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Abstract

Experimental Lyme arthritis provides a mouse model for exploring the development of pathology
following infection of C3H mice with Borrelia burgdorferi. Infected mice develop a reliable
inflammatory arthritis of the ankle joint with severity that typically peaks around two to three
weeks post-infection and then undergoes spontaneous resolution. This makes experimental Lyme
arthritis an excellent model for investigating the mechanisms that drive both the development and
resolution phases of inflammatory disease. Eicosanoids are powerful lipid mediators of
inflammation and are known to regulate multiple aspects of inflammatory processes. While much
is known about the role of eicosanoids in regulating immune responses during autoimmune disease
and cancer, relatively little is known about their role during bacterial infection. In this review, we
discuss the role of eicosanoid biosynthetic pathways in mediating inflammatory responses during
bacterial infection using experimental Lyme arthritis as a model system. We point out the critical
role eicosanoids play in disease development and highlight surprising differences between sterile
autoimmune responses and those occurring in response to bacterial infection. These differences
should be kept in mind when designing therapies and treatments for inflammatory diseases.
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1. Introduction

Lyme Disease is the most common arthropod-borne disease in the United States, with an
estimated 300,000 new cases each year [1]. The disease is caused by infection with the
spirochete, Borrelia burgdorferi, and is transmitted to the mammalian host via the bite of
infected /xodesticks [2]. In humans, clinical diagnosis is typically aided by the development
of an expanding bulls-eye rash (erythema migrans) at the site of the tick bite [3]. Prompt
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treatment of the infected individual with antibiotics at this stage will generally result in
clearance of the spirochetes and cessation of symptoms [4]. However, a delay in treatment
will often result in the manifestation of secondary disease symptoms, most commonly
arthritis of the large joints, carditis, and neurological problems, which in some cases are
quite difficult to treat [5].

Experimental Lyme borreliosis is a mouse model of Lyme Disease that mimics many of the
disease symptoms (especially arthritis and carditis) seen in infected humans. Disease
development is genetically regulated, with C3H mice being disease susceptible and
C57BL/6 mice disease resistant [6]. Figure 1 provides an overview of immune parameters
important during a typical infection in C3H mice. Following inoculation into the mammalian
host, the spirochetes remain sequestered at the inoculation site for several days before
systemically disseminating [7]. B. burgdorferiis a relatively slow growing bacterium,
therefore the spirochetes gradually increase their numbers throughout the mammalian host
for the next week or so, typically peaking two to three weeks post-infection [7]. The
spirochetes have a tropism for joint tissue and colonize in the large joints, especially the
knee and ankle, where they induce an inflammatory arthritis lasting several weeks. Antibody
formation is thought to be the primary immune effector function responsible for control of
B. burgdorferinumbers [8], therefore, as specific antibodies are generated the spirochetes
are cleared from most tissues. However, sterile immunity is not achieved and the skin and
urinary bladder remain infected most likely for the life of the host [9].

Experimental Lyme arthritis is an inflammatory arthritis and is dependent on the presence of
the spirochetes in the joint tissue. As spirochete numbers increase systemically the microbes
colonize the synovium and areas around the tendon sheaths, and in susceptible strains of
mice this causes inflammation and arthritis development [6]. The development of disease is
mediated by an influx of neutrophils and macrophages and is independent of participation by
T and B cells [10]. This is mechanistically different than other commonly used murine
models of arthritis, such as collagen-induced arthritis (CIA) or the K/BxN arthritis model,
which depend upon the presence of auto-reactive antibodies and the activation of the
adaptive immune response for development of disease [11]. Conversely, experimental Lyme
arthritis is mediated solely by innate immunity [12]. However, B cells are thought to play an
important role in Lyme arthritis resolution, as passive transfer of immune serum into B.
burgdorferi-infected scid mice, which are devoid of T and B cells, causes spirochete
clearance and disease resolution [8].

2. Eicosanoids in experimental Lyme arthritis

Eicosanoids are 20-carbon fatty acid metabolites of arachidonic acid (AA) that play
numerous regulatory roles throughout the body (Figure 2), but are especially important
during inflammatory responses [13]. Following tissue injury or infection AA is released
from membrane stores primarily through the action of cytosolic phospholipase A, (CPLA)).
The free AA can then be used by several cell-specific enzymes of the cyclooxygenase
(COX), lipoxygenase (LOX), or cytochrome P450 (CYP450) metabolic pathways as the
substrate for the production of numerous bioactive lipids. These lipids have a wide range of
biological activities and play a role in regulating many pathways, especially vascular tone
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and inflammation. In addition to AA, other fatty acids, such as the omega-3 fatty acids
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), can be metabolized by these
same enzymes to produce other bioactive lipid metabolites, such as the protectins and
resolvins [14].

Since experimental Lyme arthritis is an inflammatory arthritis it was anticipated that
eicosanoids would be involved in regulating its development and resolution: however; which
eicosanoids were involved and the timing of their production was unknown. To answer these
questions we pioneered a new experimental technique to comprehensively analyze nearly the
entire known eicosanoid metabolome (along with a few other bioactive lipids) from B.
burgdorferi-infected joints over the complete time-course of infection [15]. We harvested
ankle joints from B. burgdorferi-infected and sham-infected arthritis-susceptible C3H and
arthritis-resistant DBA/2 mice at nine different time points during the course of disease.
Infection of C3H mice with B. burgdorferiinduced significant eicosanoid production across
multiple metabolomic pathways; including the COX, LOX and CYP450 pathways, in
addition to other non-enzymatic metabolic breakdown products (Figure 3). In general, most
of the metabolic pathways in the susceptible C3H mice were activated at time points before
and near the peak of inflammation. In contrast, several of these same pathways appeared to
be actively suppressed in the disease-resistant DBA/2 mice [15]. This demonstrates a
fundamentally different response to infection with B. burgdorferiin disease-resistant and —
susceptible mouse strains and has important implications for disease development in
humans. However, the mechanisms responsible for these differences remain to be elucidated.

In the C3H mice, many of the metabolites displayed a biphasic expression pattern, with an
initial peak corresponding to the peak of inflammation and then a second peak around day
28 post-infection, which is typically the onset of resolution in this model. This correlates
well with the hypothesis that some eicosanoids, for example the prostaglandin PGE,, may
play a role in both the induction and resolution phases of the inflammatory response [16].
PGE, and PGD, were highly expressed COX-2 metabolites, and leukotrienes LTE, and 5-
HETE (5-hydroxyeicosatetraenoic acid) were the most highly expressed 5-LOX metabolites
in the joints of infected C3H mice (Figure 3). These are known mediators of inflammatory
responses so it is perhaps not surprising to find high levels in the infected tissue. We also
found high levels of many of the 12/15-LOX metabolites, including the docosanoid
protectin, 15-HETE, 12-HETE, and the hepoxilin HXAgs. Production of these metabolites
may reflect the tight control needed over inflammatory processes. HXAg is known to recruit
neutrophils [17] while 12-HETE can recruit monocytes by promoting the expression of
MCP-1 [18]. In contrast, protectin D1 has been shown to inhibit neutrophil recruitment /n
vivo[19]. In addition, 15-HETE can be converted to the pro-resolution molecule, lipoxin
LXAy, by 5-LOX and thus may be important for the induction of disease resolution [20]. We
also found significantly higher levels of the docosanoid 17-HdoHE, a stable form of the
protectin and resolvin biosynthetic intermediate, 17-HpDoHE, in infected C3H mouse joints.
Finally, several metabolites from the CYP metabolic pathway were also highly expressed.
The epoxyeicosatrienoic acids (EET), 14,15-EET and 11,12-EET can modulate
inflammation by promoting vasodilation allowing inflammatory cell transmigration from the
vasculature into infected tissue [21]. These results demonstrate the complex and cooperative
nature of eicosanoid biosynthesis in regulating inflammation in response to infection.
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By using this comprehensive lipidomics approach an overview model can be constructed of
how activation of the eicosanoid metabolic pathway might regulate the development and
resolution of inflammatory responses (Figure 4). Following recognition of infection by
innate immune cells, cPLA, and other specific eicosanoid metabolic enzymes are activated.
cPLA, releases AA from membrane stores and this is converted to specific eicosanoid
metabolic products in various cell types, such as tissue macrophages and endothelial cells.
PGE, and PGD, likely promote the onset of inflammation, along with specific cytokines and
chemokines, by activating the local vasculature and increasing vascular permeability. Anti-
inflammatory products, such as the PGD, dehydration product 15d-PGJy, are produced at
the same time to modulate the response so that it is not too damaging to host tissue. 12-
HETE and various EETs may help to control vascular tone during inflammatory responses
and counterbalance pro-inflammatory signals. In cooperation with locally released cytokine
and chemokine signals 12-HETE and HXA3 may participate in the recruitment of
monocytes and neutrophils from the vasculature [18, 22]. These signals induce inflammation
and result in arthritis development in the joints of infected mice. As Borrelia-specific
antibody responses rise, the spirochetes are cleared from the joints inducing the production
of pro-resolution mediators to decrease arthritis severity. Once the microbial threat is
removed, alternatively activated macrophages can be recruited to remove tissue debris and
release pro-resolving molecules, like the protectins, to restore the tissue to homeostasis and
full functionality of the joint.

3. Impact of eicosanoids on experimental Lyme arthritis

3.1 COX-2 inhibition

As demonstrated above, infection of C3H mice with B. burgdorferiinduces the production
of numerous eicosanoids in infected joint tissue. But what impact does the production of
these compounds have on disease pathogenesis? Administration of prostaglandins into tissue
is known to induce several of the cardinal signs of inflammation, such as pain, swelling and
redness [23]. Inhibition of prostaglandin production via COX inhibition has been
demonstrated to ameliorate arthritis development in several autoimmune models of arthritis,
including CIA, K/BxN, and adjuvant-induced arthritis [24—-26], but the effect this might have
on an inflammatory arthritis was unclear. We infected C3H mice treated with a COX-2-
specific inhibitor, celecoxib, or C3H mice deficient in COX-2 (COX-277) with B.
burgdorferiand followed arthritis development for 35 days [27]. We found that COX-2
inhibition or deletion did not have a significant impact on arthritis development, but rather
inhibited arthritis resolution. This effect was not due to an alteration in development of
Borrelia-specific antibody responses or failure of spirochete clearance from joint tissue as
these were similar to control animals. Thus, by inhibiting prostaglandin synthesis via
COX-2, we converted a transient inflammatory response into a chronic inflammatory
disease. The mechanisms behind this phenomenon are not clear. COX-2-deficient mice
infected with B. burgdorferi do not develop the typical joint swelling seen in wild-type mice,
but the underlying recruitment of inflammatory cells, such as neutrophils and monocytes,
appears to be unaffected [27]. The loss of COX-2 activity decreases the production of anti-
inflammatory prostaglandins, like PGD, and 15d-PGJ,, and thus may impact disease
resolution. In addition, the COX-2 derived product, 15-HETE, can be converted to LXA4 by
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5-LOX activity [20], and PGE; can induce PMN to switch from producing LTB4 to LXAy
[16] and thus primarily impact disease resolution. In contrast, inhibition of COX-2 activity
prevented the development of CIA or adjuvant-induced arthritis, while inhibition of COX-1
inhibited K/BxN arthritis via PGl inhibition [24-26]. The reasons for these differences in
arthritis outcome when blocking COX are not clear; however, NSAIDs are a common
treatment for arthritis patients. While the treatment is effective in alleviating pain and
swelling associated with arthritis it does not slow down the underlying joint inflammation,
and it may actually make it worse.

3.2 5-LOX inhibition

Similar results were found when we infected C3H mice deficient in 5-LOX with B.
burgdorferi [28]. Mice deficient in 5-LOX products had also been shown to be resistant to
the development of CIA and other models of autoimmune arthritis primarily by blocking
LTB4-mediated recruitment of neutrophils into the joint [29, 30]. In experimental Lyme
arthritis, infection of 5-LOX ™'~ mice resulted in normal development of Lyme arthritis, but a
defect in arthritis resolution. These results demonstrate the complexity of the lipid mediator
network and their cooperativity in regulating the inflammatory process. Interestingly, during
our lipidomics study, we found that not only did COX-27/~ mice have an expected defect in
prostaglandin production, but also an unexpected defect in production of some 5-LOX
metabolites [15]. These results demonstrate we have much to learn before the tremendous
potential of this regulatory network can be harnessed for the treatment of inflammatory
diseases. For now, we must be cognizant of the differences in responses between model
systems, especially between autoimmune and infectious disease models, when designing
therapies to impact inflammatory disease.
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Highlights

C3H mice infected with Borrelia burgdorferi develop an inflammatory
arthritis.

Select bioactive lipids from infected ankles were quantified using lipidomics.
COX-2 inhibition or deletion results in non-resolution of arthritis.

Lipidomics revealed that COX-2 deletion leads to loss of some 5-LOX
metabolites.

5-LOX inhibition or deletion also resulted in non-resolution of arthritis.
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Figure 1. Parameters of experimental Lyme arthritis
C3H mice were infected in the hind footpads with 1x10° B. burgdorferi and arthritis severity

scores (red circles), Bbtissue loads (blue triangles), and Bb-specific 1gG levels (black
squares) were measured throughout the disease time course. Arthritis severity scores were
determined from hematoxylin and eosin-stained tibiotarsal joints on a scale of 0-4. Bbtissue
loads were determined by real-time PCR from knee tissue. Bb-specific 1gG levels were
determined by ELISA from serum. n=5 for each time point and the results are representative
of two separate experiments. Figure was modified and used with permission from [15].
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Figure 2. Simplified schematic of the eicosanoid biosynthetic pathway
Upon injury or infection arachidonic acid (AA) is released from membrane stores through

the action of cytosolic phospholipase A,. AA is then acted upon by various enzymes (blue
boxes) and converted into numerous bioactive lipid compounds (ovals) with wide ranging
pharmacological effects.
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Figure 3. Lipidomic profiling of temporal changes in eicosanoids and other related bioactive lipid
biosynthetic pathways
Heat map depicting fold changes in lipid mediators from B. burgdorferi-infected joints

compared to uninfected (day 0). In addition, joint levels of selected lipid mediators are
shown over time for n = 8-10 mice per time point. Figure was adapted with permission from
[15].
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Figure 4. Model of lipid mediator regulation of experimental Lyme arthritis
Following infection both pro-and anti-inflammatory mediators are produced and

inflammation ensues. As the spirochetes are cleared by antibody and innate immune cells,
other pro-resolution lipid mediators are produced which stimulate resolution and a return of
the tissue to homeostasis. Figure is adapted with permission from [15].
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