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October 29, 2015. Excess reactive oxygen species production is central to the development of diabetic complications. The

contribution of leukocyte reactive oxygen species produced by the NADPH oxidase to altered inflam-
matory responses associated with uncontrolled hyperglycemia is poorly understood. To get insight into
the role of phagocytic superoxide in the onset of diabetic complications, we used a model of peri-
odontitis in mice with chronic hyperglycemia and lack of leukocyte p47P"* (Akita/Ncf1) bred from
C57BL/6-Ins2**@ /3 (Akita) and neutrophil cytosolic factor 1 knockout (Ncf1) mice. Akita/Nfcl mice
showed progressive cachexia starting at early age and increased mortality by six months. Their lungs
developed infiltrative interstitial lesions that obliterated air spaces as early as 12 weeks when fungal
colonization of lungs also was observed. Neutrophils of Akita/Ncfl mice had normal degranulation and
phagocytic efficiency when compared with wild-type mice. Although Akita/Ncfl mice had increased
prevalence of oral infections and more severe periodontitis compared with wild-type mice, bone loss
was only marginally higher compared with Akita and Ncfl null mice. Altogether these results indicate
that lack of leukocyte superoxide production in mice with chronic hyperglycemia results in interstitial
pneumonia and increased susceptibility to infections. (Am J Pathol 2016, 186: 659—670; http://
dx.doi.org/10.1016/].ajpath.2015.10.026)
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Diabetes mellitus (DM) is a chronic disease characterized by
altered metabolic and endocrine pathways involved in the
control of blood glucose levels resulting in hyperglycemia.
DM affects nearly 10% of the US population, and another
25% have pre-DM characterized by sustained high blood
glucose levels. Uncontrolled hyperglycemia is regarded as
the central player in the development of diabetic compli-
cations including nephropathy, neuropathy, retinopathy,
cardiovascular diseases, peripheral vascular diseases, and
periodontal diseases. Periodontal diseases are chronic
polymicrobial inflammatory diseases characterized by a
deregulated local inflammatory reaction to pathogenic sub-
gingival biofilms and progressive destruction of periodontal
supporting tissues resulting in edentulism. It is estimated
that patients with poorly controlled DM are three times more

likely to develop chronic periodontal diseases compared with
normoglycemic individuals despite similar composition in
subgingival biofilms.” * Existing evidence suggests that hy-
perglycemia and dyslipidemia affect the innate immune sys-
tem and favor a systemic low-grade inflammatory state that
predisposes to the impaired clearance of pathogens.”’ The
observation of high levels of advanced glycation end-products
in gingiva of diabetic mice has led to the hypothesis that
advanced glycation end-product—mediated activation of in-
flammatory pathways in periodontal tissues may explain in
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part the role of chronic hyperglycemia in periodontal dis-
eases.”” However, the relative contribution of hyperglycemia
and dyslipidemia in the onset of diabetic complication is not
completely understood.

The Akita mouse is a monogenic mouse model of DM that
mostly resembles human T1DM in pathogenesis and pheno-
type. The Akita mouse is a heterozygous carrier of a missense
point mutation in INS2 gene (Akita"”"“**") with early onset
hyperglycemia and progressive development of diabetic
complications. Reduction in B-cell mass as a result of
apoptotic death induced by Akita mutation occurs within the
first month of life. Heterozygous Akita show the first signs of
DM at 4 to 6 weeks when blood glucose levels increase pro-
gressively and polyuria is apparent. Males have an earlier
onset and more severe hyperglycemia compared with fe-
males. By 12 weeks, blood glucose levels exceed 500 mg/dL,
and by 10 months, Akita develop severe forms of diabetic
complications.'” The Akita mouse model of diabetes offers
the advantage of investigating the mechanisms through which
uncontrolled hyperglycemia contributes to the onset and
progression of diabetic complications. This allows us to
dissect the otherwise difficult to assess independent metabolic
changes associated with DM, such as dyslipidemia.

Overproduction of reactive oxygen species (ROS) by the
mitochondrial electron transport chain was proposed as a
unifying mechanism for diabetic microvascular complica-
tions because it relates to all metabolic changes that occur in
DM.'""'? ROS are generated in multiple cellular compo-
nents including mitochondria (consuming 90% of cellular
oxygen), peroxisomes, and endoplasmic reticulum as by-
products of the oxidative phosphorylation process. An
estimated 0.2% to 2% of oxygen consumption during
oxidative phosphorylation processes contribute to superoxide
generation.'*'” It is believed that ROS generation in mito-
chondria is tightly regulated under physiological conditions,
and that it does not contribute significantly to cellular
oxidative stress.'”>'® In diabetes, however, high intracellular
levels of glucose generate high mitochondrial membrane
potential and subsequent overproduction of superoxide. The
latter inhibits glyceraldehyde 3-phosphate dehydrogenase,
resulting in the accumulation of upstream intermediates in
glycolysis that will be processed through pathways of glucose
overutilization such as polyol, hexozamine, de novo synthesis
of diacylglycerol, a cofactor of protein kinase C, and the
formation of advanced glycation end-products from accu-
mulating trioses. Nonetheless, ROS increase the local pro-
duction of transforming growth factor beta 1, fibronectin, and
plasminogen activator inhibitor 1 in renal cells, demonstrating
a critical role in excessive extracellular deposition.'”

Unlike the generation of ROS as by-product of physio-
logical processes, the NADPH oxidase enzyme complex
functions primarily as a superoxide-generating system in
phagocytes (neutrophils and macrophages) in response to
pathogen-mediated stimulation. Its critical role in innate
host defense is demonstrated by the phenotypes of chronic
granulomatous disease (CGD), a group of genetic disorders
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caused by mutations in one of the enzyme’s subunits.
NADPH oxidase function in CGD neutrophils is inhibited,
resulting in lack of superoxide production. CGD patients
experience recurrent severe infections that may lead to life-
threatening sepsis.”’ Upon neutrophil activation by
pathogen-derived factors and phagocytosis, the cytoplasmic
subunit p47°"°* (also known as Ncf1) is phosphorylated at
multiple serine residues, which leads to its assembly with
other cytosolic subunits (p67°"* and p40P"°*) and transfer
to the cell membrane—bound cytochrome b558 to form
active NADPH oxidase. Superoxide produced by NADPH
oxidase is highly reactive and quickly catalyzes the forma-
tion of other ROS, such as hydrogen peroxide, hypochlorous
acid, or peroxynitrite. In the absence of stimuli, virtually all
p47P"°* remains in the cytoplasm, precluding any superoxide
production. In diabetic Akita mice, however, NADPH oxidase is
preactivated by hyperglycemia because the p47°™* subunit is
partially translocated to the cell membrane of unstimulated
neutrophils, which results in a significantly higher release of
superoxide in the absence of stimulation.”” Similar premature
assembly and priming of the NADPH oxidase was demonstrated
in human neutrophils.”*** These findings indicated that hyper-
glycemia may mediate oxidative stress and the onset of diabetic
complications by stimulating the ectopic release of neutrophil
superoxide, particularly at sites with high levels of physiological
neutrophil trafficking, such as biofilm-bearing tissues.

The relative contribution of NADPH-derived and mito-
chondrial excess ROS to the pathogenesis of diabetic com-
plications remains unknown. To investigate the role of
leukocyte-derived ROS in periodontitis associated with
uncontrolled hyperglycemia, we generated a diabetic mouse
strain (Akita/Ncfl) that carried a spontaneous mutation in
INS2 gene resulting in chronic hyperglycemia (Akita mu-
tation) and lacked p47”"°* (Ncf1 null). Here, we report on the
chronic lung lesions, increased susceptibility to infection,
and decreased survival in Akita/Ncf1 mice.

Materials and Methods

Experimental Animals

Akita mice (C57BL/6-Ins2Ak”“/J, Jackson Laboratories,
Bar Harbor, ME) were mated with Ncfl mice (p47”h”x
knockout, Taconic Farm, Germantown, NY) to generate
Akita/Ncfl double mutants. Mice were housed in a tem-
perature- and humidity-controlled room with a 12-hour
light-dark cycle where they were kept in sterilized cages
with autoclaved water, food, and bedding. All experiments
were approved by the Boston University Institutional
Animal Care and Use Committee.

Genotyping

PCR was performed using PlatinumTagDNA Polymerase
(Invitrogen, Carlsbad, CA) in GeneAmp PCR System 9700
(Applied Biosystems, Foster City, CA) with the following
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primers: Akita forward, 5-TGCTGATGCCCTGGCCT-
GCT-3'; Akita reverse, 5'-TGGTCCCACATATGCACA-
TG-3'. Akita PCR products were digested with Fnu4 HI
restriction enzyme for 3 hours before gel electrophoresis.
Ncfl primers were as follows: forward, 5'-ACATCAC-
AGGCCCCATCATCCTCC-3'; reverse, 5'-GGAGAGC-
CCCCTTTCTCTCCCTCA-3'. An additional reverse primer
was included in each reaction to detect the following neomycin
gene: 5'-CAACGTCGAGCACAGCTGCGCAAG-3'.

Western Blot Analysis

Leukocyte protein extracts were separated by SDS-PAGE (8
pg per lane) on 10% (v/v) polyacrylamide gels. The separated
proteins immediately were transferred electrophoretically to a
polyvinylidene fluoride membrane. Polyvinylidene fluoride
membranes were incubated at 4°C overnight with primary
antibodies for p47P"* (rabbit anti-mouse purified polyclonal
Ab, 1:500 dilution). Antibody binding was detected using
horseradish peroxidase—conjugated secondary antibody and
enhanced chemiluminescence detection system (Pierce ECL
Western Blotting  Substrate; Thermo Fisher Scientific,
Waltham, MA).

Ligature-Induced Periodontal Disease

Mice were anesthetized using 100 mg/kg ketamine and 5 mg/kg
xylazine, injected interperitoneally. A 9-0 silk ligature was tied
around the second left maxillary molar, whereas the opposite
side was left untreated as control. This allowed for endogenous
subgingival biofilm maturation and induction of inflammation-
mediated alveolar bone loss.”> One week later, mice were
sacrificed, and the heads were defleshed using a colony of
dermestid beetles. Skulls were cleaned with hydrogen peroxide
and stained with methylene blue (1%). Alveolar bone loss was
measured on digitized microscopic images using image analysis
software (Olympus MicroSuite version 3.2.765; Olympus
America Inc, Melville, NY).

Lung Histopathology

Each of the mice was euthanized, and a 22-gauge blunt
needle was inserted into the exposed trachea. The thorax
was opened, and the lungs were inflation-fixed through the
injection of 10% formalin in the trachea at a transpulmonary
pressure of 25 cm H,O to ensure proper alveolar dilation.
Formalin-fixed lung tissue was embedded in paraffin and
sectioned at a thickness of 5 pm on cryostat Micron HM313
(MICROM International GmbH, Waldorf, Germany). Sec-
tions of lung were stained with hematoxylin and eosin,
periodic acid Schiff (PAS), or Masson’s trichrome stain.

Myeloperoxidase Assay

Fresh lungs were weighted and homogenized in an ice-cold
protease inhibitor mixture (cOmplete; Sigma-Aldrich, St.
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Louis, MO) containing 0.005% Triton X in calcium- and
magnesium-free phosphate-buffered saline (PBS) using a
Dounce Tissue Grinder (Wheaton, Millville, NJ). The
tissue was sonicated in 0.1 mmol/L hexadecyl-
trimethylammonium bromide (Sigma-Aldrich) for 30
seconds and centrifuged at 15,000 x g for 15 minutes.
Supernatant (20 L) was mixed with 200 pL of assay buffer
containing o-Dianisidine HCI, 87.8 mmol/L monobasic
potassium phosphate, 12.3 mmol/L dibasic potassium
phosphate, and 0.005% hydrogen peroxide and incubated for 2
minutes at room temperature. One hundred fifty microliters of
4N cold sulfuric acid (Fisher Scientific, Fair Lawn, NJ) was
added to stop the reaction. Absorbance was read in a micro-
plate reader (SpectraMax 340PC; Molecular Devices, Sunny-
vale, CA) at 450 nm optical density at 37°C.

Flow Cytometry of Lung Extracts

Fresh lungs from 8- to 12-week-old male mice were chopped
with a sterile scalpel blade and digested with collagenase dispase
(1 mg/mL, Sigma-Aldrich) at 37°C for 3 x 20 minutes. Sus-
pended cells were collected by centrifugation and incubated
with 50 pg/mL fluorescein isothiocyanate—conjugated LY6G
anti-mouse antibody clone 1A8 (eBioscience, San Diego, CA)
for 20 minutes. For control experiments, cells were incubated
with isotype-matched control antibody. Data were acquired and
analyzed on FACScan using Cell Quest Pro software version 5.2
(BD Bioscience, Franklin Lakes, NJ). Debris was excluded on
forward and side scatter double parameter dot plots, and doubles
were excluded using side scatter pulse height and side scatter
pulse width. At least 50,000 gated events were acquired per
sample.

Bacterial Cultures

Lung tissue was homogenized in sterilized water using Dounce
Tissue Grinder (Wheaton). Serial dilutions (1 to 1/10°) from the
lung homogenate were prepared, and 20 pL aliquots from each
were spread on either Luria-Bertani agar plates or anaerobic
blood agar plates (Becton, Dickinson and Company,
Franklin Lakes, NY). Luria-Bertani plates were incubated
in aerobic condition, whereas blood agar plates were
incubated in anaerobic chamber (Coy Laboratory Products,
Grass Lake, MI) with 85% nitrogen, 5% hydrogen, and 10%
carbon dioxide. Plates were incubated at 37°C for 7 days.

16S Ribosomal RNA Amplification

DNA from lung tissues was extracted with phenol extraction
and ethanol precipitation. PCR was performed in a final vol-
ume of 50 pL reactions containing 5 pL of 10X reaction
buffer, 3 mmol/L. MgCl,, 1 pL. of dNTPs, 0.2 mmol/L. of
forward primer and reverse primer, and 1 unit Platinum
TagDNA Polymerase) in GeneAmp PCR System 9700. The
reaction mixture contained approximately 50 ng of bacteria
template DNA. The 16S rRNA gene was amplified as follows:
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Figure 1 Identification Akita/Ncfl double
mutant mice. A: PCR detection of Akita genotype
where a point mutation in the INS2 gene destroys
and Fnu4HI restriction site was detected as a 280
bp band with PCR and Fnu4HI restriction enzyme
digestion. B: PCR detection of Ncfl genotype. In
Ncf1™/~ (p47 knockout), the neomycin cassette is
detected as a 900 bp band. C: Western blot anal-
* ysis demonstrating the absence of p47 protein in
Akita/Ncfl double mutants. D: Blood glucose
levels are elevated markedly in Akita and in Akita/
Ncfl mice. E: Kaplan/Meyer survival curve showing
no death in WT, Akita, and Ncf1 mice in the first 6
months of life. Akita/Ncfl, on the other hand,
have 100% mortality rate by 23 weeks in the
absence of antibiotic prophylaxis. After adminis-
tering sulfamethoxazole/trimethoprim antibiotic
in the drinking water (+AB) at a concentration of
100 mg/kg per 24 hours, survival increases to
46.3%. Differences between groups were deter-
mined by computation of the log rank statistic
(n = 105). F: Progressive weight loss in Akita/
Ncfl mice is demonstrated by monitoring body

Akita Akita/Ncf1

“O-Akita/Ncf1

= Aita weight though week 12. Data is presented as
A Neft means = SD (D). n = 6 mice per group (D).
wWr *P < 0.05, one-way analysis of variance;

P < 0.001, log rank test (E). het, heterozygote for
Akita mutation; WT, wild-type.
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After a 10-minute denaturation at 94°C, the reaction mixture
was run through 35 cycles of denaturation for 1 minute at
94°C, annealing for 1 minute at 55°C, and extension for
2 minutes at 72°C, followed by an incubation for 10 minutes
at 72°C. Primers used were forward primer 5-CCAGCA-
GCCGCGGTAATACG-3' corresponding to nucleotides 518
to 537 of Escherichia coli 16STRNA, and reverse primer
5'-ATCGG(C/T)TACCTTGTTACGACTTC-3’  correspond-
ing to nucleotides 1513 to 1491 of the same gene.

Neutrophil Phagocytosis Assay

Interperitoneal injection of 1 mL fluorescein
isothiocyanate—labeled zymosan solution (0.5 mg/mL;
Invitrogen) in PBS was given to a total of 35 mice [8
wild-type (WT), 10 Ncfl, 5 Akita, and 12 Akita/Ncfl]. Two
hours later, after mice were sacrificed by carbon dioxide
inhalation followed by cervical dislocation, abdominal lavage
was performed to collect neutrophils by retracting the
abdominal skin and leaving the abdominal muscles intact.
Five milliliters of sterile PBS was injected into the peritoneal
cavity using a 22-gauge needle and the lavage fluid with-
drawn after gently rubbing the abdomen to wash the recruited
immune cells. This was repeated once, injecting a total of 10
mL PBS. The lavage fluid was centrifuged at 1000 x g for 10
minutes at room temperature. Cells were then resuspended in
1 mL red blood cell lysis buffer (Invitrogen) for 5 minutes.
Cells then were centrifuged at the same conditions mentioned
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previously and resuspended in 1 mL PBS. Cells were counted
in a hemocytometer at 10x magnification using an Olympus
CK40-SLP microscope (Olympus, Tokyo, Japan) and fixed in
10% formalin. Neutrophils extracted by injection of non-
labeled zymosan were used as controls. Data were acquired
and analyzed on FACScan using CellQuest software.
Student’s #-test was used for statistical analysis.

Bronchoalveolar Lavage

Mice were euthanized by carbon dioxide inhalation, followed
by cervical dislocation. Retracting the skin in the neck area
exposed the trachea, which was then cannulated, and lungs
were lavaged twice with 1 mL of warm Hanks Balanced Salt
Solutions (Invitrogen). Both aliquots were centrifuged. The
supernatant was discarded, and the cell pellets from both ali-
quots were resuspended and combined. Total cell counts were
obtained using hemocytometer at 10x magnification using an
Olympus CK40-SLP microscope. Fifty microliter of the lavage
fluid was loaded on cytospin slide and stained with Wright-
Giemsa (Sigma-Aldrich) for 1 minute and 200 cell/sample
differential counts were performed to determine the absolute
numbers of neutrophils. The rest of the lavage fluid was soni-
cated in 0.1 mol/L hexadecyltrimethylammonium bromide
(Sigma-Aldrich) for 30 seconds. The mixture was centrifuged at
15,000 x g for 15 minutes. The supernatant from the sonicated
fraction was used immediately for myeloperoxidase (MPO)
assay as described previously.
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Figure 2  Akita/Ncf1 mice have high mortality
rate by 6 months. A: Wet lung weight was markedly
higher in Akita/Ncf1 male mice. Inset: Necropsy of
Akita/Ncf1 mice reveals enlarged lungs (asterisk)
that do not collapse upon opening the thorax. B:
Representative microscopic images of hematoxylin
and eosin—stained lung sections from a terminally
ill 12-week-old Akita/Ncfl male mouse and age-
and sex-matched wild-type (WT), Ncfl, and Akita
mice are shown. Although WT, Akita, and Ncfl
have normal lung architecture, the Akita/Ncfl has
complete destruction of the lung tissue and
obliteration of air spaces with inflammatory
cellular infiltrates mostly neutrophils (arrows). C:
Representative histological sections of lungs from
a terminally ill Akita/Ncfl male and matched WT,
Ncfl, Akita stained with periodic acid-Schiff.
Fungus is detected in Akita/Ncfl (arrows) but
not WT, Ncfl, or Akita. D: Masson’s trichrome
staining of lung sections reveals heavy cellular
infiltrate, destruction of normal lung tissue, and
presence of thick collagen bundles (arrows) in the
lung of Akita/Ncfl but not in WT, Akita, or Ncfl
lungs. E: Lung neutrophil infiltration is confirmed

by flow cytometric analysis of cells released by
collagenase/dispase digestion of the lung. Repre-
sentative histograms of Ly6G expression in lungs
of WT, Ncfl, Akita, and Akita/Ncfl demonstrate a
prominent Ly6G-positive (neutrophil) cell popula-

Counts

Backgate

Neutrophils

Neutrophil Degranulation Assay

Lung neutrophils from Akita/Ncfl males aged 8 to 16 weeks
were collected by bronchoalveolar lavage as described previ-
ously. The MPO activity from Akita/Ncfl was compared with a
standard curve representing the enzyme activity in WT unsti-
mulated neutrophils. To generate the standard curve, WT mice
were injected interperitoneally with 0.1 mg/mL zymosan A, and
2 hours later, cells were collected by peritoneal lavage. Cells
were sonicated in 0.1 mol/L hexadecyltrimethylammonium
bromide and the supernatant were used to measure the MPO
activity. MPO activity was measured from 150 x 104, 15 x 104,
and 1.5 x 10* cells, and a standard curve was generated.

Statistical Analysis

Statistical analysis was performed using JMP Pro software
version 12 (SAS, Cary, NC). Student’s unpaired #-tests and
one-way analysis of variance were used to compare mea-
surements between genotypes. Flow cytometry data were
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tion in lungs of Akita/Ncfl. *P < 0.05. Scale
bars = 20 um (B—D).

Ly6G

analyzed using WINMDI software version 2.8 (Dr. Joseph
Trotter, Scripps Institute, La Jolla, CA), and mean fluores-
cence intensity values were compared using Student’s un-
paired t-test. Values of P < 0.05 were considered statistically
significant.

Results
Akita/Ncf1 Double Mutant Generation

To generate Akita/Ncfl double mutant mice homozygous
NcfI™'~, mice were mated with heterozygous Akita ™~ mice,
because homozygous Akita '~ are infertile. Fifty-seven
percent of the first generation offspring (F1) were heterozy-
gous for both the Akita and NefI genes (Akita™ Ncf1 7).
On the other hand, the F2 generation, which were offspring of
Akita™ Ncf1™~ F1 mating with Ncf1 '~ yielded low litter
sizes (3.3 pups per litter), and only 4% of these were the
desired double mutant (Akita™"Ncfl "), a proportion
markedly lower than expected (25%) by Mendelian rules
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of inheritance. Further breeding proceeded between
Akita™"Necfl = and Ncfl™/~. The genotype of the
offspring was confirmed by amplification of both INS2
(Figure 1A) and Ncfl genes (Figure 1B) using PCR.
Neutrophils from Akita/Ncf1 did not express the p47°"*
protein as shown with Western blot analysis (Figure 1C).
Blood glucose levels were measured at sacrifice to
confirm the hyperglycemic phenotype of Akita/Ncfl
double mutants (blood glucose means + SD: WT,
205 £ 90.5 mg/dL; Ncfl, 149 + 29.7 mg/dL; Akita,
496.8 + 132.6 mg/dL; Akita/Ncfl, 555.8 &+ 98.3 mg/dL)
(Figure 1D).

Akita/Ncf1 Double Mutant Mice Have High Mortality
Rate by 20 Weeks of Age

Akita/Ncfl mice surviving to weaning age (three to four
weeks) gradually became cachexic and died by age 23
weeks. Terminally ill male mice had significant weight loss,
marked decrease in physical activity, ruffled fur, hunched
posture, and labored breathing. Placing mice on antibiotic
regimen consisting of sulfamethoxazole/trimethoprim added

664

WT 6w 8w 10w 12w

Figure 3  Lack of leukocyte p47 is associated
with progressive obstructive lung lesions. A:
Representative micrographs of hematoxylin and
eosin—stained lungs of Akita/Ncfl male mice at
ages 6, 8, 10, and 12 weeks show the progression
of cellular lung infiltration over time. Alveolar
spaces (asterisks) become progressively closed
starting at age 8 weeks when cellular infiltrates are
observed around arterioles. At 10 weeks, lungs
present with a mixed infiltrate containing
numerous alveolar macrophages (black arrow) and
neutrophils (white arrow). Lung section from a
12-week-old Akita/Ncfl mouse shows alveolar
space obliterated by neutrophils (white arrow). B:
Lung weights of male Akita/Ncfl mice increase
progressively from age 10 weeks. C: Immunohis-
tochemical staining of CD162-positive cells
(arrow) in the perivascular infiltrate (asterisk,
blood vessel). D: Representative hematoxylin and
eosin—stained section of female Akita/Ncf1 lungs
at age 12 weeks showing perivascular (arrows)
mononuclear cell infiltration. Perivascular infiltra-
tion at x40 magnification. E: Representative his-
tological lung sections from a 9-month-old Akita/
Ncfl female stained with hematoxylin and eosin
illustrating accumulation of extracellular eosino-
philic crystalline material (white arrow) in the
lung parenchyma and inflammatory cell infiltration
(black arrow). Inset shows eosinophilic crystalline
material (black arrowhead, x40 magnification).
F: Periodic acid-Schiff staining of male Akita/Ncf1
lungs revealed fungal infection at 12 weeks (ar-
rows) but not at ages 6, 8, and 10 weeks. G: PCR
for 16S ribosomal RNA in lungs of male Akita/Ncf1
mice revealed no bacterial colonization at ages 6
to 12 weeks. n = 2 mice per group (B). Scale bar:
0.25 mm (D); 20 pum (A, C, E, and F).

10 weeks 12 weeks

to the drinking water at a concentration of 100 mg/kg per 24
hours significantly improved the survival of Akita/Ncfl past
20 weeks. Despite this improvement, a similar low survival
rate was observed during the first 20 weeks of age (53.7%
mortality rate), with significant sex bias toward males
(93.5% of deaths) (Figure 1E). Cachexia was demonstrated
by significant and progressive body weight loss from week
4 (Figure 1F). To get more insight into the cause of early
death, autopsies were performed on Akita/Ncfl male mice.
Upon dissection, severe enlargement of the lung was noted
(Figure 2A). Freshly excised whole wet lung weight was
markedly higher in terminally ill Akita/Ncfl male mice
compared with age- and sex-matched WT, Ncfl null, and
Akita mice (lung weight means + SD: WT, 133.6 + 23 g;
Ncfl, 203 £ 20 g; Akita, 105.8 + 17.9 g; Akita/Ncfl,
729 + 262.4 g) (Figure 2A). Histological analysis of lungs
of Akita/Ncfl male mice revealed heavy cellular infiltrate
in lung parenchyma with minimal airspace and lack of
recognizable alveolar structure. No evidence of structural
changes was found in Ncfl or Akita mice (Figure 2B).
Lungs of some terminally ill Akita/Ncfl male mice were
positive for fungus in PAS staining (Figure 2C).
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Masson’s trichrome staining revealed abundant collagen
bundles in the Akita/Ncfl lung (Figure 2D). Flow cyto-
metric analysis of lung cells released by mincing and
collagenase/dispase digestion confirmed that Akita/Ncfl
lungs contained a heavy infiltrate of Ly6G-positive cells
(neutrophils) (Figure 2E). Altogether these findings
indicated that early death in Akita/Ncfl mice was only
partially caused by infections. The findings also sug-
gested that chronic hyperglycemia with earlier onset in
males with Akita mutation may significantly contribute to
the high mortality rate in Akita/Ncfl male mice.

Lung Pathology Develops Prior to Fungal Colonization
of Lungs in Akita/Ncf1

To get further insight into the early lung lesions and pro-
gression of airway obstruction in Akita/Ncfl male mice,
lung specimens were collected between ages 6 to 12 weeks.
Histological analysis was performed on hematoxylin and
eosin—stained sections. Lungs of 6-week-old Akita/Ncfl
male mice were smaller compared with WT, but otherwise
appeared healthy and had open alveolar spaces with no
evident signs of pathology. At 8 weeks of age, inflammatory
cell infiltrates were apparent around lung arterioles and
bronchioles. Ten-week-old Akita/Ncfl lungs had mixed
cellular infiltrates containing numerous alveolar macro-
phages and neutrophils extending from the perivascular
compartment into the surrounding parenchyma. By 12
weeks, Akita/Ncfl lungs displayed alveolar spaces obliter-
ated by leukocytes, primarily neutrophils, and fibrosis
(Figure 3A). Lung weights increased from 6 to 12 weeks of
age concordant to progressive lung infiltration and fibrosis
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Figure 4  Akita/Ncf1 mice have high suscepti-
bility to oral infections. A: Spontaneous abscess
formation in Akita/Ncfl mice in the left subman-
dibular area in the absence of antibiotic prophy-
laxis. B: Hematoxylin and eosin section of a
mandibular abscess demonstrating a fibrous
capsule surrounding heavy inflammatory cell
infiltration. C: Ligature-biofilm induced alveolar
bone loss as measured as the distance from the
cement-enamel junction (red dotted line) to the
alveolar bone crest (black dotted Lline).
Inflammation-mediated bone loss occurs as a result
of subgingival biofilms matured from endogenous
flora. D: Cement-enamel junction—alveolar bone
crest distance 3 weeks after placing biofilm-
retentive silk ligatures is greater in Akita/Ncfl
mice compared with the other genotypes. Ncf1 and
Akita/Ncfl had significantly higher bone loss
compared with wild type (WT). *P < 0.05, one-way
analysis of variance. n = 8 WT, 9 Ncf1, 8 Akita, 8
Akita/Ncf1.

Ncf1 Akita/Ncf1

(Figure 3B). Immunohistochemistry for a leukocyte marker
of recruitment CD162 (P-selectin glycoprotein ligand 1) was
performed. CD162 is expressed primarily by inflammatory
monocytes, neutrophils, and Thl lymphocytes. Many cells
of the perivascular infiltrate were positive for CD162 at
week 8 (Figure 3C). Akita/Ncfl females had better survival
and slower lung involvement rates compared with males.
Histological examination from a 9-month-old female Akita/
Ncfl lung showed severe inflammatory cell infiltration,
fibrosis, and air spaces filled with giant eosinophilic extra-
cellular crystals, similar to what was previously reported in
Ncfl mice (Figure 3D). PAS staining was used to detect
possible fungal infection causing the observed progressive
lung lesions. In lungs of Akita/Ncfl male mice, PAS-
positive structures were found at 12 weeks of age. No
fungus was detected in the lung of Akita/Ncfl males at 6
weeks, 8 weeks, or 10 weeks, indicating that fungal infec-
tion occurred on a pre-existing lung lesion that developed
earlier (Figure 3E). In addition, 16S PCR on lungs of 6- to
12-week-old Akita/Ncfl males revealed no bacterial colo-
nization (Figure 3F). Altogether, these findings further
suggested that pathogenesis of lung lesions in Akita/Ncf1 is
not primarily microbial.

Akita/Ncf1 Have High Incidence of Oral Infections and
Severe Biofilm-Induced Bone Loss

Without antibiotic prophylaxis, 60% (n = 71) of Akita/
Ncfl mice developed spontaneous abscesses in the head and
neck region (Figure 4A). The prevalence of oral abscesses
was decreased significantly to 23.4% (n = 25) with anti-
biotic treatment. Lesions were most commonly unilateral
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Figure 5  Neutrophil infiltration in Akita/Ncf1 lungs does not correlate with bacterial colonization. A: Culturing lung homogenates under aerobic
or anaerobic conditions yielded no more bacteria in terminally ill male Akita/Ncfl mice compared with age- and sex-matched wild type (WT). The
sextants in the culture plates indicate serial dilutions of lung homogenate (0, 1/10 to 1/10%). The lower middle sextant in each plate received
undiluted sample. B: 16S ribosomal RNA amplification by PCR. Positive controls include DNA extracts from Escherichia coli (E. coli) and WT lung
injected with E. coli (E. coli lung). Lung samples from two terminally ill Akita/Ncfl male mice and one of each genotype WT, Ncfl, and Akita are
shown (experiment run in duplicate). C: Lung neutrophil infiltration in terminally ill Akita/Ncfl mice was measured using a myeloperoxidase (MPO)
assay. Akita/Ncfl has significantly higher lung MPO levels compared with all other genotypes. D: Neutrophil degranulation in Akita/Ncfl was
assessed on lung neutrophils collected by bronchoalveolar lavage. Cells were sonicated to release MPO present in the intracellular primary granules.
Levels of MPO in the supernatant was measured and compared with the standard curve generated from unstimulated WT neutrophil MPO levels. E:
Phagocytic efficiency was assessed in vivo by inducing acute peritonitis with fluorescein isothiocyanate—labeled zymosan A. Debris was excluded on
forward scatter versus side scatter dot plots (R1). Representative flow cytometry histogram analysis of zymosan uptake by phagocytes from WT,
Ncfl, Akita, and Akita/Ncfl is shown. Shaded area within M1 (marker) represents phagocytosed fluorescein isothiocyanate—labeled zymosan
particles (equivalent to R3). Unlabelled zymosan was used as control and presented as the shaded area on the right outside the marker area
(equivalent to R2). F: Comparison of phagocytic efficiency showed no difference for Akita and Akita/Ncfl compared with WT. However, a marked
increase in phagocytic efficiency was observed in Ncfl. Data represent geometric means for M1 *P < 0.05, one-way analysis of variance. n = 4
Akita/Ncf1 (B), 12 (F); n = 5 Akita (F); n = 5 per group (C); n = 8 WT (F); n = 10 Ncfl (F).

and related to either the maxilla or the mandible. None of
the WT, Ncfl, or Akita mice presented with abscesses in the
orofacial region. Histological analysis of orofacial tissues
revealed a heavy neutrophil infiltrate surrounded by a fibrous
capsule, indicative of a nonresolving acute inflammation
(Figure 4B). To get further insight into the innate immune
response to oral biofilms in diabetic mice deficient in
leukocyte superoxide, we used a model of periodontitis, a
known complication of diabetes in humans. Placement of a
biofilm-retentive silk suture in the gingival sulcus of molars
results in maturation of subgingival biofilms from endog-
enous flora that induces local inflammation and alveolar
bone loss around teeth. Ligatures were placed in 6- to 9-
week-old age- and sex-matched WT, Ncfl, Akita, and
Akita/Ncfl mice. Ligatures were left in place for 21 days, and
bone levels were measured and compared with the contralat-
eral healthy side. Induction of acute periodontal disease in
Akita/Ncfl mice by ligation of a 9-0 silk suture around the
upper left second molar resulted in significantly higher alve-
olar bone loss compared with WT mice as measured with the
cement-enamel junction—alveolar bone crest distance (WT,
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0.2 £+ 0.03 mm; Ncfl, 0.28 4+ 0.07 mm, Akita, 0.27 + 0.05
mm; Akita/Ncfl, 0.29 £ 0.05 mm; means £ SD) (Figure 4, C
and D). Loss of bone was similar in Akita/Ncfl, Akita and
Ncfl mice (n = 8 WT, 9 Ncfl, 8 Akita, 8 Akita/Ncf1).

High Lung Neutrophil Infiltration Is Associated with
Minimal Bacterial Colonization in Akita/Ncfl Mice

To elucidate whether the neutrophil infiltrates are indicative of
bacterial lung infection in Akita/Ncfl mice, lung homogenates
from 12-week-old terminally ill Akita/Ncfl double mutant
mice and aged-matched WT mice were cultured on agar plates
for 7 days. Serial dilutions of lung homogenate supernatants
were plated on Luria-Bertani—agar or blood agar plates and
incubated under aerobic or anaerobic conditions, respectively.
WT cultures resulted in bacterial growth from the undiluted
and from the 1/10 diluted lung homogenate under both aerobic
and anaerobic conditions (Figure 5A). Akita/Ncfl lung
homogenates yielded bacterial growth only in the undiluted
samples. This indicated no more bacteria in Akita/Ncfl double
mutants than in WT. A more comprehensive approach to
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bacteria detection was used with bacterial 16S ribosomal RNA
amplification. DNA extracts from the lungs of terminally ill
Akita/Ncfl as well as from the lungs of age-matched WT,
Ncfl, and Akita were amplified using 16S ribosomal RNA-
specific primers. WT lungs injected with E. coli were used
as positive control. WT lung DNA extracts displayed the
expected approximately 1 kb band, matching those from
the positive controls (Figure 5B). Akita/Ncfl lung DNA
amplification yielded weaker 16S signal, confirming
the bacterial culture results (experiment run in duplicate,
n = 4 Akita/Ncfl mice).

Despite similar bacterial colonization in the lung in WT
and Akita/Ncfl, levels of MPO, an enzyme abundant in
neutrophils, were markedly higher in Akita/Ncfl lung ho-
mogenates (MPO optical density/lung weight means £ SD:
WT, 0.9 £+ 0.54; Ncfl, 2.27 £ 1.07; Akita, 1.98 £ 0.25;
Akita/Ncfl, 7.06 £ 0.97; n = 4 mice/group) (Figure 5C).
To determine whether neutrophils in Akita/Ncfl lung are
undergoing excessive degranulation, thus contributing to the
lung destruction, neutrophils from Akita/Ncfl males were
collected, lyzed, and the level of MPO remaining in the
granules was quantified. This was compared with standard
curve defined by the amount of MPO enzyme present in the
granules of unstimulated neutrophils from WT. Neutrophils
recruited into the lungs of Akita/Ncfl showed similar
degranulation compared with unstimulated WT neutrophils
(MPO means £+ SD: WT, 0.28 per 1.5 x 10* cells; Akita/
Ncfl, 0.2 per 1.0 x 10* cells, 0.3 per 1.8 x 10* cells, and
0.45 per 3.2 x 10* cells) (Figure 5D). Phagocytic efficiency
was assessed by flow cytometry after inducing acute peri-
tonitis with fluorescent-labeled zymosan A particles. Ncfl
mice had significantly higher phagocytic efficiency
compared with the other genotypes. There was no difference
in phagocytic efficiency between Akita/Ncfl and WT
mice (means = SD mean fluorescence intensity: WT,
117.6 + 37.5; Ncfl, 394.7 + 76; Akita, 107.9 £ 44.6;
Akita/Ncfl, 158.3 £ 88.1) (Figure 5, E and F).

Discussion

The present study demonstrates that inactivating the source
of leukocyte ROS in mice with chronic hyperglycemia re-
sults in high prevalence of oral abscesses, progressive
interstitial inflammation, and fibrosis in the lung, leading to
cachexia and death. These findings indicate that the
NADPH-oxidase generated ROS is not only beneficial but
also essential to oral and respiratory health in diabetes,
particularly when the disease is uncontrolled. These obser-
vations were made in the complete absence of leukocyte
ROS in mice with uncontrolled chronic hyperglycemia. The
specific time points chosen for our study were made on the
basis of our observation that Akita/Ncfl males start losing
weight around eight weeks of age. In the absence of evident
bacterial or fungal infection, Akita/Ncfl male lungs had
notable pathological changes characterized by perivascular
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and peribronchiolar inflammatory cell infiltration and
fibrosis as early as six weeks of age.

The relative contribution of chronic hyperglycemia and
lack of leukocyte p47°"°* to the development of inflam-
matory lung infiltration and fibrosis may be explained by
previous findings in Ncf1 mice.”® The absence of leukocyte
p47P"* in Ncfl mice protected them against bleomycin-
induced pulmonary fibrosis despite heavy pulmonary
neutrophil infiltration compared with WT mice.”® However,
the excessive release of proteolytic enzymes by neutrophils
play important roles in the pathogenesis of acute and
chronic obstructive or restrictive lung diseases.”’ >’ In our
study, Akita/Ncfl mice had spontaneous neutrophil lung
infiltration without excessive degranulation of primary
granules. Interestingly, the infiltrative lung lesions start
developing in Akita/Ncfl male mice between six to eight
weeks of age, soon after Akita male mice show progressive
decrease in B cell mass density and increasing blood glucose
levels (four to six weeks of age).z() Concordant to this as-
sociation, Akita/Ncfl females start developing lung lesions
later (around 12 weeks of age) and have better survival
rates, likely because of the delayed onset of and less severe
hyperglycemia compared with males, which is known for
Akita mice. Additionally, Ncfl mice do not develop lung
lesions at an early age.”’ Nonetheless, the addition of an
antibiotic to the drinking water only partially improved
survival, suggesting that infection only accounts for termi-
nal complications in some mice and, in the context of
similar high blood glucose levels, in all Akita/Ncfl mice.
Consistent with this finding, there was no overt bacterial
load in the lungs of terminally ill Akita/Ncfl compared with
age-matched WT, Ncfl, or Akita mice.

Hyperglycemia appears to be a predisposing factor for lung
fibrosis in Akita/Ncfl, as single-mutant Akita mice maintained
patent lung air spaces and showed no signs of fibrosis. A
possible explanation for this finding is that healing of chronic
lung inflammation is diverted toward a fibrotic phenotype by
chronic hyperglycemia. Pathogenesis of fibrosis in diabetes
was associated with overproduction of prosclerotic cytokines,
such as TGF-B1 and connective tissue growth factor, and
imbalances in protease or antiprotease systems that result in
excess extracellular matrix deposition.”’ Interestingly, extra-
cellular crystalline material was detected in the lungs of aging
Akita/Ncf1 females, but not in males, possibly because of the
shorter life span of male Akita/Ncfl mice. Similar crystal
formation was described in the lungs of Ncfl mice with or
without evidence of infection.””** The crystal in Ncfl mice
was identified as Ym1/Ym?2 protein, a chitinase-like lectin that
is expressed transiently during developmental hematopoiesis,
inflammatory responses to chemical or traumatic stimuli, and
by alternatively activated macrophages during T helper-2
biased immune responses. The function of Ym1/Ym2 pro-
teins is not fully understood, but it was suggested to be
involved in host immune defense. ™ No similar crystal formation
was reported in the lungs of patients with CGD or diabetes.
However, patients with CGD have a high incidence of
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autoimmune diseases, such as inflammatory bowel syndrome,
rheumatoid arthritis, and sarcoidosis.** Similar crystalline lesion
was described in mice of the C57BL/6 and 129Sv strain as well
as in knockout mice on those backgrounds.””*

The progression of interstitial lung lesions from age eight
weeks, before detection of fungus and in the absence of
significant bacterial colonization, suggests an intrinsic
immune-mediated type of interstitial pneumonia developing
in diabetic mice lacking p47°"*. Myeloid-lymphoid lung
infiltration and areas of fibrosis observed in Akita/Ncfl mice
suggest a diagnosis of idiopathic interstitial pneumonia,
which is associated generally with immune incompetence or
autoimmunity.”’ Antibiotic treatment supplied in drinking
water prolonged but did not normalize survival, indicating
that bacteria contributed to decreased survival in Akita/Ncf1
mice and that infection likely was superposed on pre-
existing lung lesions leading to early death in some cases.
Previous studies have shown that both diabetes and CGD
increase the susceptibility to developing potentially life-
threatening bacterial infections.”®”” Recurrent fungal pul-
monary infection with Aspergillus spp. is the most common
cause of death in patients in CGD."’ Single mutant Ncfl
mouse are highly susceptible to lung aspergillosis, and
intratracheal inoculation of Ncfl mice with Aspergillus
fumigatus (10* colony-forming units per mouse) induces
massive neutrophil infiltrate and death, similar to what was
observed in the unchallenged Akita/Ncfl mice.*' In our
study, fungal growth was detected with PAS staining in the
lung of Akita/Ncfl mice by 12 weeks of age. In addition,
oral infections were more prevalent and severe in Akita/
Ncfl mice, as demonstrated by spontaneous abscesses and
more severe loss of alveolar bone in response to biofilm-
retentive ligatures placed around molars. One explanation
for increased susceptibility to infection is the impaired
innate immune response to opportunistic infectious agents
in endogenous oral flora. Interestingly, Ncfl null phago-
cytes (neutrophils and macrophages) exhibited increased
phagocytic efficiency, possibly as a compensatory mechanism
for their inability to produce ROS. In addition to ROS, the
neutrophils use proteolytic antimicrobial molecules (including
lactoferrin, lysozyme, P2-microglobulin, collagenase and
gelatinase, histaminase, heparinase, and sialidase) released into
the acidic milieu of phagosomes.”” Akita mutation, however,
reduced phagocytic efficiency in Akita/Ncfl mice to levels
comparable with WT mice. Therefore the ability of phagocytes
to control biofilm pathogenicity may be impaired by chronic
hyperglycemia in Akita/Ncfl mice.

Pathogenic subgingival biofilms likely are controlled by
efficient innate immune responses that maintain a balance
between aggregates of physiologically compatible organisms
and an immune-inflammatory state associated with proin-
flammatory mediators inside periodontal tissues. Altered
innate immune circuits are associated with dysbiosis and pro-
osteolytic environments that lead to bone loss around teeth.
This is referred to as polymicrobial synergy and dysbiosis
model of periodontitis pathogenesis."*** Therefore, using a
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mouse model of periodontitis, in which subgingival biofilms
formed from endogenous flora mature when undisturbed
(similar to what is seen in humans), offered us the possibility
to investigate critical immune regulatory factors in biofilm
control, such as neutrophil ROS production. Although patients
with CGD do not have increased susceptibility to periodontitis,
the prevalence and severity of periodontitis is increased in
patients with diabetes,’”** and control of blood glucose as
measured with glycated hemoglobin (HbAlc) levels correlates
with the severity of periodontal tissue breakdown.” Akita
mice respond to molar ligation with accelerated periodontal
bone loss.”' Microvascular changes and deposition of
advanced glycation end-products in gingival microvasculature
associated with uncontrolled hyperglycemia contribute to the
more severe phenotype in diabetic mice.*”*” In the current
study, double mutant Akita/Ncfl showed only slightly higher
levels of root exposure. Although previous research showed
that excess neutrophil-derived ROS contributes to bone loss in
periodontitis,” the present study indicates that lack of ROS in
leukocytes also may be detrimental to periodontal health. This
supports the concept that a balance between oxidants and
antioxidants is required for maintenance of periodontal health.

Altogether, the present study demonstrates that chronic
hyperglycemia combined with leukocyte deficiency in ROS
production is associated with cachexia, interstitial pneu-
monia, and susceptibility to infections. These findings
contribute to our understanding of altered innate immune
pathways associated with diabetes.
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