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Macrophage LTB, drives efficient phagocytosis of
Borrelia burgdorferi via BLT1 or BLT2®

Yan Zhang, Rachel M. Olson, and Charles R. Brown'

Department of Veterinary Pathobiology, College of Veterinary Medicine, University of Missouri-Columbia,

Columbia, MO 65211
ORCID IDs: 0000-0002-1914-9061 (C.R.B.)

Abstract Unresolved ex/perimental Lyme arthritis in C3H
5-lipoxygenase (5-LOX) ’ mice is associated with impaired
macrophage phagocytosis of Borrelia burgdorferi. In the
present study, we further investigated the effects of the
5-LOX metabolite, leukotriene (LT)B, on phagocytosis of B.

burgdorferi. Bone marrow-derived macrophages (BMDMs)
from 5-LOX /" mice were defective in the uptake and killing
of B. burgdorferi from the earliest stages of spirochete inter-
nalization. BMDMs from mice deficient for the LTB, high-
affinity receptor (BLT1”/7) were also unable to efficiently
phagocytose B. burgdorferi. Addition of exogenous LTB,
augmented the phagocytlc capability of BMDMs from both
5-LOX "/~ and BLT1 /" mice, suggesting that the low-affinity
LTB, receptor, BLT2, might be involved. Blocking BLT?2 ac-
tivity with the specific antagonist, LY255283 inhibited
phagocytosis in LTB-stimulated BLT1~/~ BMDMs, demon-
stratmg a role for - BLT2. However, the lack of a phagocytic
defect in BLT2™/~ BMDMs suggested that this was a com-
pensatory effect. In contrast, 12(S)-hydroxyheptadeca-
5Z,8E,10E-trienoic acid, a natural BLT2-specific high-affinity
ligand, and resolvin E1, a BLT1 agonist, were both unable to
boost ?hagocytoms in BMDMs from either 5-LOX '~
BLT1 ' mice, suggestmg a specific role for LTB, in medlat-
ing phagocytosis in murine macrophages.Bll This study dem-
onstrates that LTB, promotes macrophage phagocytosis of
bacteria via BLT1, and that BLT2 can fulfill this role in the
absence of BLT1.—Zhang, Y., R. M. Olson, and C. R. Brown.
Macrophage LTB4 drives efficient phagocytosis of Borrelia
burgdorferi via BLT1 or BLT2. J. Lipid Res. 2017. 58:
494-503.
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The enzyme, 5-lipoxygenase (5-LOX), is predominantly
expressed in inflammatory cells such as polymorphonu-
clear cells (PMNs), macrophages, and mast cells and
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catalyzes the oxidation of arachidonic acid into leukotri-
enes (LTs) (1-3). LTB, was first described as a powerful
chemoattractant for neutrophils (4), but is now recognized
to play critical roles in both host defense and inflammatory
disease (5-8). In addition to its potent effect on neutrophil
chemotaxis, LTB, can recruit and activate eosinophils,
monocytes, macrophages, mast cells, dendritic cells, and T
cells (9). Two cell-surface G protein-coupled seven trans-
membrane-domain receptors for LTB, have been molecu-
larly identified. BLT1 is a high-affinity receptor for LTB,
that is almost exclusively expressed in leukocytes (10-12);
whereas the low-affinity receptor, BLT2, is expressed more
ubiquitously (13). LTB, is the primary ligand for BLT1, but
other hydroxyeicosanoids are known to bind to and acti-
vate BLT2 (14). The 12(S)-hydroxyheptadeca-5Z,8E,10E-
trienoic acid (12-HHT), a product of the cyclooxygenase-1
enzyme, is a high-affinity ligand for BLT2 and is involved in
skin wound healing and protection against colitis (15-17).
While the role of BLT1 in immune responses is fairly well
understood, the impact of BLTZ2 signaling is not clear.

We have previously demonstrated that infection of WT
C3H/He] mice with Borrelia burgdorferi induced the pro-
duction of numerous pro- and anti-inflammatory lipid me-
diators in their heart and joint tissues (18). B. burgdorferi
infection increased the expression of 5-LOX in joint tis-
sues and induced the production of several 5-LOX metab-
olites, including LTB, (18). In other models of
inflammatory arthritis, inhibiting the production of LTB,
or interfering with its signaling through BLT1 prevents ar-
thritis development (19-21). In contrast, B. burgdorferi in-
fection of C3H 5-LOX /™ mice results in exacerbated and
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prolonged arthritis (22). This did not appear to be due to
a failure of spirochete clearance, as the production of Bor-
relia-specific antibodies and tissue loads were similar to
those found in WT mice, although C3H 5-LOX /" tis-
sues did tend to contain higher numbers of B. burgdorferi
(22). Bone marrow-derived macrophages (BMDMs) from
5-LOX /" mice were defective in the uptake and clear-
ance of both B. burgdorferi and apoptotic neutrophils (22),
a process important for the induction of anti-inflamma-
tory mechanisms (23). Others have shown that alveolar
macrophages and PMNs from mice deficient in 5-LOX ac-
tivity had reduced bacterial phagocytosis and microbicidal
activity (24-26), and these defects were restored by exog-
enous LTB, treatment (27, 28). Specific deletion of BLT1
in mice revealed important roles for LTB, and its recep-
tors in regulating pathologic inflammation (29). More-
over, addition of LTB, to mouse peritoneal macrophages
infected with Salmonella typhimurium or Pseudomonas aerugi-
nosa resulted in enhanced bacterial uptake and Kkilling,
suggesting a possible therapeutic use for LTB, in bacterial
diseases where phagocytes play a key role in host defense
(8, 30). Thus, LTB, plays an important role in inducing
the uptake and destruction of bacterial pathogens during
the course of inflammation. This most likely occurs
through interaction with its high-affinity receptor, BLT1;
however, because macrophages express both BLT1 and
BLT2, a role for BLT2 cannot be discounted.

In the current study, we further investigated the role of
LTB, on the phagocytosis of B. burgdorferi. We demonstrate
that exogenous addition of LTB, is capable of rescuing the
phagocytic defect in 5LOX /"~ macrophages, and this ef-
fect can be mediated through either BLT1 or BLT2. Other
agonists for these receptors were unable to rescue the
phagocytic defect, suggesting that LTB, may have a unique
role in the clearance of microbial pathogens.

MATERIALS AND METHODS

Mice

Female C57BL/6] mice were purchased from the Jackson Lab-
oratory (Bar Harbor, ME). Breeder pairs of BLT1 /™ and
5-LOX /" mice on a C57BL/6] background were also purchased
from the Jackson Laboratory and were maintained in our mouse
colony. C57BL/6] BLT2 '~ and BLT1/BLT2 /" (BLT1/2 /")
mice were a kind gift from Haribabu Bodduluri (University of
Louisville). All experiments were conducted under an approved
protocol from the University of Missouri Animal Care and Use
Committee.

Bacteria

A virulent B. burgdorferi N40 clone harboring a transcriptional
fusion of the green fluorescent protein (GFP) gene (gfp) and the
constitutive flaB promoter (gfp-PflaB) (a kind gift from James Car-
roll, National Institutes of Health) was used for all experiments
(31). Frozen stocks were cultured in 7 ml Barbour-Stoenner-Kelly
(BSK)-H medium containing 6% rabbit serum (Sigma-Aldrich, St.
Louis, MO) and grown to log phase at 32°C. Spirochetes were
enumerated using a Petroff-Hausser counting chamber (Hausser
Scientific, Horsham, PA) via dark field microscopy.

Antibodies

Lysosome-associated membrane proteins (LAMPs) were
stained with Alexa Fluor 647-conjugated rat monoclonal anti-
mouse LAMP-1 (1D4B; Santa Cruz Biotechnology, Inc., Santa
Cruz, CA). Rabbit polyclonal antibodies (1:100) against early en-
dosome antigen 1 (EEAL), small GTPases, Rab5, and Rab7, re-
spectively, were used to detect different stages of phagosomal
maturation, followed by incubation with Alexa Fluor 488-conjua-
gated rat monoclonal anti-rabbit IgG (1:500) (Invitrogen, Carls-
bad, CA). Host cell nuclei were stained by Hoechst 33258
(1:1,000) (Invitrogen). Anti-mouse CD16/32 was used to block
Fc receptors (eBioscience, San Diego, CA). BMDMs were stained
with Alexa Fluor 488-conjugated monoclonal rat anti-mouse
F4/80A (Invitrogen).

Cell isolation and culture

BMDMs 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-condi-
tdoned medium, 10% FBS, and 2% penicillinstreptomycin at 37°C
in 5% CO,. The medium was refreshed every 2 days, and the cells
were incubated for 5-7 days. Bone marrow PMNs were purified
from mouse femurs using a three-layer Percoll gradient centrifu-
gation, as described previously (32, 33) with some modifications.
Briefly, bone marrow cells were collected and red blood cells were
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 gfor 30 min at 25°C,
the lowest interface (1.085/1.095 g/ml interface) was collected as
the PMN fraction. Purity of PMNs was 95%, as determined by
Quik-Dip differential staining (Mercedes Medical, Sarasota, FL).
BLT1 and BLT2 expression in BMDMs was determined using
quantitative (q)RT-PCR and primers as described (34). Expres-
sion levels were normalized to GAPDH.

Phagocytosis assay of B. burgdorferi

BMDMs were harvested from Petri dishes by gentle scraping
and plated on glass coverslips at 0.5 x 10° cells per well in 24-well
tissue culture plates containing antibiotic-free RPMI 1640 and
10% FBS. Live GFP-B. burgdorferi were added to the macrophage
cultures at a multiplicity of infection of 10 in a small volume of
complete BSK-H medium (Sigma-Aldrich). A larger volume of
BSK-H medium was not required, as B. burgdorferi remain viable in
RPMI for at least 4 h (35). Plates were incubated for 1 or 4 h at
37°C with 5% COs. Freshly isolated bone marrow PMNs were cul-
tured on coverslips in 24-well tissue culture plates in antibiotic-
free RPMI medium and incubated with immune serum-opsonized
or nonopsonized live GFP-B. burgdorfer: at multiplicity of infection
of 10. At the indicated time points, both BMDMs and PMNs 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 permeabilized with cold methanol for 10 min at
4°C and blocked with 5% BSA in PBS overnight with Fc blocking
antibody. LAMPs were stained with Alexa Fluor 647-conjugated
rat monoclonal anti-mouse LAMP-1 (1D4B; Santa Cruz Biotech-
nology, Inc.). Host cell nuclei were stained by Hoechst (1:1,000)
and examined using fluorescence microscopy. A minimum of 300
cells were counted in random fields from at least two indepen-
dent coverslips. In some experiments, phagocytosis was measured
by flow cytometry, as described (36), using F4/80-labeled BMDMs
with similar results. The phagocytic index was calculated by deter-
mining the percentage of BMDMs containing at least one spiro-
chete per 300 cells and dividing this number by the value for WT
cells x 100. Comparable results were obtained in two or more in-
dependent experiments. Data are expressed as mean + SEM.
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LTB, immunoassay

BMDMs were cultured with B. burgdorferi at a ratio of 10:1 for 1
or 4 h. Cell supernatants were collected and supernatant from un-
infected cells was used as control. LTB, concentration in the super-
natant was measured by using a Parameter LTB, immunoassay
(R&D Systems, Minneapolis, MN) according to manufacturer’s
instructions. Comparable results were obtained in two or more in-
dependent experiments. Data are expressed as mean + SEM.

LTB, stimulation

BMDMs were isolated and plated in 24-well tissue culture plates
with glass coverslips, as described earlier. LTB, (Cayman Chemi-
cal, Ann Arbor, MI) was added to the cells at concentrations of 0.1
nM and 1 nM along with B. burgdorferi at a ratio of 10:1 for 1 or 4
h. WT BMDM:s were cultured with B. burgdorferi for 1 or 4 h as a
phagocytic control. Phagocytosis assays were performed and slides
were viewed under fluorescence microscopy as described earlier.
Phagocytic indexes were calculated as above. Comparable data
were obtained in two or more independent experiments. Data are
expressed as mean + SEM.

BLT2 blocking

BMDMs were isolated and plated in 24-well tissue culture plates
with glass coverslips as described earlier. The BLT2 antagonist,
LY255283 (Cayman Chemical) , at concentrations of 0.1-10 uM
(37) was added to B. burgdorferiinfected BLT1™/~ BMDMs, with or
without exogenous LTB, (1 nM), for 1 or 4 h. WT BMDMs were in-
fected with B. burgdorferi for 1 or 4 h as a phagocytic control. A
phagocytosis assay was performed and slides were viewed under fluo-
rescence microscopy as described earlier. Phagocytic indexes were
calculated as above. Comparable data were obtained in two or more
independent experiments. Data are expressed as mean + SEM.

BLT2 stimulation

BMDMs were isolated and plated in 24-well tissue culture plates
with glass coverslips as described earlier. The 12-HHT (Cayman
Chemical) at a concentration of 0.1 uM or 1 pM was added to B.
burgdorferiinfected 5-LOX /" or BLT1 /" BMDMs with or with-
out exogenous LTB, (1 nM) for 1 or 4 h. WI' BMDMs were in-
fected with B. burgdorferi for 1 or 4 h as a phagocytic control. A
phagocytosis assay was performed and slides were viewed under
fluorescence microscopy as described earlier. Phagocytic indexes
were calculated as above. Comparable results were obtained in
two or more independent experiments. Data are expressed as
mean + SEM.

Resolvin E1 stimulation

BMDMs were isolated and plated in 24-well tissue culture plates
with glass coverslips as described earlier. Prior to stimulation of
cells with resolvin E1 (RvE1), a chemokine-like receptor 1 block-
ing peptide (100 ng, 1 mg) (Cayman Chemical) was used to block
the activity of the RvEl receptor, ChemR23. RvEl (Cayman
Chemical) at a concentration of 0.1 puM or 1 uM was then added
to 5-LOX /" macrophages with B. burgdorferi for 1 or 4 h. WT
macrophages were infected with B. burgdorferi for 1 or 4 h as
phagocytic control. A phagocytosis assay was performed and slides
were viewed under fluorescence microscopy as described earlier.
Phagocytic indexes were calculated as above. Comparable results
were obtained in two or more independent experiments. Data are
expressed as mean = SEM.

cAMP assay

WT BMDMs were isolated and plated in 24-well tissue culture
plates at 1 x 10° cells/well. The cells were treated with vehicle
(ethanol), 1 nM LTB,, 1 pM Butaprost, 1 puM 12-HHT, or 1 pM
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RvE] and incubated at 37°C for 2 h. Supernatants were removed
and the cells lysed in 0.1 M HCI. Levels of cAMP were then
determined using a cAMP ELISA kit (Enzo). The protein con-
centration in the samples was determined using a BCA assay
(Pierce). Results are depicted as picomoles of cAMP per milli-
gram protein.

Statistical analysis

Each experiment was completed at least twice. A two-tailed Stu-
dent’s #test or one-way ANOVA followed by Dunnett’s test was
used to compare the significance of each group. Statistical signifi-
cance was analyzed using GraphPad Prism software with P< 0.05.

RESULTS

The 5-LOX metabolites are required for efficient
macrophage phagocytosis of B. burgdorferi

Metabolites of the 5-LOX pathway, especially LTB,, have
been shown to be important mediators of phagocytosis of
several bacterial pathogens (8, 24, 25). Because we previ-
ously demonstrated an exacerbated and prolonged Lyme
arthritis in B. burgdorferiinfected 5-LOX '~ mice that was
associated with impaired phagocytosis in mouse leukocytes
(22), we further assessed the role of 5-LOX /~ metabolites
in mediating macrophage phagocytosis. We tested the abil-
ity of primary BMDMs from WT or 5-LOX "/~ mice to
phagocytose B. burgdorferi. WI BMDMs were capable of the
efficient uptake and destruction of B. burgdorferi spiro-
chetes, with degraded organisms colocalizing with LAMP-
l-containing phagolysosomes (Fig. 1A). In contrast,
5-LOX "/~ BMDM cultures had only a few cells containing
internalized B. burgdorfer: and no identified LAMP-1-posi-
tive vacuoles. The phagocytic index shows that 5-LOX /™
BMDMs were significantly deficient (P<0.01) in their uptake
of B. burgdorferi at the 1 and 4 h time points, taking up only
about half as many spirochetes as WT cells. These results
suggest that products from the 5-LOX metabolic pathway
are crucial to the efficient phagocytosis of microbes and also
to the development and function of the phagolysosome.

To determine how early in the phagocytic process 5-LOX
metabolites had an impact, we monitored progression of
phagolysosome development by staining for the EEA1 and
the small GTPases, Rab5 and Rab7, which are markers
for early phagolysosomal development. We found that
5-LOX '~ macrophage phagocytosis of B. burgdorferi was
significantly defective (P< 0.01) at the earliest stage of en-
dosome formation (EEA1) (Fig. 1B). Therefore, efficient
macrophage phagocytosis of live B. burgdorferi is depen-
dent upon metabolites from the 5-LOX pathway from the
earliest stage of internalization through phagolysosomal
development.

BLT1 signaling is required for efficient phagocytosis of
B. burgdorferi

Several products of the 5-LOX metabolic pathway have
been shown to enhance phagocytosis in alveolar macro-
phages, including LTB,, LTC,, and 5-HETE (24, 27). Here
we focused on the contribution of endogenous LTB, signal-
ing through BLT1 in our model. We isolated PMNs and
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BMDMs from mice deficient in the high-affinity LTB, recep-
tor, BLT1™/~, and determined their phagocytic capacity. In
Fig. 2A, we dcmonstratc genotyping of the BLT KO mouse
strains used in this study. The G protein-coupled receptor,
CXCR2, was used as a positive control. We also examined
BLT expression levels in the KO mice to determine whether
there were compensatory effects. We show that levels of
BLT?2 expression in BLT1/~ BMDMs were similar to those
in WT mice, and BLT1 expression in BLT2 ™/~ BMDMs was
also similar to WT levels, indicating no compensatory effects
on receptor expression (Fig. 2B). No reverse transcriptase
controls were negative for all samples (supplemental Fi Fig.
S1). The phagocytic uptake of B. burgdorferi by BLT1
PMNs was slightly, but significantly (P< 0.01), less than that
of WT PMNs at 1 h of coculture (Fig. 2C). However, by 4 h,
the phagocytic capacity of BLT1 "/~ PMNs was similar to WT
PMNs. In contrast, phagocytosis of B. burgdorferi by BLT1 /"~
BMDMs was significantly defective (P<0.01) compared with
WT BMDMs at both the 1 and 4 h time points (Fig. 2E), sug-
gesting differential requirements for BLT1 signaling for
phagocytosis between macrophages and PMNs. We then
measured the production of LTB, from both cell types. Co-
culture of both PMNs and BMDMs with B. burgdorferi stim-
ulated the production of LTB,, but PMNs from both WT
and BLT1 ™/~ mice produced approximately 10-fold more
LTB, (Fig. 2D) than BMDMs (Fig. 2F) when stimulated with
B. burgdorferi. In addition, while LTB, levels were roughly

equivalent between WT and BLT1 ~/~ PMNs, culture super-
natants from BLT1/~ BMDMs contained two to three
times more LTB, and were significantly higher (P < 0.05)
at 4 h than WT supernatants in response to B. burgdorferi
stimulation. LTB, levels in BMDMs at 1 h were higher, but
did not reach statistical significance (P=0.07). These results
suggest that the higher levels of LTB, produced by PMNs
allow for stimulation of phagocytosis through the low-affinity
BLT2 receptor, while this process is much less efficient in
the BMDMs due to their lower production of LTB,.

Exogenous LTB, restores phagocytic ability of both
5-LOX "/~ and BLT1~/~ BMDMs

The 5-LOX catalyzes the conversion of arachidonic acid
into LTA,, which is then converted to LTB, by LTA, hydro-
lase. Exogenous addition of LTB, to 5-LOX /" alveolar
macrophages can rescue their defective phagocytosis of
Klebsiella pneumoniae (27). However, because LTB, can sig-
nal through both BLT1 and BLT?2 receptors, it is not clear
which signaling pathway was used for this response. The
differential response we observed between the 5-LOX "
and BLT1~/~ BMDMs suggests an additional role for BLT2
in mediating phagocytic responses. To examine this, we
added exogenous LTB, to 5-LOX ~/~ and BLT1/~ BM-
DMs at levels roughly equivalent to those produced by BM-
DMs and PMNs in Fig. 2. Addition of 0.1 nM exogenous
LTB, (roughly 33 pg/ml) was able to completely restore
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phagocytosis of B. burgdorferi in 5LOX /"~ macrophages,
and addition of 1 nM LTB, (roughly 330 pg/ml) appeared
to augment B. burgdorferi engulfment (Fig. 3A). Surpris-
ingly, exogenous addition of LTB, was also able to restore
phagocytosis of B. burgdorferi in BLT1 '~ macrophages
(Fig. 3B), indicating that BLT2 can also mediate phago-
cytic processes in macrophages.

498 Journal of Lipid Research Volume 58, 2017

BLT?2 antagonism prevents LTB,mediated phagocytosis in
BLT1/~ macrophages

BLT2 is a ubiquitously expressed low-affinity nonspe-
cific LTB, receptor (14) that has been suggested to medi-
ate biological and pathophysiological responses distinct
from BLT1 (17). Its exact role in inflammatory responses,

however, remains unclear. BMDMs from BLT2 ' mice
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were not impaired in their phagocytosis of B. burgdorferi
and addition of exogenous LTB, did not enhance the up-
take of spirochetes (Fig. 4A). To formally implicate a role
for BLT2 in LTB,mediated phagocytosis, we blocked
BLT2 activity with a specific antagonist, LY255283, in
BLT1 /" BMDMs. At high concentrations, LY255283 is
also known to inhibit signaling through BLT1 (14); how-
ever, because we were using this compound below its ICj,
for BLT1 and also in BLT1 /"~ cells, an inhibitory effect
should thus be mediated via blocking of BLT2. Addition
of increasing concentrations of LY255283 to cultures of B.
burgdorferistimulated BLT1 /- BMDMs decreased LTB,-
mediated phagocytosis in a dose-dependent manner (Fig.
4B). In addition, we measured the phagocytic capability of
BMDMs from BLT1/2”/" mice (21). Addition of exoge-
nous LTB, was unable to rescue phagocytosis of B. burgdor-
feri and demonstrated that this effect was mediated
through BLT1 and BLT2, and not through another un-
known LTB, receptor. Thus, in the absence of BLT1 sig-
naling, BLT2 is capable of driving LTB;mediated
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Fig. 4. BLT2 mediates LTBaugmented phagocytosis in BLT1 ™/~
macrophages (M®). A: BMDMs were isolated from WT or BLT2 /"~
mice and cultured with B. burgdorferi (Bb) for 4 h in the presence or
absence of exogenous LTB,. B: The BLI2-specific antagonist,
LY255283 (LY255), was added to B. burgdorferistimulated BLT1 /"~
macrophages treated with exogenous LTB, (1 nM) and their phago-
cytic index determined after 1 or 4 h coculture. C: BMDMs were
isolated from WT and BLT1/2/" mice and cultured with B. burg-
dorferi in the presence or absence of exogenous LTB,. Phagocytic
indexes were determined after 1 or 4 h incubation. Bars represent
mean + SEM and are the results from two independent experiments
(n =3 per group). *P< 0.01 versus corresponding WT control cells.
##P < 0.05 versus untreated KO cells from the same time point.

phagocytosis of B. burgdorferi by BMDMs. However, when
BLTI is present, LTB, signaling through BLT2 appears to
be dispensable.
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Exogenous 12-HHT stimulation of BLT2 does not affect
BMDM phagocytic activity

BLT2 is known to bind several eicosanoids in addition to
LTB, (9, 10). Recently, 12-HHT, which is produced via the
COX-1 metabolic pathway as a byproduct of thromboxane
A, synthesis, was identified as a high-affinity ligand of BLT2
(14, 15). To test the specificity of LTB, in BLT2-mediated
phagocytic signaling, exogenous 12-HHT was used to stim-
ulate B. burgdorferi cocultures of 5-LOX /" or BLT1 /~ BM-
DMs, with or without the addition of exogenous LTB,. We
found that unlike LTB,, 12-HHT treatment was unable to
influence phagocytosis of spirochetes in either 5-LOX ™/~
or BLT1 © BMDMs (Fig. 5A, B, respectively). When both
BLT2 ligands were added together, LTB, was still able to
completely restore phagocytosis of B. burgdorferi in both
5-LOX/~ and BLT1 /= BMDMs, even though 12-HHT is
the high-affinity BLT2 ligand. These results demonstrate
that even though LTB, and 12-HHT both signal through
BLT2, they may have differential binding sites and differ-
ential effects on the induction of phagocytosis by BMDMs.
To demonstrate that the 12-HHT treatment was effective,
we measured levels of cAMP (Fig. 5C). Butaprost is an ago-
nist of the EP2 prostanoid receptor and increases cAMP
levels, while LTB, decreases cAMP levels. A previous report
has demonstrated that both LTB, and 12-HHT activate the
Gi family of G proteins and inhibit cAMP levels (15). Our
results in Fig. 5C demonstrate that the 12-HHT treatment
was working as expected. In addition, we analyzed the activ-
ity of RVE1 used in the next section. Stimulation of BMDMs
with RvE] also decreased cAMP levels similarly to LTB, and
12-HHT, indicating that the treatment was working.

Exogenous RvEl stimulation of BLT1 does not affect
BMDM phagocytic activity

RvE1 is a potent anti-inflammatory lipid mediator that
has been shown to bind to BLT1 and ChemR23 receptors
(38). Exogenous stimulation of murine peritoneal macro-
phages or human monocyte-derived macrophages with
RvEl was shown to increase phagocytosis of zymosan-
coated beads and apoptotic neutrophils (39, 40). Because
the receptors used to mediate these effects have not been
defined, we determined whether RvEl signaling through
BLT1 could stimulate BMDM phagocytosis of B. burgdorferi
in an LTBindependent manner. The 5-LOX /~ BMDMs
were treated with exogenous RvE]1 and cocultured with B.
burgdorferi for 1 or 4 h. ChemR23 signaling was blocked
with a chemokine-like receptor 1 blocking peptide. Exog-
enous addition of RvEI slightly increased phagocytic up-
take of B. burgdorferi by 5-LOX '~ macrophages, but these
changes were not significantly different from untreated
cells (Fig. 6). Thus, RvEl-mediated increase in BMDM
phagocytosis does not appear to be mediated via signaling
through the BLT1 receptor.

DISCUSSION

Phagocytic cells, such as macrophages and PMNs, play
important roles in host defense during infection. They ini-
tiate and promote the development of inflammation, take
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control cells.

up and destroy microbial invaders, promote the resolution
of inflammation by secreting pro-resolution lipid media-
tors and cytokines, and mediate the clearance of dead cells
and debris from the infection site. Disruption of these pro-
cesses can lead to increased pathogen burden and disease
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severity, and may contribute to the development of chronic
inflammatory diseases (41). We previously reported a pro-
longed inflammatory response in B. burgdorferrinfected
5-LOX /" mice that was associated with impaired phagocy-
tosis (22). In the present study, we further investigated the
cellular mechanisms of 5-LOX-mediated phagocytic clear-
ance of bacteria.

Products of the 5-LOX metabolic pathway, such as LTB,,
the cysLT, and 5-HETE, have been shown to mediate the
phagocytic uptake of several pathogens including: S. #y-
phimurium, Streptococcus pneumoniae, K. pneumoniae, and
Candida albicans (25-27). We confirmed our previous re-
port that BMDMs from 5-LOX /" mice were unable to ef-
ficiently phagocytose B. burgdorferi (22). The phagocytic
process is considered to consist of multiple steps, and each
stage acquires different markers as it progresses toward the
lysosome (42). Using early endosomal markers, we found
that phagocytosis of B. burgdorferi by 5-LOX '~ BMDMs was
defective very early during endosome formation. This is
likely due to LT-mediated deactivation of the actin depoly-
merizing factor, cofilin-1, that allows F-actin polymeriza-
tion and mediates phagocytosis (43). In addition, a recent
study reported that LTB, was required for MyD88-depen-
dent macrophage responses both in vitro and in vivo (44).
Because B. burgdorferi lipoproteins are recognized by Toll-
like receptors (TLRs), especially TLR-2 (45, 46), the ab-
sence of LTB, signaling may influence macrophage
activation and recognition of microbial pathogens result-
ing in inefficient phagocytosis.

Exogenous addition of LTB, has been shown to restore
phagocytosis in 5-LOX 7~ macrophages and to augment
phagocytic uptake and destruction of bacteria in WI mac-
rophages (8, 24), thus we sought to determine the role of
LTB, in macrophage phagocytosis of B. burgdorferi. LTB,
mediates its effects by signaling through two G protein-
coupled receptors: the high-affinity BLT1 and the
low-affinity BLT2 (11, 13). Phagocytosis of both immune

serum-opsonized and unopsonized B. burgdorferi by bone
marrow PMNs from BLT1 /™ mice was inhibited at 1 h of
coculture. Similar results were reported for the uptake of
K. pneumoniae by human peripheral blood PMNs treated
with a LT receptor inhibitor (8). However, by 4 h of cocul-
ture, the phagocytic ability of the BLT1/~ PMNs was re-
covered, suggesting involvement of the low-affinity BLT2 in
mediating phagocytosis. BLT1 '~ macrophage phagocyto-
sis of B. burgdorferi was significantly impaired and did not
recover with increased culture time, similar to the results
with the 5-LOX ™/~ macrophages. These results support
previous work suggesting that endogenous LTB,-mediated
phagocytosis of microbes and efferocytosis may be medi-
ated via different mechanisms (47).

Exogenous addition of LTB, has been demonstrated to
increase phagocytosis in K. pneumoniaeinfected 5-LOX ™/~
PMNs and macrophages (24, 26). In our model, exogenous
LTB, stimulation of 5-LOX /" BMDMs demonstrated a
similar dose-dependent enhancement of the phagocytosis
of B. burgdorferi. Surprisingly, however, exogenous addition
of LTB, also enhanced the phagocytosis of B. burgdorferi in
BLT1 macrophages, suggesting a role for BLT2 in me-
diating LTBinduced phagocytosis. To test this hypothesis,
we treated BLT1 ™/~ macrophages with LTB, in the pres-
ence of increasing concentrations of a BLT2-specific inhib-
itor and measured the ability of these cells to phagocytose
B. burgdorferi. Blocking BLT2 inhibited the LTB,-mediated
phagocytosis of B. burgdorferiin a dose-dependent manner,
demonstrating a role for BLT2 in this process. The biologi-
cal role of BLTZ2 is not clear, although it has been suggested
to represent a novel target for the therapeutic treatment of
inflammation associated with arthritis. In an autoantibody-
induced inflammatory arthritis model, mice deficient in
BLT?2 displayed a reduced incidence and severity of disease
(48). The 12-HHT is a natural lipid agonist for BLT2 with
a higher affinity than LTB, and was suggested to be a pre-
ferred ligand for inducing mast cell migration through
BLT2 (15). Endogenous addition of 12-HHT to 5-LOX /"~
or BLT1 ™/~ macrophages did not stimulate phagocytosis
of B. burgdorferi, nor did it compete with LTB, for receptor
binding. Similarly, RvEI reportedly binds to the receptors
BLT1 and ChemR23, and exogenous addition of RvE] to
macrophages was reported to enhance phagocytosis of
apoptotic cells and zymosan-coated particles (39, 40). How-
ever, addition of RvEl to 5-LOX '~ BMDMs did not in-
crease their uptake of B. burgdorferi. Therefore, LTB, seems
to be a specific ligand capable of stimulating leukocyte
phagocytosis via both LTB,-specific BLT1 and nonspecific
BLT?2 receptors.

In summary, the results presented in this study suggest
that the 5-LOX product, LTB,, which is released during
the inflammatory response, not only functions as a pro-in-
flammatory lipid mediator, but also may play an important
role in the resolution phase of inflammation by stimulating
the clearance of apoptotic cells. A better understanding of
the context of LTB,/BLT signaling might help to increase
our knowledge of the inflammatory process, which may
bring profound advances in therapies and in prevention of
chronic inflammation
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