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TLR2�/�/scid double-mutant mice were infected with B. burgdorferi to assess the relative importance of
acquired and innate host defenses. Although spirochete levels at 4 weeks were lower in TLR2�/� mice than in
TLR2�/�/scid mice, the increased arthritis severity of TLR2 (Toll-like receptor 2)-deficient mice was reduced
by the presence of the scid mutation.

Borrelia burgdorferi infection of mammals provides a unique
insight into the host-pathogen interactions involved in persis-
tent infection by an extracellular pathogen. Acquisition by an
uninfected tick requires that this pathogen persist in its mam-
malian host for several months (25). This requires the spiro-
chete to evade clearance by the host’s immune defenses with-
out compromising host viability. Arthritis is a consequence of
bacterial invasion of joint tissue during this persistent infection
(5, 24, 25, 36).

Both the innate and acquired immune defenses have been
implicated in Lyme disease. Immune antibodies can prevent
infection if present before the bacteria are introduced and can
reduce the severity of arthritis once infection is established (4,
6, 7, 13–15, 28); however, antibodies cannot eradicate the or-
ganism once infection is established (4, 6, 7). Additionally, the
identification of Toll-like receptor 2 (TLR2) as the signaling
receptor for the Pam3Cys-modified lipoproteins of B. burgdor-
feri led to the discovery of its importance in activation of innate
cell defenses in Lyme disease (2, 9, 17, 19, 34). Mice deficient
in TLR2 harbor 10- to 50-fold-greater levels of spirochetes in
tissues than wild-type littermates (1, 34), demonstrating the
importance of TLR2-expressing cells in control of B. burgdor-
feri.

We wished to quantitatively assess the contribution of ac-
quired defenses and those innate defenses dependent on TLR2
in Lyme disease. Mice were generated that were deficient in
both TLR2 and in acquired host defenses by crossing TLR2�/�

mice with scid mice, TLR2�/�/scid. TLR2-deficient mice were
provided by Tularik Inc. (South San Francisco, Calif.), gener-
ated by Delatgen Inc. (Redwood City, Calif.) (33), and used at
the 10th generation backcross to C57BL/6. The scid mice on
the C57BL/6 background (B6.CB-17-Prkdcscid/SzJ) were from
Jackson Laboratories (Bar Harbor, Maine), while C57BL/6
mice were from the National Cancer Institute. C57BL/6 mice
develop mild to moderate arthritis while harboring similar
levels of B. burgdorferi in joint tissue as mouse strains devel-

oping more severe disease (10, 20). The TLR2 genotype was
determined as described previously (33), and that for the scid
mutation was determined as described at the JAX website
(http://jaxmice.jax.org). TLR2�/�/scid mice were healthy and
displayed no overtly unusual characteristics. Upon sacrifice,
TLR2�/�/scid mice were found to lack a thymus, had ex-
tremely small draining lymph nodes, and lacked circulating
immunoglobulins (not shown).

Previously, mice with genetic deficiencies in B and T lym-
phocytes were used to assess the contribution of the acquired
host defenses to control B. burgdorferi. Barthold et al. found
using Dieterle stain analysis that CB.17 scid mice infected with
B. burgdorferi harbored numbers of spirochetes in joint tissue
similar to those in wild-type mice early in infection but greater
numbers at 8 weeks of infection (8), while Brown et al. using
competitive target PCR found similar numbers of spirochetes
in tissues of severely arthritic C3H and immunodeficient C3H
(C3H/rag) mice at 3 weeks of infection (12). In this study,
real-time PCR was used to monitor spirochete levels in ear,
heart, and joint tissue of C57BL/6 mice with single mutations
in TLR2 or the scid gene and in double-mutant mice. These
three tissues have the highest level of B. burgdorferi during
infection of mice, and bacteria can be quantified without per-
fusion of the animals due to the very low levels of B. burgdorferi
found in blood (5, 34, 36). Three separate experiments were
performed with trends similar to those in the single, most
comprehensive study reported in Fig. 1.

Deficiency in TLR2 had a greater effect on B. burgdorferi
numbers in ankle and heart tissues than did the presence of the
scid mutation (Fig. 1). The greatest effect of the single muta-
tions in either TLR2 or the scid gene was on bacterial numbers
in the ankle tissue. Both of the single-mutant mice harbored
greater bacterial numbers in joints than did the wild-type con-
trols at 2 weeks of infection: TLR2 and scid mice harbored
16- and 8-fold more spirochetes than did C57BL/6 mice, re-
spectively, with the difference for TLR2�/� mice achieving
statistical significance (Fig. 1). Somewhat greater levels of
B. burgdorferi in joints of single-mutant mice were also found at
4 and 8 weeks of infection. At all three time points, the most
extensive defect in host defense in joint tissue was seen in the
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TLR2�/�/scid double-mutant mice, which harbored signifi-
cantly greater numbers of bacteria than wild-type mice at 4
weeks and greater numbers than all other genotypes at 8 weeks
of infection.

Surprisingly, single-mutant scid mice did not have a sig-
nificant elevation in B. burgdorferi numbers in hearts when
compared with wild-type mice at any time point. Although
TLR2�/� mice had sixfold-greater bacterial numbers than
wild-type mice at 2 weeks, they did not reach the parameters
of statistical significance in this experiment. At week 4,
hearts from double-mutant mice harbored greater numbers of
B. burgdorferi than wild-type mice, and at 8 weeks, hearts of
double-mutant mice had more bacteria than all other geno-
types.

Modest increases in B. burgdorferi were observed in the ear
tissue of single-mutant mice, compared with wild-type controls.
Again, the double-mutant mice harbored 50-fold more spiro-
chetes than wild-type mice at both 4 and 8 weeks of infection
and significantly more spirochetes than single-mutant mice at 8
weeks.

In summary, the scid mutation had a modest effect on host
defense in ankle tissues, with very little effect in hearts and

ears. Although the TLR2 mutation appeared to exert a greater
effect on host defense than the scid mutation, there was no case
in which the difference between these single-mutant mice was
significant. In contrast, double-mutant mice displayed signifi-
cantly elevated B. burgdorferi in all three tissues, particularly
evident at 8 weeks of infection. The defect in all tissues at
8 weeks indicates a system-wide failure to clear B. burgdorferi
and involvement of both the adaptive and the innate host
defenses.

These findings support the involvement of specific immuno-
globulin in controlling B. burgdorferi, especially late in infec-
tion, when the pathways for antigenic variation may be most
important, but also point to a contribution of TLR2-expressing
cells in antibody-dependent control of bacteria.

There are several published reports with variable results
on the effects of the scid or rag mutations on the severity of
B. burgdorferi-induced arthritis (8, 12, 22, 23, 27, 29). In at least
four publications, arthritis was more severe in scid or rag mu-
tant C57BL/6 mice than in immunocompetent mice (22, 23, 27,
29). In contrast, in other studies the severity of arthritis in scid
or rag mice on several backgrounds including C57BL/6 was
similar to that in the wild-type mice (8, 12). There is no clear

FIG. 1. Spirochete levels in tissue of immunodeficient mice. Mice were infected with B. burgdorferi and sacrificed at 2, 4, and 8 weeks
postinfection. All groups contained five mice, except the scid group, which had four mice per time point. Statistical analysis was performed by
one-way analysis of variance using SPSS software (SPSS Inc., Chicago, Ill.) followed by Tamhane post hoc multiple comparison. Significant
difference was defined as P � 0.05. Values for mutant mice that were significantly greater than those for wild-type mice are indicated by *. Values
for wild-type and single-mutant mice that were significantly less than those for TLR2�/�/scid mice are indicated by ‡.
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explanation for these differences, such as different mouse ven-
dors or Borrelia isolates, as groups using seemingly identical
reagents have had disparate results (12, 23). Therefore, we
assessed the effect of single and double mutations on arthritis
severity at 4 weeks of infection. Rear ankle swelling was mea-
sured as one assessment of Lyme arthritis severity and reflects
local tissue edema. Ankle swelling was greater in infected
TLR2�/� C57BL/6 mice than in wild-type C57BL/6 mice
(Fig. 2), as previously reported (34). C57BL/6 mice with the
scid mutation displayed less ankle swelling than the wild-type
C57BL/6 mice with relatively mild arthritis (Fig. 2). Surpris-
ingly, the enhanced ankle swelling observed in the TLR2�/�

C57BL/6 mice was suppressed by the simultaneous presence of
the scid mutation in the double-mutant mice. This was seen in
all three experiments, the results of which were combined in
Fig. 2 and Table 1.

Joint tissue was prepared, sectioned, and stained with he-
matoxylin and eosin, as described previously (34). Tissues were
assessed in a blinded fashion for parameters of arthritis includ-
ing neutrophil and mononuclear cell inflammation, tendon
sheath thickness, reactive/reparative reaction, and overall le-
sion severity, with scores ranging from 0 to 5 (most severe)

(34). Moderately severe arthritis was observed in infected wild-
type C57BL/6 mice and was similar to that in TLR2�/� mice,
with the exception of increased mononuclear cell infiltration in
TLR2�/� mice (Table 1). Mice carrying the scid mutation
displayed very mild arthritis on the C57BL/6 background. Mice
with mutations in both TLR2 and scid genes developed mild
arthritis, with histopathological scores intermediate between
arthritis observed in scid and TLR2 single-mutant mice (Table
1) and similar to the results for ankle swelling (Fig. 2). These
findings point to involvement of the acquired host defense in
the elevated arthritis found in TLR2�/� mice, observed by
increases in ankle swelling and mononuclear cell infiltration.

Together, these results strongly argue that the increased
severity of arthritis in infected TLR2-deficient mice was due to
acquired host defenses. The suppression of arthritis severity in
double-mutant mice was observed in the categories of ankle
swelling, mononuclear cell infiltration, and reactive/reparative
response (a measure of periosteal new cartilage and bone
formation, fibroplasias, and tendon sheath lining cell hypertro-
phy/hyperplasia). This indicates involvement of antibody or T
cells in the more severe arthritis observed in the TLR2�/�

C57BL/6 mice relative to wild-type mice. Interestingly, the
TLR2-deficient mice with more severe arthritis had fewer bac-
teria in the joint tissue than did the TLR2�/�/scid mice with
less severe arthritis.

Although we and others previously established that arthritis
severity and spirochete levels in ankle joints were not directly
correlated in inbred C57BL/6 mice (10, 20, 32), our studies
with the TLR2-deficient mice suggested that in this case the
severe ankle swelling could be related to the presence of ex-
tremely high numbers of spirochetes in the joint tissue (34).
The findings presented in Fig. 1 and 2 and Table 1 argue that
the severe arthritis that develops in B. burgdorferi-infected
TLR2-deficient mice is more complicated than a hyperreactive
inflammatory response triggered by the increased bacterial
numbers in tissues, as TLR2�/�/scid mice actually harbor
greater spirochete numbers than TLR2�/� single-mutant mice
but display less ankle swelling and arthritis. This suggests that
arthritis development may be a consequence of the heightened
acquired host defense in joint tissues of TLR2�/� mice.

The increased arthritis in TLR2-deficient mice could reflect
the localized formation of immune complexes in the joint be-
tween the high levels of spirochete antigens and antibody or
could reflect a T-cell-driven inflammatory response due to
localized accumulation of spirochete-specific T lymphocytes.
Although numerous studies have addressed helper T-cell in-
volvement in murine Lyme disease, there is not a generally
accepted model for this (3, 11, 16, 18, 21, 23, 26, 31). Likewise,
studies with antibody responses to B. burgdorferi have univer-
sally pointed to protective or disease-resolving potential (6–8,
12, 28, 30). Therefore, our finding of suppression of arthritis in
TLR2�/� mice by the scid mutation reveals a previously un-
recognized contribution of acquired defenses to Lyme arthritis
under conditions of extremely high numbers of spirochetes in
tissues.

This work was supported by Public Health Service grants AI-32223
and AI-43521 to J.J.W, AI24158 to J.H.W., and 5P30CA42014 to the
University of Utah and by funds from Associated Regional University
Pathologists.

FIG. 2. Rear ankle swelling in B. burgdorferi-infected mice. The
rear ankles of B. burgdorferi-infected mice were measured, and the
ankle swelling data were obtained by subtracting the ankle diameter at
4 weeks postinfection from the preinfection diameter (35). Results
from three experiments are shown, with the C57BL/6, scid, TLR2�/�,
and TLR2�/�/scid groups containing 15, 12, 16, and 16 mice, respec-
tively. Statistical analysis was performed by one-way analysis of vari-
ance followed by Tamhane post hoc multiple comparison, and signif-
icant difference was defined as P � 0.05. Values that were significantly
different from C57BL/6 are indicated by *. The ankle swelling observed
in TLR2�/� mice was significantly greater than the swelling seen in any
other group and is indicated by ‡.

TABLE 1. Histological assessment of rear ankle joints
from B. burgdorferi-infected mice

Genotypea Overall
lesion

Inflammation Sheath
thickness

Reactive/
reparative
responseNeutrophil Mononuclear

C57BL/6 2.9 � 1.4 2.3 � 1.3 0.1 � 0.4 2.4 � 1.3 1.9 � 1.2
scid 1.3 � 1.3b 0.9 � 0.8b 0.3 � 0.5 0.9 � 1.1b 1.0 � 1.6
TLR2�/� 2.9 � 0.9 1.7 � 0.7 1.2 � 0.9b 2.3 � 1.2 2.9 � 1.4c

TLR2�/�/scid 2.0 � 1.0 1.3 � 0.6 0.7 � 0.7 1.3 � 1.4 1.6c � 1.0

a The groups of mice are described in the legend to Fig. 2, and values are
relative scores.

b Significant difference (P � 0.05) between the labeled group and C57BL/6
mice was observed by one-way analysis of variance using SPSS.

c Significant difference (P � 0.05) between the labeled group and TLR2�/�/
scid mice was observed by one-way analysis of variance using SPSS.
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