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Abstract
The enzyme 5-lipoxygenase (5-LO) catalyzes the conversion of arachidonic acid into the
leukotrienes, which are critical regulators of inflammation and inflammatory diseases, such as
asthma and arthritis. Although leukotrienes are present in the synovial fluid of Lyme disease
patients, their role in the development of Lyme arthritis has not been determined. In the current
study, we used a murine model of Lyme arthritis to investigate the role 5-LO products might have
in the development of this inflammatory disease. Following infection of Lyme arthritis-susceptible
C3H/HeJ mice with B. burgdorferi, mRNA expression of 5-LO and 5-lipoxygenase-activating
protein (FLAP) was induced in the joints, and the 5-LO product LTB4 was produced. Utilizing
C3H 5-LO-deficient mice, we demonstrated that 5-LO activity was not necessary for the induction
of Lyme arthritis, but that its deficiency resulted in earlier joint swelling and an inability to resolve
arthritis as demonstrated by sustained arthritis pathology through day 60 post-infection. Although
production of anti-Borrelia IgG was decreased in 5-LO-deficient mice, bacterial clearance from
the joints was unaffected. Phagocytosis of B. burgdorferi and efferocytosis of apoptotic
neutrophils was defective in macrophages from 5-LO-deficient mice, and uptake of opsonized
spirochetes by neutrophils was reduced. These results demonstrate that products of the 5-LO
metabolic pathway are not required for the development of disease in all models of arthritis, and
that caution should be used when targeting 5-LO as therapy for inflammatory diseases.

Introduction
Lyme disease is caused by infection of mammalian hosts with the spirochete, Borrelia
burgdorferi (1). It is transferred through the bite of an infected Ixodes tick and is the most
common tick-borne disease in the U.S. Recently, the Centers for Disease Control and
Prevention reported that in 2009 there were approximately 30,000 confirmed new cases of
Lyme disease, with another 8,500 listed as probable (2). If not treated with antibiotics near
the time of infection, 60-80% of infected individuals will develop joint pain and sporadic
arthritis, which may lead to chronic erosive disease (3). Disease development correlates with
the presence of spirochetes in joint tissues, which leads to an inflammatory response that
may be excessive in some individuals (4). Most Lyme disease patients respond well to
antibiotic therapy and quickly resolve their inflammatory arthritis (5); however, a small
minority are refractory to antibiotic therapy and develop a chronic persistent arthritis which
is poorly understood (6).

Experimental Lyme arthritis is a murine model that recapitulates many of the arthritis
disease parameters seen in human Lyme disease patients (7). Two to three weeks following
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infection, C3H mice develop a severe arthritis that is mediated by innate immunity and
independent of T or B cells (8-10). Disease development requires the recruitment of
CXCR2-expressing neutrophils into the infected tissue in response to joint production of the
chemokine KC (CXCL1) (11,12); however, the mechanisms by which neutrophils mediate
the development of arthritis pathology are incompletely understood. Resolution of arthritis
was thought to coincide with antibody-mediated clearance of the spirochetes from joint
tissues (13), although recent data challenge this assumption. Infection of mice deficient in
TLR2 or MyD88 with B. burgdorferi resulted in exacerbated severity and extended duration
of Lyme arthritis concomitant with high numbers and the prolonged presence of spirochetes
in tissues despite production of normal levels of anti-Borrelia antibody production (14-16).
In addition, B. burgdorferi infection of mice deficient in the cyclooxygenase (COX)-2
enzyme also resulted in development of severe Lyme arthritis with an extended time-course,
but antibody production and spirochete clearance appeared similar to that of wild-type mice
(17). Thus, the mechanisms of arthritis development and resolution in this model remain
unclear.

Experimental Lyme disease is an inflammatory arthritis and, as such, is likely regulated by
eicosanoids, products of the arachidonic acid biosynthetic pathway which are known to
regulate inflammation (18). Products of the eicosanoid biosynthetic enzyme 5-lipoxygenase
(5-LO) have been implicated in the regulation of autoimmune and infectious disease
pathology. Leukotrienes (LT), 5-HETE, and pro-resolution molecules such as resolvins and
lipoxins, owe their generation wholly or in part to 5-LO activity (19,20). Leukotrienes such
as LTB4 have been shown to play critical roles in murine models of rheumatoid arthritis. For
example, mice deficient in 5-lipoxygenase–activating protein (FLAP) developed attenuated
disease in the collagen-induced arthritis (CIA) model (21). Similarly, blocking the LTB4
receptor (BLT1) with antagonists or using BLT1-/- or BLT1/BLT2 double knockout mice
resulted in complete protection from the development of CIA (22-24). In the K/BxN serum
transfer model of arthritis, neutrophil-derived LTB4 signaling through either BLT1 or BLT2
is absolutely required for the development of disease (25-27). Signaling of neutrophils
through BLT1 has been shown to drive their production of IL-1, which amplifies arthritis
severity by inducing the production of neutrophil chemoattractants by synovial cells (28).
Thus, 5-LO products play a clear role in arthritis development in autoantibody-mediated
arthritis models.

Conversely, 5-LO products play a protective role during the immune response to infectious
agents. During infection of mice with the bacterium, Klebsiella pneumoniae, or the parasites
Leishmania amazonensis or Toxoplasma gondii, 5-LO deficiency resulted in increased
morbidity and mortality. Infection of 5-LO-/- mice with K. pneumoniae or L. amazonensis
led to uncontrolled pathogen proliferation and high pathogen tissue loads and death due to
decreased phagocytic capacity of macrophages and neutrophils (29-31). Infection of 5-LO-
deficient mice with T. gondii caused mice to succumb early due to a marked encephalitis
which was linked to high levels of IL-12 and IFNγ and could be prevented via exogenous
administration of an analog of lipoxin A4 (32). Thus, 5-LO products play important roles
during infection by stimulating macrophage and neutrophil uptake and killing of microbial
pathogens and by counter-regulating pro-inflammatory cytokines, thus limiting
immunopathology.

The roles of 5-LO products during inflammatory processes are varied, complex, and not well
understood. Like many inflammatory mediators, they appear to be detrimental during the
development of autoimmune diseases but are critical for regulating the immune response to
infectious agents. In the current study, we examined the development of experimental Lyme
arthritis in mice deficient in 5-LO. In this study, we found that 5-LO-/- mice developed
arthritis similar in severity to wild-type mice but with prolonged duration, suggesting a
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failure of pro-resolution mechanisms. This failure to resolve joint inflammation was not due
to increased spirochete numbers or an inability to clear B. burgdorferi from the joint tissue,
despite a profound defect in macrophage phagocytosis in 5-LO-/- mice. Collectively, these
results demonstrate that the influence of 5-LO products on inflammatory responses is
complex and therapies designed to block 5-LO activity should be used with caution.

Materials and Methods
Animals

Female wild-type C3H/HeJ mice, age 4-6 weeks, were purchased from The Jackson
Laboratory (Bar Harbor, ME). 5-lipoxygenase knockout mice (B6;129S2-Alox5tm1Fun/J)
were purchased as breeders, from The Jackson Laboratory and were backcrossed onto the
C3H/HeJ background for five generations using speed congenics (33). Heterozygous mice
were then intercrossed to produce 5-LO knockout and wild-type littermates. Animals were
housed in a specific pathogen-free facility and given sterile food and water ad libitum. All
studies were conducted in accordance with the Animal Care and Use Committee of the
University of Missouri.

Bacteria and infections
A virulent, low-passage, clonal isolate of B. burgdorferi N40 strain was used for all
infections. Frozen stocks were placed in 7 ml Barbour, Stoenner, Kelly (BSK) II medium
containing 6% rabbit serum (Sigma-Aldrich, St. Louis, MO) and grown to log phase at
32°C. Spirochetes were enumerated using dark field microscopy and a Petroff-Hausser
counting chamber (Hausser Scientific, Horsham, PA). Spirochete dilutions were made in
sterile BSK II medium and mice were inoculated in both hind footpads with 2.5 × 105 B.
burgdorferi organisms in 50 μl of medium, for a final inoculum of 5 × 105 organisms per
mouse.

Assessment of arthritis pathology
The progression of arthritis development was monitored by measuring ankle swelling
through the thickest craniocaudal portion of the ankle joints using a metric caliper. Joint
thickness was determined prior to infection and then at indicated time points throughout the
course of infection. Ankle swelling measurements were determined by subtracting the initial
baseline measurement from subsequent measurements. Arthritis severity scores were
determined as previously described (34). Briefly, formalin-fixed, paraffin-embedded
sections of ankle joints were stained with hematoxylin and eosin (H&E), and the sections
evaluated by two independent observers for arthritis severity on a scale of 0 to 4. A score of
0 indicated normal tissue and 4 indicated severe inflammation involving greater than 50% of
the sample.

Quantitative RT-PCR
Total RNA was extracted with TRIzol reagent (Invitrogen Corp, Carlsbad, CA) according to
the manufacturer’s protocol. One-step RT-PCR was performed using the EZ RT-PCR kit
(Applied Biosystems, Foster City, CA) and the ABI Prism 7700 Sequence Detection System
(Applied Biosystems). The mouse nidogen gene, a single copy gene, was used as an
endogenous control as described previously (35). Primer and probe sequences were as
follows: 5-LO: 5′ AAC CTG TTC ATC AAC CGC TTC ATG (exon 5), 3′ ACT GGT AGC
CAA ACA TGA GGT CTT (exon 6), probe AAC ACT ATA TCT GAG CGA GTC AAG
AAC CAC TGG CA (exons 5-6); FLAP: 5′ ATC AAG AGG CTG TGG GCA ACG TT
(exon 1), 3′ AGT CCA GAG TAC CAC AAG GAA AGT (exon 3), probe TGC CAA CCA
GAA CTG CGT AGA TGC GTA CC (exon 2-3). RT-PCR conditions were: 50°C for 15
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min, 60°C for 30 min, 95°C for 10 min, and 45 cycles of 95°C for 30 sec and 60°C for 1
min. Reactions were normalized to copies of nidogen mRNA within the same sample using
the −ΔΔCT method. The levels of mRNA are expressed as the fold change in expression
level as compared to uninfected controls.

Extraction and measurement of LTB4

The extraction of eicosanoids from ankle joints was performed as described previously (17).
Briefly, tissues were snap-frozen in liquid nitrogen, pulverized, and the resulting powder
placed in 5 mL ice-cold 100% ethanol, vortexed, weighed, and incubated at −20°C for 72 h.
Samples were centrifuged at 3,500 x g for 30 min at 4°C; the clear ethanolic supernatant
dried under nitrogen, and resuspended in 50 mM HEPES in 50% methanol. 50 μl of sample
was applied to a LUNA C18-2 column (150mm × 2mm, 5μ; Phenomonex, Torrance, CA)
equilibrated with Solvent A (methanol/acetonitrile/water/acetic acid; 10:15:100:0.2, v/v, pH
6.0). The column was eluted at a flow rate of 1 mL/min with 55% Solvent A and 45%
Solvent B (100% methanol) over 5 min. Solvent B was then increased linearly to 75% over
15 min and maintained at this level for an additional 15 min. 2 mL fractions were collected
as determined by elution of a deuterated standard, dried under nitrogen, and resuspended in
250 μl enzyme immunoassay (EIA) buffer. Samples were further diluted in EIA buffer
before EIA analysis for leukotriene B4 (LTB4; Cayman Chemical, Ann Arbor, MI).

Anti-Borrelia IgG concentrations
B. burgdorferi-specific IgG levels in the sera of infected animals were determined by ELISA
as described previously (36). Immulon 2B ELISA plates (Nalgene, Rochester, NY) were
coated with 0.5 μg/mL of B. burgdorferi antigen in coating buffer (0.1 M bicarbonate buffer,
pH 9.4). Sera of individual animals were diluted in BSA/PBS and incubated for 2 h at RT.
Alkaline phosphatase-conjugated donkey anti-mouse IgG (Jackson ImmunoResearch, West
Grove, PA) was applied at 1:1000 dilution. Plates were washed and read at 409 nm after
addition of the phosphatase substrate (Sigma 104 tablets, Sigma-Aldrich).

Determination of tissue Borrelia loads
DNA was extracted from ankle joints by homogenization in TRIzol reagent according to
manufacturer’s protocol. Multiplex real-time PCR was performed using the TaqMan
Universal PCR Master Mix (Applied Biosystems, Foster City, CA) according to
manufacturer’s instructions. Real-time PCR reactions for B. burgdorferi flagellin were
normalized to copies of nidogen DNA within the same sample (35). Bacterial loads are
expressed as copies of B. burgdorferi flagellin per 1000 copies of mouse nidogen.

Cell isolation and culture
Mouse bone marrow macrophages (BMMs) were isolated from mouse femurs using sterile
PBS and differentiated on 100 X 15 mm plastic petri dishes in medium containing RPMI
1640 supplemented with 30% L929 cell-conditioned medium, 10% fetal bovine serum
(FBS), and 2% penicillin-streptomycin at 37°C in 5% CO2. The media was refreshed every
2 days and the cells were incubated for 5-7 days.

Mouse bone marrow neutrophils (BMPMN) were purified from mouse femurs using a three-
layer Percoll gradient centrifugation as described previously (37,38) with some
modifications. Bone marrow cells were collected and red blood cells removed by hypotonic
lysis. Cells were then washed and laid on top of a discontinuous three-layer Percoll gradient
(1.095, 1.085, and 1.070 g/ml). After centrifugation at 500 x g for 30 min at 25° C, the
lowest interface (1.085/1.095 g/ml interface) was collected as the PMN fraction. Purity of
BMPMNs were >95%, as determined by Quik-Dip differential staining (Mercedes Medical,
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Inc. Sarasota, FL). In some experiments, BMPMNs were labeled with the fluorescent dye
PKH26 according to the manufacturer’s instructions (Sigma). Spontaneous apoptosis was
achieved by incubating labeled PMN for 24 h at 37°C in 5% CO2. BMPMN used in
phagocytosis assays were 60-70% apoptotic as determined by morphology.

Phagocytosis assay of B. burgdorferi
BMMs were harvested from petri dishes by gentle scraping and plated on glass coverslips at
0.5 × 106 cells per well in 24-well tissue culture plates containing antibiotic-free RPMI 1640
and 30% L929 cell-conditioned media. Live GFP-B. burgdorferi (a kind gift from James
Carroll, National Institutes of Health) were added to the cultures at a multiplicity of
infection (MOI) of 10. Plates were incubated for 1 or 4 h at 37°C with 5% CO2. Freshly
isolated BMPMNs were plated on coverslips in 24-well tissue culture plates in antibiotic-
free DMEM media and infected with immune serum-opsonized or nonopsonized live GFP-
B. burgdorferi at MOI 10. At indicated time points, both BMMs and BMPMNs were washed
three times with PBS to remove extracellular spirochetes and fixed in 4% paraformaldehyde
for 15 min at 25°C. Cells were then washed and permeablized with cold methanol for 10
min at 4°C and blocked with 5% BSA in PBS overnight. Anti-mouse CD16/32 was used to
block Fc receptors. Lysosome-associated membrane proteins (LAMP) were stained with
Alexa Fluor 647-conjugated rat monoclonal anti-mouse LAMP-1(1D4B; Santa Cruz
Biotechnology, Inc), and host cell nuclei were stained by Hoechst (1:1000) and examined by
fluorescence microscopy. The phagocytic index was calculated by determining the
percentage of BMM/BMPMN containing at least one spirochete per 300 cells. Comparable
data were obtained in two or more independent experiments. Data are expressed as mean ±
SD.

Phagocytosis assay of apoptotic PMN
BMMs were plated in 24-well tissue culture plates as described above. PKH26-labeled
apoptotic PMN were added to BMMs at ratio of 10:1. Plates were incubated for 1 or 4 h at
37°C with 5% CO2. Coverslips were then washed with PBS, and fixed in 4%
paraformaldehyde for 15 min at 25°C. Following membrane permeablization and blocking
with 5% BSA containing Fc blocking antibody, BMMs were stained with Alexa Fluor 488-
conjucated monoclonal rat anti-mouse F4/80A (Invitrogen), and coverslips were examined
by fluorescence microscopy. A minimum 300 cells were counted in random fields from at
least two independent coverslips. Phagocytic indexes were calculated by determining the
number of BMM containing at least one PMN per 300 cells. Comparable data were obtained
in two or more independent experiments. Data are expressed as mean ± SD.

Statistical Analysis
All experimental groups contained at least 5 mice per group and each experiment was
completed at least twice. Group means were analyzed for statistical significance using
GraphPad Prism Software. Student’s t-test or ANOVA with the Mann-Whitney U test were
used with a = 0.05.

Results
Bb infection activates the 5-LO pathway

Products of the 5-LO pathway are critical regulators of both the development and resolution
of inflammatory responses (39,40). Whether products of 5-LO have a role in the generation
or resolution of Lyme arthritis, however, is currently unknown. To determine if B.
burgdorferi infection could stimulate the 5-LO pathway in joint tissue, Lyme arthritis-
susceptible C3H/HeJ mice were infected with B. burgdorferi and the levels of 5-LO and
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FLAP mRNA in the joint were determined throughout the time course of infection using
real-time RT-PCR. Both 5-LO and FLAP mRNA were found to be significantly up-
regulated in ankle joints by d7 post-infection (Fig. 1A), a time point prior to the recruitment
of inflammatory cells into the joint tissue. In addition, we detected a significant increase in
the production of the 5-LO product, LTB4, in the ankle joint at d14 post-infection (Fig. 1B).
These data demonstrate that the 5-LO pathway is activated in joint tissues following
infection with B. burgdorferi, and could potentially contribute to the anti-Borrelia immune
response and development of experimental Lyme arthritis.

5-LO deficiency results in early increased joint swelling
LTB4-mediated recruitment of neutrophils is critical for the subsequent development of
arthritis in the K/BxN serum transfer model (25). We have previously shown that
recruitment of neutrophils into the infected joint is required for the development of
experimental Lyme arthritis (12). To determine the effect of 5-LO deficiency on the
development of Lyme arthritis, C3H wild-type (WT) and 5-LO-/- mice were infected with B.
burgdorferi and a time course of ankle swelling was determined. In many models of arthritis,
including experimental Lyme arthritis, swelling of the joint or paw is considered a reliable
indicator of the underlying inflammatory response. Increases in ankle diameter at 3, 7, 14,
21, 28, and 35 days post-infection were measured and compared to uninfected mice. WT
mice exhibited a typical ankle joint swelling curve, with a peak increase in ankle diameter
occurring at d14-21 post-infection. Unexpectedly, 5-LO-/- mice developed significantly
greater (p < 0.01) ankle swelling than the WT control mice, beginning at d7 and continuing
past d28 post-infection (Fig 2). This contrasted with results from other models of arthritis
such as CIA and K/BxN, in which mice lacking FLAP or 5-LO developed no or
significantly less paw swelling (21,25).

5-LO deficiency extends the duration of Lyme arthritis
Since eicosanoids are known modulators of vascular leakage and edema, the possibility
existed that ankle diameter may be altered while the underlying inflammatory response
remained essentially unchanged. Therefore, we ascertained whether the increased ankle
diameters in 5-LO-/- mice correlated with increased arthritis severity. C3H WT and 5-LO-/-

mice were infected with B. burgdorferi and sacrificed at weekly time points from d7 through
d28 post-infection. In Fig. 3A, we show representative histologic sections of ankle joints
from WT and 5-LO-/- mice on d14 and 28 post-infection. On d14, severe inflammation is
present in both the WT and 5-LO-/- ankle joints characterized by a predominantly
neutrophilic inflammatory infiltrate (arrows). By d28 post-infection, inflammation had
mostly resolved in the WT mice, with macrophages making up the majority of the remaining
inflammatory cells (arrowheads). In contrast, sections from the 5-LO-/- mice still displayed
severe acute inflammation with a preponderance of neutrophils, indicating a failure to
undergo the spontaneous resolution observed in the WT mice. Interestingly, we also found
multinucleate giant cells (MGC) in the joints of 50% of the 5-LO-/- mice at d14-d28 post-
infection (white arrow), indicating a change in the inflammatory environment, whereas no
MGC were observed in the joints of WT mice. Arthritis severity scores demonstrate that the
development of arthritis was similar between C3H WT and 5-LO-/- mice (Fig.3B). However,
by day 28 post-infection, the arthritis severity scores for the 5-LO-/- mice were significantly
higher than those of the C3H WT control mice (P < 0.001). Together these results indicate
normal induction of inflammation in 5-LO-/- mice infected with B. burgdorferi, but a defect
in the initiation of resolution of inflammation prolonging the inflammatory response
(chronic arthritis).

We next infected WT and 5-LO-/- mice and allowed the disease to progress for 60 days, a
time when most disease parameters in C3H WT mice have returned to homeostatic levels.
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At this time point, ankle swelling in WT mice had nearly returned to pre-infection levels,
and the remaining difference was likely due to the growth of the animals during the
experimental period (Fig.4A). Ankle swelling in the 5-LO-/- mice, however, remained
significantly greater than in the WT mice, indicating a continued delay in resolution of the
inflammatory response. Arthritis severity scores were also higher in the 5-LO-/- mice at this
time point (Fig.4B), demonstrating a true extension of the inflammatory response and not
simply a defect in the ability to resolve ankle swelling. Histological examination of ankle
joints from infected mice revealed the continued presence of a small number of primarily
macrophages in WT joints, while joints from 5-LO-/- mice still contained neutrophils -
indicative of an ongoing acute inflammatory response (Fig.4C).

5-LO deficiency alters the humoral response, but has no effect on spirochete clearance
Our data contrast with results from studies in other arthritis models, in which 5-LO
deficiency or inhibition resulted in prevention or amelioration of arthritis pathology (21,25).
In the current study, the effect of decreased or absent 5-LO activity during B. burgdorferi
infection more closely resembled those observed in models of infectious diseases, rather
than those seen in arthritis models. For example, infection of 5-LO-/- mice with K.
pneumoniae or T. gondii resulted in increased bacterial or parasite burden accompanied by
increased disease pathology (29,32). Thus, it was possible that the failure of arthritis
resolution we observed was due to an inhibition or inability to clear spirochetes from the
infected joint. Resolution of Lyme arthritis is thought to depend upon the production of anti-
Borrelia antibodies and subsequent antibody-mediated clearance of the bacteria from tissues.
5-LO products can affect humoral immunity, as 5-LO is expressed in B cells (41) and
exogenous leukotrienes can modify B and T cell activation (42,43). Additionally, in CIA,
treatment of mice with MK886, a FLAP inhibitor, resulted in decreased anti-collagen IgG1
and IgG2 production (21).

To determine if the 5-LO deficiency had an effect on the generation of anti-Borrelia
antibodies, C3H WT and 5-LO-/- mice were infected with B. burgdorferi and sera collected
on days 7, 14, 21, and 28 post-infection. There were no detectable differences in the
production of Borrelia-specific IgM levels at any of the time points examined (data not
shown); however, by day 28 post-infection, sera from 5-LO-/- mice contained significantly
less (P < 0.05) Borrelia-specific IgG than their WT counterparts (Fig.5A). We next
investigated whether this resulted in a concomitant decrease in spirochete clearance from the
joints. To do this we used quantitative real-time PCR to measure Borrelial loads in the ankle
joints of C3H WT and 5-LO-/- mice at time points throughout the infection. Surprisingly,
despite the observed decrease in Borrelia-specific IgG antibody production, spirochetes were
cleared from the joints of 5-LO-/- mice just as effectively as from the joints of WT animals
(Fig.5B). At d28 post-infection, a time point at which significant differences in ankle
swelling and joint inflammation were apparent between the WT and 5-LO-/- mice,
spirochete DNA was not detected in 50% of joints from either WT or 5-LO-/- mice. By d60
post-infection, a time when WT mice are well into resolution and 5-LO-/- mice exhibit
ongoing inflammation, spirochete DNA was not detected in any of the joint tissues from
either mouse strain. Thus, despite a decrease in Borrelia-specific IgG antibody production,
spirochete clearance from joint tissue appears to be normal, and an increase in bacterial
burden could not explain the prolonged arthritis demonstrated in B. burgdorferi-infected 5-
LO-/- mice.

Macrophage phagocytosis is defective in 5-LO-/- mice
Defects in the clearance of bacteria or apoptotic cells have been cited as instigating chronic
inflammatory diseases, such as rheumatoid arthritis and atherosclerosis (44,45).
Macrophages and neutrophils from 5-LO-/- mice have been shown to be defective in their
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uptake of microbial pathogens (29,30,46). Thus, we assessed whether these mechanisms
might be involved in the prolonged course of experimental Lyme arthritis seen in 5-LO-
deficient mice. Neutrophils were isolated from the bone marrow of C3H wild-type and 5-
LO-/- mice and were incubated with B. burgdorferi spirochetes (MOI=10) for 1 or 4h. We
found no differences in the uptake of B. burgdorferi spirochetes by neutrophils from wild-
type or 5-LO-/- mice at either time point (Fig.6A). The percentage of wild-type neutrophils
with at least one internalized spirochete was 31% at 1h, and rose to 44% at 4h and are
consistent with other reported results of phagocytosis assays (47). It has been reported that
neutrophils are inefficient in phagocytosis of unopsonized B. burgdorferi (48), thus we
repeated the experiment using opsonized B. burgdorferi spirochetes. Spirochete opsonization
increased the rate of phagocytosis by wild-type neutrophils to 58% at 1h and 62% at 4h.
Following opsonization there was a slight but significant (p < 0.01) decrease in the
phagocytic index of neutrophils from the 5-LO-/- mice relative to controls (Fig.6B). These
results suggest that products of the 5-LO pathway influence FcR-mediated phagocytosis by
neutrophils more strongly than other phagocytic mechanisms and supports previous work in
this area using other microbial pathogens (30).

We next assayed the ability of primary bone marrow-derived macrophages from 5-LO-
deficient mice to phagocytose live B. burgdorferi spirochetes. Phagocytosis of live
spirochetes by wild-type macrophages was 16% at 1h of co-incubation, and increased to
31% at 4h. In contrast to results observed in neutrophils, macrophages from 5-LO-/- mice
demonstrated significantly decreased (p < 0.01) capacity to phagocytose B. burgdorferi at
both the 1 and 4h time points (Fig.6C). To determine if this was a defect only in the uptake
of microbes or was a more global defect in macrophage phagocytosis, we next examined the
ability of 5-LO-deficient macrophages to take up apoptotic neutrophils. Wild-type
macrophage uptake of apoptotic neutrophils was 17% at 1h and 26% at 4h. The ability to
phagocytose apoptotic neutrophils was severely impaired in macrophages from 5-LO-/- mice
(Fig.6D), as 5-LO-deficient macrophages achieved only 36% of the apoptotic cell
engulfment attained by wild-type macrophages at 4h. This is in contrast to a previous report
where a 5-LO deficiency had no effect on macrophage uptake of apoptotic thymocytes (49).
Thus, a defect in the ability of macrophages to clear away apoptotic neutrophils from the site
of infection may play a role in prolonging the inflammatory response and lead to the
development of a chronic inflammatory disease.

Discussion
Products of the 5-LO metabolic pathway have been implicated in a number of chronic
inflammatory diseases including arthritis, asthma, cardiovascular disease, and cancer, and
have once again become targets for therapeutic intervention (50,51). Recent studies using
mouse models of arthritis have demonstrated a requirement for LTB4 production by
neutrophils, and the involvement of both LTB4 receptors, BLT1 and BLT2, in the
development of disease (21-28). In the current study we show that, in contrast to results
observed in autoantibody-mediated arthritis models, genetic deletion of 5-LO does not
prevent the development of arthritis in response to an infectious agent (B. burgdorferi), but
rather exacerbates the development of disease and inhibits resolution of the inflammatory
response. Lyme arthritis is caused by infection of the joint by the spirochete, B. burgdorferi,
and in mice, disease development is mediated by cells of the innate immune system and is
independent of adaptive immunity (8-10). Thus, experimental Lyme arthritis is an infectious
disease and is not autoimmune in nature. In contrast, the CIA and K/BxN models of arthritis
are dependent upon the induction or spontaneous development of auto-antibodies and are by
definition, autoimmune diseases. These models, therefore, occupy opposite ends of the
immunological spectrum, demonstrating that arthritis is a complex disease that can manifest
via several immunological mechanisms. Therefore, an individual’s disease etiology must be
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considered when contemplating treatment strategies, as treatment of one type of arthritis
may be detrimental for another.

In response to injury or infection, arachidonic acid (AA) is released from membrane
phospholipids by phospholipase A2. Once released, AA then serves as a substrate for the
generation of a large number of bioactive lipids through the actions of the cyclooxygenase,
lipoxygenase, or cytochrome P450 enzymes (52). Substrate availability is the limiting factor
in the production of eicosanoids, and under conditions of specific enzyme inhibition or
deletion, excess AA can be used by the remaining enzymes to produce increased levels of
certain metabolites. This shunting is a possible mechanism for the increased ankle swelling
seen in the 5-LO-/- mice in the current study. Due to the genetic deletion of 5-LO, increased
free AA may be used by COX-2 to produce higher levels of PGE2, which is known to
induce edema (53). Substrate shunting between these two enzymes has been described
previously using specific COX-2 inhibitors (54) or mice deficient in microsomal PGE2
synthase (55).

Mice deficient in 5-LO developed severe Lyme arthritis with similar kinetics as wild-type
C3H mice. However, as we reported when using COX-2-/- mice (17), the 5-LO-/- mice were
unable to resolve their arthritis and still had an acute inflammatory response in their ankle
joints 60d post-infection. At this time point, the wild-type mice were well into the resolution
phase of disease. Resolution of experimental Lyme arthritis is considered to be mediated by
the production of anti-Borrelia antibodies and clearance of spirochetes from the infected
joints (13). In the current study, genetic deletion of 5-LO reduced production of Borrelia-
specific IgG beginning by day 21 post-infection and became significantly lower (p = 0.004)
by day 28. However, spirochete clearance from the infected joint did not appear to be
affected by this decrease in specific-antibody production, suggesting the amount of specific-
antibody produced was sufficient for normal spirochete clearance. Murine B cells express
high levels of 5-LO, but this expression is down-regulated in germinal center B cells or
plasma cells (56). Our results are similar to those reported for Schistosoma mansoni
infection, where antibody-mediated responses were decreased in 5-LO-/- mice (57). We have
recently reported that COX-1 metabolites play a role in antibody class switching via
induction of IL-6 and IL-17 production (36), but the role of 5-LO metabolites in antibody
production has not been determined.

The inflammatory response in experimental Lyme arthritis is dominated by neutrophils and
macrophages (58). These phagocytic cells provide critical host defense through the uptake
and killing of microbial pathogens. Defective phagocytosis and killing of microbial
pathogens has been demonstrated in macrophages and neutrophils from 5-LO-/- mice
(29,30). In the current study, we found that direct uptake of B. burgdorferi was not impaired
in neutrophils from 5-LO-/- mice. However, upon spirochete opsonization, we detected a
slight but significant decrease in neutrophil phagocytic ability, which was in agreement with
previously published results with other pathogens (30). In contrast to the results using
neutrophils, phagocytosis of spirochetes by macrophages from 5-LO-/- mice was
significantly impaired, with these macrophages demonstrating roughly half of the
phagocytic capacity of wild-type macrophages. Again, this is in agreement with previous
reports of phagocytic defects in the uptake of K. pneumoniae by macrophages from 5-LO-
deficient mice (29). However, despite these defects in phagocyte uptake of Borrelia and
decreased Borrelia-specific IgG production, we could not detect a defect in spirochete
clearance from the joint. These results suggest that neutrophil phagocytosis of B. burgdorferi
is of primary importance for limiting spirochete growth and their eventual elimination from
the infected joint. The primary role for macrophages appears to be the uptake and
elimination of apoptotic neutrophils, and the subsequent down-regulation of the
inflammatory response and return of the tissue to homeostasis. When this function is
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defective, as seen in the 5-LO-/- mice, the inefficient removal of apoptotic neutrophils could
lead to an increase in necrotic neutrophils which are pro-inflammatory. The resolution of
inflammation has recently been recognized as an active rather than a passive event, requiring
coordinated up-regulation of pro-resolution molecules and down-regulation of pro-
inflammatory molecules (59). Phagocytic clearance of apoptotic cells has been recognized
as an important component in the resolution of inflammation (60). The ingestion of
apoptotic cells (efferocytosis) triggers the release of a number of anti-inflammatory
cytokines and lipid mediators, such as TGFβ and PGE2, and inhibits the release of pro-
inflammatory mediators, such as TNFα, and IL-1 (61,62). Defects in efferocytosis have
been linked to the development of chronic inflammatory diseases and autoimmunity
(60,63,64). In the current study, we demonstrate for the first time defective uptake of
apoptotic neutrophils by 5-LO-/- macrophages. Thus, it is possible that macrophages in
infected joints may not be able to effectively switch to an anti-inflammatory program and
thereby continue to promote the inflammatory response beyond clearance of the spirochetes
from the joint tissue.

Several lipid mediators have been recently described that have anti-inflammatory or pro-
resolution activities. These include the lipoxins from arachidonic acid, protectins and
resolvins from DHA and EPA, and the recently described maresins from macrophages (65).
We have previously demonstrated that infection of mice with B. burgdorferi induces the
production of these pro-resolution lipid metabolites (66). However, lipoxins are produced
via transcellular biosynthesis processes that require 5-LO metabolites and are therefore
missing in the joints of 5-LO-/- mice (67). Lipoxins are known to stimulate macrophage
uptake of apoptotic cells, down-regulate pro-inflammatory mediator production, and inhibit
further neutrophil recruitment into the site of inflammation (68,69). Thus, in addition to the
mechanisms discussed above, the lack of lipoxins may also contribute to the failure of
resolution in 5-LO-/- mice. Indeed, this may be a critical control factor for the initiation of
disease resolution in this model. We have previously reported that mice deficient in or
treated with an inhibitor of COX-2 have a similar disease phenotype to the 5-LO-/- mice
(17). It has been proposed that the production of PGE2 during the initial inflammatory
response is critical for the subsequent production of lipoxins (59). Thus, the lack of COX-2
or 5-LO activity may result in a failure of arthritis resolution due to a lack of lipoxins
production in the experimental Lyme arthritis model.

Based on these data, we propose the following model for the role of 5-LO products in
experimental Lyme arthritis (Fig. 7): Upon transmission to the host from an infected tick, B.
burgdorferi migrate to the large joints and multiply. This instigates a local inflammatory
response, characterized by the production of pro-inflammatory cytokines and lipid mediators
before inflammation is histologically evident. Anti-inflammatory molecules are also
produced to keep the inflammatory response under control. These likely include some 5-LO
products, as edema was significantly increased early in the time course of B. burgdorferi
infection in the absence of 5-LO. An anti-B. burgdorferi IgG adaptive immune response is
mounted, which is decreased in the absence of 5-LO. Whether this is directly attributable to
5-LO products or is an effect of the altered inflammatory milieu is still unknown.
Concomitantly, neutrophils are recruited to the infected joints in a CXCL1-dependent
fashion and subsequently phagocytose and kill the spirochetes. Since we found only a minor
effect on PMN phagocytosis of B. burgdorferi, this is either largely 5-LO independent, or
compensatory mechanisms are invoked in the absence of 5-LO, and thus we see no effect on
spirochete numbers in the joints of 5-LO-/- mice. Subsequently, 5-LO products regulating
macrophage phagocytosis of apoptotic PMN regulate efferocytosis, encouraging resolution
and repair of the damaged joint tissues. A lack of 5-LO, via either genetic or pharmacologic
means, would therefore lead to a breakdown in the pathways to resolution, manifested as an
ongoing inflammatory response. Studies are currently underway to further define the
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outcome of 5-LO deficiency with regard to the altered lipid profile, as well as the impact on
cytokine and chemokine production. In the future, new data will likely lead to modification
of this model. However, we believe this provides an important starting point from which to
launch studies that will expand our understanding of how products of 5-LO modulate all
phases of the immune response to B. burgdorferi and the generation of Lyme arthritis.

Arthritis is a complex disease with many regulatory molecules influencing its development
and resolution. Disparate results from animal models suggest caution should be taken when
applying treatment modalities, and that treatment successes or failures may apply to subsets
within the patient population, rather than globally to all patients with arthritis. More
complete characterization of these responder subsets may be required for progress to be
made.
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Figure 1.
B. burgdorferi infection induces up-regulation of the 5-LO pathway in joints of C3H mice.
C3H mice were infected with 1 × 105 B. burgdorferi and sacrificed at indicated time points
post-infection. (A) Expression of mRNA for 5-lipoxygenase (5-LO) and FLAP in knee
joints was determined by real-time RT-PCR. Values are represented as the increase in
expression relative to uninfected controls (day 0). (B) Concentrations of LTB4 in tibiotarsal
joints, as determined by EIA. Values expressed are pg LTB4 per mg protein. Bars represent
mean values ± SD and are representative of two experiments performed. n = 5 mice/time
point. *, p ≤ 0.05 vs. uninfected controls as determined by one-way ANOVA with Dunnett’s
multiple comparisons post-test.
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Figure 2.
5-LO deficiency results in an early and prolonged increase in ankle swelling. C3H wild-type
(WT; filled symbols) and C3H 5-LO-/- (open symbols) mice were infected with 1 × 105 B.
burgdorferi and ankle diameter measurements were made at regular intervals post-infection.
Ankle swelling was determined by subtracting the ankle measurement pre-infection from the
measurement at the indicated time point. Values represent the mean ± SD and are
representative of two experiments performed. n = 5 mice/time point. *, p ≤ 0.01 versus WT
control, as determined by two-way ANOVA, followed by Bonferroni post-tests.
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Figure 3.
5-LO deficiency results in the prolonged duration of experimental Lyme arthritis. (A)
Representative H & E sections of tibiotarsal joints from B. burgdorferi-infected C3H wild-
type (WT, upper panels) and 5-LO-/- (lower panels) at 14 and 28 days post-infection. The
boxed areas in the left panels are shown at a higher magnification in the panels on the right
side. Arrows indicate neutrophils, whereas arrowheads indicate macrophages. The white
arrow designates a multinucleate giant cell. (B) Arthritis severity scores of C3H WT (filled
symbols) and 5-LO-/- (open symbols) mice were determined by examination of H & E
sections of ankle joints obtained at weekly time points post-infection, as described in
Materials and Methods. Each symbol represents the severity score of an individual animal,
and horizontal bars denote the median score of each group. n = 7-15 mice/time point. *, p <
0.01 versus WT control, as determined by two-way ANOVA with Bonferroni post-tests.
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Figure 4.
Lyme arthritis in 5-LO-/- mice fails to resolve by 60 days post-infection. C3H wild-type
(WT) and 5-LO-/- were infected with B. burgdorferi and disease was allowed to progress for
60 days. (A) Increases in ankle diameter of C3H WT (filled bars) and 5-LO-/- (open bars)
mice were determined at 35, 45, and 60 days post-infection with B. burgdorferi. Values are
the increase in ankle diameter from day 0 measurements. Bars represent mean values ± SD
of 5 mice/genotype. *, p < 0.008 versus WT control at the same time point, as determined by
unpaired t-test. (B) Arthritis severity scores of WT (filled symbols) and 5-LO-/- (open
symbols) mice at day 60 post-infection were determined by examination of H & E stained
sections of ankle joints. Each symbol represents the severity score of an individual animal
and horizontal bars represent the median of each group. n = 5 mice/genotype. *, p = 0.02
versus WT controls, as determined by unpaired t-test. (C) Representative H & E sections of
ankle joints from WT (left panel) and 5-LO-/- (right panel) mice sacrificed at d60 post-
infection. The boxed areas in the upper panels are shown at a higher magnification in the
lower panels. Arrows indicate neutrophils.
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Figure 5.
5-LO-deficiency during B. burgdorferi infection has little or no effect on anti-Borrelia
antibody production or bacterial clearance. (A) B. burgdorferi-specific IgG concentrations in
sera of C3H wild-type (WT; filled bars) and 5-LO-/- (open bars) mice at weekly time points
post-B. burgdorferi infection. *, p = 0.004 versus WT controls at the same time point, as
determined by two-tailed unpaired t-test. Bars represent mean values ± SD and are
representative of two experiments performed. n = 5 mice/genotype. (B) B. burgdorferi loads
were determined in the ankle joints of WT (filled symbols) and 5-LO-/- (closed symbols) at
7, 14, 21, 28, and 60 days post-infection. Each symbol represents an individual animal, and
values were determined by real-time PCR as described in Materials and Methods and are
expressed as copies of B. burgdorferi flagellin (fla) per 103 copies mouse Nidogen (nido).
Horizontal bars denote the median value of each group. n = 7-15 mice/genotype/time point.
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Figure 6.
Macrophages from 5-LO-/- mice have reduced phagocytic capacity, but phagocytosis by
PMNs is unaffected. Bone marrow-derived PMNs (A & B) or macrophages (Mϕ, C & D)
were isolated from wild-type (control) or 5-LO-/- animals and their phagocytic index (%
control) determined after 1 or 4 hr of co-culture. PMN were co-cultured with unopsonized
(A) or opsonized B. burgdorferi (PMN-OpBb) (B). Macrophages were co-cultured with
unopsonized B. burgdorferi (C) or with apoptotic PMN (D) as described in the Materials and
Methods. Bars represent means ± SEM and are the results from two pooled experiments. *,
p < 0.01 versus WT control cells, as determined by two-way ANOVA, followed by
Bonferroni post-tests.
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Figure 7.
Proposed model for the effects of 5-LO on Lyme arthritis resolution or the development of
chronic inflammation.

Blaho et al. Page 22

J Immunol. Author manuscript; available in PMC 2012 May 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


