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Production of interleukin-10 (IL-10) by C57BL/6 mice following infection with Borrelia burgdorferi has been
proposed as a mechanism whereby resistance to the development of experimental Lyme arthritis is maintained.
In the current study, we sought to determine the role of IL-10 during infection of arthritis- and carditis-
susceptible C3H mice. Infection of C3H IL-10�/� mice led to increased joint swelling and arthritis severity
scores over those of wild-type C3H mice. Measurement of B. burgdorferi numbers in joints or disseminated
tissues indicated a more efficient clearance of spirochetes in the absence of IL-10, similar to that reported in
C57BL/6 IL-10�/� mice. However, in contrast to previous in vitro work, infection of C3H IL-10�/� mice led to
decreased in vivo expression of the cytokines KC, IL-1�, IL-4, and IL-12p70 in the infected joints. Finally,
adenoviral expression of IL-10 in the infected joints of C3H mice was unable to modulate the development of
severe Lyme arthritis and had no effect on spirochete clearance or Borrelia-specific antibody production.
Development of Lyme carditis appeared to be independent of modulation by IL-10. These results suggest that
IL-10 limits the development of joint inflammation in both arthritis-resistant and -susceptible mouse strains
infected with B. burgdorferi and that increased IL-10 production cannot rescue genetic susceptibility to
development of pathology in this model.

Experimental inoculation of mice with the spirochete Bor-
relia burgdorferi results in the development of Lyme borreliosis
and recapitulates much of the disease spectrum seen in natu-
rally infected humans (54). As in human Lyme disease, arthri-
tis is the primary disease sequela occurring in B. burgdorferi-
infected mice, the severity of which appears to be regulated by
murine genetics and mediated primarily by innate immunity (4,
6, 12, 45). Arthritis severity does not typically correlate with
spirochete loads in joint tissues, and arthritis-susceptible
C3H/He (C3H) and arthritis-resistant DBA/2 (DBA) or
C57BL/6 (B6) mice can harbor similar numbers of spirochetes
in their joints and yet maintain their distinct disease pheno-
types (11, 36). In mice, arthritis severity peaks around 3 weeks
postinfection and then spontaneously resolves, a process
thought to be mediated by spirochete clearance from the joint
tissue by Borrelia-specific antibodies (4, 5). Thus, while spiro-
chete presence within the joint is required for the development
and maintenance of arthritis pathology, polymorphisms within
the host immune response appear to drive the extent of arthri-
tis severity.

Like other animal models of arthritis, experimental Lyme
arthritis is thought to be mediated primarily by the production
of proinflammatory chemokines and cytokines, which drives
the development of pathology (41, 46, 51). Spirochete coloni-
zation of joint tissues activates innate immune cells to secrete
proinflammatory chemokines and cytokines that recruit and
activate inflammatory cells, leading to joint damage. Thus, the

balance between pro- and anti-inflammatory mediators pro-
duced in response to B. burgdorferi infection has been sug-
gested to regulate the extent of arthritis development. Indeed,
several studies have demonstrated modulation of arthritis se-
verity by treating mice with a specific anti-cytokine antibody,
for example, gamma interferon (IFN-�) or interleukin-4 (IL-4)
(31, 38). However, to date, manipulation of no single cytokine
alone has been able to completely alter the genetic phenotype
of the mouse, which suggests that a complex balance of both
pro- and anti-inflammatory mediators is ultimately responsible
for arthritis resistance or susceptibility.

Recently, a number of investigators have focused on the role
of IL-10 during the infection of mice with B. burgdorferi. IL-10
is a pleiotropic cytokine that has received much interest due to
its dominant suppressive effects on the production of proin-
flammatory cytokines (7, 14, 18, 19, 28). During murine colla-
gen-induced arthritis (CIA), antibody-mediated depletion of
IL-10 resulted in accelerated onset of disease and increased
arthritis severity (29), while treatment with recombinant IL-10
was able to inhibit the development or progression of CIA (27,
47, 49) and streptococcal cell wall (SCW)-induced arthritis
(35). In vitro, B. burgdorferi antigens can stimulate the produc-
tion of IL-10 from isolated human blood mononuclear cells
(23, 25, 43, 44), synovial fluid (24, 55), or microglial cells (15).
Stimulation of murine bone marrow macrophages with the B.
burgdorferi lipoprotein OspA demonstrated higher production
of IL-10 from B6 than from C3H macrophages (13), suggesting
that this increased production of IL-10 from B6 macrophages
might contribute to the arthritis-resistant phenotype of the
mouse strain. Infection of B6 IL-10�/� mice resulted in an
intermediate arthritis phenotype, more severe than that of the
wild-type B6 mice but less severe than that of C3H mice,
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demonstrating that IL-10 does play a role in regulating the
severity of experimental Lyme arthritis (13). However, other
investigators measured IL-10 directly from the infected tibio-
tarsal joint and showed that, early during the infection (up to
day 7 postinfection), C3H mice had 50% higher production of
IL-10 in their joints than the B6 mice (10). These results
suggested that IL-10 might be limiting the overall inflamma-
tory response in both strains of mice rather than mediating
their phenotypic differences.

In the current study, we infected C3H IL-10�/� mice and
C3H mice treated with a human IL-10 (hIL-10)-expressing
adenoviral vector (AdIL-10) to more fully explore the role of
IL-10 during murine Lyme borreliosis. We found that IL-10
deficiency in C3H mice increased their peak ankle swelling and
arthritis severity scores and decreased the overall numbers of
B. burgdorferi spirochetes in tissues, similar to what was de-
scribed in B6 mice. In contrast, however, increased IL-10 pro-
duction in the AdIL-10-treated mice had little effect on the
development of Lyme arthritis or carditis.

MATERIALS AND METHODS

Animals. Male and female C3Bir.129P2(B6)-Il10tm1Cgn/Lt (C3H IL-10�/�)
mice and control C3Bir.129P2(B6)-Il110C3Bir/LtJ (C3H wild type [wt]) mice and
female C3H/HeJ mice 4 to 6 weeks of age were purchased from the Jackson
Laboratory. The mice were housed in a specific-pathogen-free facility and given
food and water ad libitum. All experimental protocols were approved by the
Animal Use and Care Committee of the University of Missouri.

Bacteria and infections. A low-passage, virulent clonal isolate of the B. burg-
dorferi N40 strain (a kind gift from Janis Weis, University of Utah) was used for
all experiments. For all infections, frozen aliquots were grown in 7.5 ml of
Barbour-Stoenner-Kelly II medium supplemented with 6% rabbit serum (Sigma-
Aldrich) for 5 days at 32°C. The viable spirochetes were then enumerated using
a Petroff-Hauser counting chamber and dark-field microscopy. The spirochetes
were diluted using sterile Barbour-Stoenner-Kelly II medium, and mice were
inoculated in both hind footpads with 5 � 103 B. burgdorferi organisms contained
in 50 �l of medium. In some experiments, mice were given an inoculum of 1 �
105 spirochetes with similar results, except for attenuated arthritis severity. For
IL-10 add-back experiments, mice were inoculated in each footpad on day �1 of
Borrelia infection with 5 � 108 PFU of a recombinant adenovirus vector express-
ing hIL-10 (Ad CMV hIL10 no. 1) or control vector [AdCMVpLpA(�)loxP]
purchased from the Vector Core Laboratory at the University of Michigan.

Assessment of pathology. The development of arthritis was monitored by
measuring ankle thickness through the thickest anteroposterior portion of both
tibiotarsal joints using a metric caliper (Ralmike’s Tool-A-Rama). Initial base-
line measurements were made immediately prior to infection and then weekly
thereafter. Ankle diameter increases were determined by subtracting the initial
baseline measurement from the weekly measurement. For arthritis severity
scores, one ankle from each mouse was chosen at random at sacrifice and was
excised by removing the skin and cutting just above and below the tibiotarsal
joint. The excised joint was placed in 10% buffered zinc-formalin, decalcified,
and embedded in paraffin, and sections were stained with hematoxylin and eosin
(H&E). The sections were scored on a scale from 0 to 4 by two independent
experienced observers in a blinded manner. Grade 0 represented no inflamma-
tion in the sample, grade 1 indicated minimal inflammatory infiltration affecting
�5% of the tissue, grade 2 represented multiple focally extensive areas of
inflammation covering 5 to 25% of the sample, grade 3 represented confluent
inflammation with multiple (�3) structures affected with mild distention of
tissues by inflammatory cells involving 25 to 50% of the sample, and grade 4
represented confluent inflammation with all structures involved and severely
distended tissues containing large numbers of inflammatory cells involving
�50% of the sample. The arthritis was characterized by neutrophil and monocyte
infiltration into the joints, tendons, and ligament sheaths with hyperplasia and
hypertrophy of the synovium and fibrin exudates. Independent-observer severity
scores were averaged for each sample. For carditis, the hearts were bisected
sagittally through both atria and ventricles and fixed in 10% buffered zinc-
formalin, mounted, and stained with H&E. The histological samples were then
evaluated on a scale from 0 to 4 for four separate areas: ventricular inflamma-
tion, atrial inflammation, valvulitis, and vasculitis. Grade 0 represented no

change from controls, grade 1 represented minimal scattered inflammation cov-
ering �1% of the area, grade 2 represented mild multifocal inflammation over 1
to 25% of the area, grade 3 represented moderate focally extensive inflammation
covering 25 to 50% of the area, and grade 4 represented marked confluent areas
of inflammation over 50% of the sample.

Quantitative assessment of B. burgdorferi numbers in tissues. To analyze the
numbers of spirochetes present in various target tissues from B. burgdorferi-
infected mice, we performed quantitative multiplex real-time PCR using the
Applied Biosystems 7300 Real-Time PCR System as described previously (10).
Briefly, following mouse sacrifice, ankles were excised as described above and a
portion of the ear was also removed, and the samples were frozen separately in
liquid nitrogen. All tissue samples were homogenized in Trizol (Invitrogen), and
DNA was extracted according to the manufacturer’s instructions. The extracted
DNA was diluted to 50 ng/ml using Tris-EDTA buffer, and 1 microliter was used
in PCRs. The mouse nidogen gene was used as an endogenous control and was
amplified using primers and probe as described previously (39). Quantification of
B. burgdorferi DNA in samples was done by detection of the flagellin gene using
primers and probe as described previously (42). Quantitative multiplex real-time
PCR was performed in triplicate for flagellin and normalized to copies of nidogen
in the same tube. B. burgdorferi DNA within each sample was quantified by
comparing it to a standard curve consisting of known numbers of B. burgdorferi
organisms. Similarly, normalization of mouse nidogen DNA within each sample
was completed by comparing it to a standard curve of dilutions of mouse DNA
from the same tissue (ear or ankle).

Ex vivo quantification of cytokines from tissues. Cytokines were measured
directly from tissue extracts as described previously (10). Briefly, knee or heart
tissues were excised as described above and immediately snap-frozen in liquid
nitrogen. Individual samples were wrapped in aluminum foil and pulverized with
a hammer. The still-frozen powder was then immediately placed into 1 ml of
ice-cold homogenization buffer consisting of Hanks balanced salt solution con-
taining 0.2% protease inhibitor (Sigma-Aldrich) and 0.4% Triton X-100. The
samples were then sonicated (three times for 20 s each time) on ice, centrifuged
at 2,000 � g for 20 min at 4°C, and filtered through a 0.45-�m filter. The levels
of cytokines were then determined by enzyme-linked immunosorbent assay
(ELISA) kits for murine IL-1�, tumor necrosis factor alpha, IL-12p70, IL-4,
IFN-�, KC, and monocyte chemoattractant protein 1 (MCP-1) (OptEIA kits; BD
Pharmingen) and hIL-10 (DuoSet; R&D Systems). The total protein concentra-
tion was measured using the bicinchoninic acid kit (Pierce), and cytokine con-
centrations were expressed in picograms per milligram protein.

Immunohistochemical detection of hIL-10 in joint tissues. Tibiotarsal joints
were removed from mice inoculated with adenoviral vectors and infected with
B. burgdorferi 14 days earlier. The samples were processed as described above
for assessment of pathology. Paraffin sections (5 �m) were fixed in xylene and
rehydrated through graded ethanol solutions. Endogenous peroxidases were
quenched in 3% H2O2, and nonspecific binding was blocked using normal
goat serum. An anti-hIL-10 polyclonal antibody (R&D Systems, Minneapolis,
MN) was used as the primary antibody at a 1:200 dilution. The secondary
antibody was a biotinylated rabbit anti-goat polyclonal antibody (Dako, Car-
pentaria, CA) used at 1:400 dilution. Staining was visualized using streptavi-
din-horseradish peroxidase and diaminobenzidine tetrahydrochloride (Sigma,
St. Louis, MO). The slides were counterstained with Meyer’s hematoxylin
solution (Fisher Scientific, Fair Lawn, NJ).

Statistical analysis. Results are expressed as means 	 standard errors of the
mean. Data were analyzed by using Student’s t test or analysis of variance,
followed by the Tukey test for multiple comparisons using SigmaStat software
(SPSS, Inc). Significance levels were set at an 
 value of 0.05.

RESULTS

Development of pathology in C3H IL-10-deficient mice. A
previous study reported exacerbated Lyme arthritis in resistant
B6 mice deficient in IL-10 (13). We have previously shown that
C3H mice actually produce higher levels of IL-10 in their
tibiotarsal joints than do B6 mice during the first week of
infection with B. burgdorferi (10). Thus, it was of interest to
determine the effect of IL-10 deficiency in the arthritis-suscep-
tible C3H background. C3H (wt) and C3H IL-10�/� (IL-10
knockout [ko]) mice were infected in both hind footpads with
5 � 103 spirochetes of the virulent N40 strain of B. burgdorferi,
and the development of arthritis was followed for 3 weeks (Fig.
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1). As is typical for this experimental model, C3H mice devel-
oped increased ankle swelling during the second week of in-
fection, which began to resolve slightly by day 21 postinfection.
The IL-10 ko mice developed ankle swelling during the same
time period as the wt mice, except the ankle swelling was
significantly greater in the IL-10 ko mice at days 14 and 21
postinfection (P � 0.05).

Ankle swelling during Lyme arthritis is generally correlative
with the underlying inflammatory response but has been re-
ported to be differentially regulated (52). Therefore, the ar-
thritis severity was determined from lesion scores in histolog-
ical sections of tibiotarsal joints from mice sacrificed at day 21
postinfection (Fig. 2A). Both mouse strains developed severe
arthritis; however, the IL-10 ko mice had significantly higher
arthritis severity scores (P � 0.001) than the wt C3H mice at
this time point. These results were exemplified by a greater
level of inflammatory-cell recruitment into the infected joint,
with greater numbers of neutrophils present in the joints from
IL-10 ko mice than in those of wt mice (Fig. 2B). Morphomet-
ric evaluation of neutrophil numbers present in the tibiotarsal
joints demonstrated a significant increase (P � 0.04) in neu-
trophils in IL-10 ko mice (147) compared to C3H mice (81).
Taken together, these results demonstrate a significant in-
crease in the development of joint pathology in the absence of
IL-10 in C3H mice infected with B. burgdorferi.

C3H mice also develop carditis in response to B. burgdorferi
infection; however, the inflammatory lesion is dominated by a
macrophage, rather than a neutrophil, inflammatory infiltrate
(3). Thus, it was of interest to determine if the development of
carditis would be altered in IL-10 ko animals. Table 1 shows
the histopathology scores of heart tissue following infection
with B. burgdorferi. At day 21 postinfection, there was no dif-
ference in cardiac severity scores for any of the parameters
evaluated. Therefore, the development of Lyme carditis in
C3H mice does not appear to be affected by IL-10 deficiency.

Effect of IL-10 deficiency on spirochete loads in tissue. IL-10
is a potent inhibitor of proinflammatory immune responses,
and as such, it is capable of inhibiting the efficient clearance of
microbial pathogens (9). Infection of B6 IL-10-deficient mice

led to an enhanced clearance of spirochetes from joint, heart,
and ear tissues by 4 weeks of infection (13). In the current
study, infection of C3H IL-10 ko mice also led to the more
efficient clearance of spirochetes from the ankle joints and ears
(Fig. 3). By day 21 postinfection, the IL-10 ko mice contained
significantly fewer spirochetes in their ankle joints than the wt
mice (Fig. 3A) (P � 0.05). Ear tissue is representative of
spirochete dissemination from the initial inoculation site in the
hind footpad. By day 21, the levels of spirochetes in ear tissue
were significantly below those of the wt mice (Fig. 3B) (P �
0.05).

FIG. 1. Development of experimental Lyme arthritis in control
C3H (wt) and C3H IL-10�/� (IL-10 ko) mice following infection with
B. burgdorferi. Ankle swelling was determined weekly as described in
Materials and Methods and was compared to ankle diameter measure-
ments taken immediately prior to infection. The data are pooled
means 	 standard errors from two separate experiments; n � 10. An
asterisk indicates that the IL-10 ko value is significantly different from
the wt value at the P � 0.001 level.

FIG. 2. Assessment of pathology in ankle joints of control C3H
(wt) and C3H IL-10�/� (IL-10 ko) mice 21 days after infection with
B. burgdorferi. (A) Arthritis severity scores were assigned by two
independent, blinded observers. The data are pooled means plus
standard errors from two separate experiments; n � 10. The aster-
isk indicates that the IL-10 ko value is significantly different from
the wt value at the P � 0.001 level. (B) Representative examples of
H&E-stained histological sections from C3H wt and IL-10 ko mice.
Magnification, �100.
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Cytokine production in joints of C3H IL-10-deficient mice.
As stated above, IL-10 is a powerful regulator of proinflam-
matory cytokine production by several innate immune cell
types, including macrophages and neutrophils. While several
studies have examined the role of IL-10 in regulating cytokine
production in vitro, few have examined in vivo cytokine pro-
duction in mouse models of arthritis. We were interested in
how the IL-10 deficiency might alter the production of cyto-
kines in the arthritic joint. Knee joints were isolated from C3H
wt or IL-10 ko mice, and cytokines were directly isolated and
measured as described previously (10, 28). Knee joints were
harvested at the time of sacrifice, and the levels of IL-1�, IL-4,
IL-12p70, IFN-�, IL-17, MCP-1, and KC were determined
(Fig. 4). Levels of IFN-�, IL-17, and MCP-1 did not reach the
threshold of detection in any of the samples (data not shown).
We found that the levels of the other four cytokines were
significantly lower in joints from the IL-10 ko mice than in
those from the wt mice (P � 0.002). These results indicate that
there may be significant differences in the actions of IL-10 on
isolated cells in vitro and those from in vivo sites of inflamma-
tion.

Development of Lyme borreliosis in wt mice treated with
AdIL-10. Previous experiments using the CIA model of arthri-
tis demonstrated that treatment of mice with recombinant
IL-10 (27, 29, 35, 47, 49), or with an IL-10-expressing adeno-
virus vector (2, 37, 53), could attenuate or inhibit the develop-
ment of joint pathology. To determine the effect of increased

IL-10 production on the development of Lyme arthritis or
carditis, we treated mice with an adenoviral vector expressing
hIL-10 and then infected them 1 day later with B. burgdorferi.
hIL-10 is known to stimulate mouse cells in a manner similar
to that of mouse IL-10 (48) and can be measured indepen-
dently of murine IL-10 by ELISA. Mice were inoculated with
the adenoviral vector in both hind footpads, since a previous
report demonstrated production of IL-10 in the ankle joints for
up to 3 weeks using a similar adenoviral delivery system (53).
On day 14 postinfection, mice treated with the AdIL-10 vector
had high levels of hIL-10 in their sera, indicating that the viral
expression vector was working and that the mice were exposed
to high levels of IL-10 (Fig. 5A). In addition, immunohisto-
chemical staining of joint sections from mice treated with the
control adenoviral vector (AdC) (Fig. 5B) or with the IL-10-
expressing adenoviral vector (AdIL-10) (Fig. 5C) demon-
strated specific expression of hIL-10 in the joints of AdIL-10
treated mice. Treatment of mice with AdIL-10 alone had a
minimal effect on ankle swelling (Fig. 6A). Treatment of mice
with the adenoviral vector followed by B. burgdorferi infection
exacerbated the level of ankle swelling, an effect that was
described previously by others (33, 37). More importantly,
however, the expression of IL-10 in these animals did not
significantly lower the levels of ankle swelling in the AdIL-10
plus B. burgdorferi compared with the AdC plus B. burgdorferi
group (Fig. 6A). Thus, in contrast to CIA, the increased ex-
pression of IL-10 in B. burgdorferi-infected mice did not pre-
vent or attenuate the development of arthritis in this model
system. Arthritis severity scores were uniformly severe in all
mice infected with B. burgdorferi regardless of the presence of
additional IL-10 (Fig. 6B). The cellular makeup of the inflam-
matory infiltrate was also not altered by the presence of the
adenoviral vector, primarily consisting of neutrophils and
monocytes (data not shown). Finally, the development of Lyme
carditis was unchanged in the mice receiving AdIL-10 or AdC
in addition to B. burgdorferi infection (data not shown).

TABLE 1. Histopathology scores for heart tissue following infection
with B. burgdorferi

Mouse Day

Scorea

Inflammation
Valvulitis Vasculitis

Ventricular Atrial

wt 21 0.1 	 0.4 3.4 	 0.8 2.3 	 0.4 1.5 	 1.4
IL-10 ko 21 0.6 	 0.5 3.0 	 1.0 1.8 	 1.0 1.1 	 1.2

a Values are means 	 standard deviation (n � 7) and are representative of two
separate experiments.

FIG. 3. Levels of B. burgdorferi (Bb) in tissues from control C3H
(wild-type) and C3H IL-10�/� (IL-10 ko) mice 21 days after infection
with B. burgdorferi. B. burgdorferi DNA copy numbers in the ankle joint
(A) or in ear tissue (B) were determined using real-time PCR and
normalized using the single-copy mouse gene nidogen. The bars rep-
resent pooled means from two separate experiments; n � 10. An
asterisk indicates that the IL-10 ko value is significantly different from
the wt value at the P � 0.001 level. fla, flagellin.

FIG. 4. Ex vivo levels of cytokines in ankle tissue from control C3H
(wild type) and C3H IL-10�/� (IL-10 ko) mice following infection with
B. burgdorferi. The mice were sacrificed on day 21 postinfection, and
one knee joint was removed immediately upon sacrifice and frozen in
liquid nitrogen as described in Materials and Methods. Samples were
homogenized, and the levels of IL-1�, IL-12p70, IL-4, and KC were
determined by ELISA. The data are means plus standard errors ex-
pressed as pg cytokine/mg total protein and are pooled data from two
separate experiments; n � 10. An asterisk indicates that the IL-10 ko
value is significantly different from the wt value at the P � 0.002 level.
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Effect of AdIL-10 expression on B. burgdorferi loads in tis-
sues and antibody responses. Infection of C3H IL-10 ko mice
resulted in a significantly lower B. burgdorferi burden in joints
and elevated production of Borrelia-specific immunoglobulin G
(IgG) (data not shown). Thus, it was of interest to determine
what effect increased expression of IL-10 might have on the
immune response to Borrelia infection. In contrast to the
changes in the immune response seen in the absence of IL-10,
an excess of IL-10 appeared to have no effect on the host
response to B. burgdorferi infection (Fig. 6). All groups infected
with B. burgdorferi harbored similar numbers of spirochetes in
their ankle joints (Fig. 6C), indicating the overexpression of
IL-10 did not have a significant effect on the ability of the host
to control spirochete replication. In addition, there was no
effect of increased IL-10 expression on Borrelia-specific anti-
body production (Fig. 6D).

DISCUSSION

Experimental Lyme arthritis is an inflammatory disease
caused in susceptible mice by the colonization of the joints by
B. burgdorferi. Early spirochete recognition most likely occurs
through Toll-like receptors, which results in the production of
cytokines and chemokines that recruit and activate phagocytic
inflammatory cells and mediate spirochetal clearance (1, 10,
50, 56). The balance of pro- and anti-inflammatory cytokines is
thought to underlie disease resistance and susceptibility (54),
and indeed, treatment modalities that alter cytokine activity
can modulate disease severity (30, 31, 38). Thus, a more com-
plete understanding of the roles of various cytokines and che-
mokines in the pathogenesis of Lyme arthritis may lead to
better treatments for this and other inflammatory diseases.

IL-10 acts as a potent inflammatory mediator by inhibiting
the production of proinflammatory cytokines, especially those
produced by macrophages and neutrophils, cells that make up
the majority of the inflammatory infiltrate during Lyme arthri-
tis (19, 28). To determine the role of IL-10 during the immune
response to B. burgdorferi infection, we used both add-back and
take-away experiments in arthritis-susceptible C3H mice. In-
fection of C3H IL-10 ko mice resulted in significantly increased
ankle swelling at the peak of arthritis and increased arthritis
severity. Infection of arthritis-resistant B6 mice deficient in

IL-10 with B. burgdorferi resulted in an intermediate arthritis
phenotype, indicating that other inflammatory mediators in
addition to IL-10 are involved in determining arthritis severity
(13). In the CIA model, treatment of mice with neutralizing
anti-IL-10 antibodies or inoculation of IL-10 ko mice resulted
in acceleration of the onset and an increase in the severity of
arthritis (26, 29). These results suggest that IL-10 plays an
important regulatory role during the development of arthritis
by limiting the magnitude of the inflammatory response. Re-
moval or inhibition of this immune regulator results in exac-
erbation of the inflammatory response and an increase in ar-
thritis severity. On the other hand, boosting IL-10 levels,
through either administration of recombinant IL-10 (27, 35, 47,
49) or adenoviral-gene therapy (2, 37, 53), inhibits the onset
and severity of CIA and SCW-induced arthritis. Similarly, sys-
temic recombinant IL-10 treatment of mice infected with the
relapsing fever spirochete, Borrelia turicatae, reduced clinical
disease (22). In the current study, however, we found no ben-
efit of increased IL-10 on the development of experimental
Lyme arthritis in susceptible C3H mice. Experimental Lyme
arthritis is an inflammatory arthritis and is independent of T-
and B-cell activity, whereas CIA is dependent upon breaking
T-cell tolerance and the development of anti-collagen antibod-
ies. Thus, the effect of additional IL-10 upon arthritis severity
might be due to the mechanism of disease manifestation and
might explain the failure of IL-10 therapy in human clinical
trials (8).

Genetic ablation of IL-10 has been linked to increased cel-
lular immune responses and efficient clearance of bacterial and
viral pathogens (9, 13, 22). In the current study, we found that
infection of C3H IL-10 ko mice resulted in more efficient
clearance of spirochetes from both the joints and disseminated
sites (ears) than from wt C3H mice. This was similar to results
reported for B. burgdorferi infection of arthritis-resistant B6
mice (13). During B. burgdorferi infection of mice, spirochetal
clearance is thought to be due mainly to the production of
Borrelia-specific antibodies (4, 5). In agreement with Brown et
al. (13), we found that levels of Borrelia-specific IgG were
increased in the sera of IL-10 ko mice compared with wt mice
(data not shown). However, it was recently reported that B.
burgdorferi clearance in IL-10 ko mice was mediated predom-

FIG. 5. Expression of hIL-10 in C3H mice following infection with B. burgdorferi. Groups of mice (n � 5) were infected in the hind footpads
on day �1 with adenoviral vectors expressing hIL-10 (AdIL-10) or empty (control) vector (AdC) or left uninfected. The following day, the mice
were left alone or infected with 1 � 105 B. burgdorferi spirochetes in each hind footpad (Bb). (A) Blood was collected via cardiac puncture at
sacrifice on day 14 postinfection, and levels of hIL-10 were determined by ELISA. The data are means plus standard errors and are representative
of two separate experiments with similar results. (B and C) Immunohistochemistry for expression of hIL-10 in joints treated with AdC (B) or
AdIL-10 (C). Magnification, �200.
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inantly through enhanced innate immune responses, rather
than through the increased antibody response (32). In the
current study, adenoviral delivery of IL-10 had no effect on the
levels of spirochetes in tissues or on the production of Borrelia-
specific IgG. In contrast to our findings, Gelderblom et al. (22)
reported that administration of IL-10, rather than IL-10 abla-

tion, resulted in more efficient clearance of B. turicatae. Clear-
ance of relapsing fever spirochetes is mediated by comple-
ment-independent bactericidal antibodies (16); thus, the effect
of IL-10 on pathogen clearance might again be dependent
upon the specific mechanism used, especially innate versus
adaptive responses.

IL-10 was first described as a factor that could inhibit the
production of proinflammatory cytokines by macrophages
and other cell types (14–17). In vitro, a number of cell types
can produce IL-10 in response to stimulation by B. burgdor-
feri or B. burgdorferi antigens (24–30). Also, addition of
IL-10 to culture supernatants can alter the production of
cytokines in response to Borrelia antigens (17, 20, 21, 34,
40); however, no previous studies have examined the in vivo
cytokine responses in the joint following IL-10 ablation or
therapy during B. burgdorferi infection. We found that IL-10
ablation during B. burgdorferi infection of C3H mice re-
sulted in decreased production of IL-1�, IL-4, KC, and
IL-12. Adenoviral delivery of IL-10 to B. burgdorferi-in-
fected mice had no effect on the production of cytokines in
the joints of C3H mice (data not shown). Based upon in
vitro responses, we expected an increase in the production
of proinflammatory cytokines in the joints of B. burgdorferi-
infected C3H IL-10 ko mice. One possible explanation for
our results might be the more efficient clearance of B. burg-
dorferi in the IL-10 ko mice, leading to an attenuated cyto-
kine response or a more rapid decrease in cytokine expres-
sion. During SCW-induced arthritis, the levels of tumor
necrosis factor alpha and IL-1� were decreased in patellar
washouts from mice treated with recombinant IL-10 (35).
Conversely, during CIA, joint expression of MIP-1a and
MIP-2 was increased in mice receiving anti-IL-10 antiserum
(29). These results demonstrate that care must be taken
when extrapolating in vitro results to in vivo and that the
role of Il-10 might vary depending upon the model system
used.

In summary, our results suggest that IL-10 regulates arthritis
severity in both arthritis-resistant and -susceptible mouse
strains following infection with B. burgdorferi. However, in-
creased expression of IL-10 in C3H mice does not attenuate
the development of pathology in this inflammatory-arthritis
model, and other inflammatory mediators are likely to play
important roles in regulating arthritis severity.
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