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Nicotinamide Adenine Dinucleotide
Phosphate (Reduced) Oxidase 2
Modulates Inflammatory Vigor During
Nonalcoholic Fatty Liver Disease
Progression in Mice

Rajib Mukhetjee,l’2 Maria E. Moreno-Fernandez,”* Daniel A. Giles,'> Monica Cappe]letti,l’2 Traci E. Stankiewicz,'?
Calvin C. Chan,"™ and Senad Divanovic'™

Nonalcoholic fatty liver disease (NAFLD) represents a disease spectrum ranging from benign steatosis to life-threatening
cirrhosis and hepatocellular carcinoma. Elevated levels of reactive oxygen species (ROS) and exacerbated inflammatory
responses have been implicated in NAFLD progression. Nicotinamide adenine dinucleotide phosphate (reduced) oxidase 2
(NOX2; also known as gp91Ph°X), the main catalytic subunit of the nicotinamide adenine dinucleotide phosphate (reduced)
oxidase complex, modulates ROS production, immune responsiveness, and pathogenesis of obesity-associated metabolic
derangements. However, the role of NOX2 in the regulation of immune cell function and inflammatory vigor in NAFLD
remains underdefined. Here, we demonstrate that obesogenic diet feeding promoted ROS production by bone marrow,
white adipose tissue, and liver immune cells. Genetic ablation of NOX2 impeded immune cell ROS synthesis and was suf-
ficient to uncouple obesity from glucose dysmetabolism and NAFLD pathogenesis. Protection from hepatocellular damage
in NOX2-deficient mice correlated with reduced hepatic neutrophil, macrophage, and T-cell infiltration, diminished pro-
duction of key NAFLD-driving proinflammatory cytokines, and an inherent reduction in T-cell polarization toward Th17
phenotype. Conclusion: Current findings demonstrate a crucial role of the NOX2-ROS axis in immune cell effector func-
tion and polarization and consequent NAFLD progression in obesity. Pharmacologic targeting of NOX2 function in
immune cells may represent a viable approach for reducing morbidity of obesity-associated NAFLD pathogenesis.
(Hepatology Communications 2018;2:546-560)

onalcoholic fatty liver disease (NAFLD) has
emerged as the most prominent chronic liver
disease. NAFLD, a hepatic manifestation of
metabolic disease, represents a wide spectrum of liver
diseases ranging from simple steatosis to nonalcoholic
steatohepatitis (NASH) and cirrhosis. NAFLD pro-
gression involves a complex interplay between various
biological processes, including obesity, dysbiosis of the

intestinal microbiome, and exacerbation of proinflam-
matory immune responses.’® Although NAFLD is a
multifactorial disease, it is well accepted that diet-
induced inflammation, reactive oxygen species (ROS)
production, and lipid peroxidation play central roles in
NAFLD pathogenesis.®™

ROS, the general byproduct of cellular metabolism,

impacts macromolecular integrity, cell signaling, and
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white adipose tissue; FBS, fetal bovine serum; HFD, high-fat diet; IFN-y, interferon-y; IL, interleukin; iWAT, inguinal white adipose tissue; LPS,
lipopolysaccharide; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcobolic steatohepatitis; NOX, reduced nicotinamide adenine dinucleotide
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innate immunity. Cell intrinsic imbalance between
ROS production and antioxidant capability results in
oxidative stress, while oxidative stress contributes to
the pathogenesis of various metabolic diseases.® In
obesity, excess systemic nutrients induce oxidative
stress and promote physiologic changes in key periph-
eral tissues including adipose tissue, liver, and skeletal
muscle. The nicotinamide adenine dinucleotide phos-
phate (reduced) oxidase (NOX) enzyme complex, a
central source of intracellular ROS, is composed of
NOX2 (also known as gp91™™™); the cytosolic
pA0FRox | pa7PP 567 ynits; and Rac family small
guanosine triphosphatase 1 complexes.” NOX2,
which is highly expressed in immune cells,® modu-
lates insulin resistance, adipose tissue inflammation,
hepatic stellate cell activation, and hepatic fibrosis.’ "
However, the role of NOX2 in modulating immune
cell responsiveness in NAFLD has not been examined.
A better understanding of mechanisms underlying
activation of NOX2-dependent ROS production may
uncover unappreciated molecular targets for novel
NAFLD therapies.

Here, we demonstrated that high-fat diet (HFD)
teeding promoted immune cell ROS generation and
that NOX2 modulated ROS synthesis, immune cell
inflammatory capacity, and obesity pathogenesis.
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Specifically, we show that despite similar obesity, adi-
posity, and liver triglyceride (T'G) accumulation,
NOZX2-deficient mice were protected from obesity-
induced glucose dysmetabolism and hepatocellular
damage. Reduced severity of obesity-driven hepatocel-
lular damage in NOX2-deficient mice was associated
with decreased hepatic infiltration of immune cells.
Mechanistically, NOX2-deficient hepatic neutrophils,
macrophages, and T cells had diminished production
of key NAFLD-driving, proinflammatory cytokines,
including interleukin (IL)-17A, interferon-y (IFN-y),
and tumor necrosis factor o (TNF-o). Further, T-cell
intrinsic NOX2 expression was sufficient to modulate
polarization and activation-driven proinflammatory
cytokine production in T cells. In sum, our data sug-
gest that NOX2-driven modulation of immune cell
inflammatory capacity may play important roles in
obesity-driven NAFLD progression.

Materials and Methods

MICE

All studies were approved by the Cincinnati Child-
ren’s Hospital Medical Center’s Institutional Animal
Care and Use Committee. All mice used in this study
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were on a C57BL/6 background, housed in the same
room within a specific pathogen-free facility but not as
littermates, fed food and water ad /ibitum, and pro-
vided care in accordance with the Guide for the Care
and Use of Laboratory Animals. Wild-type (WT)
mice (strain name C57BL/6]) and NOX2™/~ mice
(strain name B6.129S—Cybbf’”Di”/]) were obtained
from Jackson Laboratories and were subsequently bred

at the Cincinnati Children’s Hospital Medical Center.

OBESITY AND NAFLD MODEL

Starting at 8 weeks of age, mice were fed ad libitum
either chow diet (LLab diet #5010) or HFD (Research
diets #1D12492) for 8 or 22 weeks, with fresh food pro-
vided on a weekly basis. Body weight and food con-

sumption were monitored weekly.

IMMUNE CELL ISOLATION AND
CYTOKINE PRODUCTION

Peritoneal neutrophils (PN) were collected by peri-
toneal gavage after intraperitoneal injection of zymosan
(10, 100, or 1,000 wug/mouse; 12 hours) as
described."® Bone marrow-derived macrophages
(BMDMs), bone marrow neutrophils (BMNs), and
bone marrow-derived dendritic cells (BMDCs) were
isolated as described.1?1%) Briefly, bone marrow cells
were differentiated into BMDMs or BMDCs using
Roswell Park Memorial Institute (RPMI) medium
(Gibco) supplemented with 10% fetal bovine serum
(FBS), 1% penicillin/streptomycin, 1% glutamine, and
20 ng/mL macrophage colony stimulating factor or
granulocyte-macrophage colony stimulating factor
(Biolegend) for 6 days at 37°C and 5% CO,. BMNs
were purified using the anti-Ly-6G Microbead Kit
(Miltenyi Biotec) and cultured in RPMI medium sup-
plemented with 10% FBS, 1% penicillin/streptomycin,
and 1% glutamine. BMDMs (6 X 10° cells/mL),
BMDCs (6 X 10° cells/mL), and BMNs (5 X 10
cells/mL) were stimulated with lipopolysaccharide
(LPS; 10, 100, or 1,000 ng/mL) for 4 hours, followed
by ROS quantification and collection of cell superna-
tant for cytokine analysis by enzyme-linked immuno-
sorbent assay (BD Opt EIA; BD Bioscience). For
tissue immune cell isolation, single-cell suspensions
from epididymal white adipose tissue (eWAT) and
liver were obtained using common methods.*117)
Minced eWAT tissue was digested for 45 minutes in
collagenase cocktail (0.03 mg/mL liberase and 50 U/
mL deoxyribonuclease 1 [Sigma-Aldrich]), filtered
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using a 100-um nylon cell strainer, centrifuged at
1,000¢ for 10 minutes, treated with erythrocyte lysis
buffer (Lonza), and washed in RPMI medium prior to
ROS and cytokine-level quantification. Liver tissue
samples were minced using gentleMACS tubes (Mil-
tenyi Biotec) according to the manufacturer’s recom-
mendation. Immune cells were purified using 33%
Percoll (Sigma-Aldrich) in RPMI medium followed
by centrifugation at 250¢ for 20 minutes at room tem-
perature and then treated with erythrocyte lysis buffer
and washed in RPMI medium prior to ROS and
cytokine-level quantification.

ROS STAINING

ROS production was quantified ex vivo by 2',7'-
dichlorofluorescin diacetate (DCFDA) staining. Iso-
lated immune cells were incubated with 25 uM
DCFDA at 37°C in complete RPMI medium for 30
minutes, washed with phosphate-buffered saline, and
analyzed by flow cytometry. For each experiment, at
least 1 X 10° cells/mouse were analyzed to calculate
mean fluorescence intensity of DCFDA staining.

SERUM PARAMETERS

TG quantification was performed as reported. 1%
Briefly, 200 uL of triglyceride reagent (Pointe Scientific)
was added to 10 uLL of serum in a 96-well, clear, flat-
bottom plate (Costar). Standards (Pointe Scientific) were
prepared according to the manufacturer’s instructions.
Serum leptin (Millipore) and NO, (Sigma-Aldrich) lev-
els were quantified using commercially available enzyme-
linked immunosorbent assay kits.

HISTOLOGY

Liver and eWAT samples were fixed in 10% forma-
lin. Hematoxylin and eosin staining was performed on
5-um sections from the paraffin-embedded tissue blocks
for conventional light microscopy analysis. Terminal
deoxynucleotidyl transferase—mediated deoxyuridine tri-
phosphate nick-end labeling staining of eWAT samples
were deparaffinized and stained using the standard pro-
tocol. For immunohistochemical staining, liver sections
were deparaffinized and immunostained with rabbit
anti-mouse clusters of differentiation (CD)68 antibody
(Abcam) or rabbit monoclonal anti-mouse CID3 anti-
body (Ventana Medical Systems, Inc.), using the auto-
mated Ventana immunostainer according to the
manufacturer’s recommendation,417®
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GLUCOSE AND INSULIN
SENSITIVITY TESTS

All studies were performed on mice fasted overnight
as reported."*'”) Briefly, for the glucose tolerance test,
mice were challenged with a bolus of dextrose (100
mg/kg body weight) by intraperitoneal injection and
blood glucose levels were measured at 20, 40, 60, 90,
and 120 minutes. For the insulin tolerance test, mice
were challenged with insulin (0.3 U/mL of insulin/10
g of body weight) by intraperitoneal injection and
blood glucose levels were measured at the time points
specified above. All measurements were performed

using the Accu-chek kit (Roche).

LIVER TGS

Hepatic = TG  levels were quantified as
described."**"*®) Briefly, standards and samples were
added to a 96-well, clear, flat-bottom plate (Costar)
containing 200 uL of triglyceride reagent (Pointe Sci-
entific). Hepatic TGs were quantified at 500-520 nm
using the vmax Microplate Reader (Molecular Devi-
ces) and SoftMax Pro version 5 software.

HEPATOCELLULAR DAMAGE

Alanine aminotransferase (ALT) levels were quanti-
fied as described.**1® Briefly, 10 uLL of mouse serum
was added to a 96-well flat-bottom plate (Costar) con-
taining 200 uL. ALT buffer that was prepared by mix-
ing ALT Activator Reagent and ALT sample Diluent
Reagent (Catachem Inc.). Catatrol I and II (Catachem
Inc.) were used as controls and were prepared accord-
ing to the manufacturer’s instructions. ALT levels
were quantified using the BioTek Synergy 2 Multi-
Mode Microplate Reader with Gen5 version 2
software.

FLOW CYTOMETRY

Immune cells were stained directly with conjugated
monoclonal antibodies or isotype controls (all eBio-
science). For quantification of immune cell cytokine
production, isolated immune cells were stimulated for
4 hours with 50 ng/mL phorbol 12-myristate 13-
acetate (Sigma-Aldrich) and 1 pg/mL ionomycin
(Calbiochem), in the presence of brefeldin A (10 pg/mL;
Sigma-Aldrich) and analyzed by intracellular flow
cytometry. Briefly, cells were treated with fluorescence-
activated cell sorting buffer (BD Biosciences) for 15
minutes, washed, and stained with live/dead stain
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(Zombie UV Dye: Biolegend) and with directly conju-
gated monoclonal antibodies to CD45-PEDazzle
(clone 104), CD4-allophycocyanin (APC)ef780 (clone
RM4-5), CD3-Alexa Fluor 700 (clone 17A2),
CD11b-ef450 (clone M1/70), CD11c-APC (clone
N418), Grl- fluorescein isothiocyanate (FITC) (clone
RB6-8C5), and B220-BV605 (clone RA3-6B2) in
phosphate-buffered saline supplemented with 2% FBS
tor 30 minutes. Cells were subsequently fixed, permea-
bilized, and stained with IFN-y—phycoerythrin (PE)-
Cy7 (clone XMG1.2), TNF-2-BV650 (clone MP6-
XT22), and IL-17A-Percp Cy5.5 (clone eBiol7B7)
(all antibodies from e-Bioscience) for 30 minutes. LSR
Fortessa (BD Biosciences) and FlowJo software (ver-

sion X0.7) were used for flow cytometry data collection
and analysis. 11718

T-HELPER 17 POLARIZATION
AND T-CELL ACTIVATION

T-cell isolation kits (Miltenyi Biotec) were used to
isolate naive splenic T cells according to the manufac-
turer’s protocol. Isolated CD4"CD62L" T cells were
cultured in a goat anti-hamster immunoglobulin G-
coated plate and differentiated for 6 days with anti-
CD3 (1 pg/mL) and anti-CD28 (0.5 pg/mL) and
with or without recombinant human IL-1f (1 ng/
mL), recombinant mouse IL-6 (10 ng/mL), recombi-
nant human IL-23 (20 ng/mL), or recombinant
human TGF-$1 (1 ng/mL). T cells were stimulated
using phorbol 12-myristate 13-acetate (50 ng/mlL),
ionomycin (1 pg/mL), and brefeldin A (10 pug/mL) for
4 hours, and IL-17A, IFN-y, and TNF-a production
were quantified by flow cytometry. For each experi-
ment, 1 X 10° to 2 X 10° cells per mouse were
analyzed.

PERIPHERAL BLOOD CELLULAR
COMPOSITION

Blood samples were collected in heparin tubes (BD
Biosciences) and analyzed in Hemavet 950 (Drew
Scientific Inc.) using the manufacturer’s program for
mouse blood analysis.

STATISTICAL ANALYSIS

Data were analyzed using the unpaired Student #
test. All values are represented as means + SE and
graphed with Prism 7 software (GraphPad Software
Inc.).
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Results

OBESITY AND INFLAMMATION,
IN PART BY NOX2 ACTIVATION,
PROMOTE IMMUNE CELL ROS
PRODUCTION

Obesity-associated inflammation and oxidative
stress, in part by ROS production, modulate the path-
ogenesis of obesity-associated sequelae, including type
2 diabetes and NAFLD.»>*%29 Here, we examined
the contribution of obesogenic diet feeding on immune
cell ROS production in various tissues. HFD feeding
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compared to the chow diet significantly enhanced
ROS production by primary BMNs (Fig. 1A). How-
ever, HFD feeding failed to promote ROS production
in primary BMDMs and BMDCs, both being
immune cells derived by prolonged iz vifro culture and
polarization (Fig. 1A; Supporting Fig. S1). Further,
HFD feeding significantly enhanced ROS production
by neutrophils (CD11b"Gr1"8") and macrophages
(CD11b"F4/80™) infiltrating eWAT and liver (Fig.
1B,C), which are tissues relevant to NAFLD patho-
genesis. Genetic ablation of NOX2 was sufficient to
impede obesity-driven ROS induction in BMNs and

macrophages in the context of inflammatory challenge
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FIG. 1. HFD modulates ROS production by immune cells. (A) ROS production by bone marrow neutrophils and macrophages from
either chow diet or HFD-fed WT mice. (B) ROS production by hepatic neutrophils and macrophages from either chow- or HFD-
fed WT mice. (C) ROS production by epididymal white adipose tissue neutrophils and macrophages from either chow- or HFD-fed
WT mice. (D) ROS production by bone marrow neutrophils and macrophages from HFD-fed WT and NOX2™/~ mice. (A-D)
Data presented as relative mean fluorescence intensity. Gray bars denote WT chow-fed mice; white bars denote WT HFD-fed mice;
black bars denote NOX2 ™/~ HFD-fed mice. (A,D) A single experiment, n = 3-4 mice/condition. (B,C) Data combined from three
independent experiments, n = 6-8 mice/condition. Data represent means + SE. Student 7 test, *P < 0.05, P < 0.01, **P < 0.001.

Abbreviations: CD, chow diet; MFI, mean fluorescence intensity.
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(Fig. 1D). Obesity is associated with metabolic endo-
toxemia®’”*" and various inflammatory triggers,
including endotoxin (LPS), that drive ROS and proin-
flammatory cytokine production.** NOX2 is a cen-
tral player in immune cell ROS synthesis. Hence, the
impact of NOX2 on immune cell ROS production in
response to endotoxin sensing was examined next.
NOX2-deficient neutrophils, BMDMs, and BMDCs
compared to WT controls exhibited reduction in LPS-
induced ROS production in a dose-dependent manner
(Supporting Fig. S2). Further, LPS-induced ROS lev-
els were higher in BMNss isolated from HFD-fed mice
compared to chow-fed controls (data not shown).
These effects were not limited to LPS as zymosan
treatment of NOX2-deficient mice resulted in similarly
decreased neutrophil ROS production (Supporting
Fig. S3A). Further, the NOX2 impact on zymosan-
induced ROS production was independent of differen-
tial neutrophil recruitment into the peritoneal cavity
(Supporting Fig. S3B). Congruently, stimulation of
NOX2-deficient macrophages with LPS resulted in
reduced IL-6 production (data not shown), a proin-
flammatory mediator known to play a role in patho-
genesis of obesity-associated sequelac.?® Collectively,
these data suggest that obesity augments immune cell
ROS production in tissues that contribute to the path-
ogenesis of obesity-associated sequelae. Further, our
data suggest that NOX2, in the context of HFD-
induced obesity or an obesity-associated inflammatory
environment, likely promotes immune cell-driven

ROS synthesis.

NOX2 UNCOUPLES OBESITY AND
ADIPOSITY FROM GLUCOSE
DYSMETABOLISM

As NOX2 modulated immune cell ROS and proin-
flammatory cytokine production with HFD feeding,
the impact of NOX2 in obesity development and path-
ogenesis of obesity-associated sequelae was examined.
In agreement with a published report,™” both WT
and NOX2™/~ mice exhibited similar HFD-driven
weight gains (Fig. 2A). Comparable weight gain corre-
lated with similar food intake, systemic TG, leptin and
NO, levels, brown adipose tissue (BAT) mass, and
BAT uncoupling protein 1 (UcpI) expression (Fig.
2B-F). Notably, analogous BAT characteristics are
suggestive of similar overall energy expenditure
between WT and NOX2 ™/~ mice and are in agree-
ment with published findings.®* Altered adipose tis-
sue mass distribution (e.g., decreased eWAT and

MUKHERJEE ET AL.

increased inguinal white adipose tissue [IWAT]),
increased adipose tissue inflammation, and adipocyte
death have been correlated with advancement of
obesity-related sequelae, including NAFLD.?* Nota-
bly, obese NOX2 ™/~ mice compared to WT controls
exhibited increased eWAT weight and decreased
iWAT weight (Fig. 2G). The difference in eWAT
mass was independent of adipocyte size (Fig. 2H) but
correlated with decreased eWAT adipocyte cell death
as determined by terminal deoxynucleotidyl transfer-
ase—mediated deoxyuridine triphosphate nick-end
labeling staining (Fig. 2I).

The role of NOX2-dependent ROS in modulating
the severity of obesity-associated glucose dysmetabo-
lism is controversial.*"1%2°?®) Hence, the development
of glucose dysmetabolism and insulin resistance was
examined. Although obese NOX2 ™/~ mice compared
to WT controls had reduced fasting glucose levels and
improved glucose tolerance (Fig. 3A,B), lack of NOX2
did not alter systemic insulin levels or insulin sensitiv-
ity (Fig. 3C,D). Further, genetic ablation of NOX2
did not modulate the expression of mediators central
for insulin-induced glucose homeostasis in liver and
eWAT (e.g., glucose transporter 1 [Glutl], Glut4,
carbohydrate-responsive element-binding protein f3,
and sterol regulatory element binding protein 1c; data
not shown).®”?® Overall, these data suggest that
NOX2 regulates glucose but not insulin metabolism in
HFD-induced obesity. Of note, these data are in
agreement with reported NOX2-independent path-
ways of glucotoxicity in pancreatic islets in mice.*”

NOX2 REGULATES HFD-INDUCED
HEPATOCELLULAR DAMAGE
AND NAFLD PROGRESSION

Obesity and glucose dysmetabolism contribute to
NAFLD pathogenesis. Thus, we examined the impact
of NOX2 on NAFLD development. HFD-fed WT
and NOX2™/~ mice exhibited similar liver weight
(Fig. 4A) and hepatic TG accumulation (Fig. 4B).
However, in contrast to obese WT controls, which had
macrovesicular steatosis (a characteristic that is highly
prevalent in most patients with NAFLD), obese
NOX2™'~ mice primarily exhibited microvesicular
steatosis (Fig. 4C,D).C%3V Attenuated macrovesicular
steatosis observed in obese NOX2 ™/~ mice correlated
with reduced serum ALT levels (Fig. 4E) and hepatic
lipid peroxidation (Fig. 4F). Of note, elevated hepatic
TG and ROS levels are key characteristics of macro-
steatotic livers, something that renders hepatocytes
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FIG. 2. NOX2 modulates HFD-driven white adipose tissue distribution. Eight-week-old WT and NOX2™ /™

mice were fed an

HFD for 22 weeks. (A) Body weight; (B) cumulative weekly food intake; (C) serum leptin level; (D) serum triglyceride level; (E)
serum nitrite level; (F) BAT weight and Ucpl expression; (G) WAT weight; (H) hematoxylin and eosin staining of eWAT; (I)
TUNEL staining of eWAT and TUNEL-positive cell number per field of view. White bars/squares denote WT mice; black bars/
squares denote NOX2 ™/~ mice. (A-T) A representative of two individual experiments, n = 4-6 mice/condition. Data represent means
+ SE. Student # test, *P < 0.05, *P < 0.01. Abbreviations: AU, arbitrary unit (relative); TUNEL, terminal deoxynucleotidyl transfer-

ase-mediated deoxyuridine triphosphate nick-end labeling.

susceptible to secondary insults and cellular death.®?

Such findings are in agreement with the notion that,
along with mitochondrial ROS, NOX2-dependent
chronic oxidative stress and ROS-induced lig)id peroxi-
dation are central to NAFLD progression.

While biological processes responsible for progres-
sion of NAFL to NASH are not fully understood,
augmented infiltration of immune cells and enhanced
production of proinflammatory mediators by liver-
infiltrating immune cells are believed to play an impor-
tant role.>¥ Hence, hepatic immune cell composition
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in HFD-fed WT and NOX2 /" mice was examined.
A reduction in total hepatic immune cell infiltration
(CD45" cells) observed in obese NOX2™/~ mice
largely correlated with robustly lowered numbers of
liver-infiltrating macrophages (CD11b"Gr1*"™) and
CD4" T cells (Fig. 4G), a finding further confirmed
by a significant reduction in CD68 and a trend toward
reduced CD3 immunostaining of liver sections (Fig.
4H,I). Of note, altered hepatic immune infiltration
observed in obese NOX2 ™/~ mice was independent of
differential circulating immune cell numbers or
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FIG. 3. NOX2 regulates HFD-induced glucose dysmetabolism. Eight-week-old WT and NOX2 ™/~ mice were fed an HFD for 22
weeks. (A) Fasting glucose; (B) glucose tolerance test after 13 weeks of HFD feeding; (C) fasting insulin; (D) insulin tolerance test
performed after 15 weeks of HFD feeding. White bars/squares denote WT mice; black bars/squares denote NOX2 ™/~ mice. (A-D)
A representative of two individual experiments, n = 4-6 mice/condition. Data represent means + SE. Student # test, “P < 0.05, **P
< 0.01. Abbreviations: AUC, area under the curve; GTT, glucose tolerance test; ITT, insulin tolerance test.

composition in the context of HFD feeding or follow-

ing systemic LPS challenge (Supporting Fig. S4).

NOX2 MODULATES HEPATIC
IMMUNE CELL INFLAMMATORY
VIGOR

Hepatic accumulation of neutrophils, macrophages,
and CD4" T cells (e.g., T helper [Th]1 and Th17
subsets) correlates with NAFLD progression.®*>>
NOX2 regulates hepatic immune cell infiltration and
immune cell cytokine production.®® Notably, proin-
flammatory cytokines (e.g., IFN-y, TNF-a, IL-17A)
are well-established modulators of NAFLD pathogen-
esis.>*20) We therefore examined the role of NOX2
in the modulation of immune cell inflammatory vigor.
Obese NOX2™/~ mice compared to WT controls
exhibited attenuated production of IFN-y and TNF-«

by liver-infiltrating neutrophils (CD11b" Gr1hieh, Fig
5A), macrophages (CD11b" Gr1v, Fig 5B), and
IL-17A, IFN-y, and TNF-¢ by CD4" T cells
(CD3"CD4"; Fig. 5C). Together, these data suggest
that NOX2 modulates inflammatory vigor in liver-
infiltrating immune cells.

Although NOX2 is predominantly associated with
myeloid immune cell function, the impact of NOX2
on T-cell cytokine production and whether such
effects are T-cell intrinsic are unknown. Th17 cells
are the primary producers of IL-17A, a proinflamma-
tory cytokine known to propagate NAFLD patho-
genesis."” Thus, we examined the role of NOX2 on
Th17 cell polarization. Compared to WT cells,
NOX2 ™/~ primary naive splenic CD4% T cells cul-
tured under Thl7 polarizing conditions exhibited
reduced Th17 polarization and IL-17A production
(Fig. 6A). The effects on cytokine production were
not unique to Th17 cells as primary naive splenic
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FIG. 4. NOX2 regulates HFD-induced NAFLD pathogenesis. Eight-week-old WT and NOX2™/~ mice were fed an HFD for 22
weeks. (A) Liver weight; (B) liver triglyceride content; (C) hematoxylin and eosin staining of liver; (D) Oil-Red-O staining of liver; (E)
ALT levels; (F) liver 4-HNE levels. (G) Gatin% strategy for quantification of hepatic immune cell infiltration by flow cytometry and
hepatic immune cell composition. CD11b* Gr1®" macrophage populations were further gated by forward side scatter to differentiate
between CD11b " Gr1'¥ macrophages and leukocytes. (H) Liver CD3™ staining; (I) liver CD68™ staining. White bars denote WT mice;

black bars denote NOX2 ™/~
+ SE. Student ¢ test, *P < 0.05, ™P < 0.01. Abbreviations: 4-HNE,

CD4" T cells isolated from NOX2 ™/~ mice were less
poised to produce IFN-y and TNF-a following poly-
clonal T-cell receptor stimulation using antiCD3/
antiCD28 (Fig. 6B). In sum, these data suggest that
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mice. (A-I) A representative of two individual experiments, n = 4-6 mice/condition. Data represent means

4-hydroxynonenal; FSC, Forward scatter; SSC, Side scatter.

NOX2 plays an intrinsic role in T-cell responsiveness
and Th17 cell polarization. Importantly, such effects
may confer modulation of the hepatic inflammatory
milieu in NAFLD progression.
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FIG. 5. NOX2 regulates hepatic immune cell inflammatory vigor. Eight-week-old WT and NOX2™™ mice were fed an HFD for
22 weeks, and cytokine production in liver infiltrating immune cells was quantified by flow cytometry. Cells were exclusively identified
from neutrophil, macrophage, and CD3*CD4" gates described in Fig. 4G. (A) Cytokine production by liver-infiltrating neutrophils
(CD11b"GR1Msh). (B) Cytokine production by liver-infiltrating macrophages (CD11bTGR1°™). (C) Cytokine production by liver-
infiltrating T cells (CD3"CD4"). White bars denote WT mice; black bars denote NOX2 ™/~ mice. (A-C) A representative of two
individual experiments, n = 4-6 mice/condition. Data represent means + SE. Student # test, *P < 0.05, *P < 0.01.

Discussion and type 2 diabetes mellitus.?” Despite the clinical
significance, the underlying mechanisms regulating

NAFLD, the most prominent liver disease world- NAFLD development and pathogenesis remain
wide, is directly linked with obesity, insulin resistance, underdefined and represent a significant gap in
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FIG. 6. NOX2 modulates T-cell polarization and effector function. Eight-week-old WT and NOX2™/" mice were fed an HFD for
8 weeks and used for analysis of T-cell responses. (A) Representative flow plot of naive splenic CD4™ T cells toward Th17 differenti-
ation and percentage of IL-17A" and IFN-y™ in polarized Th17 cells. (B) Representative flow plot of CD3/CD28-stimulated naive
CD4™ T cells and percentage of TNF-o and IFN-y* production by CD4™ T cells. White bars denote WT mice; black bars denote
NOX2™/~ mice. (A,B) A single experiment, n = 3 mice/condition. Data represent means + SE. Student # test, **P < 0.01.

knowledge. It is well appreciated that oxidative stress
and subsequent alterations to inflammatory cascades
contribute to the pathogenesis of obesity-associated
sequelae,®” but whether NOX2 regulatess NAFLD
pathogenesis and NAFLD-relevant immune cell
inflammatory vigor has not been determined. Our data
provide novel insights about the role of NOX2 in obe-
sity and obesity-associated NAFLD pathogenesis.
Specifically, here we show that in the context of HFD-
induced obesity, NOX2 modulates (a) immune cell
ROS production, (b) immune cell inflammatory capac-
ity pivotal for NAFLD progression, (c) glucose dysme-
tabolism, and (d) development of steatohepatitis and
hepatocellular damage.

Under obesogenic stress, various immune cells pro-
duce elevated levels of ROS in bone marrow, WA,
and liver. Genetic ablation of NOX2 correlated with
attenuated ROS generation and proinflammatory cyto-
kine production in bone marrow immune cells follow-
ing HFD feeding and endotoxin-driven activation of
toll-like receptor (TLR)4 signaling. However, whether

556

NOX2 modulates neutrophil and macrophage ROS
expression in WAT and liver has not been determined.
Future studies focused on the role of NOX2 in ROS
synthesis, proinflammatory cytokine production, neu-
trophil recruitment, and macrophage polarization in
obesity/ NAFLD-relevant tissues are clearly warranted.
Notably, obesity is associated with metabolic endotox-
emia, **" and TLR4 signaling é)lays an important role
in NAFLD pathogenesis.(2’14’3 ) Hence, the interplay
between TLR4 and NOX2 activation and ROS pro-
duction in obesity warrants further investigation.

Our data also suggest that the NOX2 effects on
immune cell ROS production are not endotoxin and/
or TLR4-signaling specific. Along with TLR4, TLR2
is a key contributor of development of NASH through
inflammasome  activation.®” Notably, neutrophil-
driven ROS production in the context of zymosan
sensing, a component of fungal cell walls and an acti-
vator of TLR2 signaling, induced similar outcomes.
Although zymosan levels are not commonly quantified
in obesity, intestinal colonization with fungi has been
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implicated in NAFLD pathogenesis.“**") Whether
other TLRs or innate immune receptors regulate acti-
vation of the NOX2-ROS axis and the contribution of
such activation in NAFLD pathogenesis are unknown
and should be examined.

Experimental and clinical evidence suggest a com-
plex interplay between TLRs, metabolic endotoxemia,
and intestinal microbiome in NAFLD progres-
sion. 214214 Tnteractions between the microbiome,
alcohol-producing bacteria, ROS, and the immune
system are believed to play an important role in NASH
progression.(42) Hence, future investigations employing
littermate controls in the analysis of the NOX2-ROS
axis in obesity-associated alterations of the intestinal
microbiome and its contributions to NAFLD develop-
ment and progression are of obvious importance.

NOX2-mediated effects on ROS production were
not specific to a single immune cell type (e.g., macro-
phages, neutrophils), suggesting that NOX2 broadly
affects immune responsiveness and, as such, likely
contributes to the pathogenesis of a variety of dis-
eases, including obesity. Specifically, our data demon-
strated that prolonged culture of primary cells outside
the obesogenic environment, as seen with BMDMs
and BMDC:s, resulted in similar baseline ROS levels
in NOX2™/~ and WT cells. Challenge with an
inflammatory stimulant was sufficient to uncover the
differences in ROS production in such cells. These
data suggest that the obesity-associated inflammatory
environment plays an important role in NOX2 activa-
tion. However, specific pathways and cellular mecha-
nisms directly associated with NOX2-dependent
effects in disease pathogenesis remain underdefined.

Our data demonstrated that diminished ROS pro-
duction in NOX2™~ mice did not affect HFD-
induced obesity, adiposity, and food consumption.
Thermogenic capacity, which in part is dependent on
BAT size and UCP-1 expression/function, is central to
whole body metabolism in both mice and humans.“*®
Furthermore, augmented mitochondrial ROS produc-
tion represents a key step in Ucpl activation and ther-
mogenesis.*? In agreement with similar total body
weight gain between obese WT and NOX2™/~ mice,
NOX2™~ mice exhibited similar BAT weight and
Ucpl expression. These findings suggest that NOX2-
dependent ROS does not regulate the thermogenic state
in an experimental model of HFD-induced obesity and
that such effects are likely dependent on other, and pos-
sibly redundant, mechanisms of ROS induction.

Additionally, WAT redistribution and adipocyte
death during weight gain is associated with obesity-

MUKHERJEE ET AL.

associated disease progression.?” An inverse propor-
tion of eWAT to iWAT size coupled with an
increased presence of apoptotic adipocytes in eWAT
adipocytes were supportive of advanced adiposity in
HFD-fed WT mice compared to NOX2 ™/~ mice.*¥
Our findings suggest that NOX2 does not modulate
HFD-induced body weight gain or thermogenic
capacity but plays an important role in WAT redistri-
bution and apoptosis. As genetic ablation of NOX2
modulates WAT distribution, adipocyte death, and
the type of hepatic steatosis, a better understanding of
NOX2 contribution in WAT physiology, adipocyte
function, and lipid partitioning is required.

Glucose dysmetabolism, a consequence of excessive
systemic nutrient load, WAT redistribution and
inflammation, and imbalance in the ROS axis, repre-
sents one of the most common end-organ sequelae of
diet-induced obesity.®® Our data suggest that despite
similar obesity, systemic insulin production, and insu-
lin tolerance in NOX2 ™/~ mice compared to WT con-
trols, NOX2™/~ mice were protected from HFD-
induced glucose dysmetabolism. These findings sug-
gest that divergent mechanisms,*> NOX2-dependent
and independent, are likely to impact glucose metabo-
lism and insulin sensitivity in HFD-fed mice. Further,
the divergence between NOX2 deficiency and insulin
sensitivity may have connections with a largely under-
appreciated role of ROS in stimulating tyrosine
phosphorylation-dependent insulin signaling.“*® In
fact, the observed impact on glucose dysmetabolism, a
well-known attribute of patients with NAFLD, war-
rants a further, detailed, mechanistic analysis on the
role of NOX2 in glucose metabolisms and its interplay
with NAFLD development.

NOX2 is highly expressed in the liver, and a serum-
soluble NOX2-derived peptide (sNOX2-dp) is a known
marker of liver steatosis.“*”) However, how NOX2 regu-
lates immune responses in NAFLD progression is prin-
cipally underdefined. Here, we demonstrated that
NOX2™~ mice are protected from HFD-induced
macrosteatosis, lipid peroxidation, and hepatocellular
damage despite similar liver weights and TG content.
The reduced disease severity of hepatocellular damage
correlated with attenuated hepatic immune cell infiltra-
tion, including macrophages, neutrophils, and T cells.
Infact, Diet-induced hepatic neutrophil, macrophage,
and T-cell infiltration are trademarks of NAFLD pro-
gression and pathogenesis."*>*® The reduction in
hepatic macrophages in livers of NOX2 ™"~ mice is con-
sistent with a recent report of attenuated macrophage

infiltration into WAT in myeloid-specific NOX2™"~
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cells, and Th17 polarization). These data suggest a previously unappreciated role of the NOX2-ROS axis in the interplay between

inflammatory vigor during NAFLD pathogenesis.

mice.®® Altered number of liver-infiltrating immune
cells in NOX2~/~ mice also suggest reduced activation
of inflammatory axes in these mice. Proinflammatory
cytokine production, by liver-infiltrating immune cells,
is central to NAFLD pathogenesis. ™ Our findings
demonstrated that NOX2 modulated the production of
1L-17A, IFN-y, and TNF-a, which are all well-known
promoters of NAFLD pathogenesis, 174549 by
liver-infiltrating immune cells, thus denoting a pivotal
role of the NOX2-ROS axis in the pathophysiology of
NAFLD. We also demonstrated that NOX2-
dependent effects were not unique to liver-infiltrating T
cells as polarization of naive splenic CD4" T cells to
effector T-cell subtype and cytokine production follow-
ing polyclonal T-cell receptor activation were similarly
affected. These data imply that intrinsic NOX2 effects
in T cells in combination with the well-established
extrinsic signals (e.g., bacterial colonization, lipid parti-
tioning) and inflammatory hepatic microenvironment
may play vital roles in the regulation of T-cell polariza-
tion and responsiveness in NAFLD. Thus, a definition
of cell-intrinsic and cell-extrinsic mechanisms underly-
ing NOX2-driven modulation of T-cell polarization
and inflammatory vigor in NAFLD is clearly warranted.
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Further confirmation of the immune NOX2 expression
as the central locus of disease pathology, by use of bone
marrow chimera studies or immune cell-specific NOX2
deletion, should be performed in the context of obeso-
genic diet feeding.

In conclusion, our novel findings suggest that
NOX2 modulates the inflammatory milieu in obesity
(Fig. 7) and, as such, regulates NAFLD pathogenesis.
Our findings are in agreement with the role of NOX2
in the modulation of alcoholic fatty liver disease.®”
Importantly, such insights suggest that pharmacologic
targeting of NOX2 activation and/or function in
immune cells may represent a viable approach to
reducing morbidity of obesity-associated sequelae.
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