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Macrophage Polarization during Murine Lyme Borreliosis
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Infection of C3H mice with Borrelia burgdorferi, the causative agent of Lyme disease, reliably produces an infectious arthritis
and carditis that peak around 3 weeks postinfection and then spontaneously resolve. Macrophage polarization has been sug-
gested to drive inflammation, the clearance of bacteria, and tissue repair and resolution in a variety of infectious disease models.
During Lyme disease it is clear that macrophages are capable of clearing Borrelia spirochetes and exhausted neutrophils; how-
ever, the role of macrophage phenotype in disease development or resolution has not been studied. Using classical (NOS2) and
alternative (CD206) macrophage subset-specific markers, we determined the phenotype of F4/80" macrophages within the joints
and heart throughout the infection time course. Within the joint, CD206" macrophages dominated throughout the course of
infection, and NOS2* macrophage numbers became elevated only during the peak of inflammation. We also found dual NOS2*
CD206" macrophages which increased during resolution. In contrast to findings for the ankle joints, numbers of NOS2* and
CD206" macrophages in the heart were similar at the peak of inflammation. 5-Lipoxygenase-deficient (5-LOX /") mice, which
display a failure of Lyme arthritis resolution, recruited fewer F4/80 cells to the infected joints and heart, but macrophage subset
populations were unchanged. These results highlight differences in the inflammatory infiltrates during Lyme arthritis and cardi-
tis and demonstrate the coexistence of multiple macrophage subsets within a single inflammatory site.

acrophages play a dynamic role in the immune system as

both inflammatory and anti-inflammatory mediators. Their
phenotype is highly flexible and dependent upon the cytokine
stimulus of the microenvironment they infiltrate (1). They are
routinely classified as proinflammatory and immunomodulatory
(M1) or anti-inflammatory and remodeling (M2) macrophages,
but their phenotype actually lies within a spectrum of inflamma-
tory to anti-inflammatory polarization (2). The language within
the field is currently being modified to ensure that the macro-
phages being studied have a clear phenotypic description, and we
use the nomenclature recently suggested (3). Within the last 15
years, much work has been done to phenotypically characterize
macrophage subsets. Identifying unique surface and intracellular
markers, as well as understanding transcriptional regulation, has
allowed the importance of specific macrophage phenotypes in in-
fectious and autoimmune models to be uncovered.

Classically activated M1 macrophages are proinflammatory cells
capable of destroying pathogens, tumor cells, and various foreign
compounds. Stimulation of undifferentiated macrophages with lipo-
polysaccharide (LPS) and gamma interferon (IFN-v), or tumor ne-
crosis factor alpha (TNF-a), induces polarization to the M1 pheno-
type (4, 5). They can be recognized both in vitro and in vivo by the
production of nitric oxide species (NOS), as well as other proinflam-
matory molecules, including TNF-q, interleukin 1 (IL-1), IL-6, and
CCL2 (6). They are routinely identified by flow cytometry using an-
tibodies against F4/80, NOS2, Marco, and IL-12b (7). In contrast,
alternatively activated M2 macrophages are responsible for promot-
ing wound healing, tissue regeneration, and antagonizing M1 mac-
rophage responses (8). Polarization of undifferentiated macrophages
into the M2 subset in vitro can occur by stimulating them with IL-4,
with or without IL-13 (9). M2 macrophages display elevated arginase
activity and release IL-10, transforming growth factor B (TGF-f3),
and platelet-derived growth factor (PDGF), and their identification
using flow cytometry relies on expression of F4/80, CD206, and
CD163 (10, 11). Transcriptionally, IRF5 promotes M1 differentiation
and actively inhibits M2 differentiation (12), while M2 polarization is
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regulated by both IRF3 and IRF4 (13, 14). Subclasses of the M2 phe-
notype have been described in vitro, including M2a, M2b, and M2c;
however, the existence or relevance of these subtypes has yet to be
explored in vivo (15).

Macrophage phenotype is thought to play an important role in
models of infection, with M1 responses considered to be protec-
tive and M2 conditions to be associated with bacterial persistence.
Thus, during acute infection, M1 macrophages are often consid-
ered the main component of protection and survival. Mice defi-
cientin IFN-y or TNF-a succumb to infection with Listeria mono-
cytogenes due to their inability to induce an M1 phenotype, critical
for the engulfment and destruction of the bacteria before their
phagosomal escape (16, 17). Similar mechanisms have been re-
ported for Salmonella and Chlamydia infections (18, 19). M1 mac-
rophages, while critical, cannot persist in the environment be-
cause the potential for tissue damage and chronic inflammation
increases the longer they remain. To circumvent this, macrophage
phenotype is flexible, and once the infection is cleared and a more
anti-inflammatory environment is created, these inflammatory
cells may switch to a proresolution M2 phenotype (1). Manipula-
tion of macrophage polarization to the M2 phenotype has been
shown to aid in tissue remodeling in a murine model of hindlimb
ischemia (20). Failure to make the switch, such as in patients with
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chronic venous ulcers or severe burns, prolongs inflammation
(21,22).

Early work suggested that M1 macrophages would be present
in greater numbers during the initiation of inflammation and that
M2 macrophages would be recruited later, or converted from M1
macrophages, to aid in resolution. It now appears that this is an
oversimplified model and macrophage polarization in vivo is ac-
tually comprised of a spectrum of phenotypes and not that of
simply two extremes. In vivo studies have defined a subset of mac-
rophages possessing phenotypic similarities of both M1 and M2
macrophages, the resolution-phase macrophage (rM) (23, 24).
These cells may be critical in resolution of inflammation and a
return of the tissue to homeostasis after insult or injury. Resolu-
tion-phase macrophages generally appear to be more M2-like be-
cause they express mannose receptor (CD206) and produce IL-10
and arginase, but they also produce nitric oxide like an M1 cell.
Interestingly, genetic control of the rM phenotype appears to be
different from that of both M1 and M2 macrophages (24).

While there is increasing interest in macrophage polarization
in infectious models, macrophage phenotype has not been fully
explored within the Lyme field. Lyme disease is caused by infec-
tion with the bacterial spirochete Borrelia burgdorferi, and suscep-
tible mouse strains develop inflammatory arthritis and carditis
that peak around 3 weeks postinfection, followed by spontaneous
resolution. While the inflammatory infiltrate in the infected joints
is primarily comprised of neutrophils, macrophages appear to
predominate during Lyme carditis (25). Understanding the polar-
ization status of macrophages throughout a Lyme infection may
help to define the mechanisms that drive both inflammation and
disease resolution.

MATERIALS AND METHODS

Animals. Female wild-type (WT) C3H/He] mice, age 4 to 6 weeks, were
purchased from The Jackson Laboratory (Bar Harbor, ME). 5-LOX ™/~
mice (B6;129S2-Alox5™1f7/]) were purchased as breeders from The Jack-
son Laboratory and were backcrossed for 10 generations onto the C3H/
HeJ background. Heterozygous mice were then intercrossed to produce
C3H 5-lipoxygenase-deficient (5-LOX /~) mice. 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. A virulent clonal isolate of B. burgdorferi N40
strain was used for all infections. Frozen stocks were added to 7 ml of
C-BSK-H medium (Sigma-Aldrich, St. Louis, MO) and grown to log
phase at 32°C. Spirochetes were counted using dark-field microscopy in a
Petroff-Hausser counting chamber (Hausser Scientific, Horsham, PA).
Spirochete dilutions were made in sterile BSK-H medium, and mice were
inoculated in each hind footpad with 50 pl of medium containing 5 X 10*
spirochetes. Arthritis progression was monitored by measuring ankle
swelling at the thickest craniocaudal portion of the joint using a metric
caliper. The ankle diameter increase was determined by measuring the
joint thickness prior to infection and then subtracting this value from the
weekly measurements.

Reagents. Antibodies for use in flow cytometry were obtained
from eBioscience (CD45.2-peridinin chlorophyll protein [PerCP]-Cy5.5,
CD16 CD32,NOS2-phycoerythrin [PE]), and BioLegend (F4/80-allophy-
cocyanin [APC]-eF1.780, CD206-APC). Collagenase/dispase version 16
was purchased from Roche and resuspended according to the manufac-
turer’s directions. DNase I DN-25 was purchased from Sigma and stored
at —20°C in 2 mg/ml of 50% glycerol and 75 mM NaCl.

In vitro isolation of bone marrow derived macrophages (BMDM).
Bone marrow cells were isolated from C3H and C3H 5-LOX "/~ mouse
femurs and tibias and differentiated on 100- by 30-mm plastic petri dishes
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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% CO, for 6 days. Adherent cells were removed,
washed, and plated in a 12-well plate at 1 X 10° per well overnight. For
coculture experiments, B. burgdorferi was then added at a multiplicity of
infection (MOI) of 10:1, and cultures were incubated for an additional 24
h. The wells were then washed and the cells removed by gentle scraping.
Staining for the M1 or M2 phenotype was then completed as described
below. For macrophage polarization experiments, the cells were then
stimulated with 1 pg/ml of IL-4 (Peprotech) or LPS (Sigma) and IFN-y
(Peprotech) for 24 h to induce M2 and M1 subsets, respectively. Super-
natant nitrite concentrations were determined by the Greiss reaction. Ar-
ginase activity was determined by incubating cell lysates with L-arginine
for 1 h and measuring the amount of urea produced.

In vivo cell isolation. Three infected WT C3H or C3H 5-LOX '~
mice were sacrificed at each time point. Ankles were removed from each
mouse by removing the toes and carefully disarticulating the knee joint,
particularly to avoid bone marrow contamination. Excess muscle tissue
was trimmed to reduce blood contamination. Hearts were perfused with
10 ml of 1 X phosphate-buffered saline (PBS), removed, and cut into fine
pieces. Samples were placed in 15-ml conical tubes containing 5 ml of 1X
PBS plus 4% FBS, 75 wl of diluted DNase I (0.03 mg; Sigma), and 50 .l of
stock collagenase/dispase (Roche) and rocked at room temperature (RT)
for 1 h. Samples were then placed in sterile petri dishes containing 5 ml of
additional RPMI 1640 supplemented with 10% FBS, and ankles were care-
fully flayed apart using sterile rat tooth forceps. Cells were strained
through a 70 pwm filter (BD Falcon) into a 50-ml conical tube. Cells were
washed with 5 ml of 1X PBS plus 4% FBS three times, and live cells were
enumerated using trypan blue exclusion.

Cell staining. A total of 1 X 10° cells were stained in a 96-well U-bot-
tom plate (Corning, Inc.). All cells were treated with Fc block (anti-CD16/
CD32; eBioscience) for 15 min at 4°C. Cells were stained on ice in the dark
using stains specific for the following cell types: CD45.2-PerCP-Cy5.5
(hematopoietic cells), F4/80-APC-efluor780 (macrophages), intracellular
NOS2-PE (M1 macrophages), and CD206-APC (M2 macrophages). Cells
were then washed and fixed in 1% paraformaldehyde for 15 min and
analyzed using a Dako CyAn flow cytometer and Summit V5.0 software.

Statistical analysis. Statistical significance was assessed for most data
using analysis of variance (ANOVA) followed by Dunnett’s test for com-
paring multiple groups with a single control. For other data consisting of
two groups we used an unpaired, two-tailed Student ¢ test. Significance
levels were set at a P value of <0.05. All experiments were completed at
least twice, and figures are representative of a single experiment. For in
vivo experiments, 3 animals were sacrificed per group per day.

RESULTS

Characterization of BMDM from C3H mice. BMDM are com-
monly used in Lyme disease research as a representative macro-
phage for investigating in vitro cellular responses to B. burgdorferi
infection (26-29). Following the culture and differentiation of BM
precursors into BMDM in our laboratory, these cells appear to
take on an uncommitted or M2 phenotype, as determined by flow
cytometry expression of NOS2 or CD206 (Fig. 1A). Upon cocul-
ture with B. burgdorferi for 24 h, the cells become primarily M1-
like cells, downregulating their expression of CD206 and increas-
ing their expression of NOS2. They also acquire the M1-like ability
to produce NO (Fig. 1B). Interestingly, a small population of cells
appears to express markers of both M1 and M2 cells (NOS2™"
CD206™). Whether these cells are in the process of transitioning
from the M2 to M1 phenotype or represent a separate macrophage
state, such as the resolution macrophage (rM) described by By-
strum et al. (23), is unclear at this time. However, it is clear that
BMDM adopt an M1-like phenotype when cultured with B. burg-
dorferi in vitro.
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FIG 1 In vitro characterization of BMDM from C3H mice. BMDM were
cultured with (infected) or without (uninfected) B. burgdorferi spirochetes
(MOI, 10:1) for 24 h. Cells were gated on live cells and F4/80" and then
assessed for expression of CD206 and NOS2. Representative flow plots are
shown, and percentages of F4/80™ cells expressing NOS2 (M1), CD206 (M2),
or both NOS2 and CD206 (M1/M2) are presented (A). Levels of nitrite were
determined in supernatants of uninfected (control) or infected BMDM (B).

Flow cytometric evaluation of macrophage subsets within
experimental Lyme arthritis. In order to study the development
of macrophage subsets during experimental Lyme borreliosis, we
infected susceptible C3H mice with 5 X 10* B. burgdorferi organ-
isms per footpad and monitored arthritis progression. At various
time points postinfection, groups of mice were sacrificed and
joints and heart tissue were removed, homogenized, and stained
for analysis by flow cytometry. Our gating strategy is shown in Fig.
2A. M1 macrophages were defined by their expression of NOS2,
and M2 macrophages were defined by their expression of CD206
as reported by others (30-32). Following infection, arthritis devel-
opment was monitored by measuring ankle swelling over the
course of about 2 months (Fig. 2B). Ankle swelling is indicative of
the underlying inflammatory response in WT C3H mice and is a
convenient method to monitor both the development and resolu-
tion of experimental Lyme arthritis (33). As is typical for this
infection, ankle swelling began during the second week of infec-
tion, peaked around the third week, and then resolved over the
next few weeks (Fig. 2B). We found inflammatory hematopoietic
cells (CD45.2™) beginning to infiltrate the ankle joint by day 7,
increasing at day 14, peaking around day 21, and then resolving
(Fig. 2C). Macrophage infiltration into the joint tissue (CD45.27"
F4/80™) was delayed slightly compared with all hematopoietic
cells, and high levels were found during the day 14 and 21 time
points (Fig. 2D). Macrophage levels were nearly returned to con-
trol levels by day 35 but then increased again at day 56; however,
this increase was not statistically significant. Macrophage subsets,
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M1(F4/80" NOS2™ CD206 ) and M2 (F4/80" NOS2~ CD206™),
were present in the joints with peaks at days 14 and 21 coinciding
with total macrophages (Fig. 2E and F). However, at all time
points the levels of M2 (F4/80" NOS2~ CD206 ") macrophages
were 100-fold greater than the levels of the M1 (F4/80" NOS2*
CD206 ) macrophages. This was unexpected, as this is the time of
greatest inflammation in the infected joints (exemplified by the
ankle swelling curve in Fig. 2B) and the proinflammatory M1 cell
phenotype might be expected to dominate during this time. In
addition, both cell subsets were near control levels on day 35 but
then increased at day 56, again with M2 (F4/80* NOS2~ CD206™")
macrophages dominating the cellular infiltrate, suggesting the M2-
like cells may play two roles during Lyme arthritis: first limiting the
overall inflammatory response during peak inflammation and then
playing a reparative or healing role later. We also identified a popu-
lation of macrophages expressing both NOS2 and CD206 (Fig. 2G).
The numbers of these cells were similar to the numbers of M1 (F4/
80" NOS2™ CD206~) macrophages on days 14 and 21 but reached
their highest levels on day 56. Others have described macrophage
subsets displaying both M 1- and M2-type markers from in vivo stud-
ies and suggested they are resolution macrophages (23, 24). While
these cells may be simply transitioning from one cellular subset or the
other, their high numbers at day 56 suggests they may represent an
intermediate “resolution-type” cell and may play a role in returning
the tissue to homeostasis.

Macrophage phenotype over the course of murine Lyme car-
ditis. In Lyme carditis, macrophages are the primary inflamma-
tory cell, whereas in Lyme arthritis, neutrophils predominate (25).
It was therefore of interest to define macrophage polarization in
the heart during Borrelia infection. Mice were infected as de-
scribed above and groups of mice were sacrificed at specific time
points. The hearts were perfused to remove blood and circulating
cells, and were then removed. As with the joints, single cell sus-
pensions were made, stained, and analyzed by flow cytometry.
Infiltrating hematopoietic cells in the heart tissue peaked at day 21
postinfection and then resolved (Fig. 3A). There were fewer total
inflammatory cells in B. burgdorferi-infected hearts than in the
joint tissue. Higher numbers of F4/80™ macrophages were seen at
days 14 and 21 postinfection, similar to the findings for the in-
fected joint (Fig. 3B). Unlike the joint, M1 (F4/80" NOS2™*
CD206~) macrophages and M2 (F4/80" NOS~ CD206™) macro-
phages were present in the heart tissue at the peak of inflammation
in roughly equal numbers (Fig. 3C and D), although M1-like mac-
rophages peaked at day 14 postinfection, while the M2-like mac-
rophages peaked around day 21 postinfection. The M2 (F4/80"
NOS™ CD206") macrophage population increased again at day
56 postinfection, perhaps signaling a role in tissue repair and res-
olution. The M1 (F4/80" NOS2™ CD206 ) macrophage popula-
tion did not expand at this time point in the hearts. The rM (F4/
80" NOS2" CD206") expanded during the peak of infection,
similar to the findings for the joints (Fig. 3E), and a small
population was present during day 56 postinfection. These re-
sults demonstrate that different populations of macrophage
subsets can exist within different infected tissues within the
same animal.

Macrophage subsets in 5-lipoxygenase-deficient BMDM.
Our laboratory has previously reported that 5-lipoxygenase-defi-
cient (5-LOX /") mice develop arthritis similar to wild-type con-
trols yet fail to resolve inflammation (34). Macrophages from
5-LOX /" mice also displayed reduced ability to phagocytose op-
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FIG 2 Flow cytometric characterization of macrophage subsets from ankle joints of mice infected with B. burgdorferi. Representative flow cytometry plots
of cells isolated from mouse ankle joints were generated (A). Arthritis development was monitored by measuring ankle swelling over time (B). Cell number plots
fromjoints of control (uninfected) or mice infected for various days with B. burgdorferi and gated for CD45.2" hematopoietic cells (C), F4/80 " macrophages (D),
M1 (NOS2* CD2067) (E), M2 (NOS2™ CD206™) (F), or rtM (NOS2* CD206 ") (G) were generated. n = 4 for each time point and the experiment was performed
twice. Asterisks indicate data are significantly different from control data at a P value of <0.05 as determined by ANOVA followed by Dunnett’s test. Swelling
curve differences were determined by comparing infected versus uninfected animals at each time point via Student’s ¢ test.

sonized spirochetes (34). Macrophage polarization and subset de-
velopment in these mice have not been previously described.
BMDM from 5-LOX '~ mice stimulated in vitro under M1
(IFN-v, LPS) polarizing conditions make levels of nitrite compa-
rable to those of wild-type mice (Fig. 4A). Under M2 (IL-4) po-
larizing conditions, 5-LOX '~ BMDM also displayed no differ-
ence in arginase activity compared to that of wild-type controls
(Fig. 4B). Thus, the ability of BMDM from 5-LOX /" mice to
polarize under M1 or M2 conditions appears to be intact. Upon
analysis of specific macrophage subset marker expression under in
vitro M1 (IFN-vy, LPS) and M2 (IL-4) conditions, we noticed some
variations. 5-LOX ™/~ BMDM polarized under M1 (IFN-vy, LPS)
conditions displayed a slightly higher percentage of M1 (F4/80"
NOS2* CD2067) cells and a slightly lower percentage of M2 (F4/
80" NOS™ CD206™) cells (Fig. 4C and D). The production of rM
(F4/80" NOS2* CD206") cells was also decreased by the
5-LOX™/~ BMDM (Fig. 4E). These results suggest that macro-
phage subset development in 5-LOX '~ mice during inflamma-
tory responses is generally intact but may be skewed slightly to-
ward the M1-like subset.
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Macrophage subsets in joints of 5-lipoxygenase-deficient an-
imals. To determine what effect the loss of 5-LOX might have on
macrophage subset development during an inflammatory re-
sponse in vivo, we infected C3H 5-LOX '~ mice with B. burgdor-
feri and sacrificed groups on days 21 and 56 postinfection. These
time points are indicative of the peak and resolution of inflamma-
tion in WT mice. We have previously reported that 5-LOX '~
mice exhibit exacerbated ankle swelling and prolonged joint in-
flammation following B. burgdorferi infection compared to those
in WT mice (34), and thus, it was of interest to determine if this
correlated with altered macrophage subset development. We
found that levels of F4/80" macrophages were decreased in the
joints of 5-LOX /™ mice at day 21 postinfection compared with
those in WT mice (Fig. 5A). This difference appeared to result
primarily from a decrease in M2 (F4/80" NOS™ CD206") and
tM (F4/80" NOS2"™ CD206") cells, since M1 (F4/80" NOS2™
CD2067) cells were similar between WT and 5-LOX ™/~ (Fig. 5B),
while M2-like cells and rM-like cells were significantly decreased
in the 5-LOX /" mice (Fig. 5C and D). No differences were de-
tected between WT and 5-LOX /™ mice in any macrophage pop-
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control data at a P value of <0.05 as determined by ANOVA followed by Dunnett’s test.

ulation at day 56 postinfection (Fig. 5A to D); however, popula- Macrophage subsets during Lyme carditis in 5-lipoxygenase-
tions of M2 (F4/80" NOS™ CD206") and rM (F4/80" NOS2"  deficient mice. The role of 5-LOX in Lyme carditis has not been
CD206™) cells persisted in the joints compared with day 21 levels.  studied, and we were interested in the macrophage phenotype
How these cells might contribute to the resolution of inflamma-  within the hearts of 5-LOX '~ mice compared to that in WT
tion at this time point is currently unclear and under investiga-  controls. During Lyme carditis, macrophages predominate over
tion. neutrophils in the cellular inflammatory infiltrate (25). At days 21
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and 56 postinfection, hearts were perfused and cells were har-
vested for analysis by flow cytometry. Similar to what was found in
the joint tissue, 5-LOX '~ mice displayed significantly fewer F4/
80" macrophages at day 21 than did WT controls (Fig. 6A). Al-
though the levels of M1 (F4/80" NOS2™ CD206™) and rM (F4/
80" NOS2* CD206™) macrophages trended lower at this time
point, they did not reach statistical significance (Fig. 6B and D).
Only the 5-LOX ™/~ M2 (F4/80" NOS2~ CD206") macrophages
were significantly different from those in the WT animals (Fig.
6C). As with the joint tissues, there were no differences in macro-
phage subset numbers between WT and 5-LOX '~ mice in the
hearts at day 56 postinfection. Numbers of M2 (F4/80% NOS2~
CD206™) macrophages remained elevated in hearts of both WT
and 5-LOX /" mice, suggesting a role for these cells in repair and
resolution processes. rM (F4/80" NOS2™ CD206*) macrophages
were elevated in the hearts of the 5-LOX /™ mice at day 56 postin-
fection (Fig. 6D), but the values did not reach statistically signifi-
cant difference from WT mice. However, this may suggest a role
for these cells in the resolution of Lyme carditis, but further work
is required to understand what this role might be.

DISCUSSION

Macrophages have been shown to play a role in the development
of both Lyme arthritis and carditis (35), and we were interested in
determining whether macrophage subsets played a role in disease
pathogenesis. Experimental Lyme borreliosis is an excellent model
to study immune regulation since the mice develop an inflamma-
tory arthritis and carditis that peak and then resolve as the spiro-
chetes are cleared from the infected tissues (36). We used cell-
specific markers NOS2 and CD206 as representatives of M1 and
M2 cells, respectively. Others have used these markers to investi-
gate M1 and M2 subsets in murine models of arthritis and carditis
(30-32). Using these markers, we were able to phenotype M1 (F4/
80" NOS2* CD206 ) and M2 (F4/80" NOS2~ CD206™) macro-
phages within the joints and hearts of Borrelia-infected mice at a
number of key time points. We tracked macrophage infiltration
during the onset, peak, and resolution of disease.

Macrophages make up a significant proportion of the inflam-
matory infiltrate in infected joints and hearts of B. burgdorferi-
infected mice (37, 38). However, the contribution of these cells to
the development and resolution of Lyme arthritis and carditis has
not been directly studied. In vitro stimulation of macrophages
with B. burgdorferi or its outer surface lipoproteins generally re-
sults in the production of proinflammatory cytokines, such as
IL-12,1L-6, IL-1P3, and TNF-q, as well as NO production (39-43).
Based upon these studies, in vitro stimulation of both human and
mouse macrophages would be expected to push them into the M1
phenotype. This is confirmed in the current study, whereby mu-
rine BMDM from C3H mice expressed high levels of NOS2 and
low levels of CD206 following in vitro coculture with B. burgdorferi
spirochetes. This is in contrast to what we found in vivo, where we
found M2 (F4/80" NOS2~ CD206™) cells to outnumber M1(F4/

FIG 5 Macrophage phenotype and numbers were analyzed from the joints of
Borrelia-infected WT or 5-LOX-deficient mice on days 21 and 56 postinfec-
tion. Numbers of F4/80" macrophages (A), M1 (NOS2™ CD2067) (B), M2
(NOS2~ CD206™) (C), or tM (NOS2™ CD206™) (D) were determined. n = 4
for each time point, and the experiment was performed twice. Asterisks indi-
cate data that are significantly different from control data at a P value of <0.05
as determined by ANOVA followed by Dunnett’s test.
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80" NOS2¥ CD2067) cells 100-fold throughout the disease time
course in the infected joints. This M2 dominance may also explain
why inhibition or genetic depletion of inducible NOS (iNOS) had
little effect upon Lyme arthritis development in mice (42, 44).
Since in vitro coculture with B. burgdorferi appears to drive mac-
rophage M1 development, while in vivo infection drives develop-
ment of a predominant M2 subset in the joint, caution should be
used in interpreting macrophage responses to B. burgdorferi based
upon in vitro data alone.

The resolution of Lyme arthritis occurs spontaneously and is
thought to be primarily driven by antibody-mediated clearance of
the spirochetes from the infected joint (45). However, under cer-
tain circumstances there is a failure or delay in arthritis resolution
despite the seemingly appropriate production of anti-Borrelia an-
tibodies (29, 34, 46, 47), suggesting a role for innate immune cells
in arthritis resolution. We show that during resolution, at day 56
postinfection, there is an increase in hybrid NOS2™ CD206 " mac-
rophages. The unique phenotype and time of increase indicate
that these cells are likely resolution-phase macrophages. Resolu-
tion-phase macrophages, rM (F4/80" NOS2* CD206™), are nei-
ther classically nor alternatively activated; their phenotype is a
combination of the two (23). Until now, resolution-phase macro-
phages have not been implicated in the resolution of Lyme arthri-
tis. Further study may lead to the development of pharmaceuticals
to target this unique cell type and help control chronic inflamma-
tion.

Lyme carditis is unique from arthritis in that macrophages
appear to be the driving force in disease progression. Macrophage
numbers within the heart predominate over those of neutrophils
and peak around day 14 postinfection (48). Unlike for the joints,
we found that M1 (F4/80" NOS2™ CD206") cells peaked early
(day 14 postinfection) and their numbers then decreased signifi-
cantly by day 21. The numbers of M2 (F4/80" NOS2~ CD206™")
cells in the infected hearts peaked on day 21, were virtually absent
on day 35, and then returned on day 56 postinfection. The major-
ity of macrophages at this time point were M1 (F4/80" NOS2*
CD206 " ) macrophages. This pattern of expression was similar for
the rM (F4/80" NOS2* CD206") macrophages. These results
suggest that macrophages may have a unique role in disease de-
velopment in the heart compared to the infected joint. M1 cells
may be more involved in driving the initial inflammatory re-
sponse in the heart, which may then be limited by M2 and/or rM
cells at day 21, with further reparative/restoration processes oc-
curring later (day 56). More work is required to define the roles of
these cell subsets in mediating Lyme carditis development and
resolution.

To better understand the role of macrophage polarization on
disease development, we also studied a nonresolving mouse
model. 5-Lipoxygenase (5-LOX)-deficient mice are susceptible to
arthritis but fail to resolve normally (34). 5-Lipoxygenase converts
arachidonic acid into leukotriene A, (LTA,), which is then con-
verted by downstream enzymes into LTB, and the cysteinyl-LTs.

FIG 6 Macrophage phenotype and numbers were analyzed from the hearts of
Borrelia-infected WT or 5-LOX-deficient mice on days 21 and 56 postinfec-
tion. Numbers of F4/80" macrophages (A), M1 (NOS2™ CD206~) (B), M2
(NOS2~ CD206™) (C), or tM (NOS2™ CD206™) (D) were determined. n = 4
for each time point, and the experiment was performed twice. Asterisks indi-
cate data that are significantly different from control data at a P value of <0.05
as determined by ANOVA followed by Dunnett’s test.
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5-LOX products are also important for the transcellular biosyn-
thesis of the proresolution lipoxins, which are important media-
tors of the resolution of inflammation (49). In vitro stimulation of
BMDM from 5-LOX '~ mice resulted in shift toward the M1
subtype and slightly away from the M2 or rM phenotypes. Simi-
larly, in vivo C3H 5-LOX /™ mice infected with B. burgdorferi had
fewer F4/80" macrophages in the joints and heart tissue than WT
mice at day 21 postinfection. This defect was due to a deficit of M2
(F4/80" NOS2~ CD206%) and rM (F4/80" NOS2* CD206")
macrophages, while M1 (F4/80" NOS2* CD206 ™) cells were sim-
ilar to those in WT mice. However, by the resolution of disease at
day 56 postinfection, both M2 and rM cell numbers were compa-
rable between the knockout and wild-type mice. Early production
of lipid mediators has been shown to significantly impact resolu-
tion of inflammatory responses later during the immune response
(50). Therefore, it is possible the lack of M2 or rM in the joints and
hearts of B. burgdorferi-infected 5-LOX /™ mice may disrupt the
mechanism of inflammatory resolution and lead to the chronic
inflammation seen in these mice. Studies are currently ongoing to
define these mechanisms.

In conclusion, macrophage subsets can be identified within the
joints and hearts of B. burgdorferi-infected mice. In the joints, M2
(F4/80" NOS2~ CD206™) macrophages outnumber M1 (F4/80™
NOS2* CD206~) macrophages 10:1, while in the heart tissue the
numbers are similar, but with slightly different kinetics. At the
time of disease resolution, a resolution macrophage rM (F4/80"
NOS2* CD206™) appears to be present, but more work is neces-
sary to elucidate its exact function. Nonresolving 5-LOX /™ mice
show a defect in the production of both M2 and rM macrophages
in both the joints and hearts at the peak of inflammation. This may
drive chronic inflammation by exacerbating the strength and per-
sistence of proinflammatory signals or by the failure of initiating a
proresolution program. These possibilities are under investiga-
tion.
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