCL13 induction in monocytes. As the Pam3C motif is known to
signal via Toll-like receptor 2 (TLR2) and an anti-TLR2 monoclonal antibody blocked CXCL13 production of
human monocytes incubated with B. garinii, this suggests that TLR2 is a major mediator of Borrelia-induced
secretion of CXCL13 from human monocytes.

Spirochetes are a group of bacteria that can be distinguished
morphologically from other bacteria based on the fact that they
are thin, long, and helical or corkscrew shaped. While in the
northern hemisphere Borrelia burgdorferi is the predominant
spirochete responsible for neuroinfectious diseases, infections
of the central nervous system (CNS) with Treponema pallidum
are endemic in regions all over the world. Moreover, a dra-
matic increase in the incidence of syphilis has been noted in
several countries (9). In contrast to their high prevalence, the
pathogenesis of neuroborreliosis (NB) and neurosyphilis (NS)
is not yet well understood. After crossing the blood-brain bar-
rier, both spirochetes elicit an inflammatory response in the
cerebrospinal fluid (CSF), predominantly mediated by mono-
nuclear cells. This contrasts with the massive invasion of poly-
morphonuclear cells into the CSF of patients with pneumococ-
cal meningitis (PM), the most frequent bacterial infection of
the adult CNS.

It is assumed that the infiltration and the composition of the
immunocompetent cells in the CSF are mainly the result of the
intrathecal production of chemokines. Besides being grouped
according to common motifs in their amino acid sequences,
chemokines can be subdivided according to the cell popula-
tions that they predominantly attract. B lymphocytes, in con-
trast to other leukocytes, show substantial migration in re-
sponse to only a very few chemokines, namely, CCL19, CCL21,
CXCL12, and CXCL13 (3). Since the proportion of B lympho-

cytes in the CSF infiltrate in NB patients is higher than the
proportion resulting from any other CNS infection (6), the
chemokines listed above might play an important role in NB-
induced inflammatory CNS reactions.

Recently, we demonstrated presence of CXCL13 in the CSF
of patients with NB at high levels (19). Until now, the degree
of specificity of increased CXCL13 CSF levels for borrelial
infection compared to other spirochetal diseases was unknown.
Since the two spirochetes (Borrelia and Treponema) share pro-
duction of specific membrane components eliciting immune
responses (18), we (i) examined the CXCL13 concentrations in
paired CSF and serum samples from NS patients and com-
pared these concentrations with those measured in samples
from NB and PM patients and (ii) analyzed the CXCL13
secretion of human monocytes challenged with the respective
bacteria (Borrelia garinii, T. pallidum, and Streptococcus pneu-
moniae) in vitro in a comparative manner.

MATERIALS AND METHODS

Reagents. Synthetic N-palmitoyl-S-(bis[palmitoyloxy]propyl)cysteinyl-seryl-
(lysyl)3-lysine (Pam3CSK4), outer surface protein A (OspA) (KQNVSSLDEKN
SVSV), and OspA carrying a tripalmitoylation (lipidated OspA; Pam3C-KQNV
SSLDEKNSVSV) from Borrelia garinii strain PBi were purchased from EMC
micro collections, Tuebingen, Germany, and lipopolysaccharide (LPS) (Esche-
richia coli) was purchased from Sigma, Deisenhofen, Germany. The human-
murine cross-reactive Toll-like receptor 2 (TLR2) monoclonal antibody T2.5
(immunoglobulin G1) was isolated as described previously (15).

Bacteria. B. garinii strain PBi was isolated from the CSF of a patient with
lymphocytic meningoradiculitis (24). Low-passage borreliae were killed by ultra-
sound sonication. T. pallidum Nichols strain was generously provided by BAG
(Lich, Germany). S. pneumoniae ATCC 33400 was a gift from B. Grabein, Max
von Pettenkofer Institute, Munich, Germany. Both the treponema and the strep-
tococcus were killed by resuspension of a pellet of viable bacteria after washing
in 70% ethanol. All bacteria were washed twice in medium prior to use in cell
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experiments. To exclude any influence of the killing method, alternative bacterial
preparations of B. burgdorferi were generated by sonication, which led to equiv-
alent induction of CXCL13 release from monocytes compared to challenge with
ethanol-killed B. burgdorferi (data not shown). The number of bacteria is ex-
pressed below as the multiplicity of infection (MOI); an MOI of 2 was equivalent
to 3,000 bacteria/�l, an MOI of 0.2 was equivalent to 300 bacteria/�l, and an
MOI of 0.02 was equivalent to 30 bacteria/�l.

CSF samples. Blood was drawn and lumbar puncture was performed for
diagnostic purposes after the patient’s informed consent was obtained. Paired
CSF and blood samples were obtained from the following groups. (i) The first
group consisted of 20 patients with noninflammatory CNS disease (NIND); 65%
of these patients were male, the mean age was 61 years, the mean CSF cell count
was 0.8 cells/�l, and the mean total CSF protein level was 5.2 g/liter. Five of these
patients suffered from polyneuropathy, four suffered from somatoformic disor-
ders, three suffered from a peripheral cranial neuritis, two had a lumbar puncture
because of a first epileptic seizure, and the remaining patients suffered from
either a transient paraparesis or Guillain-Barré syndrome, Parkinson’s disease,
leucoencephalopathy, amyotrophic lateral sclerosis, or low CSF pressure. In
none of these patients was an elevated CSF cell count or spirochete-specific
intrathecal antibody detected. (ii) The second group consisted of 19 acute NB
patients; 58% of these patients were male, the mean age was 55 years, the mean
CSF cell count was 176.1 cells/�l, and the mean total CSF protein level was 13.2
g/liter. The diagnosis was based on a typical clinical picture (meningoradiculitis,
meningitis, or cranial neuritis), CSF lymphocytic pleocytosis (more than 5 leu-
kocytes per �l), and intrathecal B. burgdorferi-specific antibody production. All
CSF samples were drawn before therapy. (iii) The third group consisted of 15 NS
patients; 87% of these patients were male, the mean age was 31.3 years, the mean
CSF cell count was 16.9 cells/�l, and the mean total CSF protein level was 3.3
g/liter. The diagnosis was based on serological proof of a syphilitic infection
(positive Treponema particle agglutination and fluorescent treponemal antibody-
absorbed tests) and an elevated CSF white blood cell count according to the
criteria described by Marra et al. (14). (iv) The fourth group consisted of six
patients with syphilis without CNS involvement; all of these patients were male,
the mean age was 32.2 years, the mean CSF cell count was 1.8 cells/�l, and the
mean total CSF protein level was 3.2 g/liter. These patients had serological proof
of a syphilitic infection as described above but a normal CSF white blood cell
count. All patients with syphilis were human immunodeficiency virus negative.
(v) The fifth group consisted of 10 PM patients; 50% of these patients were male,
the mean age was 49.7 years, the mean CSF cell count was 3,745.1 cells/�l, and
the mean total CSF protein level was 39.5g protein/liter. The diagnosis was based
on cultivation of S. pneumoniae from the CSF.

The CSF and blood samples were removed and frozen at �30°C until they
were assayed. Measurement of CXCL13 in the CSF and serum was done by an
enzyme-linked immunosorbent assay (ELISA) (R&D) performed according to
the recommendations of the manufacturer. The CXCL13 levels measured in the
CSF were expressed in relation to the amount of total CSF protein to account for
the disruption of the blood-brain barrier and therefore the influx of cytokines
from the systemic circulation.

Human monocytes. Human peripheral blood mononuclear cells were isolated
from whole blood obtained from a healthy adult volunteer by venous puncture as
previously described (13). The monocytes in isolated mononuclear cells were
enriched with a magnetic bead application system (Miltenyi-Biotech, Bergisch-
Gladbach, Germany) used according to the recommendations of the manufac-
turer, leading to a purity of up to �90%.

Incubation. After purification, the monocytes were resuspended in RPMI con-
taining 5% fetal calf serum (both obtained from Sigma), plated in a plastic dish for
24 h, and incubated at 37°C with 5% CO2. Thereafter, monocytes were pelleted
again and incubated in 96-well plates at a concentration of 150,000 cells/well with
either the medium alone or medium and the appropriate stimulating agent for 24 h
at 37°C with 5% CO2. For inhibition experiments, the cells were preincubated with
TLR2 antibody or an isotype control (R&D, Minneapolis, MN) at a concentration
of 12.5 �g/ml at 37°C with 5% CO2 for 30 min. Finally, the supernatant was collected
and its CXCL13 concentration was determined by an ELISA (R&D). For experi-
ments in which cells were exposed to bacteria, the viability of monocytes was ana-
lyzed by trypan blue staining, and no significant differences between the cells incu-
bated with B. burgdorferi, the cells incubated with T. pallidum, and the cells incubated
with S. pneumoniae were apparent; the mean viabilities (based on the total number
of cells counted) were 78%, 75%, and 81%, respectively.

Murine cells. Bone marrow-derived macrophages from C3H/HeN mice were
prepared as described previously (25). Briefly, macrophages were recovered from
bone marrow cells, plated in 96-well dishes (150,000 cells/well), and incubated
with either medium alone, B. garinii (MOI, 0.02 to 2), T. pallidum (MOI, 0.04 to

4), 1 �g/ml Pam3CSK4, 100 to 1,000 ng/ml lipidated OspA, or 1 �g/ml LPS
for 24 h.

The murine macrophage cell line RAW 264.7 was cultured in RPMI 1640
supplemented with 5% fetal calf serum and 1% penicillin/streptomycin. For the
experiments, the cells were plated in 96-well dishes (160,000 cells/well) and
incubated with either medium alone, B. garinii at an MOI of 0.6 or 6, or 1 �g/ml
LPS for 24 h.

Whole blood samples were isolated from C57BL/6 mice by transcardial punc-
ture, resuspended 1:2 in RPMI 1640, plated in 96-well plates (100 �l/well), and
incubated for 24 h with either medium alone, 10 to 1,000 B. garinii cell/�l, or 1
pg/ml, 1 ng/ml, or 1 �g/ml LPS.

All supernatants were stored at �20°C until they were assayed (by an inter-
leukin-6 [IL-6] or CXCL13 ELISA [R&D]).

Statistics. Statistical calculation was performed by application of the Student
t test. For a comparison of two groups (see Fig. 2, 4, and 5), a P value of �0.05
was considered statistically significant, while for a comparison of four groups (see
Fig. 1 and 3), according to an alpha-correction for multiple testing, a P value of
�0.017 was considered statistically significant.

RESULTS

CXCL13 levels in vivo. First, we compared CXCL13 concen-
trations in paired CSF and serum samples. The level of CXCL13
was elevated not only in NB patient CSF samples but also in NS
patient CSF samples. The concentrations observed for samples
from patients suffering from one of these two spirochetal diseases
were significantly higher than those observed for the NIND and
PM group samples, in which hardly any CXCL13 was detectable
(Fig. 1a). The CSF and serum CXCL13 concentrations for indi-
vidual patient samples were compared by determining the CSF-
to-serum ratios of the values. For NB patient samples, but not for
NS patient samples, the ratio was high (Fig. 1b). The mean serum
levels � standard deviations of CXCL13 were 25.3 � 15.2 pg/ml
in NIND patients, 58.1 � 47.5 pg/ml in NB patients, 287.5 � 203.2
pg/ml in NS patients, and 194.3 � 356.5 pg/ml in PM patients.

In patients infected with T. pallidum without CNS involve-
ment, the CSF levels of CXCL13 were significantly lower than
those in the NS group (Fig. 2); they were close to the detection
threshold, similar to what was found for the NIND group.

Taken together, the CXCL13 levels in the CSF of patients
with the two spirochetal diseases were significantly higher than
the levels in both the PM and NIND groups. The predominant
intrathecal production of CXCL13 in NB patients, as well as
the correlation of the CSF CXCL13 values with the CSF leu-
kocyte counts in both NS and NB patients (for NB patients r �
0.54 with a P value of �0.01 and for NS patients r � 0.57 with
a P value of �0.01), may argue for a functional role for this
chemokine.

Induction of CXCL13 in monocytes by different bacteria in
vitro. Human monocytes were incubated with B. garinii strain
PBi (the borrelial species most frequently found in cases of NB
[23]), T. pallidum, and S. pneumoniae. Incubation with the
spirochetes, but not incubation with S. pneumoniae, led to
significant secretion of CXCL13 (Fig. 3), showing a pattern
comparable to that in vivo (Fig. 1a). While S. pneumoniae was
unable to induce CXCL13, the (general) responsiveness of the
human monocytes to S. pneumoniae was shown by significant
secretion of another cytokine, IL-6 (there was a 4.6-fold in-
crease in the IL-6 concentration in the supernatant after incu-
bation with S. pneumoniae at an MOI of 2 compared to the
medium control [P � 0.001]).

Incubation with another common borrelial species found in
patients with NB, Borrelia afzelii (23), also led to dose-depen-
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dent secretion of CXCL13 in monocytes; 421.9, 347.4, and 70.3
pg/ml were measured in the supernatant after incubation with
B. afzelii at MOIs of 2, 0.2, and 0.02, respectively.

CXCL13 secretion in monocytes depends on the lipid moiety
of the outer surface proteins. Since different spirochetes in-
duced CXCL13 secretion from monocytes, we analyzed the
response of monocytes to confrontation with the Pam3C motif
N-terminally linked to peptides. This motif, consisting of three
palmitoyl residues bound to the N-terminal cysteine (Pam3C),
is a typical domain of the surface lipoproteins of all spiro-
chetes. Incubation with Pam3CSK4 (SK4 serves as a short pep-
tidic C terminus aiding in the stimulatory capability [2] and
solubility of the compound) led to dose-dependent stimulation,
resulting in CXCL13 release from monocytes (Fig. 4). In ad-
dition, incubation with lipidated (Pam3C-containing) OspA
protein from PBi, the B. garinii strain used for the experiments
described above, led to induction of CXCL13 secretion from
monocytes at high levels, while application of the unlipidated
form (unlipidated OspA) had no effect compared to the me-

dium control (Fig. 4). These results suggest that the CXCL13
secretion of monocytes in response to spirochetes is, at least in
part, mediated by the tripalmitoyl moiety at the N-terminal
cysteine of spirochetal lipoproteins.

TLR2 mediates cell activation upon Borrelia infection, lead-
ing to CXCL13 release. Since Pam3C peptides stimulate
CXCL13 production in monocytes and are known to signal via
TLR2 (2, 5, 11, 12, 17), we investigated the Borrelia-induced
CXCL13 release from human monocytes with respect to its
TLR2 dependence. We used a neutralizing TLR2 antibody
(15) to block TLR2-mediated cell activation. While coincuba-
tion with the TLR2 monoclonal antibody significantly reduced

FIG. 1. (a) CXCL13 concentrations measured in the CSF of pa-
tients with NIND (n � 20), Lyme NB (n � 19), NS (n � 15), and PM
(n � 10). An asterisk indicates that the P value is �0.001 for a
comparison with NIND and PM patients. The P value for NB com-
pared to NS is �0.01. The CXCL13 values for the CSF were expressed
in relation to the amount of total CSF protein to account for the
disruption of the blood-brain barrier. (b) CSF-to-serum ratios calcu-
lated by dividing the CXCL13 concentration (pg/ml) in the CSF by the
serum concentration for each patient. The asterisk indicates that the P
value is �0.001 for comparisons with all other patient groups. All error
bars indicate the standard error of the mean.

FIG. 2. CSF (black bars) and serum (gray bars) concentrations of
CXCL13 in patients with a syphilis infection, either with (n � 15) or
without (n � 6) CSF pleocytosis. The asterisk indicates that the P value
is �0.001 for a comparison with patients without CSF pleocytosis. The
CXCL13 values for the CSF were expressed in relation to the amount
of total CSF protein to account for the disruption of the blood-brain
barrier. All error bars indicate the standard error of the mean.

FIG. 3. CXCL13 concentrations in the supernatants of monocytes
incubated with bacteria (B. garinii, T. pallidum, or S. pneumoniae) in
vitro. The bars indicate the means of three independent experiments
done in duplicate, and the error bars indicate the standard errors of the
means of the independent experiments. Two asterisks indicate that the
P value is �0.01 for comparisons with the unstimulated control (unstim.)
and equal concentrations of T. pallidum and S. pneumoniae; one asterisk
indicates that the P value is �0.01 for comparisons with the unstimulated
control and an equal concentration of S. pneumoniae.
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CXCL13 production by human monocytes exposed to B. garinii
(compared to cells coincubated with an isotype control), the
TLR2 antibody did not interfere with TLR4-dependent cell
activation by LPS (Fig. 5). In addition, a dose-dependent in-
hibitory effect of this TLR2 antibody was demonstrated: 12.5
�g/ml of the antibody reduced the CXCL13 secretion to 108 �
23 pg/ml, 1.25 �g/ml of the antibody reduced the CXCL13
secretion to 218 � 24 pg/ml, and 0.125 �g/ml of the antibody
reduced the CXCL13 secretion to 1,019 � 69 pg/ml (means �
standard deviations; experiments were done in triplicate). This
finding suggests that TLR2 is critical for induction of CXCL13
upon challenge with B. garinii.

In additional experiments, we tested whether murine cells
(bone marrow-derived macrophages, the murine macrophage
cell line RAW 264.7, and whole blood cells) also produce
CXCL13 upon challenge with B. garinii, T. pallidum,
Pam3CSK4, lipidated OspA, or LPS. However, none of these
microbial stimuli caused an increase in CXCL13 concentra-
tions in murine cell culture supernatants, while detection of
significant IL-6 secretion indicated the responsiveness of mu-
rine cells to all these stimuli. For example, incubation of RAW
264.7 cells with B. garinii at an MOI of 0.6 for 24 h led to a
substantial increase in IL-6 production (606 � 72 pg/ml versus
�5 pg/ml after incubation with medium alone), whereas the
CXCL13 concentration remained below the detection thresh-
old. These data suggest that the lack of CXCL13 production by
murine macrophages exposed to spirochetes or their products is
not related to unresponsiveness of these cells to the pathogen.

DISCUSSION

The major findings of our study are that (i) high levels of
CXCL13 can be found in the CSF of patients with the two most
common spirochetal CNS diseases, NB and NS, (ii) incubation
of monocytes with both spirochetes in vitro leads to release of
CXCL13 into the supernatant at high levels, and (iii) both the
common Pam3C motif of the spirochetal lipoproteins and its
host receptor, TLR2, are crucial for elicitation of CXCL13
production by human monocytes.

In a recent study, we suggested that CXCL13 could be an
additional diagnostic CSF marker for NB since high levels of
this chemokine have been found in CSF samples from NB
patients but not in pooled samples from other inflammatory
CNS disease patients investigated (19). However, in this pre-
vious study, NS patients were not included, and only limited
information was available on the serum levels in these patients.
The analysis of CXCL13 levels in NS patients is of special
importance, as it is not known whether the induction of this
chemokine is specific for NB or can also be found in other
spirochetal diseases. Comparison of CSF and serum values for
CXCL13 concentrations for sample pairs derived from specific
patients led to two important findings of this study. First, as
observed for NB patient samples, the CSF levels of CXCL13
were substantially elevated in NS patients but not in PM pa-
tients. This hinted at a common property of the spirochetes for
induction of CXCL13 (which was confirmed by the in vitro
studies). Second, the fact that elevated CSF levels of CXCL13
were found in both spirochetal diseases does not limit the
diagnostic role of CXCL13 for NB, as the serum levels were
substantially elevated in NS patients but not in NB patients.
Therefore, the CSF-to-serum ratio of this chemokine can dif-
ferentiate between the two spirochetal diseases; while all 15 NS
patients had a ratio below 4, the ratios for 17 of the 19 (89.5%)
NB patients were above this value.

It is tempting to speculate that the observed difference in the
CSF-to-serum ratio in the two spirochetal diseases can be
explained by the predominant hematogenous spread of T. pal-
lidum and therefore a comparable systemic and intrathecal
inflammatory reaction, while there are two alternatives to ex-
plain high CSF but low serum levels in NB patient samples.
First, immune evasion of Borrelia by both temporal and spatial
regulation of outer surface proteins or binding of immunoin-
hibitory proteins to its surface is apparent during bacterial
dissemination (for an overview, see reference 4). Second, mi-

FIG. 5. CXCL13 concentrations in the supernatants of monocytes
preincubated either with a neutralizing TLR2 antibody (Ab) (gray
bars) or with the corresponding isotype control (black bars) (both at
12.5 �g/ml) and then for 24 h with either medium, B. garinii (MOI, 2),
or LPS (1 ng/ml). The asterisk indicates that the P value is �0.05 for
a comparison with the isotype control. The bars indicate the means of
at least three independent experiments done in duplicate, and the
error bars indicate the standard errors of the means of the indepen-
dent experiments.

FIG. 4. CXCL13 concentrations in the supernatants of monocytes
incubated with different concentrations of Pam3CSK4 or 1 �g/ml lipi-
dated (L-) or unlipidated (non L-) OspA. The asterisk indicates that
the P value is �0.05 for comparisons with lipidated OspA and the
medium control.
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gration of Borrelia using structures other than the blood or
lymph vessels and less contact with the systemic circulation
might be another explanation for low blood but high CSF
CXCL13 levels in NB patients. In particular, in cases of polyra-
diculitis (Bannwarth’s syndrome), the maximal radicular in-
volvement was often linked to the location of the tick bite.
However, additional studies are to be undertaken for clarifi-
cation. The prominent gradient of CXCL13 between the CSF
and the serum in NB patients could play an important role in
the attraction of B lymphocytes to the infected brain as, in
contrast to other infectious diseases of the CNS, B lymphocytes
are a major subtype of the white blood cell infiltrate in the CSF
of NB patients (6). Further functional studies are warranted to
determine the role of this chemokine in attraction of B lym-
phocytes to the CSF in vivo.

Parallel to the elevated CSF CXCL13 levels in both spirochetal
diseases in vivo, we observed secretion of CXCL13 by monocytes
in response to spirochetes but not in response to S. pneumoniae in
vitro. This is in line with the finding of Narayan et al. (16) that B.
burgdorferi sensu stricto can induce this chemokine in monocytes.
Since different strains of Borrelia (B. burgdorferi sensu stricto and,
in our case, B. garinii and B. afzelii) and another spirochete, T.
pallidum, but not S. pneumoniae, induce CXCL13 release, this
further supports the hypothesis that a common spirochetal com-
ponent is the stimulating agent. While spirochetes lack LPS (21),
the membranes of all spirochetes contain various lipoproteins
that share a common, immunodominant membrane anchor moi-
ety, namely, three palmitoyl residues bound to cysteine (Pam3C).
It has been shown in various studies that nonlipidated variants of
the original lipoproteins lack stimulating activity (7, 8, 22). Ac-
cordingly, both Pam3CSK4 and the lipidated form of OspA type
4, the most frequently detected OspA type in neuroinfectious
diseases in Europe (23), but not its nonlipidated counterpart, lead
to secretion of large amounts of CXCL13 from monocytes. Taken
together, the results show that the lipid moiety of lipoproteins is
critical for CXCL13 induction in monocytes.

As lipoproteins and their Pam3C motif are known ligands of
TLR2 (2, 5, 11, 12, 17), we further analyzed the role of this
cellular lipopeptide detector for secretion of CXCL13. Using a
neutralizing TLR2 antibody (15), we could substantially reduce
the CXCL13 release upon exposure of monocytes to B. garinii.
This is in line with several studies that demonstrated that
Pam3CSK4 and B. burgdorferi sensu stricto induced leukocyte
activation predominantly via TLR2 (1, 5, 12, 25).

However, it is of note that, in contrast to their human coun-
terparts, murine monocytes and macrophages failed to pro-
duce CXCL13 upon challenge with various bacterial stimuli.
Substantial CXCL13 secretion in these cells could not be in-
duced by different concentrations of B. garinii, T. pallidum,
lipidated OspA, Pam3CSK4, or LPS (even with concentrations
of the stimuli up to 100-fold higher than the concentrations in
the experiments with human monocytes), while all these stim-
uli induced IL-6 production by murine cells, thus indicating the
responsiveness of the cells to the stimuli.

This suggests that the immune reaction of murine blood cells
in response to spirochetes with respect to CXCL13 secretion
appears to be different from that observed in human mono-
cytes. Although human and mouse TLR2 share 70% amino
acid identity as determined by comparative amino acid se-
quence analysis, murine TLR2 recognizes specific peptides in a

species-specific manner (10). The fact that Borrelia specifically
activates human cells but not mouse cells may be due to dif-
ferences in the TLR2 molecules themselves or due to a con-
tribution of a human non-TLR cofactor.

It is well known that TLR2 also recognizes diverse microbial
products other than spirochetal lipoproteins. For example, li-
poteichoic acid of S. pneumoniae was reported to activate im-
mune cells via TLR2 (20). Surprisingly, we did not observe any
CXCL13 secretion after incubation of human monocytes with
S. pneumoniae, and the level of this chemokine was not ele-
vated in the CSF of patients with pneumococcal meningitis
either. Therefore, although our results suggest that activation
of TLR2 is required for the induction of CXCL13 by spiro-
chetal lipoproteins, it appears that additional, as-yet-unidenti-
fied pathways (that are activated by B. garinii and its lipopro-
teins but not by S. pneumoniae) are necessary to induce this
chemokine. This would have to be clarified in further studies.

In conclusion, our results suggest that the activation of
TLR2 on human monocytes through B. garinii, the most fre-
quent neuroinvasive Borrelia species, is an important step in
the induction of CXCL13 secretion. Since both T. pallidum and
B. garinii produce surface proteins containing the Pam3C
motif, these lipoproteins might be the central inducers of
CXCL13 expression, and their presence in the CSF could ex-
plain the high CSF CXCL13 levels in both NS and NB patients.
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