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Although it is capable of eliciting strong innate and adaptive immune responses, Borrelia burgdorferi often
evades immune clearance through largely unknown mechanisms. Our previous studies determined that in-
fected interlukin-10�/� (IL-10�/�) mice show significantly lower B. burgdorferi levels than wild-type (B6) mice
and that IL-10 inhibits innate immune responses critical for controlling B. burgdorferi infection. To determine
whether virulent B. burgdorferi preferentially enhances IL-10 production, we developed an in vitro coculture
medium (RPMI.B) in which both B. burgdorferi and primary macrophages (M�s) remain viable. B. burgdorferi
grew at similar rates and was able to regulate expression of immunoreactive proteins with similar kinetics in
RPMI.B and in traditional BSK medium; in contrast, B. burgdorferi cultured in conventional tissue culture
medium (RPMI) rapidly lost viability. Coculture of viable B. burgdorferi in RPMI.B with M�s resulted in more
rapid and significant increases in IL-10 transcripts and secreted proteins than coculture with nonviable B.
burgdorferi in RPMI, which corresponded with decreased production of proinflammatory cytokines. Addition of
live B. burgdorferi to M�s in RPMI.B also elicited substantially higher IL-10 levels than heat-killed bacteria
elicited, confirming that increased IL-10 production was not inherent to coculture in RPMI.B. Transfer of
supernatants from B. burgdorferi-stimulated M�s into naı̈ve M� cultures resulted in suppressed activation
upon subsequent stimulation with different bacterial agonists, and this suppression was obviated by IL-10-
specific antibody. In vivo analyses determined that murine skin samples exhibited substantial upregulation of
IL-10 within 24 h of injection of B. burgdorferi. Together, these results suggest that viable B. burgdorferi can
suppress early M� responses during infection by causing increased release of IL-10.

Infection of susceptible hosts with strains of Borrelia burg-
dorferi sensu lato causes Lyme disease, which accounts for the
majority of vector-borne illness in the United States and most
of the temperate regions of Europe and Asia (18, 41). Upon
introduction into the host dermis by an infected tick, the spi-
rochetal bacteria must quickly adapt to their vertebrate host,
disseminate from the skin to various host tissues, and evade the
developing immune responses. This evasion must continue un-
til the bacteria receive appropriate signals that lead to reemer-
gence from their immunoprivileged niche and subsequent mi-
gration to and infection of a feeding tick. Although this
extended persistence within an immunocompetent host is es-
sential for the existence of the bacteria, the mechanisms that
they utilize to escape immune clearance are largely unknown.

Infection with B. burgdorferi triggers strong innate and adap-
tive immune responses that are largely directed against the
�127 putative lipoproteins believed to be produced by this
spirochete (8, 12, 37). All of these proteins possess a signal II
peptidase sequence which can be used to predict their subse-
quent cleavage and the triacyl modification of the resultant
N-terminal cysteine residue. The triacylated lipoproteins are
highly immunogenic, as injection of prototypic lipoproteins
elicits strong antibody responses and sera collected from in-
fected individuals possess high levels of antibodies that are
specific to varioous lipoproteins (31, 45). Additionally, these

triacylated lipoproteins directly activate macrophages (M�s)
(30), dendritic cells (35, 42), neutrophils (28), endothelial cells
(48, 49), mast cells (24), fibroblasts (11), and B lymphocytes
(23) through signaling events mediated by Toll-like receptor 2
(TLR2) (16, 47, 50). Since B. burgdorferi either lacks many of
the known bacterial agonists that have stimulatory activities
(e.g., lipopolysaccharide [LPS] and lipoteichoic acid) or se-
questers them so that they cannot be readily accessed by host
immune mediators (e.g., endoflagella), it appears that borrelial
lipoproteins are a major focus of both innate and adaptive
immune responses to this spirochete. The importance of these
interactions is reflected by the relative inability of M�s derived
from TLR2�/� mice to respond to B. burgdorferi and/or its
lipoproteins, as well as the high levels of B. burgdorferi that
persist in target tissues of infected TLR2�/� mice compared to
wild-type mice (47). Interestingly, TLR2�/� mice produce a B.
burgdorferi-specific antibody response that appears to be al-
most identical to that produced by wild-type mice (47, 52), and
passive transfer of B. burgdorferi-elicited immune serum from
TLR2�/� mice and passive transfer of B. burgdorferi-elicited
immune serum from wild-type mice protect naı̈ve mice from
infection equally (52), suggesting that appropriate innate im-
mune responses are the most critical responses for bacterial
clearance.

The importance of the innate immune responses, particularly
M�s, for controlling B. burgdorferi infection is also reflected by
the results of multiple studies assessing the immunosuppressive
effects of interleukin-10 (IL-10) on the development of Lyme
disease. IL-10 is a significant immunomodulatory cytokine,
largely due to its broad but potent anti-inflammatory proper-
ties (27). Although IL-10 can be produced by and act upon
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many cell types, myeloid cells are reported to be the major
source of IL-10 production (15). Many of the suppressive im-
mune functions generally associated with IL-10 activities are
also mediated through myeloid cells, either by direct down-
regulation of their production of proinflammatory mediators
or by inhibition of their ability to mediate critical antigen-
presenting functions to lymphocytes. Exposure of human and
murine M�s to B. burgdorferi elicits significant IL-10 produc-
tion (7, 13, 14, 29), and addition of exogenous IL-10 to M�s
can suppress the production of proinflammatory mediators
produced in response to B. burgdorferi (7). Infection studies
have indicated that IL-10�/� mice are significantly better at
clearing B. burgdorferi from target tissues than wild-type mice.
Infected IL-10�/� mice produce higher levels of B. burgdorferi-
specific antibodies than wild-type mice, but the differences are
not directly responsible for the enhanced bacterial clearance
that occurs (19). IL-10�/� mice also exhibit enhanced innate
immune barriers to B. burgdorferi infection compared to wild-
type mice, and IL-10�/� M�s exposed to spirochetes in vitro
produce higher levels of multiple proinflammatory mediators
than wild-type M�s (19). Based on these studies, evasion of
early innate responses appears to be critical for efficient dis-
semination and persistence of B. burgdorferi, and suppression
of these innate responses by IL-10 is detrimental to effective
immune clearance.

Recently, several bacterial and viral pathogens have been
shown to promote elevated IL-10 production, to suppress var-
ious host immune functions, and to subsequently evade im-
mune clearance (26, 33), raising the possibility that virulent B.
burgdorferi might also possess mechanisms that preferentially
induce M�s to upregulate IL-10 production. Because most in
vitro analyses of mammalian immune cells are performed in
tissue culture medium that does not permit the growth or
survival of this fastidious spirochete, it is unlikely that B. burg-
dorferi could exhibit such a putative virulence mechanism using
traditional mammal-based culture conditions. We therefore
first developed an in vitro coculture medium that maintains the
viability of this fastidious bacterium but does not inherently
activate murine M�s. Subsequent studies using this optimized
coculture system indicated that viable B. burgdorferi does po-
tently elicit rapid IL-10 induction by M�s, and the IL-10 then
acts in an autocrine loop to suppress appropriate inflammatory
responses necessary to promote efficient immune clearance.

MATERIALS AND METHODS

B. burgdorferi growth and viability. The clonal N40 isolate (3) of B. burgdorferi
was generously provided by Steve Barthold (University of California, Davis) as a
passage 2 culture after isolation from the urinary bladder of a Rag-1�/� mouse.
For all experiments, a passage 4 culture was grown in BSK-II medium supple-
mented with 6% rabbit serum (Sigma Chemical, St. Louis, MO) (BSK) for 3 to
5 days at 33°C and directly enumerated using a Petroff-Hauser chamber and
dark-field microscopy. For subsequent assays, B. burgdorferi was cultured in
combinations of BSK and RPMI 1640 medium containing 10% fetal bovine
serum (RPMI). For viability assays, B. burgdorferi was enumerated at the indi-
cated times with a Petroff-Hauser chamber using dark-field microscopy, and only
the bacteria exhibiting characteristic spiral movement were classified as viable.
Viability was confirmed by transferring equal volumes of the B. burgdorferi
cultures into BSK and then directly enumerating the bacteria after 24 h of
subculture at 33°C. As an additional parameter, 2 � 107 B. burgdorferi cells were
grown for 12 h or more in either RPMI, BSK, or a medium containing 75%
RPMI and 25% BSK (RPMI.B) and stained to determine viability using a
LIVE/DEAD BacLight kit (Molecular Probes) according to manufacturer’s pro-

tocols. Stained bacteria were visualized using a fluorescence microscope and
were scored live if they incorporated SYTOr9 green fluorescent nucleic acid stain
and excluded the red fluorescent nucleic acid dye propidium iodide (PI). B.
burgdorferi was grown in the media mentioned above in duplicate, and at least
100 B. burgdorferi cells from three different fields of view were examined to assess
viability.

Infection of mice with B. burgdorferi. Mice were housed in the Department of
Lab Animal Medicine at the University of Toledo Health Sciences Campus
according to National Institutes of Health guidelines for the care and use of
laboratory animals. All usage protocols were reviewed and approved by the
Institutional Animal Care and Usage Committee. C57BL/6NCr (B6) (National
Cancer Institute) mice were shaved and depiliated (Nair) on both flanks and then
allowed to recover for 2 days. For all infections, a passage 5 culture grown at 33°C
was counted and resuspended in BSK such that the desired numbers of B.
burgdorferi cells were present in 20 �l. Each mouse was then inoculated intra-
dermally in the left flank with either 20 �l of BSK alone or 104 live B. burgdorferi
cells, while the right flank received no injection (control). After 24 h, the animals
were euthanized, and skin samples were removed from both sites and immedi-
ately flash frozen in liquid N2 until they were used for RNA extraction (see
below).

SDS-PAGE and Western blotting. B. burgdorferi cells grown in BSK were
divided into parallel aliquots containing 1 � 107 bacteria, resuspended in 1 ml
phosphate-buffered saline containing 25 �g/ml proteinase K (pK), and incubated
for 1 h at 30°C. After addition of a protease inhibitor cocktail (Roche Applied
Science) and washing, these bacteria were incubated in either RPMI, RPMI.B,
or BSK for 1 h at 37°C. The cultures were then boiled in sample buffer under
reducing conditions, and the bacterial proteins were separated by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a 4 to 12% bis-
Tris NuPAGE gel (Invitrogen). The gel contents were then either visualized by
silver staining (Invitrogen) or transferred to a polyvinylidene difluoride mem-
brane and probed with immune sera collected from mice 4 weeks after infection
with 2 � 103 B. burgdorferi cells, as previously described (19). Antigen-antibody
complexes were detected using goat anti-mouse immunoglobulin (Ig) conjugated
to horseradish peroxidase (Southern Biotech) and were visualized by chemilu-
minescence. Multiple film exposure times were used for each blot to ensure that
all protein bands were recorded irrespective of differences in concentration
between samples.

In vitro M� analyses. Femurs were harvested from naı̈ve wild-type B6 and
congenic B6.129P2-Il10tm1Cgn/J (Jackson Lab) mice that are unable to produce
IL-10 (IL-10�/�), and the bone marrow was used to expand M�s for in vitro
analyses using our previously described techniques (7, 22). Briefly, dissociated
marrow tissue was cultured for 6 days in RPMI supplemented with 30% L929-
conditioned medium. Adherent M�s were recovered from culture dishes by
scraping in ice-cold phosphate-buffered saline, and trypan blue-excluding cells
were enumerated using a hemacytometer before they were reseeded in 24-well
culture dishes at a concentration of 2 � 105 M�s/well in RPMI. The monolayers
were incubated overnight at 37°C in 7.5% CO2, and nonadherent cells were
aspirated prior to stimulation. For B. burgdorferi stimulation, live or heat-killed
(55°C for 1 h) bacteria were added to M� cultures at the indicated multiplicity
of infection (MOI), and the preparations were immediately centrifuged at 300 �
g for 10 min to encourage bacterial contact with the monolayers before incuba-
tion at 37°C in 7.5% CO2. High-purity LPS from Salmonella enterica serovar
Typhimurium (List Biological) was also used as indicated.

For experiments examining the suppressive properties of secreted M� com-
ponents, supernatants collected from M� monolayers after 24 h of incubation
with viable or killed B. burgdorferi were centrifuged to remove residual bacteria,
diluted 1:5 or 1:10 in RPMI, and added to naı̈ve M� monolayers. In some cases
these supernatants were pretreated for 1 h with 1 �g/ml of either rat anti-mouse
IL-10 monoclonal antibody (MAb) or an IgG1 MAb isotype control (BD Bio-
sciences). These naı̈ve cultures were subsequently stimulated with the indicated
amounts of LPS, live B. burgdorferi, or sonicated B. burgdorferi. The suppressive
effects of the transferred supernatants on cytokine production were assessed by
an enzyme-linked immunosorbent assay (ELISA), as indicated below.

ELISA analyses. Culture supernatants were collected at various times post-
stimulation and frozen at �20°C until analyses were performed as previously
described (7). The cytokine content was assessed by a sandwich ELISA using
paired MAbs specific to murine tumor necrosis factor alpha (TNF-�), IL-6, and
IL-10 (BD Biosciences). Bound cytokines were visualized using biotinylated
detection antibodies and avidin-horseradish peroxidase (Vector Laboratories).
Cytokine levels were quantified by comparison to appropriate recombinant cy-
tokine standards (BD Biosciences).

RNA preparation and reverse transcription-PCR analyses. For in vitro M�
samples, total RNA was harvested from duplicate M� monolayers and pooled
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under the indicated conditions using an RNeasy kit (Qiagen). Total RNA (1 �g)
was reverse transcribed into cDNA using ImProm II reverse transcriptase (Pro-
mega) according to the manufacturer’s specifications and was quantified using
our previously described real-time quantitative PCR techniques and a Light-
Cycler (Roche Diagnostics) rapid fluorescence temperature cycler (19). The
values reported below reflect the cytokine transcript levels after normalization to
�-actin values for the same sample. The following primers were used for PCR:
TNF-� forward primer TTCTGTCTACTGAACTTCGGGGTGATCGGTCC,
TNF-� reverse primer GTATGAGATAGCAAATCGGCTGACGGTGTGGG,
IL-6 forward primer GTTCTCTGGGAAATCGTGGA, IL-6 reverse primer TG
TACTCCAGGTAGCTATGG, IL-10 forward primer CGGGAAGACAATAA
CTG, IL-10 reverse primer CATTTCCGATAAGGCTTGG, �-actin forward
primer TGGAATCCTGTGGCATCCATGAAAC, and �-actin reverse primer
TAAAACGCAGCTCAGTAACAGTCCG.

For murine skin samples, flash-frozen tissues were ground using a mortar and
pestle, resuspended in QIAzol lysis reagent, and sonicated to facilitate tissue
dissociation, and total RNA was extracted using an RNeasy lipid tissue kit
according to the manufacturer’s instructions (Qiagen). Total RNA was then
reverse transcribed, and the indicated cDNA levels were determined as indicated
above.

Statistical analyses. The statistical significance of the quantitative differences
between the different sample groups was determined by application of Student’s
two-tailed t test. P values of �0.05 were considered statistically significant.

RESULTS

B. burgdorferi viability in different media. Since the goal of
this study was to determine if viable B. burgdorferi can manip-
ulate M� activation and the subsequent production of IL-10, it
was essential to utilize an in vitro system that best ensured the
viability of both spirochetes and M�s, especially since B. burg-
dorferi is known to have much more complex growth require-
ments than murine M�s. Importantly, we needed to ensure
that the coculture conditions would allow B. burgdorferi to
remain viable and virulent during the time frame of our anal-
yses, yet M�s would not undergo background activation. Our
initial approach was to try different mixtures of the optimal
medium for B. burgdorferi (BSK) and the optimal medium for
M�s (RPMI). In these studies, equal numbers of B. burgdorferi
cells were placed into culture tubes containing BSK and RPMI
at different ratios, and after 24 h of incubation at 37°C the
percentage of motile (viable) bacteria was determined for each
culture by direct counting. The majority of the bacteria in
cultures containing �25% BSK remained motile for at least
24 h (data not shown), and additional experiments were per-
formed to further delineate the viability in RPMI containing
between 25 and 75% BSK. These studies suggested that the
levels of B. burgdorferi viability were quite similar in this BSK
range (data not shown), and a medium containing 25% BSK
and 75% RPMI (RPMI.B) was chosen for further analysis (J. J.
Lazarus, Y. Chung, M. A. Kay, A. L. McCarter, and R. M.
Wooten, submitted for publication).

As a measure of viability, the membrane integrity of B.
burgdorferi grown in BSK, RPMI, or RPMI.B was assessed
using the LIVE/DEAD BacLight stains. After 12 h of culture
in RPMI, 46% of B. burgdorferi cells did not exclude PI
(“dead”), compared to significantly lower values for B. burg-
dorferi grown in either RPMI.B (2% � 0.9%) or BSK (6% �
3.3%); no heat-killed B. burgdorferi cells excluded PI. These
differences were magnified after 18 h of incubation in RPMI, at
which time increases in membrane blebbing and few intact
spirochetes were observed, while �90% of B. burgdorferi cells
in BSK or RPMI.B cultures excluded PI (data not shown).
These initial studies indicated that significant numbers of B.

burgdorferi cells cultured in RPMI have compromised mem-
branes, suggesting that they are dead or debilitated.

To assess the growth rates in the different media, equivalent
numbers of B. burgdorferi cells were placed in culture tubes
containing BSK, RPMI, or RPMI.B and cultured at 37°C for
24 h. Samples were removed at the indicated times, and the
total numbers of bacteria were determined by direct micro-
scopic counting. While the numbers of B. burgdorferi cells
grown in BSK were higher at some times, the bacteria reached
similar densities in BSK and RPMI.B (Fig. 1, top panel); this
trend was observed in three separate experiments. However, at
�4 h, the numbers of spirochetes cultured in RPMI were
significantly lower than the numbers in the other media, and
the numbers actually decreased after 4 h, suggesting that the
bacteria were irreversibly damaged after �4 h of incubation in
RPMI. To test this possibility, samples were collected from
parallel (duplicate) cultures grown under all three culture con-
ditions at the indicated times, transferred (subcultured) into
fresh tubes containing traditional BSK, and allowed to grow
for an additional 24 h at 37°C; these subcultures were then
enumerated by direct counting. Samples collected from all
three media at 4 h postinoculation grew to similar levels after
subculture in fresh BSK (Fig. 1, bottom panel). At all subse-
quent times postinoculation, aliquots from the BSK and
RPMI.B cultures grew to similar high levels, suggesting that B.
burgdorferi cells grown in these two media maintained similar

FIG. 1. Viability of B. burgdorferi grown in different media. (Top
panel) B. burgdorferi growth in different media. Equal numbers of B.
burgdorferi (Bb) cells were inoculated into the indicated media and
incubated at 37°C. The total numbers of B. burgdorferi cells were
determined at the indicated times postinoculation, irrespective of mo-
tility, by direct counting using a Petroff-Hauser chamber and dark-field
microscopy. (Bottom panel) Recovery of viable B. burgdorferi cells
after growth in different media. In parallel cultures, 100-�l aliquots
were removed from the different cultures at the indicated times post-
inoculation and transferred into fresh tubes containing 400 �l of sterile
BSK. The resulting subcultures were incubated at 37°C for an addi-
tional 24 h to allow outgrowth of viable B. burgdorferi before direct
determination of the bacterial content. For both panels, the data are
the means and standard errors for duplicate cultures and are repre-
sentative of three separate experiments. An asterisk indicates a value
that is statistically significantly (P � 0.05) different than the value for
bacteria cultured in BSK.
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levels of viability. In contrast, in samples subcultured from
RPMI after 4 h postinoculation the spirochete numbers were
significantly reduced compared to samples subcultured from
the other media (P � 0.004), and the bacteria recovered after
12 h were almost undetectable and unable to replicate when
they were subsequently placed in BSK. This confirms our ob-
servation that B. burgdorferi appears to undergo irreversible
damage after �4 h of culture in RPMI.

Although significant damage (as determined by growth) was
not detected until �4 h postinoculation, it is possible that B.
burgdorferi cells cultured in RPMI sustained other damage
related to their viability or virulence at earlier times postin-
oculation, which would not have been detected by growth as-
says. Virulent B. burgdorferi strains display different tightly
regulated lipoprotein expression patterns on their outer sur-
faces, depending on the environmental conditions and/or hosts
that they encounter (20, 36, 43). The ability to rapidly express
various lipoproteins on the surface may be essential for adap-
tation and the viability of these organisms within their different
host reservoirs. To assess the effects of RPMI.B on lipoprotein
expression, identical samples of B. burgdorferi were incubated
with pK to remove surface proteins, and the stripped cells were
then resuspended in either BSK, RPMI, or RPMI.B for 1 h
before the synthesis of new surface protein in each culture was
assessed by SDS-PAGE and immunoblotting. pK treatment
removed all proteins recognizable by B. burgdorferi immune
sera (except an unidentified 23-kDa protein) (Fig. 2) but did
not result in significant loss of spirochete viability, as deter-
mined by direct counting of motile bacteria (data not shown).
Within 1 h of subculture in RPMI.B, pK-treated spirochetes
were able to restore surface immunoreactive proteins qualita-
tively and quantitatively like spirochetes subcultured in BSK
(Fig. 2). However, the ability of pK-treated bacteria subcul-
tured in RPMI to regenerate immunoreactive proteins was
substantially impaired, and these bacteria even were unable to
express the 23-kDa protein, suggesting that B. burgdorferi loses

some functionality (e.g., protein synthesis or export or both)
and/or gains a function that leads to diminished viability within
1 to 2 h after transfer to RPMI. This suggests that B. burgdor-
feri cocultured in RPMI might be unable to quickly adapt or
express putative virulence mechanisms upon subsequent expo-
sure to host cells. Thus, RPMI.B appeared to be a feasible
choice for M� coculture analyses and could provide conditions
that allow more accurate assessment of the host-pathogen ad-
aptations that occur during infection.

Stimulatory profiles of M�s cultured in RPMI and RP-
MI.B. Because BSK is a rich medium (2), it was necessary to
ensure that the added components do not adversely affect M�
health or responsiveness to different immune stimuli in vitro.
To assess the general viability, both wild-type and IL-10�/�

M�s were cultured in the presence and absence of optimal
concentrations of LPS or B. burgdorferi at MOIs ranging from
1 to 100 in both RPMI and RPMI.B. Replicate monolayers
were washed at 12 and 24 h poststimulation and tested to
determine their abilities to exclude trypan blue. All control and
stimulated M� cultures contained similar percentages of live
and dead cells in RPMI and RPMI.B at each time assayed (P �
0.25) (data not shown), suggesting that both media were able
to sustain similar M� viabilities, at least during 24 h of in vitro
culture. To assess the inherent stimulation potentials of the
different media, supernatants were collected from parallel M�
cultures incubated with or without LPS, and the cytokine con-
tent was assessed by an ELISA. In the absence of an exogenous
agonist, the levels of secreted IL-10, IL-6, and TNF-� pro-
duced by either type of M�s in both media were at or below
the detection level of the assay system (Fig. 3 and data not
shown), indicating that the 25% BSK present in RPMI.B did
not directly activate the M� cultures (based on the three cy-
tokines tested). Addition of LPS to these cultures elicited pro-
duction of IL-10, IL-6, and TNF-� (data not shown and Fig. 3),
and the levels of cytokines produced in RPMI and RPMI.B
were comparable over the course of three separate experi-
ments (P 	 0.05). Together, these data suggest that RPMI.B is

FIG. 2. B. burgdorferi expresses surface proteins at different rates
under different medium conditions. Aliquots containing 1 � 107 cells
of BSK-grown B. burgdorferi (Bb) were treated with 25 �g/ml pK
(Bb � pK) and subsequently incubated in RPMI, RPMI.B, or BSK for
1 h. At that time, spirochetal proteins were separated on a 4 to 12%
bis-Tris gel by SDS-PAGE, transferred to a polyvinylidene difluoride
membrane, and probed with immune sera collected from mice at 4
weeks after infection with B. burgdorferi.

FIG. 3. Viable B. burgdorferi elicits a muted inflammatory cytokine
response compared to killed bacteria. B6 M� monolayers were placed
in the indicated media and stimulated with either live or killed (heated
at 55°C for 1 h) B. burgdorferi (Bb) at the indicated MOI. Secreted
cytokines were assayed in supernatants at 24 h poststimulation by a
sandwich ELISA. NA, medium control; LPS, 500 ng/ml LPS. An as-
terisk indicates a value that is statistically significantly (P � 0.05)
different than the value for M�s cultured in RPMI.
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similar to RPMI in terms of the effects on M� function, while
it has a vastly enhanced ability to support B. burgdorferi growth
and viability and thus is useful for coculture analyses of spiro-
chete-M� interactions.

Viable B. burgdorferi rapidly elicits IL-10 production and
decreases proinflammatory cytokine production. Because
strong proinflammatory responses appear to be necessary to
control the number of B. burgdorferi cells during infection (4,
47) and IL-10 suppresses proinflammatory responses, we per-
formed kinetic studies to determine whether there was a neg-
ative correlation between the production of proinflammatory
cytokines and the production of IL-10 by M�s subsequent to
infection. Activation of B6 M�s resulted in a significant in-
crease in IL-10 transcripts (relative to �-actin transcripts) by
2 h poststimulation (Fig. 4A) and an even more significant
increase (fourfold) when activation occurred in RPMI.B (via-
ble B. burgdorferi) rather than RPMI (nonviable B. burgdor-
feri). By 4 h poststimulation, substantial increases in the levels
of a number of proinflammatory mediators, including TNF-�
(Fig. 4A), IL-6, inducible nitric oxide synthase, and IL-12 (not
shown), were noted in B6 M�s, and the levels continued to rise
over time at rates that were distinct for each mediator.

To better address the role of IL-10 in these trends, parallel
studies were performed using M�s derived from IL-10�/�

mice (Fig. 4A). Interestingly, IL-10�/� M�s also showed in-
creases in proinflammatory mediators by 4 h postinfection
(Fig. 4A and data not shown), but the subsequent increases in
these levels were significantly greater in IL-10�/� M�s acti-
vated in RPMI.B (viable B. burgdorferi) than in either B6 M�s
grown in both media or IL-10�/� M�s cultured in RPMI
(nonviable B. burgdorferi). Again, the major differences in the
proinflammatory mediators produced by B6 and IL-10�/� M�s
negatively correlated with the distinct differences in IL-10 pro-
duction between these M�s. These studies indicated that sig-
nificant differences in immune mediators produced by M�s in
response to B. burgdorferi are apparent as early as 2 h post-
stimulation and are present for at least 8 h.

To determine whether these observed early differences in
RNA transcript levels corresponded to differences in cytokine
production, parallel kinetic studies were performed with M�
culture supernatants using ELISA analyses. For wild-type (B6)
M�s, addition of B. burgdorferi in RPMI resulted in a strong
proinflammatory response and an inversely low IL-10 response
(Fig. 4B), which was likely influenced by the nonviable state of
the spirochetes in this medium. However, addition of live spi-
rochetes to B6 M�s in RPMI.B resulted in a significantly
reduced proinflammatory response that corresponded with the
significantly increased IL-10 levels that were observed by �10
h poststimulation (Fig. 4B), suggesting that viable B. burgdor-
feri elicits a muted proinflammatory response that is mediated
through the production of high levels of IL-10 by wild-type
M�s. These findings are bolstered by the fact that addition of
both viable (RPMI.B) and nonviable (RPMI) spirochetes to
IL-10�/� M�s resulted in similarly high levels of proinflam-
matory cytokines (Fig. 4B); in this case the inordinately high
proinflammatory response to viable B. burgdorferi cells was
likely due to their inability to elicit IL-10 from IL-10�/�

mouse-derived M�s. It is unlikely that the significant differ-
ences in IL-10 production between RPMI.B and RPMI cocul-
tures were directly due to enhanced bacterial proliferation in

RPMI.B because (i) the large majority of the centrifuged bac-
teria were ingested by the M�s, (ii) the few remaining bacteria
either remained stuck to the plate or were free in the super-
natant and thus had limited contact with the M�s, and (iii)
	10-fold differences in IL-10 levels were observed at times
postinoculation when the differences in the few remaining bac-
terial numbers would be minimal (Fig. 4B and data not shown).
Together, these data suggest that the ability of virulent B.
burgdorferi strains to elicit high levels of IL-10 could potentially
dysregulate host inflammatory responses and adversely affect
M� functions in vivo.

FIG. 4. Kinetics of cytokine expression by wild-type and IL-10�/�

M�s in response to viable B. burgdorferi. (A) Duplicate B6 and IL-
10�/� M� cultures were stimulated with live B. burgdorferi (MOI, 10)
in either RPMI or RPMI.B, and total RNA was harvested from the
pooled samples at the indicated times. Total RNA (1 �g) was reverse
transcribed into cDNA, and quantitative PCR was performed using
primers specific for TNF-� and IL-10. The cytokine values were nor-
malized to the �-actin levels for each sample. (B) Wild-type and
IL-10�/� M� cultures were stimulated with live B. burgdorferi in the
indicated media, and the cytokine levels were determined in culture
supernatants collected at the indicated times postinfection by ELISA.
One asterisk indicates an individual value that is statistically signifi-
cantly (P � 0.05) different than the value for B6 M�s in RPMI. Two
asterisks indicate all other values that are statistically significantly (P �
0.05) different than the value for B6 M�s in RPMI.
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Viable B. burgdorferi elicits increased IL-10 levels and a
muted proinflammatory cytokine response compared to killed
bacteria. Using our defined B. burgdorferi-M� coculture sys-
tem, we next wanted to determine whether live spirochetes
elicited a distinct cytokine response from killed bacteria, which
presumably could not adapt upon encountering M�s in vitro.
B6 M�s in RPMI or RPMI.B were cultured with either live or
heat-killed B. burgdorferi added at different MOIs for 24 h
before the cytokine content was assessed by ELISA. Again,
M�s cultured in either RPMI or RPMI.B in the absence of any
exogenous agonist (medium) did not produce any detectable
cytokine (Fig. 3). Addition of live but damaged B. burgdorferi
cells in classic M� medium (RPMI) (Fig. 1 and 2) led to
substantial levels of IL-10 at all MOIs tested (Fig. 3). However,
addition of live and healthy B. burgdorferi cells in RPMI.B
resulted in an increase in IL-10 much larger than the increase
observed with the RPMI cultures (P � 4 � 10�5). Addition of
heat-killed B. burgdorferi in RPMI.B resulted in a significantly
decreased IL-10 response (P � 1 � 10�4) compared to addi-
tion of an equal number of viable bacteria in RPMI.B, again
indicating that viable bacteria elicit increased IL-10 levels. In
contrast, addition of heat-killed B. burgdorferi in RPMI re-
sulted in levels of IL-10 similar to those observed with an equal
number of “live” (but nonviable) bacteria in RPMI, also con-
firming that the bacteria need to be viable to mediate the
increased IL-10 secretion. All of the differences in IL-10 pro-
duction noted above also appear to inversely correspond with
the production of TNF-� in each culture condition(Fig. 3, top
panel), suggesting that the observed differences in IL-10 pro-
duction can translate into suppressed production of proinflam-
matory mediators.

Viable B. burgdorferi suppresses M� responses to subse-
quent stimuli. To directly test whether M� interactions with
viable B. burgdorferi can dysregulate subsequent M� functions
via soluble mediators, supernatants were collected from B6
M�s cocultured with live or heat-killed spirochetes in either
RPMI or RPMI.B and then diluted into fresh medium. These
supernatants were then transferred onto naı̈ve B6 M�s to
assess their effects on subsequent M� activation by LPS. M�s
that received supernatants from unstimulated medium controls
showed little or no notable change in their ability to be acti-
vated by LPS, as shown by IL-6 and TNF-� secretion, respec-
tively (Fig. 5). The responses to LPS of M�s that received
supernatants from M�s initially activated by heat-killed B.
burgdorferi also were essentially unchanged, regardless of the
medium in which the initial stimulation occurred. However,
M�s that received supernatants from M�s initially activated by
live B. burgdorferi in RPMI.B (viable B. burgdorferi) showed a
significantly decreased response to subsequent LPS stimula-
tion, as shown by reduced proinflammatory cytokine produc-
tion (Fig. 5). This was quite different from the results for M�s
that received supernatants from M�s initially activated by live
but damaged spirochetes in RPMI (Fig. 1 and 2), which
showed increased proinflammatory cytokine production upon
exposure to LPS. These findings suggest that M� interaction
with viable B. burgdorferi leads to the production of soluble
mediators that suppress subsequent M� immune functions,
such as production of inflammatory mediators.

IL-10 is directly responsible for the suppressive activities in
B. burgdorferi-elicited M� supernatants. Based on the exper-

iments described above, it is feasible that the suppressive prop-
erties of the B. burgdorferi-M� coculture supernatants are me-
diated via IL-10. To address this possibility, an experiment like
the experiment whose results are shown in Fig. 5 was per-
formed, except that the supernatants collected from M� cul-
tures stimulated with B. burgdorferi in either RPMI (nonviable
B. burgdorferi) or RPMI.B (viable B. burgdorferi) were prein-
cubated with either an antibody that specifically neutralizes
IL-10 or an IgG1 isotype control before they were transferred
to naı̈ve M� cultures (Fig. 6). In these experiments, as de-
scribed above, the primary M� supernatants produced in re-
sponse to nonviable bacteria (RPMI) had no suppressive effect
when they were added to naı̈ve M�s that were subsequently
stimulated with LPS; however, the supernatants produced by
M�s in response to viable bacteria (RPMI.B) did have a sup-
pressive effect on naı̈ve M�s (Fig. 6A), as shown by the sup-
pressed production of TNF-� (Fig. 6A, top panel) and IL-6
(bottom panel) in response to subsequent LPS stimulation.
Notably, when both of these primary supernatants were prein-
cubated with an IL-10-neutralizing antibody prior to transfer
and LPS stimulation, the suppressive properties of the RP-
MI.B supernatants were lost and appeared to be similar to
those of RPMI supernatants, indicating that the suppressive
properties depend on the IL-10 content. When the superna-
tants were preincubated with the control antibody, the trend
was the same as the trend observed if no antibody was added,
confirming that the antibodies must be IL-10 specific to neu-
tralize the suppressive effects. As a final control, no differences
in the inherent abilities of the two transferred supernatants to
directly stimulate cytokine production from the naı̈ve M� cul-
tures were seen. A similar overall trend was also observed for
IL-6 production (Fig. 6A, bottom panel).

To directly address whether the observed IL-10-mediated
suppression might also affect subsequent M� interactions with

FIG. 5. Viable B. burgdorferi suppresses M� responses to subse-
quent stimuli. Supernatants were collected from B6 M�s cultured with
equal numbers (MOI, 10) of either live or heat-killed B. burgdorferi
(Bb) for 24 h in either RPMI or RPMI.B. These supernatants were
centrifuged to remove residual bacteria, diluted 1:5 into fresh medium,
and transferred (subcultured) onto naı̈ve B6 M� cultures in the pres-
ence of LPS (500 ng/ml). After an additional 24 h of incubation,
supernatants were harvested, and cytokine contents were quantified by
an ELISA. An asterisk indicates a value that is statistically significantly
(P � 0.05) different than the value for M�s that received supernatants
cultured in RPMI.
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B. burgdorferi, experiments identical to those whose results are
shown in Fig. 6A were performed, except that the secondary
stimulus was either sonicated B. burgdorferi cultures or live B.
burgdorferi. These experiments showed that the trend was ex-
actly the same as the trend observed for the LPS-stimulated
subcultures (Fig. 6A), where primary M� supernatants pro-
duced against viable B. burgdorferi suppressed the responses of
naı̈ve M�s to both sonicated and live B. burgdorferi cultures,
whereas preincubation with an IL-10-specific antibody elimi-
nated the suppressive effects from the transferred supernatants
(Fig. 6B). Together with the results shown in Fig. 3 and 5, these
findings indicate that M�s interacting with viable B. burgdorferi
secrete enhanced levels of IL-10 that can subsequently sup-
press the ability of other M�s to produce an efficient inflam-
matory response.

B. burgdorferi induces IL-10 in vivo. Although the in vitro
analyses provided strong evidence that B. burgdorferi elicits
IL-10 from M�s, they did not show that significant levels of
IL-10 are locally produced in response to infection in vivo. To
address this possibility, groups of mice were inoculated intra-
dermally with B. burgdorferi, and the relative levels of IL-10
transcripts at infected and noninfected (control) skin sites were
compared. Sites inoculated with BSK alone contained very low
levels of IL-10 transcripts at 24 h postinfection, which were
quite similar to the baseline levels for uninoculated control
sites on the same animals (data not shown). However, sites that
received live B. burgdorferi showed substantially increased lev-
els of IL-10 transcripts compared to the levels present at con-
trol sites on the same animals (Fig. 7), with the increases
ranging from 11- to 35-fold between individual animals. These
findings indicate that B. burgdorferi rapidly elicits transcription
of the IL-10 gene at infection foci, which could subsequently
lead to localized suppression of host inflammatory responses
and inhibition of efficient immune clearance.

DISCUSSION

Previous reports have established that strong proinflamma-
tory responses, largely directed against bacterial lipoproteins
and mediated via TLR2-associated (16, 47) and MyD88-asso-
ciated (4, 21) pathways, are necessary for effective clearance of
B. burgdorferi from host tissues; the proinflammatory media-
tors suggested to be important include TNF-� (40, 54), IL-12
(35, 40), and the murine chemokine KC (6, 51). Our previous
studies showed that the anti-inflammatory properties of IL-10
can be detrimental to immune clearance of B. burgdorferi (7)
and that the effects appear to be largely mediated through
deficiencies in the early innate immune responses (19). We and
others have reported that M�s produce IL-10 when they are
exposed to B. burgdorferi and/or its lipoproteins (7, 13, 14),
raising the possibility that B. burgdorferi could increase its vir-
ulence by enhancing IL-10 production from resident M�s and
subsequently dysregulating a productive inflammatory re-
sponse. To address this possibility, we proposed that in vitro
assays should be performed to assess M� responses to viable
and nonviable B. burgdorferi.

An initial concern was determining if our in vitro system was
optimal for assessing B. burgdorferi-M� interactions. Histori-

FIG. 6. IL-10 is directly responsible for the suppressive activities in
B. burgdorferi-elicited M� supernatants. B6 M� cultures were stimu-
lated with B. burgdorferi (Bb) (MOI, 10) in either RPMI.B (viable B.
burgdorferi) or RPMI (nonviable B. burgdorferi). Supernatants were
collected after 24 h, spun to remove any remaining bacteria, and then
treated with either no antibody (Ab), anti-mouse IL-10 (�IL-10) (5
�g/ml), or control IgG (5 �g/ml) for 1 h. These conditioned superna-
tants were then diluted 1:10 in fresh RPMI and added to naı̈ve B6 M�
monolayers. The naı̈ve M�s (containing the treated conditioned su-
pernatants) were then stimulated with either (A) LPS (500 ng/ml),
(B) sonicated B. burgdorferi (1 �g/ml), (B) live B. burgdorferi (MOI,
10), or (A and B) no agonist and cultured for an additional 24 h before
the supernatants were collected and the cytokine contents were quan-
tified by ELISA. sup, supernatants from M�s stimulated with B. burg-
dorferi in either RPMI.B or RPMI; LPS, LPS from S. enterica serovar
Typhimurium; 2°Bb, secondary B. burgdorferi. An asterisk indicates a
value that is statistically significantly (P � 0.05) different than the value
for M�s subcultured with RPMI-grown B. burgdorferi supernatants.

FIG. 7. B. burgdorferi elicits IL-10 production in skin tissues. B6
mice were inoculated intradermally with 104 B. burgdorferi cells or BSK
alone, and skin tissues were harvested after 24 h from both inoculated
and control sites on each animal. RNA prepared from these tissues
were reverse transcribed, and IL-10 levels were assessed by quantita-
tive PCR. The values are the fold increases in IL-10 transcript levels
compared to BSK-inoculated or uninoculated (control) skin samples
from parallel groups of mice. The symbols indicate the infected and
control site values for individual animals.
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cally, the majority of studies (including our studies) assessing
primary M� functions in vitro were performed using RPMI.
However, B. burgdorferi is a fastidious organism, and the only
known medium in which it can replicate and remain viable in
vitro is BSK, which is a rich and complex medium that contains
several poorly defined components (2). Since many of our
proposed studies are designed to assess how M�s interact with
or are manipulated by virulent B. burgdorferi, it is essential to
utilize an in vitro system that ensures the viability of both
spirochetes and M�s. This is particularly important because (i)
we must ensure that any spirochete killing is due to M�-
mediated effects rather than a stress-induced response because
the bacteria lack essential nutrients and (ii) the bacteria need
to be viable in order to rapidly respond to host-induced signals
and display any virulence mechanisms that may be important
for evading or dysregulating M� immune functions. Therefore,
preliminary studies were performed to ensure that our in vitro
coculture system met these conditions. Mixing studies using
different combinations of RPMI and BSK showed that B. burg-
dorferi cultured in a medium consisting of 25% BSK and 75%
RPMI (RPMI.B) allowed B. burgdorferi to attain similar
growth densities, maintain identical viability characteristics,
and regenerate immunoreactive proteins associated with in
vivo growth and persistence at rates similar to BSK-cultured
spirochetes (9). In contrast, B. burgdorferi displayed signifi-
cantly reduced viability when it was cultured in traditional
RPMI for as little as 1 to 4 h. M�s also performed well in
RPMI.B; they maintained viability similar to that in RPMI but
were not inherently stimulated (background activation) by
BSK components present in RPMI.B. Also, M�s were simi-
larly activated by the prototypical bacterial agonist LPS in both
RPMI and RPMI.B at all times assayed, as measured by cyto-
kine production. These data suggest that RPMI.B provides a
more appropriate medium for coculture analyses to assess host
immune cell responses in vitro to viable B. burgdorferi than
traditional RPMI, although it obviously cannot completely rep-
licate the true complexity of host-pathogen interactions that
occur in vivo.

Studies using the optimized coculture system were able to
address whether viable B. burgdorferi can significantly enhance
IL-10 production. M�s cocultured with live B. burgdorferi cells
in RPMI.B showed rapid and significant upregulation of IL-10
compared to M�s cocultured with similar numbers of killed B.
burgdorferi cells in the same medium. A similar trend was also
seen for “live” B. burgdorferi cocultured in RPMI.B and “live”
B. burgdorferi cocultured in RPMI, a nonoptimal medium in
which the bacteria are known to rapidly lose viability. In each
of these coculture conditions, the relative levels of IL-10 elic-
ited in response to B. burgdorferi appeared to correlate in-
versely with the relative levels of different proinflammatory
cytokines produced by the M�s. These IL-10 levels appeared
to be biologically significant, since transfer of supernatants
from M�s cultured with viable B. burgdorferi could suppress
the ability of naı̈ve M�s to become activated by a range of
bacterial agonists, including LPS, sonicated B. burgdorferi cul-
tures, and live B. burgdorferi. Preincubation of these superna-
tants with different antibodies confirmed that the suppressive
properties were directly linked to the presence of IL-10. These
in vitro biological effects for IL-10 are consistent with our
previously published findings, which showed that M�s derived

from IL-10�/� mice responded more vigorously to B. burgdor-
feri agonists than wild-type M�s and that IL-10�/� mice were
much more efficient at clearing B. burgdorferi from multiple
target tissues (7, 19).

Because of the potent and broadly immunosuppressive
properties reported for IL-10, it is not surprising that a number
of pathogens have developed mechanisms for exploiting host-
produced IL-10 to promote their virulence mechanisms. In-
creased IL-10 production has been associated with increased
host susceptibility to a number of intracellular and extracellu-
lar bacterial species, as well as to various viral pathogens (26,
33), although the mechanisms that they utilize vary. Some
bacteria are known to produce a specific molecule that skews
the normal kinetics of the host inflammatory response, pro-
moting a rapid increase in the IL-10 level and concomitant
early suppression of productive innate and adaptive immune
responses (25, 38, 39). Certain pathogens that are known to
persist after primary infection and produce a chronic disease
state, such as Mycobacterium tuberculosis and human immuno-
deficiency virus, are associated with enhanced IL-10 produc-
tion at infection foci by responding T lymphocytes, many of
which possess functional characteristics of regulatory T cells
(34, 44, 46). The importance of IL-10-mediated immunosup-
pression for persistent lymphocytic choriomeningitis virus in-
fection of rodents was recently documented; prophylactic ad-
ministration of an IL-10 receptor-blocking antibody restored
suppressed T-cell activities, leading to complete viral clearance
(5). Interestingly, two different viral pathogens have separately
but convergently evolved to encode a viral IL-10 homolog that
exhibits many of the immunosuppressive functions associated
with host IL-10 but lacks many of the reported immunostimu-
latory properties that might be beneficial to the mammalian
host (17, 32, 53). The fact that such a large range of pathogens
have gone to such lengths to manipulate IL-10 levels and/or
mimic the IL-10 immunosuppressive properties attests to the
central role of IL-10 in downregulating host immune re-
sponses.

Based on our previous studies and current findings, we pro-
pose the following role for IL-10 in B. burgdorferi infection. B.
burgdorferi is deposited into the host dermis by its tick vector
and soon comes in contact with resident and/or infiltrating
myeloid cells. While B. burgdorferi stimulates these immune
cells largely through TLR2-mediated events, these inflamma-
tory responses are dysregulated such that IL-10 is rapidly and
potently upregulated. The IL-10 levels suppress not only the
normal immune functions of the resident host cells but also
those of immune cells that subsequently migrate into the in-
fection foci. This provides these versatile spirochetes with the
additional time that they need to appropriately adapt to their
new host and/or subsequently migrate to some immunoprivi-
leged niche, where they are largely protected from the natu-
rally developing B. burgdorferi-specific adaptive immune re-
sponses. In support of this hypothesis, a recent paper indicated
that inflammatory recruitment of neutrophils is dysregulated in
B. burgdorferi-associated tissues containing resident M�s and
that treatments that extend neutrophil residency in those tis-
sues significantly enhance the clearance of resident spirochetes
(51). Although our current studies clearly demonstrated that
there is rapid upregulation of IL-10 by M�s in vitro and in the
skin of infected mice, the mechanism underlying this dysregu-
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lated inflammatory response is not yet known. B. burgdorferi
rapidly changes the pattern of lipoproteins on its surface dur-
ing murine infection, and many of these proteins have no
known function. Several of the proteins involved in manipula-
tion of IL-10 production by other pathogens are lipoproteins;
however, none of these proteins have obvious sequence simi-
larity to any putative B. burgdorferi lipoproteins. Other workers
have proposed that TLR2-specific ligands are specialized to
produce IL-10 as part of a “default” pathway (1, 39). Since the
vast majority of the stimulatory properties associated with B.
burgdorferi appear to be mediated via TLR2- and MyD88-
mediated pathways, this mechanism deserves further investi-
gation. A previous study by other investigators suggested that
B. burgdorferi could desensitize human blood monocytes to
subsequent stimulation through TLR2-mediated events (10);
however, more vigorous investigation is necessary to pinpoint
the specific mechanism(s). Further studies are also needed to
delineate which host cell types are responsible for producing
IL-10 during B. burgdorferi infection, as well as which types of
immune cells are adversely affected by the IL-10 levels and
which important immune mechanisms are dysregulated. A bet-
ter understanding of these events could lead to treatments to
help clear persistent cases of Lyme disease.
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