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We have recently demonstrated that interleukin-10 (IL-10), produced by THP-1 monocytes in response to
Borrelia burgdorferi lipoproteins, dampens the production of concomitantly elicited inflammatory cytokines.
Thus, IL-10 could potentially down-regulate inflammatory and microbicidal effector mechanisms of the innate
immune response to a B. burgdorferi infection, facilitating the establishment of the spirochete. To understand
the mechanism(s) implicated in the regulation of the synthesis and release of IL-10 during early infection, we
investigated the autocrine effects of IL-6, IL-12, tumor necrosis factor alpha (TNF-�), and IL-10 itself, as well
as the exocrine effect of IFN-� on the production of macrophage-derived IL-10 with lipoprotein as a stimulant.
In addition, in view of the differences in the receptor and signal transduction pathways of lipopolysaccharide
(LPS) and bacterial lipoproteins, we also investigated the effects described above with LPS as a stimulant. The
THP-1 human monocytic cell line and purified recombinant lipidated OspA (L-OspA) were used as the model
target cell and stimulant, respectively. TNF-� increased the production of IL-10, as elicited by lipoproteins.
The production of IL-10 by THP-1 cells stimulated with L-OspA was autoregulated by a negative feedback
mechanism involving the IL-10 receptor (IL-10R). Exogenous IFN-� significantly inhibited the production of
IL-10. Both autocrine (IL-10) and exocrine (IFN-�) inhibition of IL-10 production resulted in an increase in
the production of the proinflammatory cytokines IL-6 and IL-12. The same results were obtained when the
stimulant was LPS. The results further illustrate that IL-10 may play a pivotal role in Lyme disease patho-
genesis. Moreover, the regulation of its production with lipoprotein as a stimulant is indistinguishable from
that observed when LPS acts as a stimulant.

Borrelia burgdorferi, the spirochete that causes Lyme disease,
is spread to humans and other mammals through the bite of
infected Ixodes ticks (7). Infection may involve multiple organs
(3, 42) and may persist in certain tissues for prolonged periods
of time (35, 48). Spirochetal persistence in the tissues has been
associated with severe pathology (9, 16, 48) and both acute and
chronic inflammatory conditions (37, 42). B. burgdorferi lacks
lipopolysaccharide (LPS) (43), but its genome contains no
fewer than 150 genes coding for putative lipoproteins (18); this
amounts roughly to 11% of its genome coding capacity. Li-
poproteins can directly elicit inflammatory responses both in
vitro and in vivo (20, 36, 38, 39, 47). Recent findings that
lipoproteins can elicit not only inflammatory but also anti-
inflammatory mediators (e.g., interleukin-10 [IL-10]) from
mononuclear cells present in peripheral blood (21, 22) and
synovial fluid (49) have added support to the contention that
lipoproteins play a crucial role in Lyme disease pathogenesis.

One of the hallmarks of Lyme disease is arthritis. This form
of the disease has been studied extensively in the mouse model,
with an emphasis on the role of cytokines in its etiology. In-

fection of different inbred mouse strains with B. burgdorferi
results in distinct disease outcomes (2, 32, 48). B. burgdorferi
infection elicits severe arthritis in C3H/HeN mice, but mild
arthritis in C57BL/6N mice, although both strains harbor sim-
ilar numbers of spirochetes in their ankles (32). These findings
indicate that C57BL/6N mice either produce less proinflam-
matory cytokines or are better able to regulate inflammation in
response to B. burgdorferi lipoproteins than C3H/HeN mice,
resulting in a less intense inflammatory response and de-
creased arthritis severity. Recently, Brown and colleagues (6)
corroborated this hypothesis by showing that macrophages
from C57BL/6N mice, when stimulated with the lipoprotein
outer surface protein A (OspA) or LPS, secreted significantly
less proinflammatory cytokines (IL-6 and tumor necrosis factor
alpha [TNF-�]) than C3H/HeN cells. In contrast, macrophages
from C57BL/6N mice produced up to 10-fold-larger amounts
of IL-10 than macrophages from C3H/HeN mice when the
same stimulants were used, suggesting that IL-10 could con-
tribute to the control of inflammation in Lyme disease. The
role of IL-10 as a key mediator in anti-inflammatory immune
responses induced by B. burgdorferi was also underscored in
this study by showing that C57BL/6J mice deficient in IL-10
developed more severe arthritis than wild-type C57BL/6J mice
(6). Recently, Ganapamo et al. (19) showed that lymph node
cells from C3H/HeJ and C57BL/6J mice produced comparable
IL-10 levels when the cells were restimulated in vitro with B.
burgdorferi spirochetes. However, IL-10 downregulated inflam-
matory cytokines elicited by B. burgdorferi more efficiently in
C57BL/6J mice than in C3H/HeJ mice (19).
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Evidence for the role of IL-10 in human Lyme disease comes
from Yin et al. (49), who showed that IL-10 can be produced
concomitantly with Th1 cytokines when synovial fluid mono-
nuclear cells from infected patients are incubated with soni-
cated proteins of B. burgdorferi. The same study showed that
this endogenously produced IL-10 can inhibit both Borrelia-
specific lymphocyte proliferation and production of TNF-�
and IFN-�. Studies by Diterich et al. (12) and Giambartolomei
et al. (21) showed enhanced secretion of IL-10 by Borrelia-
stimulated mononuclear cells in patients with borreliosis and in
normal subjects, respectively.

Recently, we demonstrated that endogenously synthesized
IL-10 significantly dampened the production of inflammatory
cytokines, as elicited from human monocytes by lipoproteins
(34). This finding suggested that IL-10 could facilitate the
establishment of B. burgdorferi by downregulating inflamma-
tory and microbicidal effector mechanisms of the innate im-
mune response. The same study indicated that IL-10 produc-
tion by lipoprotein-stimulated monocytes was regulated by
mediators elicited from or present in the cells. Regulation of
IL-10 production by LPS-stimulated monocytes has been stud-
ied extensively (8, 13, 29), but this phenomenon has received
scant attention in the context of lipoprotein stimulation. LPS
and lipoproteins share CD14 as a coreceptor on cells of the
myeloid lineage (20, 39, 47) as well as the MyD88 adapter
protein (1), while their respective receptors, namely TLR-4
and TLR-2, differ (5, 24, 30). In addition, the toll–IL-1 recep-
tor (IL-1R) domain-containing adapter protein (TIRAP) con-
trols activation of MyD88-independent signaling pathways
downstream of TLR-4, but not downstream of TLR-2 (25).
The reported differences between the LPS and lipoprotein
signaling receptors and pathways prompted us to determine if
LPS- and lipoprotein-induced IL-10 might be differentially reg-
ulated by cytokines in macrophages. We investigated the effect
of exogenous IL-6, IL-12, and TNF-� on the production of
macrophage-derived IL-10. We also determined if endog-
enously produced IL-10 could modulate its own production
through a pathway involving IL-10R. Since it is known that
gamma IFN (IFN-�) modulates the production of IL-10 in
other infectious diseases (8, 13, 29), we assessed whether
IFN-� can regulate IL-10 production by L-OspA-stimulated
cells. We used the THP-1 human monocytic cell line and pu-
rified recombinant lipidated OspA (L-OspA) as the model
target cell and stimulant, respectively (34). Although L-OspA
appears not to be expressed by B. burgdorferi in the early
phases of infection (4, 10, 37), the use of this (or any other)
lipoprotein as a model is justified in so far as its immunological
effects are elicited by the lipid, not the protein, moiety. The
lipid moiety is likely shared by all B. burgdorferi lipoproteins.
The effect of L-OspA was compared with that of LPS.

MATERIALS AND METHODS

Stimulants. Recombinant L-OspA was the same as that already reported (20,
21, 34) and was obtained from John Dunn, Brookhaven National Laboratories,
Brookhaven, N.Y. The L-OspA preparation contained less than 0.25 endotoxin
units per mg of protein, as assessed by Limulus amebocyte assay (Associates of
Cape Cod, Woods Hole, Mass). LPS from Escherichia coli strain 026:B6 was
obtained from Sigma Chemical Company (L-XXXX; St. Louis, Mo.) and con-
tained less than 5% E. coli protein contamination.

Cytokines, reagents, and antibodies. Human recombinant IL-6 (rIL-6), rIL-12,
and rTNF-� (catalog no. 1966IV, 1993IV, and 1976IT, respectively) were all

purchased from PharMingen (San Diego, Calif.). Human rIFN-� (catalog no.
PHC403-C) was purchased from Biosource International, Camarillo, Calif.).
Mouse anti-human IL-10R antibody (catalog no. MAB274) was purchased from
R & D Systems (Minneapolis, Minn.). Mouse anti-human TNF-� (catalog no.
18630D) and normal mouse immunoglobulin G1 (IgG1) (catalog no. 20610D)
were purchased from PharMingen. IL-10, IL-6, and IL-12 cytokine reagents were
purchased from PharMingen (34).

Cell culture and stimulation of cytokine production. The THP-1 monocyte cell
line was the same as described previously (20, 34) and was obtained from the
American Type Culture Collection (Manassas, Va.). THP-1 cells were pretreated
with 0.05 �M 1�, 25-dihydroxyvitamin D3 (Calbiochem-Nova Biochem Int., La
Jolla, Calif.) for 48 h (26) prior to being used in this study. For cytokine
production, THP-1 cells at 106/ml were stimulated with 1 �g of L-OspA or LPS
per ml for 48 h, except where indicated in the text. Cultures were subsequently
centrifuged at 400 � g for 10 min at 4°C, and cell supernatants were collected,
aliquoted, and stored at �70°C until they were used.

Effect of exogenous IL-6, IL-12, TNF-�, and IFN-� on IL-10 production. To
study the effect of exogenous IL-6, IL-12, TNF-�, and IFN-� on IL-10 produc-
tion, THP-1 cells were stimulated with 1 �g of L-OspA or LPS per ml in the
presence or absence of various concentrations (0.1, 1, 10, and 100 ng/ml) of
rIL-6, rIL-12, and rTNF-�. rIFN-� was used at concentrations of 0.01, 0.1, 1, and
10 ng/ml. To determine the effect of endogenous TNF-� on IL-10 production,
cells were stimulated with L-OspA and LPS in the presence or absence of
neutralizing mouse anti-human TNF-� antibody at 10, 20, and 40 �g/ml. Normal
mouse IgG1 was used as control. All cultures were incubated for 48 h, except
where indicated, after which time cell supernatants were collected following
centrifugation at 400 � g for 10 min at 4°C. Supernatants were aliquoted and
stored at �70°C until they were used.

Effect of blocking the IL-10R on IL-10 production. To determine the effect of
blocking the IL-10R on IL-10 production, cells were stimulated with 1 �g of
L-OspA or LPS per ml in the presence or absence of a mouse anti-human IL-10R
monoclonal antibody (MAb) at 10 �g/ml. Normal mouse IgG1 at the same
concentration of the IL-10R MAb was used as a control antibody. Antibodies
were added at either the same time as the stimulants or 8 h afterwards. Cultures
were incubated for 2, 8, 24, 48, and 120 h, after which cell supernatants were
collected following centrifugation at 400 � g for 10 min at 4°C. Supernatants
were aliquoted and stored at �70°C until they were used.

Measurement of cytokine concentrations. IL-6, IL-10, and IL-12 cytokines
were measured in culture supernatants by sandwich enzyme-linked immunosor-
bent assay (ELISA) with paired cytokine-specific MAbs as previously described
(34).

Kinetics of cytokine production. For the study of the kinetics of cytokine
production, cell supernatants were collected after THP-1 cells had been stimu-
lated for 2, 4, 8, 24, 48, and 120 h. The concentration of stimulants used was 1 �g
of L-OspA or LPS per ml.

Detection of IL-10 mRNA by semiquantitative RT-PCR. Reverse transcription
(RT)-PCR was performed as previously described (21). Results were expressed
in terms of fold increase over the mRNA levels of cells cultured in the absence
of L-OspA and LPS.

Statistics. Student’s t test was used to compare the data. Significance was
established at a P level of 0.05.

RESULTS

Effect of exogenous and endogenous TNF-� and exogenous
IL-6 and IL-12 on production of IL-10 induced by L-OspA and
LPS. We examined whether exogenous IL-6, IL-12, and TNF-�
added at the initiation of culture were able to affect the con-
centration of IL-10 measured at 48 h after L-OspA or LPS
stimulation. This time point was chosen because kinetic studies
of IL-10 production in this system showed that at 48 h post-
stimulation (p.s.), IL-10 concentrations either reached a pla-
teau or were changing at a relatively low rate (34). THP-1 cells
were incubated with stimulants in the absence or presence of
rIL-6, rIL-12, and rTNF-�, each at a concentration of 0.1, 1, 10,
or 100 ng/ml. IL-10 levels were below the detection limits in
the absence of stimulants and in the presence of recombinant
cytokines alone. The IL-10 concentration was significantly in-
creased (P � 0.02 to P � 0.006) in the presence of 1 to 100 ng
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of rTNF-� per ml in L-OspA-stimulated cultures and in 10 and
100 ng of rTNF-� per ml in LPS-stimulated culture superna-
tants (Fig. 1A). Moreover, neutralizing anti-TNF-� antibody
added to the culture together with the stimulants caused a
small but significant reduction (P � 0.05 to P � 0.0004) in the
concentration of IL-10 in both L-OspA- and LPS-stimulated
cultures (Fig. 1B). Isotype control antibody had no effect (not
shown). Our results indicate that TNF-� increases the produc-
tion (transcription, processing, and/or export) of IL-10 by
THP-1 cells when these cells are stimulated with L-OspA or
LPS. Addition of rIL-6 or rIL-12 did not significantly affect (P
� 0.05) the concentration of endogenous IL-10 in superna-
tants of L-OspA- and LPS-treated cells (data not shown).

Effect of blocking the IL-10R on the concentrations of IL-10,
IL-6, and IL-12 induced by L-OspA and LPS stimulation. We
investigated if endogenously produced IL-10 could modulate
its own production via negative or positive feedback through
the IL-10R when stimulated with either L-OspA or LPS.
THP-1 cells were cultured with stimulants in the presence or

the absence of anti-IL-10R MAb added either at the time of
stimulation or 8 h after the initiation of cultures. The IL-10
concentration was determined at 2, 8, 24, 48, and 120 h after
addition of the stimulants to the culture. As previously re-
ported (34), the IL-10 concentration peaked between 8 and
16 h p.s. and declined thereafter. Addition of anti-IL-10R
MAb together with the stimulants had no effect on the pro-
duction of IL-10 at any of the time points examined. However,
anti-IL-10R MAb added 8 h p.s. significantly increased (P �
0.02) the L-OspA- and the LPS-induced concentration of
IL-10 from 8 h p.s. onwards when compared with cell super-
natants taken at the same time points, but in the absence of the
anti-IL-10R MAb (Fig. 2A and B).

Because we had demonstrated that IL-10 was able to down-
modulate the production of IL-6 and IL-12, as elicited by B.
burgdorferi lipoproteins (34), we conducted further experi-
ments to determine the effect of blocking the IL-10R on the
production of IL-6 and IL-12 as induced by L-OspA and LPS
stimulation. Cytokine concentrations were determined at 2, 8,
24, 48, and 120 h after addition of the stimulants to the culture.
The concentration of IL-6 increased rapidly and peaked at
about 24 h p.s. (Fig. 2C and D). That of IL-12 increased slowly
after stimulation and reached a maximum by 48 h p.s. (Fig. 2E
and F). A significant increase (P � 0.02 to P � 0.008) in the
production of IL-6 was seen only at 24 and 48 h p.s. in L-OspA
and at 24 h p.s. in LPS-stimulated cultures when anti-IL-10R
MAb was added at the beginning of the culture period (Fig. 2C
and D). Addition of anti-IL-10R MAb at the beginning of the
culture caused a significant increase (P � 0.01 to P � 0.0008)
in the production of IL-12 in L-OspA- and LPS-stimulated
cultures (Fig. 2E and F). The increase was greater when the
anti-IL-10R MAb was added 8 h p.s. in both L-OspA- and
LPS-stimulated cultures. The concentrations of both IL-6 and
IL-12 increased significantly (P � 0.01 to P � 0.00002) from
8 h p.s. onwards when compared with that in cell supernatants
taken at the same time points either in the presence of initially
added anti-IL-10R MAb or in its absence (Fig. 2C to F). The
isotype-matched control antibody had no effect on the produc-
tion of all cytokines studied (data not shown). Our results
indicate that THP-1 cells with their IL-10R blocked lose their
capacity to downmodulate IL-10 production when stimulated
with L-OspA or LPS. This suggests that lipoprotein- and LPS-
induced IL-10 can modulate its own production (transcription,
processing, and/or export) via negative feedback through the
IL-10R. The results also indicate that IL-10 modulates the
production of L-OspA- and LPS-induced IL-6 and IL-12
through the same mechanism.

Effect of exogenous IFN-� on the rate and level of produc-
tion of IL-10, IL-6, and IL-12 induced by L-OspA and LPS
stimulation. IFN-� is known to downregulate LPS-induced
IL-10 production by monocytes in other infectious disease sys-
tems (8, 13, 29). Moreover, IFN-� has the ability to enhance
IL-12 and IL-6 production in monocytes stimulated by LPS
(15, 23, 31). Thus, the effect of exogenous IFN-� on the rate
and level of L-OspA- and LPS-induced production of IL-10,
IL-6, and IL-12 was studied. THP-1 cells were incubated with
1 �g of either L-OspA or LPS per ml in the absence of rIFN-�
or in the presence of various concentrations of this cytokine
(0.01, 0.1, 1, and 10 ng/ml). The concentrations of IL-10, IL-6,
and IL-12 were determined at 2, 4, 8, 24, and 48 h after

FIG. 1. Effect of exogenous TNF-� (A) and anti-TNF-� antibody
(B) on IL-10 production. Vitamin D3-treated THP-1 cells (106/ml)
were incubated with L-OspA (1 �g/ml) or LPS (1 �g/ml) in the pres-
ence or absence of various concentrations of human rTNF-� and
anti-TNF-� antibody. After 48 h, IL-10 in cell supernatants was quan-
tified by antibody-capture ELISA. The lower limit of detection of the
ELISA was 15 pg/ml. Asterisks indicate significant differences from
cells incubated with L-OspA and LPS alone (P � 0.05 to P � 0.0004).
P values were calculated by use of Student’s t test. Each bar represents
the mean 	 standard error of duplicate cultures. Data are represen-
tative of two separate experiments.
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addition of the stimulants and rIFN-� to the cultures. Both the
rate of production and the concentration of IL-10 produced
diminished significantly (P � 0.05 to P � 0.0009) in the pres-
ence of rIFN-� at 1 and 10 ng/ml (Fig. 3A). As expected (13),
similar results were obtained when LPS was used as a stimulant
(Fig. 3B). These results suggest that IFN-� is affecting the rate

of transcription, processing, and/or export of IL-10. When the
kinetics of IL-6 and IL-12 production was studied, rIFN-� at 1
and 10 ng/ml caused an enhanced production (P � 0.03 to P �
0.003) of both IL-6 and IL-12 by L-OspA (Fig. 3C and E) and
LPS (Fig. 3D and F) only at 24 h after the initiation of culture.
Given that rIFN-� modulated the production of IL-10, and
IL-10 is known to downregulate the production of IL-12 and
IL-6 in both L-OspA and LPS cultures (34), these findings
suggest that the early IFN-� inhibition of IL-10 production
could have resulted in the enhanced production of IL-6 and
IL-12. To determine the mechanism of rIFN-� downmodula-
tion of IL-10 in L-OspA- or LPS-stimulated cells, a kinetic
study of the IL-10 gene transcription was performed by RT-
PCR. IL-10 mRNA levels were markedly increased at 2 h p.s.
with L-OspA, peaked at 4 h p.s., and began to decrease at 8 h
p.s. In the presence of 10 ng of rIFN-� per ml, IL-10 mRNA
levels were low at 2 h and markedly reduced at 4 h when
compared to levels induced by L-OspA or LPS alone, suggest-
ing that rIFN-� inhibits the production of IL-10 induced by
L-OspA and LPS in THP-1 cells at the transcriptional level
(Fig. 4).

FIG. 2. Effect of blocking the IL-10R on IL-10 (A and B), IL-6 (C
and D), and IL-12 (E and F) production. Vitamin D3-treated THP-1
cells (106/ml) were incubated with L-OspA (1 �g/ml) or LPS (1 �g/ml)
in the presence of 10 �g of anti-IL-10R per ml. Anti-IL-10R antibody
was added either at the same time as the stimulants or 8 h afterwards.
Cultures were incubated for 2, 8, 24, 48, and 120 h, after which specific
cytokines in cell supernatants were collected and quantified by anti-
body-capture ELISA. The lower limit of detection of the ELISA was
15 pg/ml. Asterisks indicate significant differences from cells incubated
with L-OspA and LPS alone (P � 0.01 to P � 0.0002). P values were
calculated by use of Student’s t test. Each bar represents the mean 	
standard error of duplicate cultures. The data are representative of two
separate experiments.

1884 GIAMBARTOLOMEI ET AL. INFECT. IMMUN.



DISCUSSION

Of the three monocyte/macrophage-derived proinflamma-
tory cytokines we investigated, namely IL-6, IL-12, and TNF-�,
only the latter had a regulatory effect on IL-10. Addition of
exogenous TNF-� caused an increase in IL-10 production and,

as would be expected, inhibition of the endogenously produced
cytokine with anti-TNF-� antibody had a suppressive effect. In
a previous study of the kinetics of monocyte-derived cytokine
production in the context of lipoprotein stimulation, we had
noticed that TNF-� was abundantly secreted several hours
earlier than IL-10 (34). This lag time in the onset of IL-10
production could offset the potential of IL-10 to exert an anti-
inflammatory effect with respect to TNF-�. We speculated that
TNF-� might, conversely, enhance IL-10 production (34), as
had been observed in the context of LPS stimulation (45). This
speculation was borne out by the results obtained herein.

As with LPS before (8), as well as in the present study, no
regulatory effect of IL-6 was observed on IL-10 production in
lipoprotein-stimulated monocytes. Other cytokines that do not
inhibit the production of IL-10 in LPS-stimulated monocytes
include IL-1, IL-2, IL-3, IL-4, IL-7, transforming growth factor

 (TGF-
), and granulocyte-macrophage colony-stimulating
factor (GM-CSF) (8). In view of the LPS-lipoprotein parallel-
isms observed by us thus far, we speculate that these cytokines
also will have no effect on IL-10 production by monocytes

FIG. 3. Effect of exogenous IFN-� on the rate and level of produc-
tion of IL-10 (A and B), IL-6 (C and D), and IL-12 (E and F) induced
by L-OspA and LPS stimulation. Vitamin D3-treated THP-1 cells (106/
ml) were incubated with L-OspA (1 �g/ml) or LPS (1 �g/ml) in the
presence or absence of various concentrations of human rIFN-�. Cul-
tures were incubated for 2, 8, 24, 48, and 120 h, after which specific
cytokines in cell supernatants were collected and quantified by anti-
body-capture ELISA. The lower limit of detection of the ELISA was
15 pg/ml. Asterisks indicate significant difference from cells incubated
with L-OspA and LPS alone (P � 0.01 to P � 0.0002). P values were
calculated by use of Student’s t test. Each bar represents the mean 	
standard error of duplicate cultures. Data are representative of two
separate experiments.
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stimulated with lipoproteins. Our data permit us to add IL-12
to the list of cytokines that do not affect production of IL-10 by
monocytes, regardless of whether these cells are stimulated by
LPS or lipoprotein.

The production of IL-10 by monocytes stimulated with L-
OspA appeared to be regulated by a negative feedback mech-
anism. Blocking the IL-10R complex with a specific antibody
led to a significant increase in the production of IL-10 in
lipoprotein-stimulated monocytes. Our results, obtained with

either L-OspA or LPS as a stimulant, agree with those ob-
tained by deWaal Malefyt et al. (11) and Knolle et al. (27), who
demonstrated that IL-10 expression is autoregulated at the
transcriptional level in monocytes and Kupffer cells stimulated
with LPS. The negative autoregulation of IL-10 production in
monocytes stimulated by lipoproteins adds to the panoply of
regulatory mechanism at play during spirochetal infection.

Curiously, the effect exerted by the anti-IL-10R MAb was
observed only when the antibody was added to the culture 8 h
p.s. Since the antibody added at the beginning of the culture
should have been present 8 h thereafter, the fact that its ad-
dition was ineffective when added together with the stimulants
suggests that the antibody was bound to the monocytes by a
nonfunctional form of the IL-10R and was thus ineffectively
consumed. Conversely, when the antibody was added several
hours after stimulation had been initiated, it was effective in
enhancing IL-10 production. We take this as an indication that
at this time the antibody was able to bind to a functional form
of the IL-10R. Functional IL-10R complexes are tetramers
consisting of two IL-10R1 polypeptide chains and two IL-10R2
chains (14). Stimulation of murine fibroblasts with LPS induces
cellular IL-10 binding activity and IL-10R mRNA synthesis in
a dose- and time-dependent manner (46). If there were a lag
time between IL-10R monomer synthesis and assembly of the
receptor complex within the cell membrane, the antibody
could bind to the monomers and thus be consumed without
having an effect on IL-10 production. When added later in the
stimulatory process, it would bind to assembled and fully func-
tional receptor complexes.

As with LPS (13), exogenous IFN-� significantly inhibited
the lipoprotein-induced production of IL-10 in monocytes.
IFN-� exerted its effect at the transcriptional level by down-
modulating IL-10 gene transcription in monocytes stimulated
with L-OspA or LPS. Our results agree with the observations
made by Chomarat and colleagues (8) and Donnelly et al. (13),
who demonstrated that among various cytokines tested, only
IFN-� strongly reduced IL-10 synthesis by LPS-activated
monocytes. As with lipoproteins, this inhibition also was ef-
fected at the transcriptional level (13, 40).

It is noteworthy that inhibition of the biological activity of
IL-10, either by suppressing its synthesis via IFN-� or by block-
ing its receptor, resulted in an increase in the production of the
proinflammatory cytokines IL-6 and IL-12 in macrophages
stimulated by both L-OspA and LPS. Similar observations
have been made in models of other infectious diseases, where
IFN-� was shown to differentially regulate IL-10 and IL-12
production, resulting in upregulation of IL-12 release and
downregulation of IL-10 release in response to Mycobacterium
leprae stimulation (29) and in human herpesvirus 6 infections
(28). Given that IFN-� has the ability to enhance IL-12 and
IL-6 production in monocytes stimulated by LPS (15, 23, 31),
the increase in IL-12 and IL-6 concentrations that was ob-
served in the IFN-�-treated cells could be due to either the
direct effect of IFN-� on IL-12 and IL-6 production or the
indirect upregulation of both cytokines following the decrease
in IL-10 production induced by IFN-�. The increase in IL-12
and IL-6 production observed in the experiments conducted
with anti-IL-10R in the absence of IFN-� underscores the
direct role of IL-10 in modulating IL-12 and IL-6 as induced by
lipoproteins.

FIG. 4. Effect of exogenous IFN-� on expression of IL-10 mRNA
in THP-1 cells stimulated with L-OspA (A) and LPS (B). Vitamin
D3-treated THP-1 cells (106/ml) were incubated with L-OspA (1 �g/
ml) or LPS (1 �g/ml) in the presence (black bars) or absence (white
bars) of 10 ng of human rIFN-� per ml. At different times p.s., the
mRNA levels of IL-10 were determined by RT-PCR. Responses are
shown as fold increase over the level in unstimulated cells. All values
were normalized with respect to GAPDH mRNA levels. Results rep-
resent the mean value of two determinations (each from a separate
RNA batch) 	 standard error.
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There have been a number of reports describing how IL-10
and IFN-� antagonize each other with regard to their produc-
tion and function (13, 17, 28, 29, 41, 44), including studies of
monocytes/macrophages stimulated with LPS (8, 33, 40). This
cross-regulatory effect of IL-10 and IFN-�, which our study has
now uncovered as well in lipoprotein-stimulated monocytes,
may help to explain differences in pathology and disease out-
come in human Lyme disease. It was recently demonstrated
that blood cells from borreliosis patients release smaller
amounts of the proinflammatory cytokines IFN-� and TNF-�
than cells from healthy volunteers when stimulated with either
LPS or borrelial antigens. In contrast, the release of the anti-
inflammatory cytokine IL-10 was slightly (though not signifi-
cantly) higher in ex vivo-stimulated blood from borreliosis
patients than in the control group (12). One possible interpre-
tation of these results is that persistent infection with B. burg-
dorferi is associated with an attenuation of the capacity of the
cells to produce proinflammatory cytokines, such as IFN-� and
TNF-�. This attenuation could be due to the preferential in-
duction of the anti-inflammatory cytokine IL-10 by borrelial
antigens, which is known to downregulate the production of
IFN-� (8) and other proinflammatory cytokines, such as IL-6,
IL-12, and TNF-� (34). This modulation of proinflammatory
cytokines could create conditions that favor the persistence of
the spirochete in the infected host. In fact, the same study
demonstrated that cells from healthy individuals that were
stimulated in vitro with antigens of B. burgdorferi sensu lato
induced reduced release of IFN-� and TNF-� and enhanced
secretion of IL-10 and G-CSF when compared to the pattern
induced by bacterial endotoxins (12).

In summary, autocrine regulation of IL-10 production by
THP-1 monocytes was afforded by IL-10 itself and by TNF-�
whereas IFN-� exerted its regulatory effect in an exocrine
fashion, because this cytokine is not commonly produced by
macrophages/monocytes. We could find no differences in these
regulatory effects regardless of whether the cells were stimu-
lated with L-OspA or LPS, in spite of the differences already
pointed out between the receptors and signaling pathways of
these two bacterial stimulants.
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