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In lipopolysaccharide-stimulated blood from 71 late-stage borreliosis patients, the ex vivo cytokine release
capacity of tumor necrosis factor alpha (TNF-␣) and gamma interferon (IFN-␥) was reduced to 28% ⴞ 5% and
to 31% ⴞ 5% (P < 0.001), respectively, compared to that of 24 healthy controls. White blood cell counts were
normal in both groups. To investigate direct interactions between the pathogen and the immune cells, blood
from healthy controls was exposed in vitro to live or heat-killed Borrelia or to Borrelia lysate. Compared to the
pattern induced by bacterial endotoxins, a reduced release of TNF-␣ and IFN-␥ and an enhanced secretion of
interleukin-10 and granulocyte colony-stimulating factor was found. In blood from 10 borreliosis patients
stimulated with Borrelia lysate, TNF-␣ formation was decreased to 31% ⴞ 14% and IFN-␥ formation was
decreased to 8% ⴞ 3% (P < 0.001) compared to the cytokine response of blood from healthy controls (n ⴝ 24).
We propose to consider anti-inflammatory changes in the blood cytokine response capacity elicited by Borrelia
as a condition that might favor the persistence of the spirochete.
tigated extensively; the strain- and disease stage-specific production of antibodies (39), as well as the T-cell responses (23),
have been analyzed in great detail. Although infection with
Borrelia induces a prominent antibody response in the human
host, no protective immunity is conferred, indicating that Borrelia-induced antibody production alone is not sufficient to
eradicate the pathogen. Similarly, the Th1-type cytokine response alone is not able to protect against current infection
(40).
In contrast to these variations in the specific immune response, only few data exist on the consequences of the innate
immune response during the course of an infection with Borrelia. Recent findings indicated that host-generated factors,
like an aberrant or exuberant immune response, may actually
be responsible for the onset of the disease while Borreliagenerated components, such as outer surface proteins, may
influence the infectivity and persistence of the spirochete in the
host (2, 3). Only recently, it was observed that the anti-inflammatory cytokine interleukin-10 (IL-10) was induced in peripheral blood mononuclear cells by Borrelia antigen (10).
Since we were interested in investigating the influence of an
ongoing Borrelia infection on the effector cells of the innate
immune system, we chose the ex vivo-stimulated cytokine release from human whole blood as a convenient and simple
surrogate approach to characterize changes in immune function due to the disease (4, 6, 7, 14, 16, 26). In the first part of
a pilot study, we compared the lipopolysaccharide (LPS)-elicited cytokine release capacity of whole blood taken from latestage borreliosis patients with that of blood from healthy volunteers. Since we observed that in blood from healthy donors
a modulation of the cytokine response to Borrelia lysate occurred in comparison to the response to LPS, we also investigated in a second part the response of blood from borreliosis
patients to Borrelia lysate. From the attenuated release of
proinflammatory cytokines under such conditions, we conclude

Lyme disease is a multisystemic disease caused by the spirochete Borrelia burgdorferi sensu lato which is transmitted to
humans by the bite of Ixodes ticks (33). In general, acute
infections with B. burgdorferi are successfully treated with antibiotics. However, if they are left untreated, persistent infection may result and may eventually develop into chronic Lyme
disease, manifesting in neurological and/or articular symptoms
such as Lyme arthritis. It is still unclear how Borrelia infection
can persist in an immunocompetent host. Several hypothesis
have been put forward: (i) localization of the spirochetes in
immunoprivileged sites such as intracellular compartments
(11), as well as in the extracellular matrix (18), as a rationale
for how the pathogen escapes the immune system; (ii) a high
variation of surface antigens in B. burgdorferi (31), similar to
Borrelia hermsii, which causes relapsing fever (30); this surface
antigen modulation could explain how Borrelia evades the immune response; (iii) a shift in the T-helper-cell response as the
cause of the treatment-resistant form of Lyme disease (22); (iv)
a self-propagating induction of autoimmunity following infection with Borrelia to become a chronic disease, recently supported by the finding that the Borrelia outer surface protein A
(OspA) is homologous to the human LFA-1 antigen (12); and
(v) modulation of the host immune response by the pathogen
in a way that enables survival of the pathogen.
Examples of the last of these hypotheses are known for viral
(21), bacterial (1), and parasitic infections (27); this has led to
the concept of microbial cytokine-inducing or -suppressing
molecules named modulins (19, 20). The effects of Borrelia
infection on the acquired immune response have been inves-
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TABLE 1. Clinical and serological characteristics of borreliosis patients and healthy control subjects
Group

n

No.
seropositive

Rha factor

Patients
Controls

71
24

71
0

0
0

Age (yr)
Mean

Range

No. with tick
bite recall

46.9
35.4

15–84
22–42

35
0

No. with EMa
recall

No. with ACA

No. with NC

No. with arthritis

18
0

5
0

30
0

36
0

a
Rh factor, rheumatoid factor; EM, erythema migrans; ACA, acrodermatitis chronica atrophicans; NC, neurological complications (such as meningitis and/or
neuropathy).

that also the status of the innate immune system might represent a critical determinant in the course of an infection with
Borrelia.
(Parts of this paper were presented at the 7th International
Conference on Lyme Borreliosis and Other Emerging TickBorne Diseases, Munich, June 1999, and at the Interscience
Conference on Antimicrobial Agents and Chemotherapy, San
Francisco, September 1999.)
MATERIALS AND METHODS
Patients and healthy controls. The mean age of the 24 control subjects, 7
women and 17 men, was 29 years (range, 22 to 42 years). The mean age of the
71 patients with Lyme disease enrolled in this study, 33 women and 38 men, was
54 years (range, 15 to 84 years). Inclusion criteria for the patients were clinical
symptoms indicative of late-stage Lyme disease (arthritis, neurological complications, and acrodermatitis chronica atrophicans), as judged by an experienced
physician (D.H.). All patients gave informed consent. Of these 71 patients, 14
had not previously been treated with antibiotics against Borrelia and the other 57
had been treated once (32 patients) or at least twice (25 patients) with antibiotics. In all patients, symptoms of active Lyme disease as summarized in Table 1
were present at the time of the investigation. Infection with Borrelia sp. was
confirmed by positive serologic test results (positive serum immunoglobulin M
titer of ⱖ1:32 and/or immunoglobulin G titer of ⱖ1:256) and positive Western
blot result with a minimum of two highly Borrelia-specific (22-, 31-, 34-, or
94-kDa) bands. From the patients, 10 (34 to 67 years, mean of 54 years) were
randomly selected and their blood was tested for cytokine release induced by
Borrelia lysate in comparison to that of the 24 healthy controls. With regard to ex
vivo endotoxin stimulation, this patient subgroup did not behave statistically
differently from the entire patient group.
The controls were recruited from laboratory personnel after giving informed
consent. All controls had no history of tick bites or borreliosis and tested negative
in the Enzygnost Borreliosis ELISA (Dade Behring, Marburg, Germany).
Cultivation of B. burgdorferi. All reagents used throughout the study were
ultrapure and pyrogen free. B. burgdorferi sensu stricto (N40), Borrelia afzelii
(VS461), and Borrelia garinii (PSth) were cultivated at 33°C in BSK-H medium
(Sigma, Deisenhofen, Germany) supplemented with 10% normal rabbit serum.
Addition of amphotericin B (5.5 g/ml), fosfomycin (1060 g/ml), and rifampin
(30 g/ml) (all from Sigma) inhibited fungal and microbial growth. All Borrelia
strains were kindly provided by T. Kamradt (Berlin, Germany). The strains were
passaged fewer than eight times after isolation from mice. For heat inactivation,
10 ml of a Borrelia culture grown to log phase (ⱖ108/ml) was incubated for 5 min
at 95°C and the viability of the remaining Borrelia cells was checked visually
under the microscope.
Preparation of Borrelia lysate. A Borrelia culture (300 ml) grown to late log
phase was washed twice (20 min at 14°C and 10,000 ⫻ g) with pyrogen-free saline
solution supplemented with 1 mM MgCl2. The cell pellet was resuspended in 7.5
ml of saline with 1 mM MgCl2, and aliquots of 2.5 ml were lysed by sonification
(Branson Sonifier 250/450 with a 3-mm microtip; Branson, Schwäbisch-Gmünd,
Germany). Sonification was carried out on ice at a power setting of 5 duty cycle
50% for 2 min, and the lysate was checked for absence of intact cells under the
microscope. The protein concentration of the lysate was determined by the BSA
protein assay (Pierce, Rockford, Ill.) as specified by the manufacturer, and the
protein concentration in the lysate was adjusted to a final concentration of 1
mg/ml with pyrogen-free saline. The lysate preparation contained less than 0.03
endotoxin unit per 10 g of protein, as assessed by the Limulus amoebocyte assay
(BioWhittaker, Verviers, Belgium).
Whole-blood incubation. Heparinized venous blood was freshly drawn from
either healthy donors or patients with Lyme disease and diluted 1:5 in RPMI

1640 medium (Biochrom, Berlin, Germany) supplemented with 2.5 IU of heparin (Liquemin; Hoffmann LaRoche, Grenzach-Wyhlen, Germany) and incubated in the presence of different stimuli: live or heat-inactivated Borrelia, Borrelia lysate, or endotoxins (LPS) from Salmonella enterica serovar Abortusequi
(Sigma), Escherichia coli (026-B6, Sigma), Klebsiella pneumoniae (RIBI, Hamilton, Mont.), Bordetella pertussis (List, Quadratech, Epsom, England), Vibrio
cholerae (Sigma), Pseudomonas aeruginosa (Sigma), and S. enterica serovar Enteritidis (Sigma), or without a stimulus (control). After incubation for 24 h at
37°C in the presence of 5% CO2, the blood was resuspended and subsequently
centrifuged at 16,000 ⫻ g for 2 min and the cell-free supernatant was frozen and
stored at ⫺80°C until cytokine levels were measured. The white blood cell count
was determined by staining with Türk’s solution. Furthermore, blood smears
were made for differential leukocyte counts and stained by the method of Pappenheim (see reference 36a).
Cytokine measurement. The concentrations of tumor necrosis factor alpha
(TNF-␣), IL-1␤, gamma interferon (IFN-␥), granulocyte colony-stimulating factor (G-CSF), and IL-10 in the supernatants were measured by an in-house
sandwich enzyme-linked immunosorbent assay (ELISA) using commercially
available antibody pairs and recombinant standards. Monoclonal antibody pairs
against TNF-␣, IL-1␤, and IFN-␥ were purchased from Endogen (Eching, Germany), and recombinant TNF-␣ (Bender, Vienna, Austria), IL-1␤ (Endogen),
and IFN-␥ (Thomae, Bieberach, Germany) were used as standards. Anti-G-CSF
antibodies from R&D (Wiesbaden, Germany) and recombinant G-CSF from
Amgen (Thousand Oaks, Calif.) were used. For the measurement of IL-10,
monoclonal antibodies from R&D and standard from Pharmingen (Hamburg,
Germany) were used.
Assays were carried out in flat-bottom, ultrasorbant 96-well plates (Greiner,
Frickenhausen, Germany). The secondary biotinylated antibodies were detected
with horseradish peroxidase-conjugated streptavidin (Dianova, Hamburg, Germany) and tetramethylbenzidine solution (Sigma) used as substrate.
Statistics. Data are shown either as mean ⫾ standard error of the mean
(SEM) or as box-and-whiskers plots. Cytokine release was calculated per milliliter of blood, i.e., corrected for the dilution factor of 5 since 20% blood was
used. Statistical analyses were performed by the two-tailed, nonparametric
Mann-Whitney U test. For the comparison of parametric data, the two-tailed,
paired Tukey test was used. All tests are options of Prism 3.0 (GraphPad, San
Diego, Calif.). P values of ⱕ0.05, 0.01, and 0.001 were considered significant.

RESULTS
Comparison of ex vivo endotoxin-inducible cytokine release
in whole blood from borreliosis patients and healthy controls.
The stimulated whole-blood cytokine release capacity was
taken as a surrogate marker to test the hypothesis that persistent Borrelia infection is associated with a modulation of the
immune status. The ex vivo cytokine release capacity for
TNF-␣, IFN-␥, G-CSF, and IL-10 was measured in stimulated
blood from 24 healthy donors and compared to that in blood
from 71 patients who fulfilled the inclusion criteria for latestage borreliosis. The data in Fig. 1 illustrate that the release of
the cytokines TNF-␣ (⫺72% ⫾ 5.2%; P ⱕ 0.001), IFN-␥
(⫺69% ⫾ 5%; P ⱕ 0.001), and G-CSF (⫺26% ⫾ 16%; P ⱕ
0.01) is attenuated in endotoxin-stimulated blood from borreliosis patients compared to that in blood from healthy controls.
In contrast, the release of the anti-inflammatory cytokine IL-10
did not differ in the two groups. This finding suggests an asso-
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FIG. 1. Ex vivo endotoxin-inducible cytokine release capacity of blood from healthy donors or borreliosis patients. Whole blood from healthy
donors (hd, n ⫽ 24) or borreliosis patients (ld, n ⫽ 71), diluted 1:5, was incubated in the presence of 100 ng of endotoxin from S. enterica serovar
Abortusequi per ml for 24 h at 37°C. Cytokine levels in the cell-free supernatant were measured by ELISA. The data are depicted as
box-and-whiskers plots (the box shows the median and the upper 75% and lower 25%, and the whiskers show the 95th percentile). P values of
ⱕ0.01 and 0.001 were considered significant and are indicated by ⴱⴱ and ⴱⴱⴱ, respectively.

ciation between the modulation of cytokine release capacity of
blood and Borrelia infection.
Since the study was carried out with 71 borreliosis patients of
a general practitioner, leukocyte counts could not be immediately measured by flow cytometry. Therefore, we repeated our
experiments with a subset of 14 patients and 10 healthy controls, counted 200 leukocytes per smear, and then normalized
the cytokine release to the number of monocytes present in
each sample. Also under this normalization, the expression
levels of cytokines per number of mononuclear cells were similar to the results previously obtained with whole blood. Simultaneously, a possible influence of different patient and donor
ages and regional settings were tested in this part of the study.
The patient and control groups (n ⫽ 14 and 10, respectively)
were age matched (mean, 46.9 ⫾ 4.9 and 35.4 ⫾ 4.4 years,
respectively [not a significant difference]), and the incubations
were carried out in parallel, i.e., in the same temporal, demo-

graphic, and geographic setting. As is shown in Table 2, the
results of this second study corresponded to those obtained in
the first study. In whole blood from borreliosis patients and
from healthy controls stimulated ex vivo with 100 pg of LPS per
ml, the release of the proinflammatory cytokines TNF-␣ and
IFN-␥ in the former group was uniformly lower than that in the
controls. The release capacity of the anti-inflammatory cytokine IL-10 was slightly higher in the blood from borreliosis
patients than in the control group; however, statistically there
was no significant difference. In this small patient group, we
also tested the cytokine release induced by further stimuli, i.e.,
100 ng of staphylococcal enterotoxin B per ml, 10 g of Borrelia lysate per ml, and a higher concentration of LPS (100
ng/ml). The results were uniform in that the release of TNF-␣
and IFN-␥ in whole blood from borreliosis patients was always
lower than the release in blood from healthy controls while the
release of IL-10 in blood from the patients was insignificantly

TABLE 2. Cytokine release from blood from borreliosis patients and healthy controlsa
% Release from blood ofb:
Stimulus

LPS
SEB
a

6

TNF-␣

TNF-␣/10
monocytes

IFN-␥

G-CSF

G-CSF/106
monocytes

IL-10

IL-10/106
monocytes

⫺34.5 ⫾ 21
⫺20.4 ⫾ 39

⫺42.9 ⫾ 28
⫺21.3 ⫾ 43

⫺57 ⫾ 30
⫺5.5 ⫾ 35

⫹96.2 ⫾ 104
⫺17.5 ⫾ 75

⫹33.3 ⫾ 42
⫺46.2 ⫾ 38

⫹85.2 ⫾ 100
⫹106 ⫾ 113

⫹14.3 ⫾ 25
⫹111 ⫾ 84

Blood was taken from 14 borreliosis patients and 10 healthy controls.
Blood cytokine release is shown as the percentage of the release from the healthy control group induced by 100 pg of S. enterica serovar Abortusequi LPS per ml
or 100 ng of staphylococcal enterotoxin B (SEB) per ml.
b
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FIG. 2. Concentration dependence of blood cytokine release from healthy donors stimulated with Borrelia lysate. Human whole blood diluted
1:5 was incubated without a stimulus (con) or in the presence of Borrelia lysate (0.1 to 100 g/ml) for 24 h at 37°C. Cytokine levels in the cell-free
supernatant were measured by ELISA. Data are depicted as means ⫾ SEM of results from four healthy donors.

elevated compared to that in the control group (data not
shown). We also tested if any measurable amounts of the
cytokines TNF-␣, IFN-␥, G-CSF, and IL-10 could be detected
in plasma, as was described for TNF-␣ by Defosse and Johnson
(5), but we found no significant difference in cytokine levels in
plasma in the two groups: we detected 55 ⫾ 35 pg of TNF-␣/
ml, 19 ⫾ 8 pg of IFN-␥/ml, 134 ⫾ 74 pg of G-CSF/ml, and
260 ⫾ 157 pg of IL-10/ml in patient plasma and 3.2 ⫾ 1.5 pg of
TNF-␣/ml, 11 ⫾ 3 pg of IFN-␥/ml, 38 ⫾ 36 pg of G-CSF/ml,
and 246 ⫾ 222 pg of IL-10/ml in plasma from healthy donors.
Cytokine release induced by heat-killed or sonified Borrelia
in whole blood from healthy donors. The hypothesis that the
presence of Borrelia or components of the bacterium directly
induces modulations of the blood cytokine response was tested
in vitro with blood from healthy donors. Both heat-inactivated
Borrelia, incubated at a ratio of 10 Borrelia cells to 1 leukocyte,
and a corresponding concentration of Borrelia lysate (10 g of
protein/ml) induced a significant release of TNF-␣ (1.6 ⫾ 0.4
and 1.6 ⫾ 0.5 ng/ml respectively [n ⫽ 4]). The extent of cytokine release induced by either 10 g of protein/ml of Borrelia
lysate (corresponding to approximately 2 ⫻ 107 sonified Borrelia cells) or the same number of heat-inactivated Borrelia
cells was comparable for all cytokines measured, showing that
Borrelia lysate from B. burgdorferi sensu stricto and heat-inactivated Borrelia are approximately equipotent stimuli. The different preparations of lysate from the three Borrelia species
were equipotent with regard to the capacity to induce cytokine
release in whole blood (e.g., 1.1 ⫾ 0.3, 0.8 ⫾ 0.2, and 1.2 ⫾ 0.3
ng of TNF-␣/ml induced by 10 g of protein/ml of lysate from
B. burgdorferi, B. garinii, and B. afzelii, respectively). This observation and the similarities of the cytokine pattern (data not
shown) suggest that a highly conserved factor is responsible for
cytokine induction by Borrelia species.
Borrelia lysate was used for the following experiments be-

cause it can be quantified by its protein content. The cytokine
release induced by stimulating blood with Borrelia lysate from
B. burgdorferi sensu stricto showed a concentration dependence at lysate protein concentrations ranging from 0.1 to 100
g/ml (Fig. 2). The highest cytokine release for all cytokines
tested was seen at the highest concentration tested, i.e., 100 g
of Borrelia lysate/ml, which was not toxic for the cells since no
reduction in cytokine release was seen. Similar results were
obtained using lysates from B. garinii and B. afzelii (data not
shown).
Comparison of cytokine release induced by Borrelia lysate
and by endotoxin in blood from healthy donors. Endotoxin
derived from gram-negative bacteria, i.e., LPS induces the reTABLE 3. Threshold of IL-1␤-induction in human whole blooda
Stimulus

IL-1␤ induction threshold
(pg/ml)b

Borrelia lysate
B. burgdorferi .................................................................. 1,000
B. garinii .......................................................................... 1,000
B. afzelii........................................................................... 1,000
LPS
S. enterica serovar Enteritidis....................................... 10
K. pneumoniae................................................................ 10
S. enterica serovar Abortusequi ................................... 10
E. coli O26:B6 ................................................................ 1,000
B. pertussis....................................................................... 1,000
P. aeruginosa................................................................... 10,000
V. cholerae....................................................................... 10,000
a
Human whole blood diluted 1:5 in RPMI was incubated in the presence of
Borrelia lysate (0.1 ng/ml to 100 g/ml) or various endotoxins (1 pg/ml to 10
g/ml) in 10-fold serial dilutions for 24 h at 37°C.
b
The IL-1␤ level in the cell-free supernatant was measured by ELISA. Data
represent the lowest concentration of the given stimulus where blood from all
four healthy donors released significant amounts of IL-1␤.
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FIG. 3. In vitro cytokine release capacity of blood from healthy donors stimulated with Borrelia lysate or LPS. Human whole blood diluted 1:5
was incubated without a stimulus (con) or with Borrelia lysate (10 g/ml), endotoxin from S. enterica serovar Abortusequi (200 pg/ml) (A),
endotoxin from E. coli (10 ng/ml) (B), endotoxin from K. pneumoniae (100 pg/ml) (C), or endotoxin from S. enterica serovar Enteritidis (50 pg/ml)
(D) for 24 h at 37°C. Cytokines in the cell-free supernatant were measured by ELISA. Data are depicted as means ⫾ SEM of results from four
healthy donors. P values of 0.05, ⱕ0.01, and ⱕ0.001 versus lysate were considered significant and are indicated by ⴱⴱ, and ⴱⴱⴱ, respectively.

lease of a multitude of cytokines in blood in a concentrationdependent fashion. The potencies of endotoxins from different
bacterial species vary considerably: the data in Table 3 demonstrate that for endotoxins from some E. coli or Salmonella
species, picogram-per-milliliter concentrations suffice to induce cytokine release in blood, while nanogram-per-milliliter
or migrogram-per-milliliter concentrations are required for
other LPS species, e.g., P. aeruginosa and Bordetella pertussis.
The Borrelia lysate concentrations which were needed to induce comparable amounts of cytokine release correspond approximately to those required for Bordetella pertussis endotoxin; i.e., these two stimuli have comparable low stimulatory
activity. Borrelia lysates contain either highly active material or
large amounts of less active components.
To compare the patterns of cytokine release induced by LPS
and Borrelia lysate, the concentrations of endotoxin from four
different LPS preparations were adjusted to induce the same
levels of TNF-␣ release as seen with 10 g of protein per ml of
Borrelia lysate. The release of the cytokines TNF-␣, IFN-␥,
G-CSF, and IL-10 induced by endotoxins from S. enterica serovar Abortusequi (200 pg/ml), E. coli (10 ng/ml), K. pneumoniae (100 pg/ml), and S. enterica serovar Enteritidis (50
pg/ml) was uniform in blood from healthy volunteers (Fig. 3),
suggesting that different endotoxins share a leukocyte activation principle. However, a pronounced difference was seen
between the four LPS preparations and the Borrelia lysate: at
concentrations which induced the same TNF-␣ release as 10
g of protein per ml of Borrelia lysate, endotoxins induced
much more IFN-␥ than Borrelia lysate did. Instead, Borrelia
lysate induced a 5- to 10-fold-higher release of the anti-inflammatory cytokines IL-10 and G-CSF than the LPS preparations
did. The lysates from other Borrelia species, i.e., B. afzelii and

B. garinii, induced the same cytokine pattern as did those from
B. burgdorferi (data not shown). These findings show that LPS
induces the release predominantly of the proinflammatory cytokine IFN-␥ while Borrelia lysate is a stronger inducer of the
anti-inflammatory cytokines IL-10 and G-CSF. Such an inverse
cytokine induction pattern demonstrates that the immunostimulatory components of B. burgdorferi differ from those of
endotoxins.
Comparison of ex vivo cytokine release from borreliosis
patients and healthy controls in response to Borrelia lysate. It
was now of interest whether a similar immunomodulation by
Borrelia might also be detected in blood from the patients.
Therefore, the ex vivo cytokine response to Borrelia lysate of
blood from a group of 10 borreliosis patients was compared
with that of blood from 24 healthy controls. In blood from
patients with Lyme disease, the cytokine release capacity for
TNF-␣ (⫺61% ⫾ 14.3%; P ⱕ 0.001), IFN-␥ (⫺92.0% ⫾ 3.2%;
P ⱕ 0.001), and G-CSF (⫺84% ⫾ 7.0%; P ⱕ 0.001) in response
to Borrelia lysate was significantly reduced compared to that in
blood from healthy controls (Fig. 4). However, again, no difference between controls and patients was seen with regard to
the release of the anti-inflammatory cytokine IL-10 in stimulated blood. These data indicate that ex vivo-stimulated blood
from borreliosis patients responds differently to LPS as well as
to Borrelia lysate from blood from healthy volunteers.
DISCUSSION
A possible interpretation of our results is that persistent
infection with Borrelia spirochetes is associated with an attenuation of the release capacity of some cytokines, in particular
the proinflammatory cytokines TNF-␣ and IFN-␥, in blood.
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FIG. 4. Ex vivo cytokine release capacity of blood from healthy donors or borreliosis patients stimulated with Borrelia lysate. Whole blood,
either from healthy donors (hd, n ⫽ 24) or from patients with Lyme disease (ld, n ⫽ 10), diluted 1:5 was incubated with 10 g of protein/ml of
Borrelia lysate for 24 h at 37°C. Cytokine levels in the cell-free supernatant were measured by ELISA. Data are shown as box-and-whiskers plots.
P values of ⱕ0.001 were considered significant and are indicated by ⴱⴱⴱ.

Such an attenuation was seen not only with Borrelia-specific
antigen but also after stimulation with the endotoxin of other
gram-negative bacteria (LPS), thus indicating a more general
underlying mechanism.
The cytokine release capacity of blood from patients and
healthy controls can be used for comparative studies, and alterations have been detected in blood from patients with multiple sclerosis (6), malignant melanoma (7), rheumatoid arthritis (14), multiple myeloma (26), and human immunodeficiency
virus infection (17) and children infected with enterohemorrhagic E. coli (38). Particularly because leukocyte counts are
not affected in Borrelia infection (34, 37), it seemed appropriate to take a similar approach to characterize possible changes
of the immune response in patients with persistent Borrelia
infection.
There is no clear consensus on the accurate diagnosis of
chronic infection, and it is not yet possible to separate the
symptoms of persistent infection from possible sequelae of a
successful eradication of the pathogen. Therefore we defined
the following inclusion criteria both for the patient group and
for the control group. The clinical diagnosis of persistent Lyme
disease set by an experienced practitioner in an area of endemic infection plus well-established serologic test results were
used. Furthermore, patients with other, non-borrelia-associated diseases were excluded. The healthy control group tested
seronegative for Borrelia antibodies and had no history of tick
bites or borreliosis.
Using these criteria, a significant attenuation of the proinflammatory cytokine response of blood was found in the pa-

tient group compared to the control group. Due to the exploratory character of the main study, a number of possible
influences must be considered. Obviously, the ages of the patient and control groups differed, and cytokine release was not
controlled for differences in leukocyte counts. Therefore, a
separate control study was performed using healthy volunteers
accompanying patients and personnel in the office of the same
general practitioner as a parallel control group. This control
experiment generated similar data to the main study, but the
smaller number of volunteers was insufficient for it to reach
statistical significance. Thus, an influence of an imbalance in
patient and control group selection cannot be finally excluded.
Other explanations for the difference in cytokine release
patterns between patients and healthy donors include the following: (i) interindividual differences in host response predispose patients in different degrees to persistent borreliosis; (ii)
inflammatory disorders related to symptoms of borreliosis
might have exhausted the inflammatory cytokine release; and
(iii) counterregulatory anti-inflammatory mechanisms might
attenuate immune responses even in the asymptomatic phase
of disease. In the introduction, five different hypotheses were
listed which could explain the persistence of B. burgdorferi
sensu lato in the host. The first two, i.e., intracellular localization of the spirochetes in immunoprivileged sites and surface
antigen modulation, should not affect the cytokine release capacity of leukocytes and therefore do not reflect our observations. We did not investigate a possible shift in the T-helpercell response or a self-propagating autoimmune process.
However, based on our data, we favor the possibility that a
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modulation of the host immune response is a mechanism that
enables the survival of the spirochetes.
The immunostimulatory properties of Borrelia antigen have
been investigated extensively in the past, with live or heatkilled pathogen or purified antigen preparations (24, 25). For
our experimental approach, we needed a standardized Borrelia
stimulus. Heat-inactivated and sonified Borrelia cells induced
similar cytokine release patterns and displayed a similar concentration dependence. We also compared the immunostimulatory properties of three different Borrelia species (B. burgdorferi sensu stricto, B. garinii, and B. afzelii); however, we
found no significant differences with regard to concentration
dependence or pattern of cytokines induced. With a relatively
high concentration of the lysate (at least 10 ng of protein/ml),
a measurable cytokine release was induced that was quantitatively comparable to that produced by endotoxin from P.
aeruginosa. Since in murine Borrelia infections, for example,
accumulations of up to 105 spirochetes were found in different
organs of infected mice (28), it is feasible that high concentrations of antigens are present at the site of infection that induce
local cytokine formation.
Furthermore, Borrelia lysate- and LPS-induced cytokine release are qualitatively different in terms of the pattern of predominant cytokines released. Although Borrelia belongs to the
group of gram-negative bacteria (33), it lacks the typical endotoxin LPS (15, 36). Instead, Borrelia expresses lipoproteins,
e.g., outer surface proteins (Osp), which have the ability to
induce the release of TNF-␣ (5), IL-1␤ (13), and IL-6 (35)
when incubated with isolated leukocytes, which pointed toward
a probably characteristic proinflammatory nature of Borrelia
antigen (32). However, when we compared Borrelia lysate and
LPS at concentrations which induced an equipotent TNF-␣
release, we found that Borrelia lysate induced greater amounts
of the anti-inflammatory cytokines G-CSF and IL-10 than did
LPS. Our results, which indicate that Borrelia induces an antiinflammatory response, are corroborated by recent findings
showing IL-10 induction in monocytes by Borrelia antigen (10).
We are well aware of the fact that OspA and further Borrelia-derived components are able to evoke a cytokine response
from isolated peripheral blood monocytes (29, 9). We repeated
and confirmed these experiments with our Borrelia lysate and
observed complete inhibition of TNF-␣ release after neutralization of CD14, in analogy to previous work with other bacterial stimuli (8). However, under identical conditions, the
cytokine response of whole blood to Borrelia was not attenuated (data not shown). This phenomenon is currently under
further investigation. It implies that the cytokine pattern released from whole blood induced by Borrelia lysate is unrelated
to these known CD14-mediated initiating mechanisms.
On the basis of published data and the study presented here,
we propose to regard the attenuated release capacity of white
blood cells for proinflammatory cytokines such as TNF-␣ and
IFN-␥ as a mechanism that weakens the immune response of
borreliosis patients to circulating spirochetes. This might be
due to a direct recognition of Borrelia components by immunocompetent cells or might be a consequence of an enhanced
local production of the anti-inflammatory factor IL-10, as published by others (9). In any case, reconstitution of the immunocompetence of the patients represents an attractive target
for supportive treatment to antibiosis in chronic Lyme disease.
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