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Abstract

The early events that shape the innate immune response to restrain pathogens during skin
infections remain elusive. Methicillin-resistant Staphylococcus aureus (MRSA) infection
engages phagocyte chemotaxis, abscess formation, and microbial clearance. Upon infec-
tion, neutrophils and monocytes find a gradient of chemoattractants that influence both
phagocyte direction and microbial clearance. The bioactive lipid leukotriene B, (LTBy,) is
quickly (seconds to minutes) produced by 5-lipoxygenase (5-LO) and signals through the

G protein-coupled receptors LTB4R1 (BLT1) or BLT2 in phagocytes and structural cells.
Although it is known that LTB,4 enhances antimicrobial effector functions in vitro, whether
prompt LTB,4 production is required for bacterial clearance and development of an inflamma-
tory milieu necessary for abscess formation to restrain pathogen dissemination is unknown.
We found that LTB, is produced in areas near the abscess and BLT1 deficient mice are
unable to form an abscess, elicit neutrophil chemotaxis, generation of neutrophil and mono-
cyte chemokines, as well as reactive oxygen species-dependent bacterial clearance. We
also found that an ointment containing LTB,4 synergizes with antibiotics to eliminate MRSA
potently. Here, we uncovered a heretofore unknown role of macrophage-derived LTB, in
orchestrating the chemoattractant gradient required for abscess formation, while amplifying
antimicrobial effector functions.
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Author summary

Staphylococcus aureus skin infection is orchestrated by resident and recruited immune
cells. The signals that required for the control of S. aureus infection have been studied.
However, most studies have focused on the actions of inflammatory mediators produced
after hours post infection and the early events (seconds to minutes) that shape innate
immune response is poorly understood. Here, we employed novel techniques, along with
epistatic and gain of function experimental procedures, to identify critical components
involved in the control of MRSA skin infection. Here, we unveiled the role of skin macro-
phages in the generation of the lipid mediator leukotriene B, (LTB,) that culminates in
optimal chemokine/cytokine production, abscess formation, and bacterial clearance. An
ointment containing LTB, and antibiotics improved skin host defense and abscess forma-
tion and also enhanced bacterial clearance. These results suggest that LTB, could be used
locally as an immunotherapeutic agent to strengthen/restore innate immune host activa-
tion during MRSA skin infections.

Introduction

Staphylococcus aureus is a significant cause of severe skin and soft tissue infections that can
progress to life-threatening infections, such as osteomyelitis or sepsis, if left untreated [1-3].
The inflammatory response to S. aureus infection is orchestrated by the interaction among
structural cells of the skin and both resident and recruited phagocytes [4]. Upon skin infection,
keratinocytes and resident immune cells produce antimicrobials to clear the pathogens and
generate cytokines, chemokines, and lipid mediators to further activate dermal macrophages
and promote neutrophil recruitment to the site of infection [4]. Most studies have focused on
the role of cytokines and chemokines as central regulators of skin host defense. Although IL-
1B and CXCL2 have been implicated as regulators of neutrophil chemotaxis [5] and IFN-y and
TNFo as potent inducers of phagocyte antimicrobial effector functions [6, 7], the early events
that lead to the production of these molecules upon bacterial recognition remain elusive. We
and others have shown that the lipid mediator leukotriene B, (LTB,) directly enhances neutro-
phil migration to inflammatory sites and also amplifies in vitro pathogen recognition and anti-
microbial effector functions [8]. LTB, is produced within seconds to minutes upon phagocyte
activation from the multistep metabolism of arachidonic acid (AA) by 5-lipoxygenase (5-LO)
to form leukotriene A, (LTA,), which is then hydrolyzed to LTB, by LTA, hydrolase [8]. The
effects of LTB, are mainly mediated by its high-affinity receptor BLT1 [8], but the low-affinity
receptor BLT?2 also exerts essential functions in skin homeostasis, cancer, and recruitment of
T cells [8, 9]. In vitro studies show that LTB,/BLT1 also allows TLR activation by increasing
MyD88 expression and activating downstream effectors, such as IKK-a and -8, p38 MAPK,
IRAK4, and transcription factors such as NFkB, AP-1, and PU.1 [10-13]. We have also

shown that aerosolized LTB, increases clearance of lung Streptococcus pneumoniae, demon-
strating its safety and potential therapeutic application [14]. Furthermore, Yamamoto et al.
[15] have shown that treatment of mice with LTB, increased the clearance of MRSA peritoneal
infection, but the cellular players and molecular mechanisms involved in in vivo host defense
are unknown.

A significant component of the host defense during S. aureus infection is the formation of
an abscess. The abscess is composed of bacteria and dead and live neutrophils encapsulated in
collagen, fibrin, and other fibrous materials that contain bacteria at the site of infection and
prevent dissemination to the bloodstream and other organs [16]. While bacterial products are
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essential components of a compact and well-organized abscess, the host-derived cellular
sources and molecular programs t that promote abscess formation are not well understood
[17, 18]. Therefore, therapeutic strategies to improve abscess formation along with enhancing
antimicrobial effector functions are highly desirable.

Here, we employed state of the art techniques, along with epistatic and gain of function
experimental procedures, to identify critical innate immune components crucial in the abscess
formation and control of MRSA skin infection. We showed that while 5-LO”" and BLT1”
deficient mice were unable to clear the bacteria and form a well-defined abscess that renders
animal more susceptible to skin infection, topical treatment of 5-LO”" mice with LTB, restored
abscess formation and the skin host defenses. We also identified skin macrophages as key play-
ers involved in the LTB, production, which were necessary for orchestrating abscess architec-
ture, bacterial clearance, and NADPH oxidase-dependent ROS production, all of which were
necessary for abscess formation and MRSA clearance. These findings confirm the concept that
endogenously produced LTB, was required for optimal control of MRSA skin infection, an
ointment containing LTB, shows synergistic effects with the antibiotic mupirocin to improve
skin host defense, abscess formation, while eliminates skin MRSA. These results suggest that
LTB, could be used locally as an immunotherapeutic agent to enhance/restore innate immune
host activation during antibiotic-resistant bacterial skin infections.

Results

MRSA skin infection induces LTB, production in areas near the abscess

We first measured the mRNA transcript levels for Alox5 (the gene that encodes 5-LO), Ltb4r1
(the gene that encodes BLT1), and Ltb4r2 (BLT2) during MRSA skin infection. At 1 day post-
MRSA skin infection, the expressions of Alox5 and Ltb4r1, but not Ltb4r2, were significantly
enhanced in the skin of infected mice compared to naive mice skin (Fig 1A). The increased
transcripts correlated with higher LTB, production in the skin both early (day 1) and late (day
11) in our study (Fig 1B). Next, we aim to determine the spatial location by which LTB, might
influence ski host defense. Using imaging mass spectrometry (IMS), we detected AA mainly
on the epidermis in naive mice. After infection, we identified a robust production of AA in
areas near the edge of the abscess (red fluorescence), indicating that LTB, could be produced
near the abscess and influence neutrophil migration to the site of infection (Fig 1C). Next, we
measured 5-LO expression in the infected skin. Our data clearly showed that 5-LO expression
was also localized to areas surrounding the abscess, predominantly in macrophages, and less
extensively in neutrophils. We also detected, although in lower amounts, 5-LO staining inside
the abscess (Fig 1D). We further confirmed these findings by performing immunofluorescence
staining of the infected skin with 5-LO (red) and the neutrophil marker Ly6G (green). We
observed that neutrophils express lower abundance of 5-LO than cells with macrophage mor-
phology located surrounding the abscess (Fig 1E). Together these data suggested that endoge-
nously produced LTB, is detected in recruited and activated phagocytes in areas near the
abscesses, providing an initial chemoattractant gradient required to mount an efficient host
defense during MRSA skin infection.

LTB,/BLT1 is a critical determinant in the outcome of MRSA skin host
defense
Although the role of LTB, in host defense has been explored in vitro, most studies did not

show the relevance of this bioactive lipid in vivo. To that end, mice deficient in LT production
(5-LO7"), LTB, responsiveness (BLT17") and wild-type (WT) mice were infected with MRSA,
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Fig 1. MRSA infection induces LTB, production in areas close to the abscess. A) Detection of Alox5 and Ltb4r1 from the
uninfected naive skin and day 1 post-MRSA skin infection as assessed by qPCR. B) LTB, EIA from skin biopsy homogenates from
uninfected naive samples, days 1 and 11 post-infection. C) Top panel: MALDI imaging for AA (red) determined by imaging mass
spectrometry as described in the Methods. Bottom panel: H&E stained sections of naive skin and day 1 post-MRSA skin infection.
White dotted line indicates the edge of the skin tissue section. D) Expression of 5-LO at 40 X (left panel) and 100 X (middle panel)
and 400 X (right) magnification in mice at day 1 after MRSA infection. The 5-LO is shown in brown and counterstained in blue.
Data are representative of 2-3 mice. Dotted lines indicate abscess edges. E) Detection of 5-LO (red) and Ly6G (green) in the skin
of MRSA-infected mice at 40 X (left panel), 100 X (middle panel) and 400 X (right panel). The inset represents 1000 X
amplification. Colocalization between nucleus (DAPI) plus 5-LO is shown as purple, and 5-LO plus Ly6G is shown in yellow. Data
are the mean + SEM from 3-6 mice from 2-3 experiments. “p < 0.05 vs. naive.

https://doi.org/10.1371/journal.ppat.1007244.g001

and the lesion size and bacterial load studied. As a confirmatory approach, WT mice were
treated daily with an ointment containing the BLT1 antagonist, U75302. Genetic or pharmaco-
logic BLT1 deficiency led to increased lesion size and bacterial load at the site of infection (Fig
2A and 2B). Infected 5-LO”" mice also showed larger infection areas and bacterial burden (Fig
2C and 2D) and adding LTB, back to the 5-LO”" mice restored the hosts’ skin defenses. Fol-
lowing treatment once daily for 9 days with the LTB, ointment, the 5-LO”" mice showed
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Fig 2. LTB,/BLT1 axis is essential to control MRSA skin infections. A) The infection area was measured every other day for 9 days in wild-type (WT) C57BL/6 and

BLT1”" mice infected subcutaneously (s.c.) with

MRSA and then treated daily or not treated with BLT1 antagonist U75302 (U7) or vehicle control. B) Bacterial loads

(CFU counts) determined at days 1 and 9 after MRSA skin infection in C57BL/6, 5-LO”", BLT1"", and BLT1 antagonist-treated mice. C) Infection areas were

determined as in (A) in the C57BL/6, and 5-LO"

"~ mice treated or not treated daily with LTB,4 ointment. D) Bacterial load in the infected skin determined as in (B) in

WT and 5-LO™" mice treated or not treated with LTB, ointment. E) Gram staining of Skin biopsies collected at day 1 post-MRSA skin infection from WT, BLT17",
5-LO™", and 5-LO™" mice treated topically with 3.37 x 107°% LTB, ointment. Gram staining to label gram-positive bacteria is shown in purple/brown. Top panels are

40 X, middle panels are 100 X, and bottom pane

Is are 400 X magnification Insets represent 1000 X magnification. Black arrows indicate MRSA clusters. Images are

representative of 3-5 mice. F) H&E stains from mice treated as in (E) and shown at 40 X (upper) and 100 X magnification. G) Thickness of Masson’s trichrome blue
positive layer surrounding the abscess was measured with ImageJ software. In all cases, data represent the mean + SEM from 3-4 mice. *p < 0.05 vs. WT. *p < 0.05 vs.

5-LO" treated with vehicle-control ointment.

https://doi.org/10.1371/journal.ppat.1007244.9002

reduced infection sizes and the bacterial burdens were comparable to that of the WT mice lev-
els (Fig 2C and 2D). Next, using Gram staining, we observed intracellular bacteria in the WT
mice and increased extracellular bacteria in the skin of BLT1”" and 5-LO”" mice (Fig 2E).
Importantly, treatment of 5-LO™" mice with LTB, restored engulfment of bacteria (Fig 2E).
These data demonstrated that LTB,/BLT1 signaling is critical for controlling MRSA skin infec-
tions in vivo and further showed its therapeutic potential for controlling MRSA skin infections
in the absence of LTB,.

LTB, shapes innate immune response during MRSA skin infection

Next, we examined the leukocyte localization and histological changes in the skin of WT,
BLT1”", and 5-LO”" mice with and without LTB, ointment treatment. Bacterial infections in
WT mice resulted in neutrophil and monocyte/macrophage recruitment and abscess forma-
tion, as defined by collagen-enriched capsules at the sites of infection (Fig 2F and S1 and S2
Figs). Surprisingly, infections in both BLT1”" and 5-LO”" mice led to abundant immune

cell recruitment throughout the infected sites, indicating that leukotriene signaling was

not required for leukocyte migration to the site of MRSA skin infection (Fig 2F). However,
while migrating cells from WT mice developed an organized abscess structure with a fibrous
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capsule, BLT1"" and 5-LO”" infected mice lacked an abscess structure and had poor capsule
formation (Fig 2F and S1 and S2 Figs). To further confirm a role for LTB, in abscess forma-
tion, 5-LO™" mice were infected and treated with a topical LTB, ointment. The abscess
structures were considerably restored in these mice, suggesting that LTB, was required for
normal abscess architecture during MRSA skin infection (Fig 2F and S1 and S2 Figs). Fur-
thermore, we measured the thickness of the capsule, and our data show that while 5-LO™"
mice showed less fibrous capsule surrounding the abscess than infected WT mice, LTB,
ointment significantly increased the thickness of the abscess capsule in both WT and 5-LO™"
mice (Fig 2G and S1 and S2 Figs).

Because LTB, is quickly produced, we studied whether blocking LTB, signaling as early
as 3 hours after infection will differently influence bacterial clearance and inflammatory
response. We observed increased LTB, in the site of infection. When mice were treated with
the BLT1 antagonist for 3 hours, we detected higher bacterial load; lower cell infiltrates in
BLT1 antagonist-treated mice than mice treated with the vehicle control. Importantly, no
changes in CXCL2 and TNF-a between the two experimental groups were identified (S3A-
S3E Fig).

To study if lack of abscess is due to uncontrolled bacterial growth in LT-deficient mice, we
infected LT-deficient mice with a lower inoculum (5x10° CFU/mL) and our data showed
increased bacterial load in 5-LO deficient mice, but did not detect any differences in the pro-
duction of the inflammatory cytokine TNF-o and, the chemokine CXCL2 when compared
to WT control. Interestingly, H&E staining showed that infection of WT mice lead to small
swarm formed mainly by polymorphonuclear cells, while the lower number and disorganized
phagocytes migration were found in the site of infection in LT-deficient mice (S4A-S4C Fig).

These data show that LTB, production is primarily required for bacterial clearance neutro-
phil migration and organization in the site of infection which leads to control of bacterial load
in the skin.

Next, we determined whether topical LTB, treatment influenced the generation of inflam-
matory mediators in the skin of infected mice. LTB, treatment increased the production of
chemokines (CXCL2, CCL4) and metalloproteinases (MMP8) involved in neutrophil and
monocyte recruitment, and inflammatory cytokines (IL-33 and IFN-y) that are known to
enhance macrophage antimicrobial effector functions (S5A-S5D Fig). These data unveiled
that LTB, restrains MRSA infection by both controlling phagocyte-mediated bacterial clear-
ance and setting the tone of the inflammatory response that leads to a self-contained abscess
formation.

We then determined whether LTB, synergizes with antibiotics to further improve clearance
of MRSA infection. We then employed antibiotic mupirocin, that is effective as a topical oint-
ment. When mice were treated with LTB, plus 0.01% mupirocin, the combination of both
agents greatly increased bacterial clearance and decreased lesion size (Fig 3A and 3B). We then
determined the time points at which LTB, plus mupirocin were more effective in killing the
bacteria in vivo. Using a bioluminescent MRSA and monitored bacterial burden over time on
the same animal, we observed a highly synergistic effect when mice were treated with both
agents (Fig 3C). Furthermore, when we studied the abscess of mice treated as in the Fig 3A,
both LTB, and mupirocin alone increased the abscess structure and formed a highly defined
abscess than mice treated with the vehicle control (Fig 3D and S1 Fig). The combination ther-
apy further decreased the abscess size and increased the size of the capsule, which correlated
with improved bacterial clearance (Fig 3B-3E and S1 Fig). These data show that LTB, is a
potent immunotherapeutic agent that influences both early and late events in MRSA infection
and synergizes with antibiotic treatment to increase bacterial clearance during MRSA skin
infection.
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from mice treated as in (A) and biopsies collected at day 1 post-MRSA skin infection. 40 X magnification and the white dotted lines indicate an abscess edge. E) (left)
Masson’s trichrome blue staining from mice infected and treated with vehicle, LTBy, and LTB, plus mupirocin for 24 h. The top is 40 X, the middle is 100 X and
bottom is 400 X magnification. (right) The thickness of Masson’s trichrome blue positive layer surrounding the abscess was measured with Image]J software as
described in the Material and Methods. Data are the mean + SEM of 4-5 mice from 1-2 experiments. “p < 0.05 vs. vehicle. **** p < 0.001 vs. vehicle.

https://doi.org/10.1371/journal.ppat.1007244.9003

LTB, shapes the chemoattractant gradient to increase neutrophil directed
chemotaxis and increase antimicrobial effectors at the site of MRSA skin
infection

To determine the step(s) of LTB, contribution to the increased host defense during skin infec-
tion, we assessed the production of inflammatory cytokines, chemokines, and molecules
involved in tissue destruction at early (day 1) and late (day 9) time points after infection in
both WT and BLT1”" mice. Our data (Fig 4A) clearly showed that at day 1 after infection, we
detected high levels of chemokines involved in both neutrophils and monocyte recruitment to
the site of infection (CXCL2, CXCL1, CCL8, CCL4, CCL2, and CXCL1), along with cytokines
known to increase macrophage and neutrophil antimicrobial effector functions, such as IFN-y
and IL-12p70 in WT mice (Fig 4A). In contrast, these inflammatory mediators were decreased
in BLT1”" mice at day 1 after infection. However, BLT1”" mice had increased levels of the
major neutrophil chemoattractant CXCL2, possibly explaining the increased neutrophil num-
bers in these animals. When the infection was mostly cleared in WT mice (day 9), we observed
a decrease in most chemokines, but not in IL-10 and IL-1B, CCL7, and CCL4. In BLT1”" mice,
the inflammatory process was still intense as characterized by higher levels of RAGE, TIM,
CXCL2, IFN-y, MMP12, and CCL8. At this time point, we also detected decreased VEGF,
P-Selectin, CCL2, CCL7, CCL4, IL-10, IL-1pB, and IL-33 in BLT1”" when compared to that in
the infected WT mice (Fig 4A). These data suggested that BLT1 was essential in controlling
early events involved in the recruitment of effector cells during infection, and lack of BLT1 led
to chronic inflammatory responses, as characterized by increased inflammatory cytokines che-
mokines and danger-associated molecular pattern, such as RAGE (Fig 4A).

Next, we stained the infected skin of WT, BLT1"", and 5-LO”" mice using anti-Ly6G/C
antibodies to further study whether LTB, controls neutrophil localization. Our data showed
that in WT mice, neutrophils were located mainly in the abscess and surrounding the abscess
area. However, neutrophils from BLT1”" and 5-LO”" mice were not confined to an abscess
structure, with the cells found in all layers of the dermis (Fig 4B). Importantly, treatment of
5-LO”" mice with topical LTB, ointment restored abscess formation and neutrophil location
inside the abscess (Fig 4B). We also confirmed that blocking BLT1 decreases neutrophil migra-
tion to the site of infection (Fig 4C).

Next, we sought to investigate how LTB, affected neutrophil directed chemotaxis in the
infected skin using intravital microscopy imaging. GFP-expressing myeloid cells (LysGFP)
mice, were infected with MRSA and treated with the LTB4 or BLT1 antagonist ointment.
While neutrophils (brighter GFP signals than other myeloid cells [19] in the skin of mice
treated with vehicle ointment formed swarm-like clusters (Fig 4C and 4D), mice treated with
topical LTB, formed more neutrophil swarm-like clusters than was shown in the vehicle-
treated mice (Fig 4C and 4D). However, BLT1 antagonist treatment did not decrease neutro-
phil accumulation after 24 h of infection. Additionally, although BLT1 antagonism did not
affect cellular velocity, the neutrophil median velocity was increased when mice were treated
with LTB, (Fig 4E and 4F). The displacement values were similar between the LTB,-treated
and untreated control mice. However, BLT1 antagonism significantly reduced the movement
of neutrophils in the infected mice (Fig 4C). The ratio of displacement (vector of distance
from point A to point B) to duration was used to estimate the cellular directionality and our
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technical replicate (1 = 4-5/group). B) Skin biopsy sections from WT, BLT1”, 5-LO", and 5-LO”" mice + LTB,
ointment were stained with anti-Ly6G/C antibody as described in the Material and Methods. Top panels are 40 X, and
bottom panels are 400 X magnification. Neutrophil staining is shown in brown and counterstained in blue. C)
Detection of Ly6G positive cells in the skin biopsies of mice infected and treated with the vehicle control or the
ointment containing 0.001% BLT1 antagonist for 24 h using FACS analysis. D) Still frames of the intravital imaging
from the EGFP-LysM mice infected with MRSA and treated with ointments containing vehicle control (untreated),
3.37 ng LTB, ointment, or 0.001% BLT1 antagonist (U75302). After 24 hours, the mice were imaged by two-photon
intravital microscopy for 30 minutes. E) Determination of the swarm size in WT EGFP-LysM mice treated or not with
the LTB4 ointment using image J as described in the Material and Methods. F) Quantifications and track paths of mice
represented in (C) that show the median velocity of the GFP* cells. Track displacements of GFP" cells and ratios of
displacement/track durations were measured using FIJI (Image]) Trackpath plugin software and analyses were as
described in the Material and Methods. Data are the mean + SEM of 1000+ GFP" cells representative of 3-4 mice.
***p < 0.0001 vs. untreated. White arrows indicate swarming.

https://doi.org/10.1371/journal.ppat.1007244.9004

data showed that the ratio of displacement/duration was increased with LTB, treatment, and
decreased with BLT1 antagonist treatment (Fig 4F).

Here we demonstrated that early LTB, production and BLT1 activation dictates skin host
defense by controlling both neutrophil chemotaxis and the generation of antimicrobial effector
during MRSA skin infection.

Cross-talk between tissue macrophages and LTB, in MRSA skin infection

Next, we aimed to identify whether macrophage localization and actions in the abscess could
influence the production of inflammatory mediators and abscess formation during skin
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Fig 5. Skin macrophages are necessary for LTB, production and host defenses during MRSA skin infection. A) Skin biopsy sections from WT, BLT17", 5-LO™",
and 5-LO™" plus the LTB, ointment treated mice stained with the anti-F4/80 antibody as described in Material and Methods. The top panels are 40 X, the middle
panels are 400 X, and the bottom panels are 1000 X magnification. Macrophages stained brown, and the counterstain is blue. Black arrows indicate macrophages and
the black dashed box is the amplified region. Images are representative of 3-5 mice. B) Depletion of skin macrophages in MMDTR mice were PBS-treated or DT-
treated and infected with MRSA by subcutaneous injection. C) Percentages of Ly6G" cells in MMDTR mice treated or not treated with DT, followed by MRSA
infection for 24 hours, and examined by FACS analyses. D) LTB, production in the skin of MMDTR treated or not treated with DT mice, followed by infection at the
indicated time points as detected by EIA. E and F) Production of CXCL1 (E) and CCL4 (F) in the skin biopsies from MMDTR mice treated or not treated with DT,
followed by MRSA skin infection for the indicated time points as detected by ELISA. G) Slides were stained using DAPI (blue), mCherry for macrophages (red), and
FITC-labeled anti-Ly6G antibody (green). Images shown are at 200 X magnification and are representative of 3-5 mice/group. White arrows indicate mCherry*
stained macrophages. H) Bacterial loads of MMDTR mice treated or not treated with DT, infected with MRSA, and treated with LTB4 ointment for 24 hours as
measured by CFU counts/mg tissue. I) Lesion sizes of MMDTR mice treated as in (F) and measured 24 hours after infection. Data are the mean + SEM of 3-8 mice.
*p < 0.05 vs. naive. “p < 0.05 vs PBS-treated mice.

https://doi.org/10.1371/journal.ppat.1007244.9005

infection. In WT mice, macrophages were found along the periphery of the abscess and within
the fibrous capsule (Fig 5A). However, macrophages were randomly distributed throughout
the areas of the dermis and in the in the central areas of the infectious foci in the BLT1” and
5-LO™" mice (Fig 5A). We then determined whether LTB, restored macrophage localization

to areas near the abscess seen in WT mice. Our data clearly show that topical LTB, restored
macrophage localization to the periphery of the abscess in 5-LO™" mice (Fig 5A). Furthermore,
these data led us to speculate that macrophage LTB, production near the abscess is necessary
for neutrophil recruitment to the abscess.

We then determined if depletion of skin macrophages influenced the in vivo LTB,4 produc-
tion, neutrophil recruitment, and abscess formation during MRSA skin infection. Confirming
the depletion studies, the diphtheria toxin (DT) treated mice (S5A Fig) exhibited lower
mCherry fluorescence as detected using IVIS SpectrumCT in vivo imaging and FACS before
infection and at day 1 post-infection (S6B Fig and Fig 6B). Depletion of macrophages led to
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Fig 6. LTB, promotes NADPH oxidase-mediated killing of MRSA. A) Determination of bacterial killing in peritoneal
macrophages and bone marrow-derived neutrophils from WT and BLT1”" mice as described in the Material and Methods. B) (left)
Determination of reactive oxygen species (ROS) production in macrophages from WT mice treated or not treated with the BLT1
antagonist, followed by challenge with MRSA for 60 minutes. (Right) Relative fluorescence units (RFU) levels of CellRox positive
macrophages treated with vehicle control, LTB,, and BLT1 antagonist, followed by MRSA infection for 60 minutes. The RFU were
determined as described in the Material and Methods. C) Mean fluorescence intensity (MFI) levels of CellRox positive bone
marrow-derived neutrophils treated with vehicle control and BLT1 antagonist, followed by MRSA infection for 60 minutes. The
MFI was determined as described in the Material and Methods. D) WT or gp91phox”~ mice were infected with MRSA via s.c. and
treated topically daily with vehicle-control ointment, apocynin, LTB, ointment, or apocynin + LTB, combination ointment.
Infection areas were measured 24 hours after infection, and the affected areas were measured as described in the Material and
Methods. E) Bacterial loads of WT and Gp91phox”" mice treated as in (D) and CFU were determined 24 hours after infection as
described in the Material and Methods. F) H&E staining of mice treated and infected as in (D). The top panels are 4 X, and the
bottom panels are 40 X magnification. Data are the mean + SEM of 8-15 mice. *p < 0.05 vs. WT. White arrows indicate abscess
edges. All abbreviations are defined in Figs 1 and 2 legends.

https://doi.org/10.1371/journal.ppat.1007244.9006
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both decreased neutrophil migration and LTB, production at 6 and 24 hours after skin infec-
tion (Fig 5B and 5C). In addition, macrophage depletion led to reduced production of CXCLI,
and CCL4 24 hours after infection (Fig 5E). Next, we hypothesized that macrophage depletion
could compromise abscess structure, as observed in the 5-LO”" or BLT1”~ mice. Confocal
microscopy imaging of infected MMDTR mice showed an organized abscess structure at day 1
post-infection that was composed predominantly of neutrophils, as indicated by Ly6G+ stain-
ing (green), and was surrounded by mCherry" macrophages (red) (Fig 5F), supporting our
observations using immunohistochemistry (IHC) staining as shown in Fig 5A. DT treatment
of MMDTR mice led to a reduction in neutrophils recruited to the skin and abscess formation
(Fig 5H), which correlated with worse infection areas and higher bacterial burdens (Fig 5G
and 5H) when compared to that of the WT mice treated with DT. These results suggested that
macrophages played a central role in LTB, production during MRSA skin infections, which
was critical for abscess formation and bacterial clearance. To confirm that LTB, was involved
in poor host defenses in macrophage-depleted cells, DT-treated MMDTR were subjected to
the LTB, ointment for 24 hours. Our results showed that topical LTB, decreased lesion size
and bacterial clearance in macrophage-depleted mice (Fig 5G and 5H), restored production of
the chemokines, CCL2 and CXCL4, but not CXCL2 (S7A-S7C Fig), VEGF, IL-33, and IL-1§
(S7D-S7F Fig) and neutrophil migration to the site of infection (S7G Fig) in DT-treated
MMDTR mice. Together, these findings identified a novel role for skin resident macrophages
in regulating inflammatory response and abscess formation during MRSA skin infection.

MRSA clearance requires LTB,-mediated NADPH oxidase activity in vivo

The generation of ROS is essential in the control of S. aureus infection [16, 20]. LTB, utilizes
NADPH oxidase to increase in vitro Klebsiella pneumoniae killing. The role of LTB,-mediated
NADPH oxidase activity in killing MRSA in vivo was determined employing both pharmaco-
logical and genetic approaches. Initially, we determined whether LTB, is required for MRSA-
induced bacterial killing in both macrophages and neutrophils. Our data showed that blocking
BLT1 signaling decreases bacterial killing in both cells (Fig 6A), which correlated with
decreased ROS production in MRSA-challenged phagocytes pretreated with the BLT1 antago-
nist (Fig 6B and 6C). Next, we tested whether LTB, enhances bacterial clearance in vivo. WT
mice were treated with topical ointments containing LTB,, an NADPH oxidase inhibitor,
apocynin [21], or a combination of both agents after the MRSA infection. Furthermore, The
WT mice and the gp91phox ™™ mice were treated daily with the LTB, ointment. Here, we
observed higher lesion size and bacterial loads when NADPH oxidase was deficient, and while
LTB, alone increased bacterial clearance in WT mice, LTB, treatment did not reduce the infec-
tion areas or bacterial burdens, and both the apocynin co-treatment or gp91phox”~ mice
showed similar results, further confirming that LTB, increased bacterial killing by activating
NADPH oxidase in vivo (Fig 6D and 6E). We then determined whether ROS influenced
abscess formation and if LTB,-mediated abscess formation was dependent on ROS produc-
tion. The WT mice treated with apocynin alone showed poor abscess structure, and LTB, co-
treatment with apocynin failed to restore abscess morphology, correlating with higher bacterial
burdens (Fig 6F and S1 Fig). These results demonstrated that formation of the abscess and bac-
terial clearance were dependent upon LTB,-dependent NADPH oxidase activities.

Discussion

MRSA, previously a nosocomial pathogen, has reached epidemic proportions and now is com-
monly found in both community and hospital settings [22, 23]. Infections with antibiotic-
resistant pathogens significantly limit treatment options and could lead to irreversible tissue
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Fig 7. Summary of LTB,-promoted MRSA skin infection clearance. Left panel: MRSA skin infection requires tissue-resident macrophages
for optimal LTB, production and neutrophil recruitment. LTB, provides direction to neutrophils to contain bacteria and form an abscess
surrounded by fibrous collagen. Middle panel: Combination ointment with LTB, + the topical antibiotic, mupirocin, is more efficient at
eliminating the infection. Right panel: Mice lacking LTB,/BLT1 fail to contain bacteria or develop an abscess. All abbreviations are defined in

Figs 1 and 2 legends.
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damage and co-morbidities associated with chronic infections [24]. The development of host-
derived immunotherapeutics that boost innate immune response and limit antibiotic resis-
tance to avoid alterations in microbiome populations is much needed. Therefore, combination
therapies using endogenous molecules along with the use of antibiotics represent a new fron-
tier in the control of antibiotic-resistant pathogens [25].

Among the major cellular players involved in MRSA control, keratinocytes, macrophages
and neutrophils are essential in recognizing and eliciting bacterial clearance by producing
inflammatory mediators that create chemoattractant gradients required for the recruitment
of immune cells to the site of infection, acting in an autocrine fashion to increase leukocyte
action, and enhance the generation of microbicidal molecules [4]. Consequently, pleiotropic
endogenous molecules that act on amplifying both inflammatory response and antimicrobial
effector functions are, in theory, optimal immunotherapeutics to treat antibiotic-resistant
infections. Furthermore, the earlier events that shape innate immune response during skin
infection is not well appreciated. Here, we focused our efforts in understanding the role of a
lipid mediator (LTB,) that is produced within seconds to minutes after microbial challenge
and could dictate the outcome of infection. LTB, has been shown to improve phagocyte effec-
tor functions in vitro [14, 26-32]. Here, by employing a variety of epistatic and gain of function
experiments, we unveiled that LTB, is required to control different steps of the inflammatory
response that culminates in a well-capsuled abscess that retains and control MRSA skin infec-
tion and that topical LTB, treatment synergizes with the over-the-counter antibiotic mupiro-
cin that greatly improves abscess formation and accelerates bacterial clearance (Fig 7). In
summary, we found that: 1) LTB, production in areas near the abscess sets the stage for the
neutrophil and macrophage chemotaxis during MRSA skin infection. 2) Endogenously LTB,4
production is required for host control during MRSA skin host by chemotaxis in the tissue,
bacterial killing (ROS production) and inflammatory response (chemokines and cytokines)
that directly regulates abscess architecture and bacterial control. 3) Skin macrophages govern
neutrophil migration, abscess formation, and bacterial clearance.

Although the role of proteins and lipids in inflammatory processes are studied using strate-
gies to either inhibit or overexpress a given molecule, the exact location of inflammatory medi-
ators in the site of infection is poorly understood. Here we show that LTB, production in areas
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near the edge of the abscess (as evidenced by enriched 5-LO staining in macrophages and

less abundant in neutrophils and AA detection determined by MALDI-IMS) might directly
influence leukocyte behavior and increase antimicrobial effector functions. These findings
unlock new biology, since identifying the location of inflammatory mediators during infec-
tions could uncover regulatory events necessary for optimal host defense in vivo. LTB, produc-
tion in areas near the abscess could favor directed chemotaxis of neutrophils to the site of
infection and shape production of inflammatory mediators to elicit phagocyte antimicrobial
effector functions.

S. aureus abscess is molded by several layers of neutrophils, dead cells and macrophages,
surrounded by a capsule of fibrin/collagen that contains the pathogen [16, 17]. Although a
number of the pathogen-derived virulence factors and cell wall components required for
abscess formation have been studied [17, 33], less is known about host-derived products pro-
duced during S. aureus infection and how endogenous inflammatory mediators influence the
pathogenesis and abscess formation during staphylococcal infections. Here, genetic and phar-
macologic approaches unveiled that LTB, deficiency did not impact neutrophil migration to
the site of infection. While MRSA infection led to the formation of a neutrophilic self-confined
abscess in WT mice, neutrophils in 5-LO”" and BLT1”" infected mice were found within all
layers of the dermis and near the epidermis. Importantly, topical LTB, treatment in 5-LO™
mice restored abscess formation, which indicates that LTB, provides neutrophils cues to locate
the abscess (see below). Importantly, poor abscess formation could also be due to an excessive
bacterial growth that could delay abscess formation in the abscess of LTB,, but when we
infected WT and 5-LO™" mice with 100 times less bacteria than we used in this study, we
detected a small neutrophilic swarm in WT but not in LT-deficient mice. The fact that LTB,
restores abscess and bacterial clearance in 5-LO”" is of importance, since acquired states of LT
deficiency, such as bone marrow transplant, protein-calorie malnutrition, HIV infection that
are highly susceptible to S. aureus infection are also characterized by low 5-LO expression and
LTB, production [8]. Therefore, using LTB, to boost host defense in these groups of patients
can be an attractive immunotherapeutic strategy to control infection.

We then determined whether LTB, could play a differential role in different steps of the S.
aureus abscess formation and clearance. Initially, we studied whether blocking LTB, early in
the infection could influence bacterial clearance, neutrophil migration and production of
inflammatory molecules. Our data show that LTB, is produced after 3 hours of infection, and
BLT1 blockage increased bacterial loads and leukocyte migration but did not influence cyto-
kine and chemokine production. These data suggest an essential role for LTB, in the establish-
ment of the skin infection. Next, we determined whether LTB, would alter the synthesis of
chemokines and cytokines involved in neutrophil and monocyte chemotaxis during S. aureus
skin infection in WT and BLT1”" at the beginning of the infection (day 1) and when the lesion
is cleared in WT mice (day 9). LTB,/BLT1 axis is required for the synthesis of chemokines
that recruits neutrophils (CXCL1 and CXCL2), monocytes (CCL2, CCL8, and CCL7) and T
cells (CCL4) at both days 1 and 9 after infection. However, CXCL2 levels were substantially
increased in infected BLT1”", which could explain why initial neutrophil migration is not
affected in these mice. Given the differential regulation of chemokines in BLT1”", we speculate
that increased CXCL2 is not a compensatory mechanism. Considering that infected BLT17
still shows enhanced metalloprotease MMP12, the alarmin RAGE, IFN-y and decreased
VEGEF suggest an active inflammatory process, due to inefficient bacterial clearance. Although,
BLT1”" neutrophils were capable of migrating to the site of injury, indicates that LTB,/BLT1
does not influence the steps involved in neutrophil diapedesis, such as rolling, adherence and
transmigration [34]. LTB, has been shown to act as a signal-relay signal promoting enhanced
neutrophil migration towards other chemotactic molecules such as Fmlp [35]. However, the
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ability of BLT1”" to be directed to a focal point in the skin was impaired as shown in both our
MRSA infection model as well as in a sterile injury model [36], suggesting LTB, functions

to provide direction towards a chemoattractant, which is necessary to eliminate infectious
products or dead tissue. This phenomenon was recently termed neutrophil swarming [36]. It
remains to be determined what are the intracellular events triggered by LTB,/BLT1 that pro-
vides neutrophil swarming. Here, our data suggest that LTB, production is required during
different phases of the infection, namely the initial recruitment of phagocytes to control infec-
tion and when the infection is established by locally amplifying antimicrobial effector func-
tions, as well as the inflammatory milieu. Furthermore, we are providing new evidence that
topical ointment containing LTB, indeed increases neutrophil swarming during MRSA infec-
tion, in addition to increased velocity and neutrophil displacement.

During the initial hours after infection, it has been suggested that skin-resident cells are
responsible for neutrophil recruitment to the site of infection [37-39]. However, the specific
role of macrophages in neutrophil migration during skin infection remains to be fully deter-
mined. Here, using an animal model that specifically depletes macrophages and monocytes,
we unveiled that skin macrophages are required for critical events in MRSA skin infection,
namely LTB, production and neutrophil migration to the site of infection, abscess formation,
and bacterial clearance. Although we depleted cells before infection, we cannot rule out
whether recruited monocytes are also crucial for initial LTB, production and neutrophil
recruitment. Since we detected these differences as early as 6 hours after infection, we antici-
pate that skin resident macrophages are dictating early immune response during MRSA skin
infection. Also, Feuerstein et al. suggested that MyD88 expression in macrophages is also
required for abscess formation. However, the authors used liposomal clodronate that depletes
several phagocytes [40]. Interestingly, we have shown that IL-13/MyD88 actions in neutrophils
are necessary for S. aureus abscess formation [41]. Furthermore, we have previously demon-
strated LTB, increases MyD88 expression in macrophages from different organs [10-12].
Whether LTB,/MyD88 axis regulates abscess formation during MRSA skin infection remains
to be investigated.

Given the fact that LTB, exhibits pleiotropic effects during MRSA skin infection, a topical
ointment containing LTB, is a promising therapeutic strategy for treating MRSA skin infec-
tions. Interestingly, LTB, enhances the killing of different pathogens by inducing ROS, RNI
and antimicrobial peptides in vitro [14, 28, 42]. We also have shown that treatment of WT mice
with bestatin (a nonspecific LTA4 hydrolase and aminopeptidase inhibitor [43]) decreases neu-
trophil migration and increases bacterial load in after days 1 and 3 after infection [44]. How-
ever, the use of bestatin, which also inhibits di-peptidases with inflammatory actions, could
potentially influence skin host defense in a manner independent of LTB, production [43, 45].
Yamamoto et al. have shown that LTB, injection increases MRSA clearance and animal survival
in a model of peritonitis [15]. Here, we are showing that LTB, activation of NADPH oxidase is
required for microbial clearance and improve lesion during MRSA infection. Furthermore, we
observed that topical treatment with an ointment containing LTB, and the topical antibiotic
mupirocin quickly reduced bacterial burden and infection size. We used mupirocin because it
is a topical antibiotic used to treat skin infections and only functions locally. There are many
potential advantages to using LTB, in immunotherapeutic protocols as follows: (1) LTB, syn-
thesis is easily produced with a high degree of purity; (2) LTB, has a short half-life, which allows
precision in controlling undesired inflammatory response; (3) LTB, is safe to humans and non-
humane primates [42, 46, 47]; and (4) LTB, is a pleiotropic molecule that amplifies initial anti-
MRSA responses by enhancing bacterial recognition and phagocytosis [12, 48, 49], release of
ROS [49], IL-1P levels, and pro-inflammatory responses through MyD88 expression and NFxB
activation [49] that culminates in efficient abscess formation.
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In our preclinical studies, we have identified a previously unknown role of tissue-resident
macrophages to promote LTB, production, which is necessary to enhance structured abscess
formation and bacterial clearance. These studies have evident translational importance given
the prevalence of skin infections in patients with immunosuppressive diseases that exhibit
poor LTB, production, such as cancer and malnutrition [8]. Therefore, a therapeutic interven-
tion of these groups of patients with an ointment containing LTB, with concurrent antibiotic
therapy is a promising strategy to treat MRSA infections.

Methods
Study design

For all experiments, the minimum sample size was determined to detect a difference between
group means of two times the observed standard error (SE), with a power of 0.8 and a signifi-
cance level of 0.05, using the power and sample size calculator (http://www.statisticssolutions.
com/). On the basis of this, the calculated minimum sample sizes ranged from three to four
depending on the experiment. The average sample size for mouse studies was five per group.
All samples were randomized but not blinded.

Animals

Eight—ten-week-old female or male 5-LO7" (B6.129-Alox5"1F4", [50]), BLT1”" (B6.12954-
Ltb4r1™%/5;[51], Csflr-HBEGF/mCherry)1Mnz/J (JAX stock #024046) [52], LysMcre,
MMDTR, and strain-matched WT C57BL/6 mice were purchased from Jackson Labs (Bar
Harbor, ME USA). MMDTR mice were generated by breeding the Csf1r-HBEGF/mCherry)
1Mnz/] plus LysMcre mice as previously reported [52]. EGFP-LysM was donated by Dr. Nadia
Carlesso (City of Hope, Duarte, CA, USA), and the pIL1DsRed (donated by Dr. Akiko Taka-
shima, University of Toledo, Toledo, OH, USA, [53]).

Ethics statement

Mice were maintained according to National Institutes of Health guidelines for the use of
experimental animals with the approval of the Indiana University (protocol #10500) and Van-
derbilt University Medical Center (protocol #M1600154) Committees for the Use and Care of
Animals. Experiments were performed following the United States Public Health Service Pol-
icy on Humane Care and Use of Laboratory Animals and the US Animal Welfare Act.

MRSA skin infection and topical ointment treatment

Mice were infected with MRSA USA300 LAC strain (~3 x10° colony forming units [CFU]) s.c.
in 50 uL phosphate-buffered saline (PBS) as we have previously shown[54]. Lesion and abscess
sizes were monitored daily and determined by affected areas calculated using a standard for-
mula for the area: (A = [1/2] x I x w) [55]. The final concentrations of the ointments were as
follows: LTB,4 (33.7 ng- 3.37 X 107%%), U75302 (0.001%), apocynin (16.6%), and mupirocin
(0.1%), all in 1 g of petroleum jelly (vehicle control). The treatments were applied to the
infected area with a clean cotton swab. Mice were treated once a day throughout infection
(ranging from 6 hours to 9 days).

Skin biopsies and bacterial load

Punch biopsies (8 mm) from noninfected or infected skin were harvested at different time
points and used for determining bacterial counts, cytokine production, RNA extraction, cell
isolation, histological analyses, and IHC staining [56]. For bacterial load, skin biopsies were
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collected at days 1 and 9 post-infection, processed and homogenized in TSB medium, and
serial dilutions were plated on TSB agar plates and colonies were counted after 18 h at 37°C.

Primary cell isolation

Resident peritoneal macrophages were isolated using ice-cold PBS as previously described
[11,57].

To isolate bone marrow neutrophils, bone marrow from both tibias and femurs were
flushed with PBS with a 26G needle and a 20-mL syringe. Neutrophils were negatively isolated
using a MACSxpress Neutrophil Isolation Kit as suggested by the manufacturer (Miltenyi Bio-
tec, Sunnyvale, CA, USA).

Phagocytosis and bacterial killing assays

Resident peritoneal macrophages and bone marrow-derived neutrophils (2 x 10°/well) were
plated into two 96-well plates with opaque walls and clear bottoms. Cells were cultured in
DMEM and pretreated with 10 pM U75302 (Cayman Chemicals, Ann Arbor, MI) for 30 min-
utes or 10 nM LTB, for 5 minutes before the addition of MRSA-GFP at a multiplicity of infec-
tion of 50:1, as we have previously described [49]. Infected cells were incubated 1 hour to allow
phagocytosis, and both plates were washed with warm PBS. The PBS and treated samples were
added to the killing plate and incubated for another 2 hours for killing assays. To measure the
intensity of GFP fluorescence, extracellular fluorescence was quenched with 50 uL of 500 pg/
mL trypan blue, and the GFP fluorescence was quantified using a fluorimeter plate reader. Try-
pan blue served as blank. A reduction in GFP fluorescence in the killing plate relative to the
phagocytosis plate indicated bacterial killing.

Macrophage depletion studies

To deplete monocytes and macrophages, MMDTR mice were treated with 100 ng of DT once
a day for 3 consecutive days before MRSA skin infection [52].

IVIS Spectrum in vivo imaging

The IVIS SpectrumCT (PerkinElmer, Waltham, MA, USA) instrument was used to image bio-
luminescent MRSA and macrophages in the skin of the animal.

For bioluminescence imaging, the mice were scanned without emission filtration for 1-4
min/image. Mice were scanned longitudinally once a day for 10 days to monitor the course of
MRSA skin infection. For analysis, regions of interest were drawn around each site of infection
and the total photon flux (photons/second) was measured. To account for background signal
resultant from camera thermal noise and emission scatter, a background region was drawn
outside the mouse to determine the background signal of each scan. To establish the relation-
ship between bacterial CFU and background-free total photon flux, bacterial standard curves
were prepared and imaged by spotting known bacterial CFU onto TSA plates (for in vitro stud-
ies) or from subcutaneously infected mice (for in vivo studies). By establishing the lumines-
cence and CFU relationship, and fitting these with linear regression, it was possible to quantify
the bacterial burden in the skin or each mouse.

For DsRed and mCherry fluorescence imaging, in the presence of bioluminescent MRSA,
groups of 4 mice were imaged at 6-8 distinct emission wavelengths over the (excitation: 535,
570, 605) 560-680nm and (excitation: 500, 535, 570) 580-720nm bandwidths, respectively,
with an exposure range of 1-5 sec/group. To provide negative controls, WT mice that were
DsRed negative (or mCherry negative) with and without bioluminescent MRSA were imaged
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as above, and served as bioluminescent MRSA and auto-fluorescence controls, respectively.
Because the total emission in each mouse is a linear combination of DsRed (or mCherry) fluo-
rescence combined with MRSA bioluminescence, DsRed (or mCherry) the fluorescence emis-
sion must be spectrally deconvolved. Individual basis functions for each spectral series were
constructed as follows:

E o (’17 i) = EWT(/U (1)
EBL(;“v i) = EMRSA(;“v i) — E o (/17 i) (2)
EFL(;% i) = ETotal(/l) - EBL(;“7 i) (3)

Where 4, i, Eayto, Ewrs Epr> Errsas Etota» and Epyp are the wavelength, subject, autofluorescence
emission, wild-type emission (i.e. no DsRed or mCherry), bioluminescence emission, MRSA
emission (i.e. bioluminescence + autofluorescence), total emission (i.e. bioluminescence

+ autofluorescence + mCherry), and mCherry emission only. Wavelength-dependent spectral
basis functions were manually constructed and loaded into LivingImage (PerkinElmer, Wal-
tham, MA, USA), where mCherry spatially dependent signals for each pixel were spectrally
deconvolved using a multi-linear least squares approach. Once the images were spectrally
decomposed, a region of interest was drawn around the mCherry signal and was the average
pixel intensity was reported in total radiant efficiency ([photons/second]/[pfW/ cm?)).

Two-photon intravital microscopy

Mice were anesthetized with a solution of ketamine/xylazine. A skin flap was created sur-
rounding the infection area, as adapted from [58]. The skin flap was placed in a coverslip-
bottomed cell culture dish for imaging and moistened with PBS. The temperature of the
mouse was maintained at 36°C with two ReptiTherm pads. Mice were imaged for up to 1
hour. Imaging was performed using an Olympus FV1000-MPE confocal/multiphoton micro-
scope (Olympus, Tokyo, Japan). Analyses were performed using Amaris or FIJI (Image J)
tracking software.

RNA isolation, reverse transcription, and quantitative real-time PCR

Total RNA was isolated from skin biopsies using lysis buffer (RLT; Qiagen, Redwood City,
CA, USA) and the cDNA and real-time PCR were performed as previously published [10]
using primers indicated in the instructions included with the CFX96 Real-Time PCR Detec-
tion System (Bio-Rad, Hercules, CA, USA). Gene-specific primers were purchased from Inte-
grated DNA Technologies (Redwood City, CA, USA). Relative expression was calculated as
previously described [10].

Multiplex bead array (Luminex), ELISA, and EIA assays

Skin biopsy sections were homogenized with a pestle in TNE cell lysis buffer containing 1x
protease inhibitor (Sigma-Aldrich, St. Louis, MO, USA) and centrifuged to pellet the cellular
debris. Multiplex bead array analysis was performed as suggested by the manufacturer and
analyzed using a Bio-Rad Bio-Plex MAGPIX multiplex reader. The Web-based tool Morpheus
(https://software.broadinstitute.org/morpheus/) was used to generate heat maps.

LTB, was measured using an EIA kit (Cayman Chemicals, Ann Arbor, MI, USA) follow-
ing the manufacturer’s protocols. In all the experiments, protein and lipid concentrations
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were normalized to the total protein concentration in the tissue, as determined by the Brad-
ford method.

Skin biopsy dissociation for flow cytometry

Skin biopsies were digested with collagenase and processed to obtain a single-cell suspension
as previously described [54]. Single cells were stained with the fluorescent antibodies or Cell-
Rox for flow cytometry analyses on the BD LSR II flow cytometer (BD Biosciences, San Jose,
CA, USA). Analyses were completed using Flow Jo software.

Histopathology analysis

For histological analysis, 8 um skin sections were stained with Hematoxylin and eosin or Mas-
son’s trichrome blue stain for capsule visualization [16]. Images of tissue sections were visual-
ized and acquired using the Nikon Eclipse Ci and Nikon Ds-Qi2 (Nikon, Tokyo, Japan).

Immunohistochemistry of skin biopsies

For histological analyses, the slides from 8 pm paraffin-embedded skin sections were treated
with 10% hydrogen peroxide in distilled water to block endogenous peroxidase activity. Slides
were blocked with PBS containing 8% serum. Sections were then incubated with anti-Ly6G/C
antibody, anti-F4/80, followed by a peroxidase-conjugated secondary antibody, color develop-
ment, and hematoxylin counterstaining. The 5-LO staining was performed using the Vectas-
tain ABC kit (Vector Labs, Burlingame, CA, USA) as suggested by the manufacturer, and the
5-LO antibody (1:100; Cell Signaling Technology, Danvers, MA, USA) was incubated for 18
hours at room temperature. Images were analyzed using FIJI software. Negative staining con-
trols were generated by omitting the primary antibody. Slides were visualized, and images
were acquired using the Nikon Eclipse Ci and Nikon Ds-Qi2 (Nikon, Tokyo, Japan).

Immunofluorescence staining

The slides from 8 pm sections were incubated in 3% PBS / BSA /Triton X-100 for one hour
and incubated with a rabbit anti-5-LO (1:100; Cell Signaling Technology) antibody and goat
anti-Ly6G-AlexaFluor488 conjugated (1:100; BD Biosciences) for 1 h followed by sequential
washes and incubation with an Alexa-Fluor568 goat anti-rabbit secondary antibody. To image
mCherry+ cells in MMDTR mice, biopsy sections were flash frozen, and the slides were pre-
pared on a microtome for immunofluorescence staining. In all circumstances, tissues were
stained with 4’,6-diamidino-2-phenylindole (DAPI) as a nuclear counterstain. Slides were
imaged on a Leica (Wetzlar, Germany) confocal microscope for mCherry, Ly6G, 5-LO and
DAPI fluorescence. Slides were visualized and images acquired on the Nikon Eclipse Ci with
filters for DAPI, GFP, and Texas Red, using the Nikon Ds-Qi2 camera.

Statistical analyses

The results are shown as the mean + SEM and were analyzed using the Prism 5.0 software
(GraphPad Software, San Diego, CA, USA). For comparisons between two experimental
groups Student’s t-test was used, and for comparisons among three or more experimental
groups, we used one-way analysis of variance followed by Bonferroni multiple comparison
tests. The open software Morpheus heatmap program (https://software.broadinstitute.org/
morpheus/) was used to generate heat maps. Values of p < 0.05 were considered significant.
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Supporting information

S1 Fig. Representative skin sections of mice infected with MRSA. The indicated animal strains
that were infected with MRSA by s.c. injection, followed by treatments with mupirocin and
apocynin plus LTB, ointment for 24 h. Skin biopsies were stained with Masson’s Trichrome
blue and shown a 100 X magnification. Results are representative of at least 2 individual mice.
(TIF)

$2 Fig. LTB,/BLT1 signaling is required for collagen formation in the abscess. WT, 5-LO™"
and BLT1”" mice were infected with MRSA by s.c. injection, followed by treatment with LTB,
ointment for 24 h. Skin biopsies were stained with Masson’s Trichrome blue and shown a 40 X
(upper) and 400 X (bottom) magnification. Results are representative of 3-5 individual mice.
(TIF)

S3 Fig. LTB, controls bacterial clearance, but not cytokine and chemokine production. WT
mice were infected with MRSA by s.c. injection, followed by treatment with vehicle control or
BLT1 antagonist ointment and 3 h after, skin biopsies collected and the production of A)
LTB,, B) CFU counts, C) TNF-o production and D) CXCL2 were measured using ELISA as
described in Material and Methods. Data are the mean + SEM of 4-5 mice. *p < 0.05 vs. naive.
E) H&E stains from mice treated as above and shown at 40 X (upper), and 100 X (bottom)
magnification. Images are representative of at least 3 mice/group.

(TIF)

$4 Fig. Low infectious dose unveils a role of LTs in bacterial clearance and neutrophil
recruitment. WT and 5-LO”" mice were infected with 5X10° MRSA by s.c. injection and 24 h
after, skin biopsies collected and the production of A) CFU counts and B) CXCL2 were deter-
mined as described in Material and Methods. Data are the mean + SEM of 4-5 mice. *p < 0.05
vs. naive. C) H&E stains from mice treated as above and shown at 40 X (upper), 100 X and 400
X magnification. Images are representative of at least 3 mice/group.

(TIFF)

S5 Fig. LTB, topical ointment increases the production of inflammatory mediators during
MRSA skin infection. WT mice were infected with MRSA by s.c. injection, followed by treat-
ment with LTB, ointment once a day for 9 days. Biopsies were homogenized and the produc-
tion of A) CXCL1, B) CCL4, C) MMP8 and D) IL-33 were measured using bead array
multiplex as described in Material and Methods. Data are the mean + SEM of 4-5 mice.

*p < 0.05 vs. naive mice and # p < 0.05 vs infected and vehicle-control treated mice.

(TIFF)

S6 Fig. Macrophage depletion protocol in MMDTR mice. A) DT treatment protocol to
deplete macrophages in MMDTR mice. One hundred ng of DT in PBS or PBS was adminis-
tered via intraperitoneal injections once daily for 3 consecutive days prior to MRSA skin infec-
tion. Mice biopsied on day 2 post infection received 100 ng DT on day 1 post infection. B)
MMDTR mice were infected or not infected with MRSA by s.c. injection. The mCherry fluo-
rescence was measured by the IVIS Spectrum in naive or day 1 post MRSA skin infected mice.
C) Biopsy punches were collected at day 1 post MRSA skin infection from PBS-treated or DT-
treated MMDTR mice and analyzed for percentage of mCherry™ cells by flow cytometry. Data
are the mean + SEM of 3-8 mice. *p < 0.05 vs. PBS-treated.

(TIF)

S7 Fig. Macrophage/LTB, axis regulates the production of inflammatory mediators during
MRSA skin infection. MMDTR mice were treated with 100 ng of DT or PBS once daily for 3
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consecutive days, followed by MRSA skin infection and topical LTB, treatment. 24 hours after
infection, biopsies were homogenized and the production of A) CCL2, B) CCL4, C) CXCL2,
D) VEGEF, E) IL-1B and F) IL-33 were measured using bead array multiplex as described in
Material and Methods. G) H&E stains from mice treated as above and shown at 10 X (upper)
and 400 X magnification. Data are the mean + SEM of 4-5 mice. *p < 0.05 vs. naive mice

and # p < 0.05 vs infected and vehicle-control treated mice and & p < 0.05 vs DT only treated
mice.

(TIF)

Acknowledgments

We thank Dr. Nadia Carlesso (City of Hope, Duarte, CA) for providing the Lys"“** mice. We
thank Dr. Bethany Moore (University of Michigan, Ann Arbor, MI) for providing the MRSA
USA300 LAC strain, Dr. Roger Plaut (Food and Drug Administration, Silver Spring, MD) for
providing the bioluminescent USA300 (NRS384 lux) MRSA strain.

Author Contributions
Conceptualization: Stephanie L. Brandt, Seth Winfree, Lloyd Miller, C. Henrique Serezani.

Data curation: Nathan Klopfenstein, Soujuan Wang, Seth Winfree, Brian P. McCarthy, Paul
R. Territo.

Formal analysis: Stephanie L. Brandt, Seth Winfree, Brian P. McCarthy, Paul R. Territo, Lloyd
Miller, C. Henrique Serezani.

Funding acquisition: C. Henrique Serezani.

Investigation: Stephanie L. Brandt, Nathan Klopfenstein, Soujuan Wang, C. Henrique
Serezani.

Methodology: Stephanie L. Brandt, Nathan Klopfenstein, Soujuan Wang, Lloyd Miller, C.
Henrique Serezani.

Project administration: C. Henrique Serezani.

Resources: Stephanie L. Brandt, Lloyd Miller, C. Henrique Serezani.

Supervision: C. Henrique Serezani.

Validation: Stephanie L. Brandt.

Writing - original draft: Stephanie L. Brandt, Lloyd Miller, C. Henrique Serezani.
Writing - review & editing: Stephanie L. Brandt, Lloyd Miller, C. Henrique Serezani.

References

1. Trividic M, Gauthier ML, Sparsa A, Ploy MC, Mounier M, Boulinguez S, et al. [Methi-resistant Staphylo-
coccus aureus in dermatological practice: origin, risk factors and outcome]. Ann Dermatol Venereol.
2002; 129(1 Pt 1):27-9. Epub 2002/04/09. PMID: 11937926.

2. Vayalumkal JV, Whittingham H, Vanderkooi O, Stewart TE, Low DE, Mulvey M, et al. Necrotizing pneu-
monia and septic shock: suspecting CA-MRSA in patients presenting to Canadian emergency depart-
ments. CJEM. 2007; 9(4):300-3. PMID: 17626697.

3. Wong CH, Tan SH, Kurup A, Tan AB. Recurrent necrotizing fasciitis caused by methicillin-resistant
Staphylococcus aureus. Eur J Clin Microbiol Infect Dis. 2004; 23(12):909—11. Epub 2004/12/16. https://
doi.org/10.1007/s10096-004-1237-y PMID: 15599653.

4. Miller LS, Cho JS. Immunity against Staphylococcus aureus cutaneous infections. Nat Rev Immunol.
2011; 11(8):505—18. https://doi.org/10.1038/nri3010 PMID: 21720387.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007244  August 13,2018 21/24


http://www.ncbi.nlm.nih.gov/pubmed/11937926
http://www.ncbi.nlm.nih.gov/pubmed/17626697
https://doi.org/10.1007/s10096-004-1237-y
https://doi.org/10.1007/s10096-004-1237-y
http://www.ncbi.nlm.nih.gov/pubmed/15599653
https://doi.org/10.1038/nri3010
http://www.ncbi.nlm.nih.gov/pubmed/21720387
https://doi.org/10.1371/journal.ppat.1007244

@’PLOS | PATHOGENS

LTB4 controls MRSA skin abscess formation

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Gessler P, Pretre R, Hohl V, Rousson V, Fischer J, Dahinden C. CXC-chemokine stimulation of neutro-
phils correlates with plasma levels of myeloperoxidase and lactoferrin and contributes to clinical out-
come after pediatric cardiac surgery. Shock. 2004; 22(6):513—20. PMID: 15545821.

Kobayashi SD, DelLeo FR. Role of neutrophils in innate immunity: a systems biology-level approach.
Wiley Interdiscip Rev Syst Biol Med. 2009; 1(3):309-33. https://doi.org/10.1002/wsbm.32 PMID:
20836000.

Segal BH, Grimm MJ, Khan AN, Han W, Blackwell TS. Regulation of innate immunity by NADPH oxi-
dase. Free Radic Biol Med. 2012; 53(1):72-80. https://doi.org/10.1016/j.freeradbiomed.2012.04.022
PMID: 22583699

Peters-Golden M, Henderson WR Jr. Leukotrienes. N Engl J Med. 2007; 357(18):1841-54. https://doi.
org/10.1056/NEJMra071371 PMID: 17978293.

Sadik CD, Luster AD. Lipid-cytokine-chemokine cascades orchestrate leukocyte recruitment in inflam-
mation. J Leukoc Biol. 2012; 91(2):207-15. Epub 2011/11/08. https://doi.org/10.1189/jlb.0811402
PMID: 22058421.

Filgueiras LR, Brandt SL, Wang S, Wang Z, Morris DL, Evans-Molina C, et al. Leukotriene B4-mediated
sterile inflammation promotes susceptibility to sepsis in a mouse model of type 1 diabetes. Sci Signal.
2015; 8(361):ra10. https://doi.org/10.1126/scisignal.2005568 PMID: 25628460.

Wang Z, Filgueiras LR, Wang S, Serezani AP, Peters-Golden M, Jancar S, et al. Leukotriene B4
enhances the generation of proinflammatory microRNAs to promote MyD88-dependent macrophage
activation. J Immunol. 2014; 192(5):2349-56. https://doi.org/10.4049/jimmunol. 1302982 PMID:
24477912.

Serezani CH, Lewis C, Jancar S, Peters-Golden M. Leukotriene B4 amplifies NF-kappaB activation in
mouse macrophages by reducing SOCS1 inhibition of MyD88 expression. J Clin Invest. 2011; 121
(2):671-82. https://doi.org/10.1172/JC143302 PMID: 21206089.

Le Bel M, Brunet A, Gosselin J. Leukotriene B4, an Endogenous Stimulator of the Innate Immune
Response against Pathogens. J Innate Immun. 2014; 6(2):159-68. Epub 2013/08/31. https://doi.org/
10.1159/000353694 PMID: 23988515.

Mancuso P, Lewis C, Serezani CH, Goel D, Peters-Golden M. Intrapulmonary administration of leukotri-
ene B4 enhances pulmonary host defense against pneumococcal pneumonia. Infect Immun. 2010; 78
(5):2264—71. https://doi.org/10.1128/IA1.01323-09 PMID: 202314183.

Yamamoto S, Adjei AA, Kise M. Intraperitoneal administration of leukotriene B4 (LTB4) and omega-
guanidino caproic acid methane sulfonate (GCA) increased the survival of mice challenged with methi-
cillin-resistant Staphylococcus aureus (MRSA). Prostaglandins. 1993; 45(6):527—-34. PMID: 8393205.

Kobayashi SD, Malachowa N, DeLeo FR. Pathogenesis of Staphylococcus aureus abscesses. Am J
Pathol. 2015; 185(6):1518-27. https://doi.org/10.1016/j.ajpath.2014.11.030 PMID: 25749135.

Cheng AG, DeDent AC, Schneewind O, Missiakas D. A play in four acts: Staphylococcus aureus
abscess formation. Trends Microbiol. 2011; 19(5):225-32. https://doi.org/10.1016/}.tim.2011.01.007
PMID: 21353779.

Arslan F, Batirel A, Tabak F, Mert A. Splenic abscess caused by MRSA developing in an infarcted area:
case report and literature review. J Infect Chemother. 2011; 17(6):851—4. https://doi.org/10.1007/
s$10156-011-0247-9 PMID: 21534001.

Faust N, Varas F, Kelly LM, Heck S, Graf T. Insertion of enhanced green fluorescent protein into the
lysozyme gene creates mice with green fluorescent granulocytes and macrophages. Blood. 2000; 96
(2):719-26. PMID: 10887140.

Ibrahim F, Khan T, Pujalte GG. Bacterial Skin Infections. Prim Care. 2015; 42(4):485-99. https://doi.
org/10.1016/j.pop.2015.08.001 PMID: 26612370.

Stolk J, Hiltermann TJ, Dijkman JH, Verhoeven AJ. Characteristics of the inhibition of NADPH oxidase
activation in neutrophils by apocynin, a methoxy-substituted catechol. Am J Respir Cell Mol Biol. 1994;
11(1):95-102. https://doi.org/10.1165/ajrcmb.11.1.8018341 PMID: 8018341.

Shurland SM, Stine OC, Venezia RA, Johnson JK, Zhan M, Furuno JP, et al. Prolonged colonization
with the methicillin-resistant Staphylococcus aureus strain USA300 among residents of extended care
facilities. Infect Control Hosp Epidemiol. 2010; 31(8):838—41. https://doi.org/10.1086/655015 PMID:
20569116.

Cheng NC, Wang JT, Chang SC, Tai HC, Tang YB. Necrotizing fasciitis caused by Staphylococcus
aureus: the emergence of methicillin-resistant strains. Ann Plast Surg. 2011; 67(6):632—-6. https://doi.
org/10.1097/SAP.0b013e31820b372b PMID: 21407055.

Dave M, Higgins PD, Middha S, Rioux KP. The human gut microbiome: current knowledge, challenges,
and future directions. Transl Res. 2012; 160(4):246—-57. Epub 2012/06/12. https://doi.org/10.1016/j.trsl.
2012.05.003 PMID: 22683238.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007244  August 13,2018 22/24


http://www.ncbi.nlm.nih.gov/pubmed/15545821
https://doi.org/10.1002/wsbm.32
http://www.ncbi.nlm.nih.gov/pubmed/20836000
https://doi.org/10.1016/j.freeradbiomed.2012.04.022
http://www.ncbi.nlm.nih.gov/pubmed/22583699
https://doi.org/10.1056/NEJMra071371
https://doi.org/10.1056/NEJMra071371
http://www.ncbi.nlm.nih.gov/pubmed/17978293
https://doi.org/10.1189/jlb.0811402
http://www.ncbi.nlm.nih.gov/pubmed/22058421
https://doi.org/10.1126/scisignal.2005568
http://www.ncbi.nlm.nih.gov/pubmed/25628460
https://doi.org/10.4049/jimmunol.1302982
http://www.ncbi.nlm.nih.gov/pubmed/24477912
https://doi.org/10.1172/JCI43302
http://www.ncbi.nlm.nih.gov/pubmed/21206089
https://doi.org/10.1159/000353694
https://doi.org/10.1159/000353694
http://www.ncbi.nlm.nih.gov/pubmed/23988515
https://doi.org/10.1128/IAI.01323-09
http://www.ncbi.nlm.nih.gov/pubmed/20231413
http://www.ncbi.nlm.nih.gov/pubmed/8393205
https://doi.org/10.1016/j.ajpath.2014.11.030
http://www.ncbi.nlm.nih.gov/pubmed/25749135
https://doi.org/10.1016/j.tim.2011.01.007
http://www.ncbi.nlm.nih.gov/pubmed/21353779
https://doi.org/10.1007/s10156-011-0247-9
https://doi.org/10.1007/s10156-011-0247-9
http://www.ncbi.nlm.nih.gov/pubmed/21534001
http://www.ncbi.nlm.nih.gov/pubmed/10887140
https://doi.org/10.1016/j.pop.2015.08.001
https://doi.org/10.1016/j.pop.2015.08.001
http://www.ncbi.nlm.nih.gov/pubmed/26612370
https://doi.org/10.1165/ajrcmb.11.1.8018341
http://www.ncbi.nlm.nih.gov/pubmed/8018341
https://doi.org/10.1086/655015
http://www.ncbi.nlm.nih.gov/pubmed/20569116
https://doi.org/10.1097/SAP.0b013e31820b372b
https://doi.org/10.1097/SAP.0b013e31820b372b
http://www.ncbi.nlm.nih.gov/pubmed/21407055
https://doi.org/10.1016/j.trsl.2012.05.003
https://doi.org/10.1016/j.trsl.2012.05.003
http://www.ncbi.nlm.nih.gov/pubmed/22683238
https://doi.org/10.1371/journal.ppat.1007244

@’PLOS | PATHOGENS

LTB4 controls MRSA skin abscess formation

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42,

43.

44.

Munguia J, Nizet V. Pharmacological Targeting of the Host-Pathogen Interaction: Alternatives to Classi-
cal Antibiotics to Combat Drug-Resistant Superbugs. Trends Pharmacol Sci. 2017; 38(5):473-88.
https://doi.org/10.1016/j.tips.2017.02.003 PMID: 28283200.

Bailie MB, Standiford TJ, Laichalk LL, Coffey MJ, Strieter R, Peters-Golden M. Leukotriene-deficient
mice manifest enhanced lethality from Klebsiella pneumonia in association with decreased alveolar
macrophage phagocytic and bactericidal activities. J Immunol. 1996; 157(12):5221—4. Epub 1996/12/
15. PMID: 8955165.

Mancuso P, Standiford TJ, Marshall T, Peters-Golden M. 5-Lipoxygenase reaction products modulate
alveolar macrophage phagocytosis of Klebsiella pneumoniae. Infect Immun. 1998; 66(11):5140-6.
Epub 1998/10/24. PMID: 9784515

Serezani CH, Perrela JH, Russo M, Peters-Golden M, Jancar S. Leukotrienes are essential for the con-
trol of Leishmania amazonensis infection and contribute to strain variation in susceptibility. J Immunol.
2006; 177(5):3201-8. PMID: 16920959.

Morato-Marques M, Campos MR, Kane S, Rangel AP, Lewis C, Ballinger MN, et al. Leukotrienes target
F-actin/cofilin-1 to enhance alveolar macrophage anti-fungal activity. J Biol Chem. 2011; 286
(33):28902—13. Epub 2011/07/01. https://doi.org/10.1074/jbc.M111.235309 PMID: 21715328.

Secatto A, Rodrigues LC, Serezani CH, Ramos SG, Dias-Baruffi M, Faccioli LH, et al. 5-Lipoxygenase
deficiency impairs innate and adaptive immune responses during fungal infection. PLoS One. 2012; 7
(3):e31701. Epub 2012/03/27. https://doi.org/10.1371/journal.pone.0031701 PMID: 22448213.

Serezani CH, Kane S, Collins L, Morato-Marques M, Osterholzer JJ, Peters-Golden M. Macrophage
dectin-1 expression is controlled by leukotriene B4 via a GM-CSF/PU.1 axis. J Immunol. 2012; 189
(2):906—15. Epub 2012/06/15. https://doi.org/10.4049/jimmunol.1200257 PMID: 22696442.

Soares EM, Mason KL, Rogers LM, Serezani CH, Faccioli LH, Aronoff DM. Leukotriene B4 enhances
innate immune defense against the puerperal sepsis agent Streptococcus pyogenes. J Immunol. 2013;
190(4):1614—22. Epub 2013/01/18. https://doi.org/10.4049/jimmunol.1202932 PMID: 23325886.

Cheng AG, Kim HK, Burts ML, Krausz T, Schneewind O, Missiakas DM. Genetic requirements for
Staphylococcus aureus abscess formation and persistence in host tissues. FASEB J. 2009; 23
(10):3393—404. https://doi.org/10.1096/f].09-135467 PMID: 195254083.

Kolaczkowska E, Kubes P. Neutrophil recruitment and function in health and inflammation. Nature
reviews Immunology. 2013; 13(3):159-75. Epub 2013/02/26. https://doi.org/10.1038/nri3399 PMID:
23435331.

Afonso PV, Janka-Junttila M, Lee YJ, McCann CP, Oliver CM, Aamer KA, et al. LTB4 is a signal-relay
molecule during neutrophil chemotaxis. Dev Cell. 2012; 22(5):1079-91. https://doi.org/10.1016/.
devcel.2012.02.003 PMID: 22542839.

Lammermann T, Afonso PV, Angermann BR, Wang JM, Kastenmuller W, Parent CA, et al. Neutrophil
swarms require LTB4 and integrins at sites of cell death in vivo. Nature. 2013; 498(7454):371-5. https:/
doi.org/10.1038/nature12175 PMID: 23708969.

Olaru F, Jensen LE. Staphylococcus aureus stimulates neutrophil targeting chemokine expression in
keratinocytes through an autocrine IL-1alpha signaling loop. J Invest Dermatol. 2010; 130(7):1866—76.
https://doi.org/10.1038/jid.2010.37 PMID: 20182449.

Krishna S, Miller LS. Innate and adaptive immune responses against Staphylococcus aureus skin infec-
tions. Semin Immunopathol. 2012; 34(2):261-80. https://doi.org/10.1007/s00281-011-0292-6 PMID:
22057887.

Sugaya M. Chemokines and skin diseases. Arch Immunol Ther Exp (Warsz). 2015; 63(2):109-15.
https://doi.org/10.1007/s00005-014-0313-y PMID: 25182982.

Feuerstein R, Seidl M, Prinz M, Henneke P. MyD88 in macrophages is critical for abscess resolution in
staphylococcal skin infection. J Immunol. 2015; 194(6):2735-45. https://doi.org/10.4049/jimmunol.
1402566 PMID: 25681348.

Miller LS, O’Connell RM, Gutierrez MA, Pietras EM, Shahangian A, Gross CE, et al. MyD88 mediates
neutrophil recruitment initiated by IL-1R but not TLR2 activation in immunity against Staphylococcus
aureus. Immunity. 2006; 24(1):79-91. https://doi.org/10.1016/j.immuni.2005.11.011 PMID: 16413925.

Flamand L, Tremblay MJ, Borgeat P. Leukotriene B4 triggers the in vitro and in vivo release of potent
antimicrobial agents. J Immunol. 2007; 178(12):8036—45. PMID: 17548641.

Orning L, Krivi G, Fitzpatrick FA. Leukotriene A4 hydrolase. Inhibition by bestatin and intrinsic amino-
peptidase activity establish its functional resemblance to metallohydrolase enzymes. J Biol Chem.
1991; 266(3):1375-8. PMID: 1846352.

Oyoshi MK, He R, Li Y, Mondal S, Yoon J, Afshar R, et al. Leukotriene B4-driven neutrophil recruitment
to the skin is essential for allergic skin inflammation. Immunity. 2012; 37(4):747-58. https://doi.org/10.
1016/j.immuni.2012.06.018 PMID: 23063331.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007244  August 13,2018 23/24


https://doi.org/10.1016/j.tips.2017.02.003
http://www.ncbi.nlm.nih.gov/pubmed/28283200
http://www.ncbi.nlm.nih.gov/pubmed/8955165
http://www.ncbi.nlm.nih.gov/pubmed/9784515
http://www.ncbi.nlm.nih.gov/pubmed/16920959
https://doi.org/10.1074/jbc.M111.235309
http://www.ncbi.nlm.nih.gov/pubmed/21715328
https://doi.org/10.1371/journal.pone.0031701
http://www.ncbi.nlm.nih.gov/pubmed/22448213
https://doi.org/10.4049/jimmunol.1200257
http://www.ncbi.nlm.nih.gov/pubmed/22696442
https://doi.org/10.4049/jimmunol.1202932
http://www.ncbi.nlm.nih.gov/pubmed/23325886
https://doi.org/10.1096/fj.09-135467
http://www.ncbi.nlm.nih.gov/pubmed/19525403
https://doi.org/10.1038/nri3399
http://www.ncbi.nlm.nih.gov/pubmed/23435331
https://doi.org/10.1016/j.devcel.2012.02.003
https://doi.org/10.1016/j.devcel.2012.02.003
http://www.ncbi.nlm.nih.gov/pubmed/22542839
https://doi.org/10.1038/nature12175
https://doi.org/10.1038/nature12175
http://www.ncbi.nlm.nih.gov/pubmed/23708969
https://doi.org/10.1038/jid.2010.37
http://www.ncbi.nlm.nih.gov/pubmed/20182449
https://doi.org/10.1007/s00281-011-0292-6
http://www.ncbi.nlm.nih.gov/pubmed/22057887
https://doi.org/10.1007/s00005-014-0313-y
http://www.ncbi.nlm.nih.gov/pubmed/25182982
https://doi.org/10.4049/jimmunol.1402566
https://doi.org/10.4049/jimmunol.1402566
http://www.ncbi.nlm.nih.gov/pubmed/25681348
https://doi.org/10.1016/j.immuni.2005.11.011
http://www.ncbi.nlm.nih.gov/pubmed/16413925
http://www.ncbi.nlm.nih.gov/pubmed/17548641
http://www.ncbi.nlm.nih.gov/pubmed/1846352
https://doi.org/10.1016/j.immuni.2012.06.018
https://doi.org/10.1016/j.immuni.2012.06.018
http://www.ncbi.nlm.nih.gov/pubmed/23063331
https://doi.org/10.1371/journal.ppat.1007244

@’PLOS | PATHOGENS

LTB4 controls MRSA skin abscess formation

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Nakamura K, Fujiwara H, Nakayama T, Goto Y, Tachibana T, Suginami H, et al. An aminopeptidase
inhibitor, bestatin, enhances gonadotrophin-stimulated ovulation in mice. Hum Reprod. 1996; 11
(9):1952—7. PMID: 8921070.

Martin TR, Pistorese BP, Chi EY, Goodman RB, Matthay MA. Effects of leukotriene B4 in the human
lung. Recruitment of neutrophils into the alveolar spaces without a change in protein permeability. J Clin
Invest. 1989; 84(5):1609—-19. Epub 1989/11/01. https://doi.org/10.1172/JCI114338 PMID: 2553777.

Sampson SE, Costello JF, Sampson AP. The effect of inhaled leukotriene B4 in normal and in asthmatic
subjects. Am J Respir Crit Care Med. 1997; 155(5):1789—92. Epub 1997/05/01. https://doi.org/10.1164/
ajrccm.155.5.9154893 PMID: 9154893.

Serezani CH, Aronoff DM, Sitrin RG, Peters-Golden M. FcgammaRl ligation leads to a complex with
BLT1 in lipid rafts that enhances rat lung macrophage antimicrobial functions. Blood. 2009; 114
(15):3316—24. https://doi.org/10.1182/blood-2009-01-199919 PMID: 19657115.

Serezani CH, Aronoff DM, Jancar S, Mancuso P, Peters-Golden M. Leukotrienes enhance the bacteri-
cidal activity of alveolar macrophages against Klebsiella pneumoniae through the activation of NADPH
oxidase. Blood. 2005; 106(3):1067—75. Epub 2005/02/19. https://doi.org/10.1182/blood-2004-08-3323
PMID: 15718414.

Chen XS, Sheller JR, Johnson EN, Funk CD. Role of leukotrienes revealed by targeted disruption of the
5-lipoxygenase gene. Nature. 1994; 372(6502):179-82. Epub 1994/11/10. https://doi.org/10.1038/
37217920 PMID: 7969451.

Tager AM, Bromley SK, Medoff BD, Islam SA, Bercury SD, Friedrich EB, et al. Leukotriene B4 receptor
BLT1 mediates early effector T cell recruitment. Nat Immunol. 2003; 4(10):982—-90. https://doi.org/10.
1038/ni970 PMID: 12949531.

Schreiber HA, Loschko J, Karssemeijer RA, Escolano A, Meredith MM, Mucida D, et al. Intestinal mono-
cytes and macrophages are required for T cell polarization in response to Citrobacter rodentium. J Exp
Med. 2013; 210(10):2025-39. https://doi.org/10.1084/jem.20130903 PMID: 24043764.

Matsushima H, Ogawa Y, Miyazaki T, Tanaka H, Nishibu A, Takashima A. Intravital imaging of IL-1beta
production in skin. J Invest Dermatol. 2010; 130(6):1571-80. https://doi.org/10.1038/jid.2010.11 PMID:
20147964.

Dejani NN, Brandt SL, Pineros A, Glosson-Byers NL, Wang S, Son YM, et al. Topical Prostaglandin E
Analog Restores Defective Dendritic Cell-Mediated Th17 Host Defense Against Methicillin-Resistant
Staphylococcus Aureus in the Skin of Diabetic Mice. Diabetes. 2016; 65(12):3718-29. https://doi.org/
10.2337/db16-0565 PMID: 27605625.

Becker REN, Berube BJ, Sampedro GR, DeDent AC, Wardenburg JB. Tissue-specific Patterning of the
Host Innate Immune Response by Staphylococcus aureus a-toxin. Journal of innate immunity. 2014; 6
(5):619-31. https://doi.org/10.1159/000360006 PMID: 24820433

Novelli M, Savoia P, Cambieri |, Ponti R, Comessatti A, Lisa F, et al. Collagenase digestion and
mechanical disaggregation as a method to extract and immunophenotype tumour lymphocytes in cuta-
neous T-cell ymphomas. Clinical and experimental dermatology. 2000; 25(5):423-31. Epub 2000/09/
30. PMID: 11012601.

Pineros Alvarez AR, Glosson-Byers N, Brandt S, Wang S, Wong H, Sturgeon S, et al. SOCS1 is a nega-
tive regulator of metabolic reprogramming during sepsis. JCI Insight. 2017; 2(13). https://doi.org/10.
1172/jci.insight.92530 PMID: 28679957.

Liese J, Rooijakkers SH, van Strijp JA, Novick RP, Dustin ML. Intravital two-photon microscopy of host-
pathogen interactions in a mouse model of Staphylococcus aureus skin abscess formation. Cell Micro-
biol. 2013; 15(6):891-909. https://doi.org/10.1111/cmi.12085 PMID: 23217115.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007244  August 13,2018 24/24


http://www.ncbi.nlm.nih.gov/pubmed/8921070
https://doi.org/10.1172/JCI114338
http://www.ncbi.nlm.nih.gov/pubmed/2553777
https://doi.org/10.1164/ajrccm.155.5.9154893
https://doi.org/10.1164/ajrccm.155.5.9154893
http://www.ncbi.nlm.nih.gov/pubmed/9154893
https://doi.org/10.1182/blood-2009-01-199919
http://www.ncbi.nlm.nih.gov/pubmed/19657115
https://doi.org/10.1182/blood-2004-08-3323
http://www.ncbi.nlm.nih.gov/pubmed/15718414
https://doi.org/10.1038/372179a0
https://doi.org/10.1038/372179a0
http://www.ncbi.nlm.nih.gov/pubmed/7969451
https://doi.org/10.1038/ni970
https://doi.org/10.1038/ni970
http://www.ncbi.nlm.nih.gov/pubmed/12949531
https://doi.org/10.1084/jem.20130903
http://www.ncbi.nlm.nih.gov/pubmed/24043764
https://doi.org/10.1038/jid.2010.11
http://www.ncbi.nlm.nih.gov/pubmed/20147964
https://doi.org/10.2337/db16-0565
https://doi.org/10.2337/db16-0565
http://www.ncbi.nlm.nih.gov/pubmed/27605625
https://doi.org/10.1159/000360006
http://www.ncbi.nlm.nih.gov/pubmed/24820433
http://www.ncbi.nlm.nih.gov/pubmed/11012601
https://doi.org/10.1172/jci.insight.92530
https://doi.org/10.1172/jci.insight.92530
http://www.ncbi.nlm.nih.gov/pubmed/28679957
https://doi.org/10.1111/cmi.12085
http://www.ncbi.nlm.nih.gov/pubmed/23217115
https://doi.org/10.1371/journal.ppat.1007244

