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Recently, a number of studies have reported the presence of interleukin 17 (IL-17) in patients with Lyme disease, and several mu-
rine studies have suggested a role for this cytokine in the development of Lyme arthritis. However, the role of IL-17 has not been
studied using the experimental Lyme borreliosis model of infection of C3H mice with Borrelia burgdorferi. In the current study,
we investigated the role of IL-17 in the development of experimental Lyme borreliosis by infecting C3H mice devoid of the com-
mon IL-17 receptor A subunit (IL-17RA) and thus deficient in most IL-17 signaling. Infection of both C3H and C3H IL-17RA�/�

mice led to the production of high levels of IL-17 in the serum, low levels in the heart tissue, and no detectable IL-17 in the joint
tissue. The development and severity of arthritis and carditis in the C3H IL-17RA�/� mice were similar to what was seen in wild-
type C3H mice. In addition, development of antiborrelia antibodies and clearance of spirochetes from tissues were similar for
the two mouse strains. These results demonstrate a limited role for IL-17 signaling through IL-17RA in the development of dis-
ease following infection of C3H mice with B. burgdorferi.

Despite much effort, the mechanisms responsible for the de-
velopment of arthritis and carditis following infection with

Borrelia burgdorferi remain unclear. According to the CDC, Lyme
disease is the most commonly reported vector-borne disease in
the United States with a reported 30,000 new cases each year (1).
However, it is also estimated that the real incidence of Lyme dis-
ease may be much larger, with around 300,000 new cases per year
(www.CDC.gov). Lyme disease is not endemic in every state and is
present primarily in the upper midwest and northeastern states. B.
burgdorferi is transmitted to humans through the bite of an in-
fected Ixodes tick and if left untreated can lead to the development
of arthritis, potentially life-threatening carditis, and neurological
disease (2). Researchers studying the mechanisms of Lyme disease
pathogenesis primarily use a murine model of experimental Lyme
borreliosis in which disease-susceptible C3H mice are infected
with B. burgdorferi and development of arthritis and carditis are
followed over time (3). This model reproduces a portion of the
disease seen in infected humans with Lyme disease, and the mech-
anisms of disease pathogenesis appear to correlate well between
this experimental mouse model and human Lyme disease pa-
tients.

Interleukin 17 (IL-17) is a proinflammatory cytokine associ-
ated with chronic inflammatory conditions such as rheumatoid
arthritis and multiple sclerosis (4, 5) and has been shown to play a
role in collagen-induced arthritis in mice (6). Most IL-17 is pro-
duced by T cells (Th17), but innate immune cells such as �� T
cells, invariant natural killer T (iNKT) cells, and mast cells can also
produce it (7, 8). The IL-17 family consists of 6 members, IL-17A
to F, with IL-17A, IL-17E (also known as IL-25), and IL-17F as the
most well-studied and understood members. These cytokines sig-
nal through a set of receptors (IL-17RA, IL-17RB, IL-17RC, IL-
17RD, and IL-17RE), which most likely form heterodimers, al-
though only a couple have been identified (9). IL-17A and IL-17F
signal through a heterodimer of IL-17RA and IL-17RC, while IL-
17E signals through a heterodimer of IL-17RA and IL-17RB (9).
Binding partners for the other signaling chains have not yet been

identified. Mice deficient in expression of the common IL-17RA
receptor subunit have been reported and used to study the effects
of IL-17 in a number of diseases. IL-17RA signaling stimulates
production of neutrophilic chemokines, such as CXCL1, CXCL2,
CXCL5, CXCL6, and CXCL8 (10). IL-17RA-deficient mice in-
fected with Klebsiella pneumoniae quickly succumb to infection
due to a failure to recruit a sufficient number of neutrophils (11).
Similarly, IL-17RA-deficient mice infected with influenza also re-
cruit significantly fewer neutrophils and suffer less-severe lung
injury (10). In contrast, IL-17 was not required for neutrophil
recruitment and clearance of Candida albicans (12). These results
demonstrate the complex role of IL-17 during immune responses,
especially to infectious agents.

B. burgdorferi can stimulate the production of IL-17 from var-
ious cell types and tissues, but its role in disease pathogenesis
remains unclear. In mice, helper T cells primed in the presence of
either B. burgdorferi or synthetic Borrelia outer surface proteins
preferentially express IL-17 (13). Similarly, iNKT cells or spleen
cells stimulated with B. burgdorferi produce low levels of IL-17 (14,
15), and bone marrow-derived dendritic cells (BMDC) produce
IL-23, which can drive the production of IL-17 from T cells (16).
These studies demonstrate that murine cells can be induced to
produce IL-17 in response to exposure to Borrelial antigens. In
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humans, the correlation between B. burgdorferi exposure and
IL-17 production is not as clear. Stimulation of peripheral blood
mononuclear cells (PBMC) from normal donors did not induce
IL-17 production (17), and no serum IL-17 could be detected in B.
burgdorferi antibody-positive asymptomatic children (18). In
contrast, IL-17 can be found in the cerebrospinal fluid of neu-
roborreliosis patients (19) and synovial T cells produce IL-17 in
response to stimulation with the neutrophil-activating protein A
(NapA) of B. burgdorferi (20). However, the incidence of pro-
longed Lyme disease symptoms such as arthritis was not altered in
Lyme disease patients producing low levels of IL-17 due to the
presence of an IL-23 genetic polymorphism (21). Thus, altered
IL-17 signaling was not crucial for the pathogenesis of prolonged
Lyme disease in humans.

In an elegant series of studies, Nardelli et al. have reported a
critical role for IL-17 in the induction of murine Lyme arthritis.
They first demonstrated that depletion of IL-17 could suppress the
development of severe destructive arthritis in B. burgdorferi-vac-
cinated and -challenged gamma interferon (IFN-�)-deficient
mice (22) and that this was due to the induction of CD4� CD25�

T regulatory cells (23, 24). Several cytokines important for the
induction of IL-17 were also shown to have a role in the develop-
ment of arthritis in this model (25, 26). However, these results
have come from the use of a novel vaccination and challenge
model of Lyme disease that relies upon the induction of T cell
responses. In the C3H mouse infection model of Lyme disease,
induction of T cells is not required for the development of Lyme
arthritis or carditis (27), as disease pathogenesis is driven by innate
immune cells. Indeed, while the production of IL-17 plays an im-
portant role in the development of Lyme arthritis in the vaccina-
tion and challenge model, IL-17 has been reported in the sera of B.
burgdorferi-infected C3H mice in only a single study (28). Despite
multiple attempts in our laboratory, we have not been able to
demonstrate the production of IL-17 in the joints of infected C3H
mice (C. Brown, unpublished observations), and similar results
were recently reported by others (29). Thus, the importance of
IL-17 in the pathogenesis of Lyme arthritis depends upon which
model system is used, and how this relates to human disease has
yet to be determined. In the current study, we infected C3H mice
deficient in the IL-17RA subunit and followed arthritis and cardi-
tis development over time. We found no significant differences in
the response to infection or development of disease between wild-
type (WT) and IL-17RA-deficient mice. We conclude that IL-17
signaling through IL-17RA does not play any significant role in the
development of Lyme borreliosis in the infection model of exper-
imental Lyme disease.

MATERIALS AND METHODS
Animals. Female WT C3H/HeJ mice, 4 to 6 weeks of age, were purchased
from The Jackson Laboratory (Bar Harbor, ME). C57BL/6 IL-17RA-defi-
cient mice were obtained from Immunex Corporation and backcrossed
for 10 generations onto the C3H genetic background in our mouse col-
ony. Heterozygous mice were then intercrossed to produce WT and C3H
IL-17RA knockout mice for experiments. Animals were given sterile food
and water ad libitum and housed in a specific-pathogen-free facility. All
work was done in accordance with the Animal Care and Use Committee of
the University of Missouri.

Bacteria and infections. Frozen stocks of a virulent, passage 8, clonal
isolate of B. burgdorferi strain N40 (a kind gift from Stephen Barthold) was
used for all infections. Stocks were added to 7 ml C-BSKH medium
(BSK-H medium containing 6% rabbit serum) (Sigma-Aldrich, St. Louis,

MO) and grown to log phase at 32°C. Spirochetes were counted under
dark-field microscopy using a Petroff-Hausser counting chamber
(Hausser Scientific, Horsham, PA). Spirochete dilutions were made in
sterile BSK-H medium, and the mice were inoculated in each hind foot-
pad with 50 �l medium containing 5 � 104 B. burgdorferi organisms.
Ankle swelling was measured weekly throughout the infection at the
thickest craniocaudal portion of the joint using a metric caliper.

Assessment of pathology. Infected WT C3H and C3H IL-17RA�/�

mice were sacrificed on days 21 and 42 postinfection. One ankle joint and
one-half of the heart were obtained for histological analysis. Tissues
were fixed in 10% zinc–formalin and paraffin embedded, and sections
were stained with hematoxylin and eosin (H&E). Ankle and heart
sections were evaluated for disease severity and inflammatory cell type
scores as previously described (30) on a scale of 0 to 4 with 0 repre-
senting no inflammation and 4 representing severe inflammation.

Cell isolation for flow cytometry. At sacrifice, one ankle was removed
from each mouse by removing the toes and carefully cutting through the
knee joint to avoid bone marrow contamination. Excess muscle tissue was
removed to reduce blood contamination. Ankles were placed in 15-ml
conical tubes containing 5 ml 1� phosphate-buffered saline (PBS) and
4% fetal bovine serum (FBS), 75 �l (0.03 mg) DNase I (Sigma), and 50 �l
of 100 mg/ml stock collagenase/dispase (Roche, Indianapolis, IN). Joints
were placed on a rocker at room temperature for 1 h before being placed
into sterile petri dishes with 5 ml of additional RPMI medium supple-
mented with 10% FBS. Ankles were carefully flayed apart using sterile rat
tooth forceps. Cells were then strained through a 70-�m filter (BD Fal-
con) and washed with 5 ml 1� PBS with 4% FBS three times. Live cells
were counted using trypan blue exclusion. A total of 1 � 106 cells were
stained in a 96-well U bottom plate (Corning, Inc.). All wells were blocked
using Fc Block (anti-CD16/CD32) for 15 min at 4°C. Cells were stained on
ice in the dark using antibodies (eBioscience, San Diego, CA, and Leinco,
St. Louis, MO) specific for the following cell types: CD45.2-PerCP-Cy5.5
(hematopoietic cells), F4/80-APC-eFluor780 (macrophages), CD3e-PE
(T cells), B220-PECy7 (B cells), and Ly6g-APC (neutrophils). After stain-
ing, cells were washed and fixed in 1% paraformaldehyde for 15 min. Joint
cellular infiltrate was analyzed using the Dako Cyan flow cytometer and
Summit V5.0 software.

Quantification of IL-17. Protein was isolated from tissue samples as
previously described (31). Briefly, ankle joints and hearts were removed
following sacrifice and immediately frozen in liquid nitrogen. The frozen
samples were removed from liquid nitrogen, wrapped in aluminum foil,
and pulverized using a hammer. The frozen tissue powder was then placed
in 1 ml of Hanks balanced salt solution (HBSS) containing a protease
inhibitor cocktail (Sigma). The samples were sonicated and then centri-
fuged at 8,000 rpm, 4°C, for 10 min. The supernatant was filtered through
a 45-�m filter and the volume adjusted to 1.5 ml with HBSS. Total protein
in each sample was quantified using a bicinchoninic acid (BCA) assay
(Pierce Chemical Co., Rockford, IL), and IL-17 was measured using an
IL-17A enzyme-linked immunosorbent assay (ELISA) from BioLegend
(San Diego, CA). Results are presented in picograms of IL-17/milligram of
protein. IL-17 levels in serum samples were also determined by ELISA
with results reported in picograms/milliliter.

Quantification of B. burgdorferi in tissues. Quantification of num-
bers of B. burgdorferi in tissue was completed using quantitative real-time
PCR as described previously (31). Duplex PCR was performed on total
DNA isolated from ear tissue, and quantification of spirochetes was de-
termined by amplification of B. burgdorferi flaB and murine nidogen
genes. Bacterial loads are expressed as copies of flagellin per 1,000 copies of
nidogen as described previously (32).

Phagocytosis assay. Neutrophil phagocytosis of B. burgdorferi was
determined as described previously (33). Briefly, murine neutrophils were
isolated from peripheral blood over a Percoll gradient. Isolated cells were
washed and then incubated with green fluorescent protein (GFP)-ex-
pressing B. burgdorferi (a kind gift from James Carroll, NIH) for 2 h at a
multiplicity of infection (MOI) of 10 (34). The cells were washed again
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and then stained for Ly6g. The percentages of Ly6g� cells (neutrophils)
expressing GFP (phagocytosed Borrelia) were determined using flow cy-
tometry.

Borrelia-specific antibody production. Levels of Borrelia-specific
IgM and IgG in the serum were determined as described previously (35).

Statistical analysis. Each experiment was completed at least twice
with at least 5 mice per experimental group. GraphPad Prism software was
used to determine statistical differences between group means. Student’s t
test or the Mann-Whitney U test for nonparametric data was used with �
set at 0.05.

RESULTS
IL-17RA deficiency does not alter ankle swelling or disease se-
verity. To determine if IL-17 played a role in the infection model
of experimental Lyme borreliosis, we infected C3H WT and C3H
IL-17RA�/� mice with B. burgdorferi. The IL-17RA�/� mice are
devoid of the IL-17 common receptor A subunit and are thus
unresponsive to IL-17A, IL-17F, and IL-17E (9). Ankle swelling
was monitored throughout the infection time course, and joints
and hearts were harvested at days 21 and 42 postinfection. Despite
an inability to respond to IL-17, B. burgdorferi-infected IL-
17RA�/� mice displayed no differences in ankle swelling com-
pared to wild-type controls over the 42-day infection time course
(Fig. 1). To determine if there were differences in disease develop-
ment, we examined H&E-stained histology sections of ankles
and joints. These sections were evaluated in a blinded manner and
scored for their overall level of inflammation (severity score) and
for the ratio of neutrophils to macrophages (type score) as de-
scribed previously (30). Higher type scores are interpreted as acute
inflammation and lower scores as resolving inflammation. Over-
all, there were no differences in the severity scores or the type
scores in the ankles or hearts between the WT and IL-17RA�/�

mice on day 21 or 42 postinfection (Table 1). All scores were
higher at the day 21 postinfection time point, which is typically
near the peak of inflammation (Fig. 1), and lower scores were
associated with the resolution of inflammation at day 42 postin-
fection. These results indicate that the IL-17RA�/� mice develop
Lyme arthritis and carditis and resolve their disease in a manner
similar to that of WT mice.

Cellular infiltration into joint tissue during Lyme arthritis.
IL-17RA�/� mice have been shown to have lowered levels of cir-
culating neutrophils (36). We have previously shown that altering
circulating neutrophil levels can have an effect on Lyme arthritis
development (37). In addition, IL-17 can regulate neutrophil re-
cruitment to sites of infection by inducing the production of the

chemokine KC, which we have shown is critical for the develop-
ment of Lyme arthritis (30). To examine the effect of IL-17RA
deficiency on the recruitment of inflammatory cells into the in-
fected joint, we used flow cytometry to analyze cellular infiltration
into the joint tissue. Single-cell suspensions were made from joint
tissue, and cells were first gated on live cells and doublets excluded.
Next, the cells were gated on CD45.2� hematopoietic (inflamma-
tory) cells and analyzed for the infiltration of macrophages (F4/
80), mature neutrophils (Ly6ghi), B cells (B220/IgM), and T cells
(CD3e). Despite the reported neutropenia in IL-17RA�/� mice
(36), we found no significant differences in the total number of
recruited inflammatory cells (Fig. 2A) or in the numbers of neu-
trophils recruited to the joints (Fig. 2B) between WT and IL-
17RA�/� mice. In addition, we found no differences in macro-
phage (Fig. 2C), B cell (Fig. 2D), or T cell (Fig. 2E) recruitment
between the wild-type and knockout mice. Thus, recruitment of
inflammatory cells to sites of infection did not appear to be com-
promised in the IL-17RA�/� mice.

IL-17RA-deficient mice efficiently clear B. burgdorferi.
Clearance of B. burgdorferi from tissues by specific antibody pro-
duction is thought to mediate disease resolution (38). We recently
reported that mice deficient in cyclooxygenase 1 (COX-1) and
infected with B. burgdorferi made a good Borrelia-specific IgM
response but were defective in class switching to IgG (28). This
defect correlated with low levels of IL-17 in the serum and could
be rescued by exogenous delivery of IL-17. Thus, it was of interest
to determine the production of Borrelia-specific antibody re-
sponses in the IL-17RA�/� mice. We found that the IL-17RA�/�

mice had slightly higher levels of Borrelia-specific IgM and slightly
lower levels of Borrelia-specific IgG on day 24 of infection, but
these differences were not statistically significant (Fig. 3). In addi-
tion, spirochete loads and clearance from ear tissue in the IL-
17RA�/� mice were no different than those in the WT mice (Fig.
4). IL-17 has also been shown to increase phagocytosis in neutro-
phils (39); therefore, we were curious to see if the lack of IL-17
signaling would impair neutrophil clearance of B. burgdorferi.
Neutrophils were isolated from WT and IL-17RA�/� mice and
cultured with GFP-B. burgdorferi for 2 h at an MOI of 10. The
uptake of labeled spirochetes was then assessed by flow cytometry.
Neutrophils from WT and IL-17RA�/� mice contained similar
levels of GFP-Borrelia (Fig. 5) indicating that a lack of IL-17 sig-
naling had no effect on neutrophil phagocytosis of spirochetes.
Together these results demonstrate no functional defects in the
host response to B. burgdorferi infection in IL-17 RA�/� mice.

IL-17 production in B. burgdorferi-infected mice. IL-17 has
been shown to be important in the vaccination and challenge
model of Lyme disease (22). We have previously reported IL-17 in
the serum of B. burgdorferi-infected mice (28) but have been un-

TABLE 1 Ankle and heart severity scoresa

Mouse
strain

Day
postinfection

Arthritis score Carditis score

Severity Type Severity Type

WT 21 3.0 	 0.0 3.0 	 0.0 4.0 	 0.0 4.0 	 0.0
IL-17RA 21 3.6 	 0.5 3.2 	 1.2 3.3 	 0.8 3.7 	 0.5
WT 42 1.5 	 0.7 1.0 	 0.0 2.0 	 0.0 2.0 	 1.4
IL-17RA 42 2.2 	 1.1 2.2 	 1.1 1.7 	 0.6 2.0 	 1.7
a Scores were determined from H&E-stained sections of tibiotarsal joints and hearts or
B. burgdorferi-infected mice. Data are means 	 standard deviations.
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FIG 1 C3H WT and C3H IL-17RA-deficient mice were infected with B. burg-
dorferi, and ankle swelling was monitored throughout the infection time
course. n 
 5 per group.
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able to demonstrate it in infected joint tissue (Brown, unpub-
lished), and similar results were reported by Nardelli et al. (29). As
we previously reported, IL-17 was present in the sera of WT and
IL-17RA�/� mice (Fig. 6A). The IL-17RA�/� mice tended to have
higher levels than the WT mice, but this was not significant and
may be due to their inability to use IL-17. We also found low levels
of IL-17 in the heart tissue of both WT and IL-17RA�/� mice on
days 21 and 42 postinfection (Fig. 6B). However, since the hearts
were not perfused it is possible that this was due to residual blood
contamination and not to the production of IL-17 directly within
the heart tissue. Finally, we were unable to detect IL-17 in the
joints of either WT or IL-17RA�/� mice (data not shown). These
results demonstrate the systemic production of IL-17 in the sera of
mice infected with B. burgdorferi but little or no IL-17 at sites of
disease pathogenesis.

DISCUSSION

IL-17 is an important proinflammatory cytokine produced by
Th17 cells and other innate immune cells (8). It is thought to play
an important role in the pathogenesis of rheumatoid and osteoar-
thritis (40); however, it is also an important regulator of host
defense through granulopoiesis and neutrophil recruitment (41).
Several studies have proposed that IL-17 may play a role in neu-
roborreliosis and Lyme arthritis in humans (19, 20), although this
remains controversial (17, 18). Using a murine vaccination and
challenge model system, others have found that IL-17 directly
impacts Lyme arthritis development (22). IFN-�-deficient B6
mice infected with strain 297 of B. burgdorferi and challenged with
the C-1-11 strain developed severe destructive arthritis (22).
When these mice were treated with IL-17 neutralizing antibodies,
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the development of arthritis was inhibited (22). When the treat-
ment was combined with the administration of anti-transforming
growth factor � (TGF-�) and anti-IL-6 antibodies, arthritis devel-
opment and ankle swelling were completely eliminated (26).
Treatment of B. burgdorferi-vaccinated and -challenged C3H/
HeN mice with anti-IL-17 antibody decreased arthritis severity,
but not to the same extent as in B6 mice (29). As stated above, the
vaccination and challenge model of Lyme arthritis relies upon the
induction of T cell responses and cross-reactive epitopes on anti-
gens from two different strains of B. burgdorferi. Thus, disease
induction in this model is mediated by adaptive immunity. In
contrast, disease induction following infection of C3H mice with
B. burgdorferi is induced by innate immunity and can occur inde-
pendently of T cell involvement (42, 43). Infection of C3H mice

with B. burgdorferi strain 297 did not induce the production of
IL-17 in the sera of these mice (29). This is in contrast to what we
have previously reported (28) and to results from the current
study, in which we find systemic IL-17 production. Differences in
the B. burgdorferi strains used (297 versus N40) or infectious doses
may account for differences in reported results.

To assess the contribution of IL-17 to disease pathogenesis in
the experimental Lyme borreliosis infection model, we generated
IL-17RA�/� mice on the susceptible C3H genetic background
(44).

Signaling through IL-17RA has been shown to be important in
the development of collagen-induced arthritis (45); however, the
role of this cytokine in the development of arthritis using an in-
fectious model had not been tested. When IL-17RA�/� mice were
infected with B. burgdorferi, we found no differences in ankle
swelling or arthritis severity scores at any time point throughout
the infection time course compared with WT mice. Similar results
were found for Lyme carditis. Due to the importance of IL-17 in
mediating neutrophil recruitment by regulating the production of
chemokines (11) and the importance of KC/CXCR2 signaling for
the development of Lyme arthritis (30, 31), we anticipated seeing
less-severe inflammation. In an infectious model of acute lung
injury, the absence of IL-17R signaling resulted in less lung de-
struction due to decreased production of reactive oxygen interme-
diates (10). Similar results were reported for Toxoplasma gondii
(46) and Klebsiella pneumoniae (11) infections. In infection mod-
els, less inflammation is usually associated with significantly re-
duced neutrophil recruitment and higher bacterial loads. Because
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FIG 3 Quantification of Borrelia-specific antibody in sera of infected mice.
Levels of B. burgdorferi-specific IgM (A) and IgG (B) were determined from
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17RA-deficient mice at days 21 and 42 postinfection. Each symbol represents
an individual mouse. The bar represents the group median.

FIG 5 Quantification of neutrophil phagocytic capacity. Representative flow
cytometry of neutrophils from B. burgdorferi-infected C3H WT (A) and C3H
IL-17RA-deficient (B) mice. Neutrophils (Ly6g�) were gated and analyzed for
their expression of GFP (internalized B. burgdorferi). The percentage of total
neutrophils is shown.
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of the critical role of neutrophils in the development of Lyme
arthritis, we set out to assess neutrophil recruitment in the B.
burgdorferi-infected IL-17RA�/� mice. Surprisingly, we found
that the numbers of infiltrating cells of IL-17RA�/� mice at days
21 and 42 postinfection were similar to those of WT controls.
Thus, the development of Lyme arthritis and carditis in the infec-
tion model of Lyme disease was not impacted by the loss of IL-17
signaling.

While the presence of the spirochetes in tissues is required for
the development of disease, their absolute numbers do not corre-
late with disease severity (47, 48). Thus, it is possible that while we
did not find differences in disease severity, there could still be
differences in spirochete clearance in the IL-17RA�/� mice. The
production of specific antibody to B. burgdorferi is thought to be
primarily responsible for spirochete clearance from tissues (38).
IL-17 has been shown to play a role in antibody production, ger-
minal center formation, and antibody class switching in autoim-
mune disease (49), and thus a defect in IL-17 signaling could im-
pact spirochete clearance. We measured the levels of B.
burgdorferi-specific IgM and IgG and found no significant differ-
ences between IL-17RA�/� mice and WT mice. In addition, spi-
rochete loads in tissues were also similar between the two mouse
strains, as was the ability of neutrophils to phagocytose GFP-la-
beled spirochetes. Taken together, we found no significant effects
on the host response to B. burgdorferi infection in mice deficient in
IL-17RA. We conclude that there is no role for IL-17 signaling
through IL-17RA in the development of disease or host response
in the infectious experimental model of Lyme borreliosis.
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