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Abstract

Background—Deficient production of reactive oxygen species (ROS) by the phagocyte
NADPH oxidase in Chronic Granulomatous Disease (CGD) results in susceptibility to certain
pathogens secondary to impaired oxidative killing and mobilization of other phagocyte defenses.
PPARYy agonists including pioglitazone (Pio), approved for Type 2 diabetes therapy, alter cellular
metabolism and can heighten ROS production. It was hypothesized that Pio treatment of
gp91PhoX=/~ mice, a murine model of human CGD, would enhance phagocyte oxidant production
and killing of S aureus, a significant pathogen in this disorder.

Objectives—We sought to determine if Pio treatment of gp91P"°*~/~ mice enhanced phagocyte
oxidant production and host defense.

Methods—Wild type (WT) and gp91Pho*~/~ mice were treated with the PPARy agonist Pio, and
phagocyte ROS and killing of S. aureus investigated.

Results—As demonstrated by three different ROS sensing probes, short-term treatment of
gp91P"ox=/~ mice with Pio enhanced stimulated ROS production in neutrophils and monocytes
from blood and neutrophils and inflammatory macrophages recruited to tissues. Mitochondria
were identified as the source of ROS (mtROS). Findings were replicated in human CGD
monocytes following ex vivo Pio treatment. Importantly, while mtROS were deficient in
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gp91Phox=/~ phagocytes, their restoration with treatment significantly enabled killing of S. aureus
both ex vivo and in vivo.

Conclusions—Together, the data support the hypothesis that signaling from the NADPH
oxidase under normal circumstances governs phagocyte mtROS production, and that such
signaling is lacking in the absence of a functioning phagocyte oxidase. PPARy agonism appears to
bypass the need for the NADPH oxidase for enhanced mtROS production and partially restores
host defense in CGD.
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Introduction

Chronic Granulomatous Disease (CGD) is a rare disease attributed to mutations in the genes
encoding components of the phagocyte NADPH oxidase. The inability of phagocytes' 3, to
mount an oxidative burst predisposes to infections with certain bacterial and fungal
pathogens, e.g. Saphylococcus aureus, and Aspergillus, most evident in the lung, skin,
lymph nodes and liver?, and even low levels of residual ROS production by phagocytes are
associated with improved survival®. In addition to direct oxidative killing of pathogens,
phagocyte ROS orchestrate other antimicrobial defenses, e.g. activation of antimicrobial
proteins within the phagolysosome® and recruitment of antimicrobial autophagocytic
machinery to phagolysosomes, These are deficient in CGD phagocytes’—.

Pio, and other thioglitazones, are so-called nutrient restricting drugs approved for Type 2
diabetes. As PPARYy agonists, they slowly mimic the actions of insulin with increased
peripheral glucose disposal. Additionally, their nutrient restriction signaling is associated
with altered macrophage metabolism, e.g. activation of AMPK10, and various anti-
inflammatory activities!® 12, Intriguingly, PPARy agonism has also been associated with
enhanced host defense against Candida albicanst3-1°, Saphylococcus aureust® Klebsiella
pneumoniael’, and Sreptococcus pneumoniael8. Two mechanisms have been proposed:
enhanced pathogen containment by phagocytosis and encapsulation and/or enhanced ROS
production by phagocytes, though the source(s) was not identified. With regard to ROS
production, PPARY ligands/agonists are reported to decrease expression of NADPH oxidase
subunits of 22 and 47 kDa in some cells1® 20, but have also been shown to increase mtROS
output in others?1:22, Recent data implicating nutrient restriction or “starvation signaling”, in
the enhancement of mtROS production, and entrainment of mtROS for killing of
intracellular and extracellular bacteria?3, suggest a possible mechanism by which PPARy
agonists may contribute to host defense.

Given these observations, we asked whether Pio treatment of gp91Pho*~/~ mice would
enhance oxidant production by CGD phagocytes, and if so, bolster host defense. We found
that Pio treatment induced mtROS production in stimulated neutrophils, monocytes and
inflammatory macrophages of CGD as well as normal mice, and importantly, the restored
phagocytes demonstrated significantly enhanced killing of S aureus both in vitro and in
vivo. Crosstalk between the NADPH oxidase and mtROS leading to optimal antimicrobial
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Methods

Animals

Reagents

responses by normal phagocytes was also shown. Consequently, in the absence of a
functional NADPH oxidase, this signaling is lost, but importantly, can be restored at the
level of mtROS production by Pio treatment.

Male mice, C57BL/6 and gp91Pho*~/~ were purchased from JAX or bred in-house. They
received care in accordance with the IACUC, and given Pio (10 mg/kg/d), Bisphenol A
diglycidyl ether (BADGE) a PPARY antagonist, or vehicle (carboxymethyl cellulose) via
oral gavage for 5 days unless otherwise indicated. All agents were well tolerated. Mice were
euthanized by CO, inhalation.

Pio, BADGE, MitoTEMPO, PMA, DPI, catalase and superoxide dismutase (SOD) were
from Sigma (St. Louis, MO). Conjugated antibodies to CD115, F4/80, Ly6G and CD11b
were from eBiosciences (San Diego, CA). Antibodies to Nox1, Nox4, Duox, gp91Phox,
p20Phox p22PhoX nA7PhOX  nE7PNOX \yere from SCBT (Santa Cruz, CA). Zymosan, DHR,
MitoTracker Green and MitoSOX Red were from Life Technologies (Grand Island, NY).

Isolation of blood and peritoneal leukocytes

Red blood cells were lysed (Pharmlyse (BD Biosciences)) whole blood from mice (terminal
cardiac puncture), before staining with markers and analysis by flow cytometry (CyAn™
ADP analyzer, Becton Dickinson Biosciences). Peritoneal cells were harvested by lavage
from mice injected i.p. with 1 mg/mL zymosan in PBS. Cells were washed, suspended in
PBS (3% FBS), blocked with anti-mouse Fc (CD16/32; eBiosciences) for 30min and stained
for 1h on ice with conjugated antibodies prior to flow cytometry.

ROS detection

DHR was performed using phagocytes (108), incubated for 15 min with 5 uM DHR (PBS,
0.05% gelatin, 0.09% glucose, ImM EDTA), stimulated with PMA (200 ng/ml) for 15 min/
37°C. Cells were washed and analyzed by flow cytometry.

Cytochrome ¢ reduction measuring release of superoxide was performed as described?4,

mtROS were detected with MitoSOX Red. Cells (10%) were incubated (37°C) with 25 nM
MitoTracker Green in the dark (DMEM, 10% FBS) followed by 4 uM MitoSox Red (15 min
each), washed with PBS, and analyzed by flow cytometry or Zeiss LSM 700 confocal
microscopy.

Bactericidal assays

In vitro assay—2 x 10° peritoneal phagocytes (10h post zymosan) were co-cultured with
2 x 10% CFU S aureus [strain 502A (ATCC #27217) grown overnight in Lauryl Broth and
washed twice with saline] in 100 ul RPMI (phenol red free, 1% mouse serum) at 37°C for

1h. Phagocytes were lysed (1 ml pH 11 water2®), bacteria pelleted at 10,000 x g for 10 min
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(2X) and washed with 1 ml saline. Bacterial numbers were determined using a modified
Alamar blue assay?8. This assay was similarly adapted for killing of Burkholderia cepecia
ATCC #15416.

In vivo assay—S aureus peritonitis was induced as published by Pollock et al?? with
minor modification. Briefly, mice were injected i.p. with 0.5 ml of 2x107 CFU/mI S. aureus
(saline), peritonea lavaged at designated times, and cell counts and viable bacteria in lavage
fluid and cells (following lysis as above) determined.

Human blood monocytes

Statistics

Results

Heparinized blood was obtained from X-linked CGD subjects and normal controls at the
National Institutes of Health, Bethesda, MD with the approval of the Institutional Review
Board. The blood was express shipped overnight to Denver, CO. PBMCs were isolated
using percoll gradients?8, plated in X-vivol® to adhere monocytes for 2h, washed (5X) to
remove non-adherent cells, and cultured at 37°C, 10% CO, without and with Pio (10 pM).
Cells were then stimulated with PMA and mtROS detected by flow cytometry as above.

Each experiment was performed 3-5 times unless otherwise indicated. Analysis and p value
calculations were conducted using analysis of variance (JMP statistical program 4.0.1; SAS
Institute). The Wilcoxon matched-pairs signed rank test was used for single and multiple
comparisons, respectively. p < 0.05 were considered significant. Data are reported as mean +
SEM.

In vivo treatment with Pio enhances blood neutrophil and monocyte ROS production

WT and gp91Pho*~/= mice were treated with either Pio or vehicle by gavage for 5 days to test
whether phagocyte oxidant production would be enhanced/restored. Previously, this
treatment resulted in PPARYy activation in inflammatory macrophages and accelerated
resolution of sterile peritonitis in CGD mice2. Following treatment, blood leukocytes were
collected, incubated with DHR, stimulated with the PKC activator, PMA, and analyzed for
conversion to rhodamine by flow cytometry. Using this classic test of stimulated ROS
production, leukocytes from WT mice demonstrated enhanced DHR fluorescence as
expected (Fig. 1A), and Pio treatment had minimal effect. Leukocytes from vehicle-treated
gp91Phox=/~ mice showed no evidence of stimulated ROS production. In contrast, a
subpopulation of leukocytes from Pio-treated gp91Ph°*~~ mice showed significantly
enhanced DHR fluorescence following stimulation, indicating some restoration of oxidant
production in cells lacking a functional NADPH oxidase.

To investigate cell types producing oxidants, blood leukocytes were stained with antibodies

to surface markers prior to DHR loading and stimulation (Supp. Fig. 1, gating strategy). As

expected, nearly all PMA-stimulated neutrophils (Ly6G*) and 90% of monocytes (CD115%)
from WT mice, regardless of treatment, demonstrated stimulated ROS production, and these
cells from vehicle-treated gp91P"°*~/~ mice showed little enhancement (Fig. 1B-D). In
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contrast, 27% of neutrophils and 32% of monocytes from Pio-treated knockout mice
demonstrated increased DHR fluorescence comparable to the respective populations of
stimulated WT phagocytes. Lymphocytes of either genotype did not demonstrate increased
DHR fluorescence following stimulation (data not shown).

To determine the optimal Pio dose and treatment duration for maximal ROS production, Pio
doses ranging from 1-10 mg/kg/d were tested to simulate levels achieved during treatment
of humans30:31, A dose-dependent decrease in the percentage of stimulated gp91Phox—/-
neutrophils and monocytes producing ROS was observed at 3 and 1 mg/kg/day Pio (Supp.
Fig. 2). Mice were also treated with Pio (10 mg/kg/d) or vehicle for up to 14 days to ensure
steady state levels before oxidant production was assessed. Maximal stimulated ROS
production by gp91PhoX~/~ leukocytes was evident by 5 days (Supp. Fig. 3). Thus, further
experiments were conducted following 5 days of treatment at 10 mg/kg/d as in initial
experiments.

Recruited phagocytes from Pio-treated gp91PhoX~~ mice show enhanced superoxide

production

To further investigate oxidant production and potential sources of oxidants, greater numbers
of phagocytes were needed than were available from blood, and so a sterile peritonitis model
was used to recruit phagocytes. Recruited phagocytes from Pio or vehicle-treated
gp91PhoX=/=and WT mice were quite comparable in numbers, types, and zymosan ingestion
at 6-10h following zymosan injection (Supp. Fig. 4). Recruited neutrophils (Ly6G*) and
inflammatory macrophages (F4/80'°*) derived from recruited monocytes!8, were incubated
with DHR, stimulated with PMA and analyzed by flow cytometry with results similar to
those of the blood phagocytes from both genotypes and treatment groups (Supp. Fig. 4D).

The nature of ROS produced in recruited phagocytes was then investigated using
cytochrome c reduction, a relatively specific assay for superoxide. Significant release of
stimulated oxidants from vehicle- and Pio-treated WT phagocytes was demonstrated (Fig.
2). As in the DHR assay, partial restoration of stimulated ROS production from Pio-treated
gp91Phox=/~ phagocytes was evident. Pretreatment with SOD, but not catalase, inhibited
ROS production supporting superoxide production. The nonspecific flavochrome inhibitor,
DPI32:33 gblated the production of superoxide by the NADPH oxidase of WT phagocytes,
and interestingly, also inhibited oxidant production by Pio-restored gp91Ph%*~/~ Jeukocytes
suggesting a flavochrome as the source.

Flow cytometry and RT-PCR were used to investigate several flavochromes as potential
sources of ROS (Supp. Fig. 5). These included the NADPH oxidases and associated
components, the dual oxidases and other flavochromes. Absence of gp91P"°% protein was
verified in the phagocytes of gp91Pho*~/~ mice with and without Pio treatment. Pio did not
decrease the expression of p22Pho% or p47PoX as has been described in other systems19.20,
Other NOXs and DUOXs were either undetectable or unchanged following Pio treatment.
Pretreatment of the cells with inhibitors for iINOS, 12/15 lipoxygenase, cPLA, and COX,
used at standard doses, had no effect on stimulated oxidant production suggesting a source
other than these for oxidant production (data not shown).
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Pio treatment enhances mtROS production in activated phagocytes

PPARY agonists have been shown to affect mitochondrial biogenesis and functions in
various systems21:34. Mitochondria are rich sources of flavochrome enzymes and have
several sites for superoxide production35-37, Using MitoTracker Green, a dye selectively
taken up by mitochondria, mitochondrial content was investigated in blood leukocytes of
Pio- — and vehicle-treated mice. Pio had little effect on mitochondrial content in blood
phagocytes from either WT or gp91Ph%*~/~ mice (Supp. Fig. 6).

mtROS production was next assessed using the probe MitoSOX Red, a
triphenylphosphonium (TPP+)-linked dihydroethidium compound that concentrates within
mitochondria and fluoresces red when oxidized by ROS. Harvested peritoneal phagocytes
were loaded with MitoTracker Green, then MitoSOX Red, and immediately analyzed by
fluorescence microscopy without further stimulation. Recruited phagocytes harvested from
vehicle- or Pio-treated WT mice showed heterogeneity in MitoSOX Red staining, with some
cells having detectible colocalization of MitoSOX Red with MitoTracker Green and others
not. This was irrespective of whether they contained detectible ingested zymosan particles
(Fig. 3, top 2 rows, and insets). Notably, zymosan particles, free or within the
phagolysosome, took up the stains and fluoresced brightly in the green channel and to a
lesser degree in the red channel as previously reported3® (Supp. Fig. 7A, and Fig. 3). In
contrast to WT phagocytes, recruited phagocytes of vehicle-treated gp91Pho*~/~ mice
showed almost no MitoSOX Red fluorescence (Fig. 3, third row). Pio treatment of
gp91PhoX=/~ mice resulted in clearly detectible MitoSOX Red staining of some leukocytes
(Fig. 3, bottom row), again, irrespective of whether they contained obvious zymosan or not.
Flow cytometric analysis of the inflammatory cells quantified and corroborated these
findings (Fig. 4). First, heterogeneity in MitoSOX Red staining was evident for both
recruited phagocyte populations, neutrophils and inflammatory macrophages, but was
significantly higher for WT phagocytes than for gp91P"X~/~ phagocytes. Second, Pio,
compared to vehicle treatment, enhanced MitoSOX Red fluorescence, and this was evident
for both WT and gp91P"°*~/~ neutrophils and inflammatory macrophages.

mtROS staining was also assessed following ex vivo PMA stimulation (Fig. 4 and Supp. Fig.
7B). MitoSOX Red fluorescence was enhanced following stimulation of WT leukocytes
regardless of treatment group, and for leukocytes of Pio-treated gp91Pho*~/~ mice. No
enhancement was noted following PMA stimulation of leukocytes from vehicle-treated
gp91P"ox~/~ mice (Fig. 4, and Supp. Fig. 7B). The enhanced MitoSOX Red fluorescence was
ablated when leukocytes were pretreated with DPI for 15 min prior to PMA-stimulation.
Pretreatment with MitoTEMPO, a mitochondrial antioxidant, also inhibited PMA-stimulated
enhancement, and in fact, suppressed MitoSOX Red fluorescence in recruited cells at
baseline (Fig. 4 and Supp. Fig. 7C). Finally, rotenone, a mitochondrial complex 1 inhibitor,
also suppressed MitoSOX Red staining in recruited neutrophils and inflammatory
macrophages, regardless of genotype or treatment group, indicating complex 1 as a key
source of mtROS production (Fig. 4).

Because zymosan itself fluoresced with the mitochondrial stains (Supp. Fig. 7A), these
findings were confirmed in a zymosan-free system using blood neutrophils and monocytes.
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Baseline fluorescence of blood leukocytes was generally lower than that of recruited
leukocytes (Fig. 5 compared with Fig. 4). Following PMA stimulation, marked enhancement
of mtROS production was noted for both WT leukocytes and Pio-restored gp91Phox=/=
leukocytes compared to leukocytes from vehicle-treated gp91P"°X~/~ mice. Monocytes
stained less brightly with MitoSOX Red than neutrophils. Notably, minimal heterogeneity
was seen for the phagocyte populations under these conditions: essentially all WT and the
Pio-restored gp91Pho*~/~ phagocytes responded to PMA with mtROS production. As with
the recruited peritoneal leukocytes, stimulated mtROS were largely ablated by pretreating
the blood cells with either DPI or MitoTEMPO. Taken together, these data demonstrate that
Pio treatment appears to largely restore stimulated mtROS production of gp91Phox—/-
leukocytes, both neutrophils and monocytes/inflammatory macrophages, whether circulating
in the blood or recruited to inflamed tissues.

Monocytes from humans with X-linked CGD and normal controls were similarly tested for
stimulated mtROS production with and without ex vivo treatment with Pio. Untreated
normal human monocytes, freshly isolated or after several days of culture, showed marked
enhancement of mtROS following PMA stimulation (Fig. 6 and Supp. Fig. 8). X-linked
CGD monocytes, however, did not show enhanced mtROS production in response to PMA
(Fig. 6), replicating the findings for murine monocytes. After establishing optimal culture
conditions for ex vivo Pio treatment (10 uM for 2 days (Supp. Fig. 8)), human CGD
monocytes were then cultured under these conditions and showed marked enhancement of
mtROS production following PMA stimulation, with restoration to levels comparable to
those of stimulated normal monocytes (Fig. 6). As with murine cells, provision of
mitoTEMPO prior to PMA stimulation largely ablated the detection of mtROS. Of note, in
the absence of phagocyte stimulation, mtROS production was only minimally enhanced by
ex vivo culture with Pio in either normal or X-CGD monocytes (Fig. 6), similar to findings
following in vivo treatment in the murine model.

Pio enhancement of mtROS production is PPARy dependent

Pio has been shown to have PPARY dependent and independent effects on
mitochondria?1:22:34, PPARYy expression is ordinarily low in monocytes and neutrophils3®,
but is upregulated in monocytes upon recruitment into inflammatory tissues'8-29 or
following thioglitazone treatment. As shown in Supp. Fig. 9A and in our earlier
observations??, PPARy mRNA expression was lower in recruited gp91P"°X~/~ phagocytes
compared to WT, and expression increased in both genotypes following Pio treatment,
confirming that Pio activates PPARY in these cells2®. Dependence on PPARY for Pio-
enhanced mtROS production was tested using transgenic mice with myeloid specific
ablation of PPARY (LysMCre x PPARYf/f). As shown in Supp. Fig. 9B, neutrophils and
inflammatory macrophages from LysMCre x PPARy//fl mice, unlike WT, did not show
enhanced MitoSOX Red fluorescence following Pio treatment supporting PPARYy
dependence. WT and gp91Pho*~/~ mice were also treated with the PPARYy antagonist,
BADGE, concurrently with Pio or vehicle. BADGE dose-dependently inhibited the
enhancement in mtROS production following Pio treatment in both genotypes (Supp. Fig.
9C). Finally, rapid (within minutes), PPARy-independent mtROS production has been
reported for Pio employed ex vivo*!. Therefore, peritoneal phagocytes of untreated WT and
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gp91PhoX~/~ mice were incubated for 1h ex vivo with Pio (10 pM) and assessed for mtROS.
As with human monocytes (Supp. Fig 8), no enhancement in mtROS production was
detected following this brief exposure to Pio (data not shown). Taken together, these data
support the hypothesis that enhancement of mtROS production by Pio treatment is PPARYy
dependent.

Phagocytes of Pio -treated gp91P"°%~~ mice show enhanced killing of S. aureus

S aureusis a significant pathogen in CGD and efficient killing of this bacteria by
phagocytes is dependent on ROS production242, The ability of Pio treatment to enhance
phagocyte killing of S aureus was next investigated in vitro. Leukocytes were harvested
from inflamed peritonea of vehicle-and Pio-treated WT and gp91P"°*~/~ mice 10h following
zymosan injection, co-incubated ex vivo with viable S aureus for 1h and the percentage of
bacteria killed assessed. As shown, S aureus were readily killed by WT leukocytes, but not
by leukocytes from vehicle-treated gp91P"9X~/~ mice (Fig. 7). Pio treatment of the
gp91PhoX=/~ mice enhanced leukocyte killing to approximately 36% seen for WT. In all
cases, pretreatment of leukocytes with SOD nearly abolished Killing or even slightly
enhanced survival of the bacteria. Finally, pretreatment of leukocytes obtained from Pio-
treated gp91P"o*~/~ mice with MitoTEMPO ablated most of their ability to kill S. aureus.
Interestingly, MitoTEMPO pretreatment of WT leukocytes reduced S. aureus killing by
almost half, suggesting that mitochondria play a significant role in the provision of oxidants
for bacterial killing in normal phagocytes. Killing assays were also performed using B.
cepacia, another pathogen relevant to CGD. As with S aureus, leukocytes from vehicle-
treated gp91P"°*~/~ mice were unable to kill this pathogen while killing by leukocytes of
Pio-treated gp91PM°X~/~ mice was restored to approximately 47% of WT killing (Supp. Fig.
10). Again, killing by all phagocytes was ablated in the presence of SOD and MitoTEMPO.

Finally, the ability of Pio treatment to enhance host defense against S. aureusin vivo was
tested utilizing a well-described, non-lethal model of peritonitis?”. WT and gp91Pho*~/~ mice
treated with either Pio or vehicle were injected i.p. with viable S aureus, and peritonea
lavaged at 24h or 48h for CFU enumeration. Similar numbers of inflammatory cells were
recruited to the peritoneum for both genotypes and treatment groups at both time points
(Supp. Fig. 11). WT mice readily cleared bacteria over 48h regardless of treatment. In
contrast, vehicle treated gp91P"°X~/~ mice showed clearance that was significantly delayed
as has been described previously (Fig. 8). Importantly, Pio treatment of the gp91Pho*~/~ mice
resulted in an enhanced clearance of S aureus from peritonea at 24h, demonstrating that Pio
treatment restored early host defenses.

Discussion

We have demonstrated that Pio treatment of gp91P"°X~/~ mice enhances stimulated oxidant
production from mitochondria of activated neutrophils, monocytes and inflammatory
macrophages. Ex vivo treatment of human CGD monocytes with Pio similarly enhanced
mtROS in response to stimulation (Fig. 6). Even phagocytes of Pio treated WT mice showed
some enhancement in mtROS production (Fig. 5). Mitochondrial oxidant production in each
case was shown using MitoSOX Red, a DHE probe that preferentially localizes to
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mitochondria and reacts with various ROS#3. ROS production was also demonstrated using
two other indicators, DHR and cytochrome c, each differing in detection of ROS. DHR, an
intracellular probe that is not directed specifically to mitochondria, is capable of reacting
with a number of oxidizing species and can be autoamplifying*? likely explaining the
heterogeneity in cellular fluorescence with this reagent. Cytochrome ¢ reduction with SOD
inhibition is most specific for detecting superoxide, but requires extracellular ROS
production following a robust stimulus such as PMA for detection?*. A key finding of this
investigation was that Pio treatment enabled gp91Pho%~/~ phagocytes to kill S aureusand B.
cepacia, significant pathogens in CGD, in a mtROS dependent manner (Fig. 7-8, Supp Fig.
10). Clinical trials in human CGD will be required to determine whether Pio has efficacy as
an adjunctive treatment to traditional antimicrobials for the enhancement of host defense.

Activated neutrophils and monocytes are highly glycolytic cells with limited mitochondrial
respiration®*4°, nonetheless, electrons are still shuttled to maintain mitochondrial membrane
potential and integrity#6. Somewhat surprising was our evidence that enhanced mtROS
production in stimulated phagocytes appeared to depend on the NADPH oxidase, and was
lacking in gp91Phox~/~ phagocytes. Findings from other studies support these observations.
First, reduced oxygen consumption by mitochondria was demonstrated in human CGD
alveolar macrophages during phagocytosis of S. aureust. Secondly, crosstalk between the
NADPH oxidase for production of mtROS has been demonstrated experimentally:
knockdown of p47P"oX in stimulated glioma cells ablated mtROS production?’, and
activation of the NADPH oxidase resulted in mitochondrial membrane depolarization,
respiratory dysfunction and mtROS production®®. From our investigation it appears that
PPARY is a signaling intermediary between the NADPH oxidase and mitochondria during
phagocyte activation (Supp. Fig. 12). Oxidized lipids are ligands of this nuclear
receptor?®50, and, as such, PPARY activation can be a downstream target of ROS. In turn, its
activation appears to enhance mtROS production?141 suggesting a feedforward signaling
loop between cellular ROS and PPARY. Pio activation of PPARY, therefore, appears to
bypass the requirement for NADPH oxidase-derived ROS in gp91P"X~/~ phagocytes and
results in mtROS production and enhanced bactericidal activity.

Mobilization of mitochondria to phagolysosomes has been suggested by studies showing
localization of mitochondrial enzymes in isolated maturing phagosomes of neutrophils®.
Similarly, West et al. have recently shown that stimulation of macrophages with TLR
ligands on beads enhanced mtROS production and delivery of mitochondria to
phagolysosomes, and that inhibition of these events reduced killing of intracellular bacteria
in vitro®2. Our data demonstrating zymosan-containing phagolysosomes surrounded by
mitochondria (Fig. 4) also suggest direct delivery of mtROS. How mitochondria are routed
to phagolysosomes is not entirely clear but likely involves assembly of autophagocytic
machinery. mtROS, as well as thioglitazones, drive “starvation-induced” autophagy
whereby intracellular organelles are delivered to autophagolysosomes (e.g. damaged
mitochondria in so-called mitophagy) for degradation and to provide energy to the cell33:54,
This autophagocytic process has been demonstrated to require ROS, is inhibitable with DPI,
and is deficient in CGD neutrophils’-5%:56, Precise dissection of molecular events leading to
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Pio restoration of phagocyte mtROS production and enhanced killing of bacteria will require
cellular models that allow genetic manipulation and are the focus of future investigation.

Deficient activity of the NADPH oxidase is also associated with exaggerated sterile
inflammation, and autoimmune consequences frequent in CGD (e.g. colitis, granuloma, poor
wound healing) and systemic lupus erythematosus, as well as altered tissue and cellular
functioning®/—59, For instance, in the absence of a functional NADPH oxidase, macrophages
are poorly programmed for inflammation resolving functions including efferocytosis, the
clearance of activated and dying neutrophils, and production of anti-inflammatory
mediators2%:60-62_ Oxidant-dependent PPARY activation is critical in programming recruited
monocytes and inflammatory macrophages derived from them?8, and its activation is
delayed in CGD macrophages with exaggerated inflammation as a consequence?®. Oxidants
and mitochondrial disruption are also critical to drive neutrophil apoptosis*4, and for the
development of appropriate “eat me” signals on activated and dying neutrophils®3. Lacking
these, CGD neutrophils accumulate in great numbers, ultimately die, deteriorate, enhance
inflammation, and may promote autoimmunity. These observations, together with several in
vivo models support the hypothesis that oxidants likely play increasingly recognized and
important anti-inflammatory signaling roles64-66,

Thioglitazones are potent PPARY agonists currently approved for use in Type 2 diabetes and
result in production of IL-10, suppression of systemic inflammatory cytokine production
(IL-6 and TNFa), and improved insulin resistancel1-67, While cardiac toxicity in Type 2
diabetics raised safety concerns for rosiglitazone, Pio appears safer in this regard®8. Short-
term or intermittent Pio therapy is less likely to be associated with potential side effects5®.
Thioglitazones are currently in clinical trials for treatment of metabolic syndrome, obesity,
end-stage renal disease, autoimmunity, rheumatoid arthritis, cystic fibrosis, and severe
asthma (http://www.clinicaltrials.gov). Recently, we showed that treatment of gp91Phox—/~
mice with Pio reversed exaggerated sterile inflammation by enhancing clearance of
neutrophils and suppression of cytokine production?®. Whether PPARy-mediated enhanced
mtROS production was responsible for the restored macrophage resolving activities, and/or
enhanced development of clearance signals on CGD neutrophils are open questions
currently under investigation. These earlier observations regarding anti-inflammatory
effects, along with the demonstration, here, that Pio treatment restores mtROS production by
murine CGD phagocytes and enhances host defense against a relevant pathogen, make a
compelling case for the investigation of this and possibly other on-the-shelf “starvation
signaling” agents1? in patients with CGD.
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Figure 1. Pio pretreatment of mice enhances PMA-stimulated ROS production by gpglphox'/'

neutrophils and monocytes

ROS measured by DHR in blood leukocytes from vehicle(V)- or Pio(P)-treated WT (WV,
WP) and gp91P"oX~/~ mjce (CV, CP): A) Representative dot-plots, gray, no PMA; black,
with PMA are shown. (B) Representative histograms for neutrophils and monocytes: gray,
no PMA; black, with PMA. Aggregate data for neutrophils (C) and monocytes (D) are
shown as percent of cells exhibiting enhanced fluorescence and change in geometric mean
fluorescence with PMA. N = 8 mice/group.
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Figure 2. Pio pretreatment enhances superoxide production by recruited phagocytes from

gp91PNOX~/~ mice
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Ten hours after intraperitoneal zymosan injection, phagocytes were harvested from vehicle-
or Pio-treated WT (WV, WP) or gp91Phox~/= (CV/, CP) mice. Phagocytes were stimulated
with PMA in the presence and absence of inhibitors, and oxidants measured by the reduction

of cytochrome c. N = 9 mice/group.
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Figure 3. Pio pretreatment of gp91ph0x'/‘ mice enhances production of mtROS in recruited
phagocytes

Recruited phagocytes as in Fig. 2 from vehicle- or Pio-treated WT (WV, WP) and
gp91Phox=/= (CV/, CP) mice, were stained with MitoTracker Green, MitoSOX Red and
DAPI, and analyzed by confocal microscopy (63X). Last panel: high-resolution images of a
single cell (white box). Arrows denote ingested zymosan. Representative images are shown.

N=3 mice/group.
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Figure 4. Pio treatment enhances production of mtROS by neutrophils (A) and macrophages (B)
harvested from inflamed peritonea of WT and gp91P"%*~"~ mice

Recruited phagocytes from mice (WV, WP, CV, CP) as in Fig. 2 and 3 were treated with or
without DPI or MitoTEMPO (15 min), stained with MitoSOX and then stimulated with or
without PMA, and analyzed by flow cytometry. Representative histograms without PMA,
left; line depicts relative fluorescence of CV neutrophils or macrophages. Aggregate data,
right. N=8 mice/group. p < 0.02 for comparisons with *WV without PMA, *CV without
PMA, #respective genotype/treatment group without PMA, and Srespective genotype/
treatment group with PMA alone.
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Figure 5. Pio treatment of gpglphox"‘ mice enhances production of mtROS by stimulated blood

neutrophils (A) and monocytes (B)
Blood leukocytes from WT (WV, WP) and gp91P"oX=/~ (CV, CP) mice as in Fig. 1 were

treated with and without DPI or MitoTEMPO for 15 min, stained with MitoSOX Red,
stimulated or not with PMA and analyzed by flow cytometry. Representative histograms,
left, and aggregate data, right. N=8 mice/group. p < 0.02 for comparisons with YWV with

PMA, ™CV with PMA and Srespective genotype/treatment group with PMA alone.
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Figure 6. Ex vivo treatment of human CGD monocytes with Pio enhances stimulated mtROS
production

Human monocytes from X-linked CGD and normal subjects were isolated from heparinized

blood, plated, and treated with 10 uM Pio for 2 days. The cells were then stained with

MitoSOX Red and stimulated with PMA in the presence or absence of MitoTEMPO and

analyzed by flow cytometry; Representative histograms (A) and aggregate data normalized
to each individual untreated control (B) are shown. N=9 and 7 for normal subjects (NL) and
CGD patients, respectively.
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Figure 7. Recruited phagocytes from Pio-treated gp919h0x‘/‘ mice show enhanced killing of S.
aureus ex vivo

Recruited, peritoneal phagocytes from WV, WP, CV, CP mice as in Fig. 2 were treated with
or without SOD or MitoTEMPO for 30 min, co-incubated with S. aureus (1x10% CFU) at
37°C for 1h. The percent of bacteria killed was determined. p<0.02 *compared to
phagocytes from WV and écompared to phagocytes from respective treatment group in the
absence of inhibitors. N=6 mice/group.
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Figure 8. Pio treatment of gpglphox'/‘ mice enhances clearance of S. aureusin vivo
Vehicle or Pio-treated WT (WV, WP) and gp91Pho*~/= (CV, CP) mice were injected

intraperitoneally with S. aureus, and peritonea lavaged at 24h and 48h. A). Bacterial
numbers in lavage were determined. p < 0.02 for comparisons with *WV and 5CV. B-C).
CFU data are depicted on a linear scale for clarity. N=16 and 11 mice/group at 24h and 48h,
respectively.
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