1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

"% NIH Public Access

a8 & Author Manuscript
st

NATIG,
fly

Published in final edited form as:
J Immunol. 2012 March 1; 188(5): 2316-2327. d0i:10.4049/jimmunol.1102683.

Glutathione Reductase Facilitates Host Defense by Sustaining
Phagocytic Oxidative Burst and Promoting the Development of
Neutrophil Extracellular Traps?

Jing Yan™T, Xiaomei Meng”, Lyn M. Wancket¥, Katherine Lintner”, Leif D. Nelin®, Bernadette
Chen”, Kevin P. Francis$, Charles V. Smith', Lynette K. Rogers”, and Yusen Liu*#?2

"Center for Perinatal Research, The Research Institute at Nationwide Children’s Hospital,
Department of Pediatrics, The Ohio State University College of Medicine, Columbus, Ohio, USA

TState Key Laboratory of Biocontrol, School of Life Sciences, Sun Yat-sen University,
Guangzhou, P.R. China

*Department of Veterinary Bioscience, The Ohio State University College of Veterinary Medicine,
Columbus, Ohio, USA

SCaliper Life Sciences, Alameda, California, USA

Center for Developmental Therapeutics, Seattle Children’s Research Institute, Seattle,
Washington, USA

Abstract

Glutathione reductase (Gsr)3 catalyzes the reduction of glutathione disulfide to glutathione, which
plays an important role in the bactericidal function of phagocytes. Since Gsr has been implicated
in the oxidative burst in human neutrophils and is abundantly expressed in the lymphoid system,
we hypothesized that Gsr-deficient mice would exhibit marked defects during the immune
response against bacterial challenge. We report here that Gsr-null mice exhibited enhanced
susceptibility to Escherichia coli challenge, indicated by dramatically increased bacterial burden,
cytokine storm, striking histological abnormalities, and substantially elevated mortality.
Additionally, Gsr-null mice exhibited elevated sensitivity to Staphylococcus aureus. Examination
of the bactericidal functions of the neutrophils from Gsr-deficient mice /n vitro revealed impaired
phagocytosis and defective bacterial killing activities. Although Gsr catalyzes the regeneration of
glutathione, a major cellular antioxidant, Gsr-deficient neutrophils paradoxically produced far less
reactive oxygen species upon activation both ex vivoand in vivo. Unlike wildtype neutrophils that
exhibited a sustained oxidative burst upon stimulation with phorbol ester and fMLP, Gsr-deficient
neutrophils displayed a very transient oxidative burst that abruptly ceased shortly after stimulation.
Likewise, Gsr-deficient neutrophils also exhibited an attenuated oxidative burst upon encountering
E. coli. Biochemical analysis revealed that the hexose monophosphate shunt was compromised in
Gsr-deficient neutrophils. Moreover, Gsr-deficient neutrophils displayed a marked impairment in
the formation of neutrophil extracellular traps, a bactericidal mechanism which operates after
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neutrophil death. Thus, Gsr-mediated redox regulation is crucial for bacterial clearance during
host defense against massive bacterial challenge.

Introduction

The oxidative burst plays an important role in the bactericidal action of phagocytes (1).
Reactive oxygen species (ROS) produced during the oxidative burst by the phagocyte
NADPH oxidase complex are not only required for pathogen clearance but also implicated
in organ damage during sepsis (1-3). The phagosomal oxidative burst is initiated by a
stimulus-dependent assembly of the NADPH oxidase complex after phagocytosis of
bacterial pathogens (4, 5). A variety of signaling pathways have been shown to mediate
NADPH oxidase activation, including PI3K (6-8), small GTPase Rac (9, 10), and protein
kinases AKT and PKC8 (11-14). NADPH oxidase reduces molecular oxygen to yield O5°~,
which dismutes to produce H,0,. Myeloperoxidase (MPO) released from azurophilic
granules catalyzes the conversion of H,O, and CI™ to the highly bactericidal hypochlorous
acid in the phagolysosomes. Defects in the subunits of NADPH oxidase resulting in
diminished phagocytic oxidative burst are associated with chronic granulomatous disease
(CGD), illustrating the critical role of the oxidative burst in host defense (15). In addition to
mediating the direct bactericidal activity within phagolysosomes, ROS production in
neutrophils is also crucial for the development of neutrophil extracellular traps (NETS) (16—
18). NETSs are a dense network of extracellular fibers primarily composed of neutrophilic
chromatins and antimicrobial peptides (19). NET formation after neutrophil death, often
referred to as NETosis, is a fascinating antimicrobial host defense mechanism, because
NETSs can capture and Kill infecting microbes extracellularly (20-22).

Glutathione, or GSH, is critical for the elimination of H,0, in the cytosol (23, 24). H,0, is
produced in the phagolysosomes near the membrane, and can easily diffuse into the cytosol.
In the cytosol, glutathione reacts with H,O5 through a chemical reaction catalyzed by
glutathione peroxidase, resulting in glutathione disulfide (GSSG) (23, 24). Glutathione
reductase (Gsr) catalyzes the regeneration of glutathione from GSSG (GSSG + NADPH +
H* — 2GSH + NADP*), utilizing NADPH generated by the hexose monophosphate shunt
(HMPS). Therefore, Gsr perpetuates the GSH/GSSG cycle to facilitate the transfer of
electrons from glucose to H,0, to eliminate H,O, within the cytosol, thus preventing
oxidative damage to the phagocytes (23, 25). While earlier studies implicated Gsr in the
regulation of phagocytic oxidative burst (24, 26, 27), the functional importance of Gsr in the
immune response against bacterial infection /in vivo has not been thoroughly investigated.
Humans with only marginal GSR activity were reported in a family more than 30 years ago,
and a compromised oxidative burst was observed in leukocytes from these individuals (26,
27). Gsr-deficient mice have been generated by chemical mutagenesis, and no obvious
phenotype has been reported in these animals (28). To define the immune functions of Gsr,
we backcrossed the Gsr-deficient mice to a C3H/HeN background and investigated the
effects of Gsr deficiency on host defense against £. coliand S. aureus challenge. Our studies
indicate that Gsr is essential for effective host defense against massive bacterial challenge by
supporting phagocytosis, sustaining the oxidative burst, and facilitating the development of
NETSs.

Materials and Methods

Mice

Wildtype C3H/HeN mice (6-10 weeks old) were purchased from Harlan. The Gsr-deficient
mice were originally generated in Dr. Walter Pretsch’s laboratory by isopropyl
methanesulphonate-induced random mutagenesis (28), and had been backcrossed to the
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inbred C3H/E1 wildtype strain for at least 15 generations prior to shipping to our laboratory.
The genetic mutation in these mice was characterized later as a 13 kb deletion that starts in
intron 1 and ends in intron 5 of the Gsrgene (29). This deletion causes a frame shift in the
resulting mutant Gsr mRNA, preventing its translation into a functional protein. The Gsr
mutant mice obtained from Dr. Walter Pretsch were further crossbred to C3H/HeN mice for
10 generations in our laboratory and bred to homozygosity. Animals were kept with free
access to food and water in a specific pathogen-free vivarium at 25°C with humidity
between 30% and 70% and with a 12-h alternating light-dark cycle. Animals were treated
humanely according to the NIH guidelines, and all animal experiments were approved by
The Institutional Animal Care and Use Committee of the Research Institute at Nationwide
Children’s Hospital.

Antibodies, fluorophores, enzymes, and chemicals

For flow cytometry, the following antibodies or fluorophores were used. F4/80-PE-Cy7
(BM8) and CD11b-eFluor 605NC (M1170) were purchased from eBioscience. Ly-6G-
Pacific Blue (1A8) and Gr-1-Pacific Blue (RB6-8C5) were purchased from BioLegend.
Dihydrorhodamine (DHR) 123 was purchased from Invitrogen.

In the immunofluorescence experiments, the goat anti-mouse histone H2A. X (M-20)
(sc-54607) and the rabbit anti-mouse neutrophil elastase (ab68672) were purchased from
Santa Cruz Biotechnology and Abcam, respectively. Alexa Fluor 488 donkey anti-rabbit 1gG
(H+L) (A21206) and Alexa Fluor 546 donkey anti-goat 1gG (H+L) (A11056) were
purchased from Invitrogen and used as second antibodies to detect neutrophil elastase and
histone H2A, respectively. The DNA dyes Cytox Green and Hochest 33342 were purchased
from Invitrogen.

HRP and superoxide dismutase (SOD) were purchased from EMD Biosciences. Catalase
was purchased from Worthington Biochemical Corporation. Luminol, isoluminol, 1,3-Bis(2-
chloroethyl)-1-nitrosourea (BCNU), PMA, and fMLP used in the oxidative burst
experiments were purchased from Sigma-Aldrich.

Sepsis, hematology analysis, and organ pathology

In the bacterial sepsis model, mice were infected either i.p. or i.v. with £. coli (O55:B5,
ATCC 12014). To quantify the susceptibility of the two strains of mice to £. coli challenge,
mice were infected with different doses of £. co/i and survival of these mice was monitored
over 7 days. The LDsg values were calculated with the PROBIT procedure using ASA9.2
software (SAS Institute). To perform hematological analyses and assess organ pathology,
mice were euthanized 24 h post £. coli challenge to harvest blood and organs.
Hematological analysis of blood was carried out using a Forcyte Hematology Analyzer
(Oxford Science). To assess organ pathology, the tissue sections were stained with H&E,
and examined for histological abnormalities as previously described (30). TUNEL assays
were performed to assess splenocyte apoptosis using an /n7 Situ Cell Death Detection Kit
from Roche Applied Sciences, according to the manufacturer’s recommendations.

To assess the sensitivity of wildtype and Gsr-null mice to Staphylococcus aureus, we
infected mice i.v. with S. aureus (FDA 209P, ATCC 6538P) at a dose of 4x108 CFU per
animal. Animal survival was monitored over 5 days.

Bacterial burden

Bacterial burden in the blood and spleens was quantified by bacterial culture, as previously
described (31, 32).
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To monitor bacterial burden /n7 vivo in live animals, mice were infected with £. coli Xen-14
(Caliper Life Sciences), which is a bioluminescent derivative of an enteropathogenic strain
of E. coli (\WS2572). E. coli Xen-14 was generated by stable integration of the Photorhabdus
luminescens luxCDABE operon into the bacterial chromosome (33, 34). E. coli Xen-14 cells
in live animals were monitored using a Xenogen IVIS Spectrum imaging system (Caliper
Life Sciences).

Phagocytosis and in vitro bacterial killing assays

Ex vivo and i

The phagocytic activity of wildtype and Gsr-null phagocytes were assessed using bone
marrow neutrophils. Neutrophils were isolated from mouse bone marrow as previously
described (35). Texas Red-conjugated or the pH-sensitive pHrodo-conjugated £. coli
bioparticles (Invitrogen) were opsonized using serum according to manufacturer’s
instruction. Neutrophils were incubated with fluorophores-conjugated £. coli bioparticles at
37°C or on ice (as a control) for 1 h. Cells were then stained with neutrophil markers CD11b
and Ly6G, and phagocytosis of the £, coli particles by neutrophils (CD11b*Ly6GM9") was
assessed by flow cytometry.

The bactericidal activity of wildtype and Gsr-deficient phagocytes was assessed /in7 vitro
using bone marrow neutrophils or whole blood. Serum pre-opsonized £. coli (O5:B55) were
incubated with bone marrow neutrophils at 37 °C for 15 min at a multiplicity of infection
(MOI) of 10. When whole blood was used, blood samples (100 pl) were incubated with 107
CFU of freshly cultured E. coliat 37 °C for 15 min. Leukocytes were then lysed with 0.05%
saponin, and viable bacteria in the lysates were counted after culture on LB agar plates.

n vivo oxidative burst

Phagocytic oxidative burst in blood leukocytes ex vivo was assessed by chemiluminescence
imaging essentially as described by Gross et al. (36). Briefly, leukocytes were purified from
200 pI heparinized whole blood after lysing erythrocytes, incubated with 100 M luminol,
and then stimulated with either 5 uM PMA or vehicle (DMSO) in a black 96-well plate. The
oxidative burst in leukocytes was assessed by taking sequential images in an IVIS Spectrum
imaging system. To determine the production of intracellular ROS, HRP (4 U/ml), catalase
(3000 U/ml), and SOD (50 U/ml) were added to the reaction 10 min before PMA or fMLP
stimulation (37). For detection of extracellular ROS, the oxidative burst assays were
performed using isoluminol (100 M) in the presence of HRP (4 U/ml) (37).

To assess the oxidative burst /7 vivo, mice were infected with £. coli (O55:B5) i.p. Each
animal was given one dose of luminol (200 pg/g b.w.) i.p. at a given time after infection,
and immediately placed in an IVIS Spectrum imaging system to document the oxidative
burst activity at that time. To assess phagocytic oxidative burst after £. coli stimulation ex
vivo, 100 pl heparinized whole blood was incubated with £. coli (serotype O55:B5) for 15
min in the presence of dihydrorhodamine (DHR) 123, which can be oxidized to fluorescent
rhodamine 123 by ROS. The leukocytes were then stained with antibodies against different
cell markers. Oxidative burst activity in neutrophils (CD11b*Gr-1"9"F4/80") and
monocytes (CD11b*Gr-1°WF4/80%) in the blood was analyzed by flow cytometry. The
results were analyzed using FlowJo software (Tree Star Inc.).

HMPS activity

14C0, production from D-glucose-1-14C was determined as a measure of HMPS activity,
essentially according to the procedures used by Pachman et al. (38). Neutrophils were
isolated from mouse bone marrow (35). Bone marrow neutrophils were resuspended to a
density of 3x106 cells/ml in HBSS containing 1 mg/ml glucose, and added to Eppendorf
tubes containing 1 w.Ci of D-glucose-1-14C (Perkin Elmer), which were suspended on strings
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in 40 ml glass vials with septum caps. The cells were stimulated with 5 uM PMA or same
volume of vehicle (DMSO) at 37°C for 2 h. The released 14CO, was captured in 2 ml of
hyamine hydroxide (Perkin Elmer) in the bottom of the glass vials. At the end of the
incubation, the reaction was stopped by injecting 0.3 ml of 0.2 M H,SO, into the Eppendorf
tubes through the septum, which also facilitates the release of 14CO, from the culture and
the capture by hyamine hydroxide. Glass vials were left at 37°C overnight to capture CO,.
Hyamine was transferred to glass vials containing 5 ml scintillation liquid (Insta-Fluor Plus,
Perkin Elmer) and radioactivity was measured in a scintillation counter (Packard
Instrument).

Immunofluorescence assays and scanning electron microscopy

Neutrophils were purified from mouse bone marrow by Percoll gradient centrifugation (35),
and seeded on glass coverslips in 24 well plates. After 60 min, cells were given medium
containing vehicle (DMSO), PMA (100 nM), or £. coli (MOI = 50), and cultured for an
additional 16 h for the development of NETSs. Cells on the coverslips were fixed and then
subjected to DNA staining or immunofluorescence staining procedures, essentially as
previously described (39, 40). Fluorescent images were acquired using a scanning confocal
microscope (LSM-710, Zeiss), and analyzed using LSM 710 ZEN software. Z-series images
were obtained at a step size of 0.5 um over a range of 10 wm for each field. The images
were compiled to construct the images. For quantification of NET formation, ten random
100x oil fields were examined by two observers in a blind fashion to count the numbers of
neutrophils that either formed NETS or preserved their lobulated nuclear structure.

To assess NET formation with scanning electron microscope, bone marrow neutrophils
treated with PMA or E. colifor 16 h were fixed with 4% paraformaldehyde overnight and
then incubated with 2.5% glutaraldehyde for 30 min. The fixed cells were then treated with
1% osmium tetroxide solution and 1% tannic acid, dehydrated using a graded series of
ethanol, and dried in hexamethyldisalizane, essentially as previously described (41). The
specimens were subsequently mounted on stubs and sputter-coated with gold. Finally, the
specimens were visualized using an S-4800 scanning electron microscope (Hitachi).

Western blotting and ELISA

Statistics

Results

Western blot analysis and ELISA were performed essentially as previously described (31,
42).

Differences in survival between wildtype and Gsr-deficient mice after bacterial challenge
were determined by Kaplan-Meier analysis. Differences in other biological parameters
between the wildtype and Gsr-deficient groups were analyzed using Wilcoxon’s signed rank
test (when n<10) or student’s t-test (when n=10), or by two-way ANOVA (when time was
also a variable). When the data were not normally distributed, the values were log-
transformed prior to statistical analysis. 2 values of less than 0.05 were considered
significant.

Gsr-deficient mice exhibit impaired bactericidal activity and increased mortality following
E. coli and S. aureus infection

Gsr was detected as a 54 kDa protein in bone marrow, spleen, thymus, brain, lung, liver,

kidney, and eyes in wildtype mice. As expected, Gsr protein was not detected in Gsr-null
mice (data not shown). The Gsr-null mice are fertile and indistinguishable from wildtype
mice in the absence of challenge. Comprehensive phenotypic analyses in the Phenotyping
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Core Facility of The Ohio State University College of Veterinary Medicine did not reveal
any abnormalities in blood chemistry or organ histology (data not shown). Hematological
analysis of the blood of Gsr-null mice did not reveal any obvious abnormalities in
erythrocyte, leukocyte, or platelet counts (Table I). Histological evaluation of bone marrow
from Gsr-null mice revealed appropriate cellularity with normal myeloid-to-erythroid ratio
and orderly maturation (data not shown). Lymphoid tissues also appeared normal (data not
shown). These results collectively indicate that Gsr is not essential for survival of mice in a
vivarium setting.

While previous studies of the neutrophils from human subjects with marginal GSR activity
have implicated this enzyme in phagocytic oxidative burst (26, 27), the functional
importance of Gsr in host defense against bacteria /77 vivo has not been firmly established.
To assess the functional importance of Gsr in host defense against bacterial challenge, we
investigated the effects of Gsr deficiency on animal survival in a Gram-negative bacterial
sepsis model. Wildtype and Gsr-null mice were infected i.p. or i.v. with E. coli (serotype
055:B5), and animal survival was monitored over 7 days (Figure 1A). Remarkably,
administration of £, colii.p. at a dose of 8.3 x10% CFU/g body weight (b.w.) killed all Gsr-
null mice within 48 h, whereas infection with the same dose of £. co// did not result in death
in any of the wildtype mice (Figure 1A, /eft panel). Similarly, E. coliinfection i.v. at a dose
of 2.5 x107 CFU/g b.w. resulted in 70% mortality in Gsr-null mice, whereas the identical
dose of £. coli did not cause any death in wildtype mice (Figure 1A, right panel). Kaplan-
Meier analysis revealed a significant difference in survival between the two groups.

To quantify the effects of Gsr deficiency on the animal susceptibility to £. coli challenge, we
infected wildtype and Gsr-deficient mice with different doses of £. coli (05:B55), and
assessed animal survival over 7 days (Table I1). The LDsg values of wildtype and Gsr-
deficient mice upon £. coliinfection were estimated to be 1.5 x107 and 4.0x108 CFU/g b.w.,
respectively. Our results indicate that Gsr deficiency renders mice substantially more
susceptible to £. colichallenge.

To understand the underlying cause of the increased mortality in £. co/-infected Gsr-null
mice, bacterial loads in the blood and spleens were assessed by colony formation assays.
The median bacterial burdens in the blood and spleens of £. coli-infected Gsr-null mice
were 10-100-fold higher than in similarly infected wildtype mice (Figure 1B). The
bactericidal defect of Gsr-null mice was further confirmed by assessing bacterial burden
using non-invasive optical imaging /n vivo. Mice were first infected with a bioluminescent
pathogenic E£. coli strain, Xen-14 (33, 34), and the bioluminescent bacteria in the infected
mice were subsequently monitored using a Xenogen IVIS Spectrum imaging system (Figure
1C). Hematological analyses of the £. co/i-infected mice indicated that the defect of Gsr-
deficient mice in bacterial clearance was not due to failure of leukocytes to emigrate into the
circulation, since leukocyte counts in E. coli-infected wildtype and Gsr-deficient mice were
comparable (Table I).

To assess whether Gsr deficiency also compromises host defense against S. aureus, the most
common cause of infection in CGD patients (43), we challenged wildtype and Gsr-deficient
mice with S. aureusi.v., and assessed animal survival and bacterial burden (Figure 2). Gsr
deficiency significantly decreased animal survival following S. aureus infection (Figure 2A).
Compared to wildtype mice, Gsr-null mice exhibited greater bacterial burden in both blood
and the spleens (Figure 2B).

Cytokine storm and histological abnormalities in Gsr-deficient mice after E. coli challenge

Histological analyses revealed remarkable differences in the livers and spleens between £.
col-infected wildtype and Gsr-null mice 24 h post infection (Figure 3), whereas histological
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differences were not observed in the lungs, hearts, or kidneys (data not shown). In Gsr-null
mice, E. coliinfection resulted in many medium and large necrotic foci with numerous
infiltrating polymorphonuclear cells (PMNs) in the livers (Figure 3A). However, in wildtype
mice, hepatic necrotic foci were rare and tiny when present. Major histological differences
were also observed in the spleens between £. coli-infected wildtype and Gsr-deficient mice
(Figure 3B). While the boundaries between white and red pulps were blurred in the spleens
of E. col-infected wildtype mice (Figure 3B, upper middle panel), the boundaries between
white and red pulps remained clearly defined in Gsr-deficient mice (Figure 3B, /ower
middle panel). Additionally, £. coliinfection resulted in massive lymphocyte apoptosis in
the white pulp regions of the wildtype spleens, as indicated by H&E staining (Figure 3B,
upper right panel) and TUNEL assays (Figure 3C). In contrast, little evidence of apoptosis
was seen in the white pulp of the spleens from £. col/i-infected Gsr-null mice (Figure 3B,
lower right panel and Figure 3C). However, greater numbers of neutrophils in the red pulp
regions of the spleens were observed in £. coli-infected Gsr-null mice than in similarly
infected wildtype mice (Figure 3B, /eft column).

Since excessive production of a variety of proinflammatory cytokines plays an important
role in the pathophysiology of septic shock and mortality after bacterial infection (44), we
assessed serum cytokine and chemokine levels in E. coli-infected mice. Shortly after £. coli
administration (1-3 h), no obvious differences between wildtype and Gsr-null mice were
observed in serum levels of several prominent cytokines (TNF-a, IL-6, and IL-10) and
chemokines (KC, MCP-1, and MIP-1a) (Figure 4). By 6 h, serum cytokine and chemokine
levels tended to be higher in Gsr-null mice than in wildtype mice. At 24 h, the levels of
TNF-a, IL-6 and MIP-1a had declined substantially in wildtype mice. In contrast, the levels
of all six cytokines and chemokines either remained elevated or increased further in Gsr-
deficient mice, indicating cytokine storms in these animals. These results suggest that unlike
the short-lived acute inflammatory response in wildtype mice, the inflammatory response in
Gsr-null mice was sustained or enhanced, perhaps due to the tremendous bacterial burdens
in these animals.

Defects of Gsr-null phagocytes in phagocytosis and bactericidal function in vitro

Since phagocytes play a critical role in host defense against extracellular bacteria (1) and
Gsr-deficient mice displayed higher bacterial burden, we investigated the effects of Gsr
deficiency on phagocytic activity. The phagocytic activity of bone marrow neutrophils in
wildtype and Gsr-null mice was assessed by flow cytometry, using pH sensitive pHrodo-
conjugated £. colibioparticles. Compared to wildtype neutrophils, Gsr-null neutrophils
engulfed fewer E. coli particles, indicated by the leftward shift of the fluorescence spectrum
(Figure 5A, upper row) and decreased mean fluorescence intensity (MFI) in these cells
(Figure 5A, upper row, bar graph on the righf). To rule out the possibility that defects in
phagocytosis in Gsr-null phagocytes might be caused by potential differences in the pH of
phagosomes between the two groups, we also assessed phagocytic properties of wildtype
and Gsr-deficient neutrophils using Texas red-conjugated £. coli particles. Similar
phagocytic defects in Gsr-deficient neutrophils were also observed with Texas red-
conjugated £. coliparticles (Figure 5A, fower row). We also examined the phagocytic
properties of wildtype and Gsr-deficient neutrophils used pHrodo-conjugated S. aureus, and
found that phagocytosis of S. aureus by the Gsr-deficient neutrophils was also compromised
(data not shown).

To investigate whether Gsr-deficient phagocytes exhibit defects in bactericidal function /n
vitro, we incubated £. coliwith bone marrow neutrophils or whole blood, lysed the
leukocytes, and counted viable bacteria by culture on LB agar (Figure 5B). Significantly
more viable E£. coliwere detected after incubation with Gsr-deficient neutrophils than
following incubation with wildtype neutrophils (Figure 5B, /eft grap/)), indicating a
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bactericidal defect associated with Gsr deficiency. Likewise, more viable £. coliwere also
detected after incubation with blood samples from Gsr-null mice than after incubation with
blood samples from wildtype mice (Figure 5B, right graph).

Gsr-deficient phagocytes exhibit impaired oxidative burst

A major bactericidal mechanism utilized by phagocytes is the generation of ROS via the
oxidative burst (1). We assessed the oxidative burst in wildtype and Gsr-null leukocytes.
The oxidative burst in response to PMA in wildtype and Gsr-null blood leukocytes ex vivo
was measured by chemiluminescence assays utilizing luminol and a Xenogen IVIS
Spectrum imaging system (Figure 6A). Upon PMA stimulation, wildtype leukocytes
underwent a robust oxidative burst that lasted for more than 1 h (Figure 6B). In contrast,
Gsr-null leukocytes displayed only a very short oxidative burst, which abruptly ceased
within 3 min. The total oxidative burst activity was substantially greater in wildtype than in
Gsr-null leukocytes (Figure 6C). We estimated that PMA-stimulated Gsr-deficient
leukocytes exhibited an 80% decrease in ROS production relative to wildtype leukocytes.
Since luminol-based chemiluminescence detection of the oxidative burst is dependent on
MPO (36), which is expressed only in phagocytes (45), our results indicate that Gsr
deficiency compromises the oxidative burst in phagocytes. Supporting the critical role of
Gsr in the phagocytic oxidative burst, BCNU, a pharmacological inhibitor of Gsr (37),
abolished the PMA-induced oxidative burst in phagocytes from the blood of wildtype mice
(Figure 6D).

Since luminol-based chemiluminescence detection of the oxidative burst is dependent on
MPO (36), deficiency in oxidative burst in Gsr-deficient phagocytes might represent a defect
in MPO activity in the Gsr-null phagocytes. In such a situation, addition of excessive HRP
to the assay may minimize the difference in chemiluminescence between PMA-stimulated
wildtype and Gsr-deficient phagocytes. Addition of HRP into the reactions enhanced the
oxidative burst-dependent chemiluminescence (Figure 6E). However, addition of HRP did
not eliminate the differences in chemiluminescence between the phagocytes from the two
genotypes (Figure 6E, /eft graph), indicating that the difference in the oxidative burst
between wildtype and Gsr-deficient phagocytes was not due to potential defects in MPO
secretion in Gsr-null phagocytes. SOD catalyzes the dismutation of O,"~ to H,0,, which in
turn can be eliminated by catalase. Addition of both SOD and catalase into the reaction
allows for the distinction between total and intracellular ROS (Figure 6E, middle graph).
Additionally, we assessed extracellular ROS release using isoluminol as a substrate, since
isoluminol is more polar and hydrophilic, thus less cell membrane permeable (Figure 6E,
right graph). These approaches indicate that Gsr-deficient phagocytes not only released less
ROS intracellularly, but also released less ROS to the extracellular environment. Likewise,
Gsr-deficient phagocytes exhibited a significant defect in the oxidative burst during the
response to fMLP, an N-formylated peptide derived from bacterial proteins (Data not
shown).

The process of oxidative burst in phagocytes is coupled to anaerobic glycolysis through the
HMPS (1). We assessed HMPS activity by determining the conversion of glucose-1-14C

to 14C0O, in bone marrow neutrophils (Figure 6F). The basal levels of glucose consumption
were comparable between wildtype and Gsr-deficient neutrophils. PMA stimulation
markedly enhanced 14CO, production in wildtype neutrophils. Compared to wildtype
neutrophils, 14CO, production in Gsr-deficient neutrophils was significantly attenuated.
Similar results were observed using whole blood from wildtype and Gsr-null mice (data not
shown). It has been shown that PMA induces prompt neutrophil death, although not through
the typical apoptosis or necrosis mechanisms (46). Since Gsr is involved in the regeneration
of glutathione, a major cellular anti-oxidant, we assessed whether Gsr-deficient phagocytes
exhibit altered cell viability upon induction of the oxidative burst by PMA (Figure 6G).
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PMA stimulation of wildtype bone marrow neutrophils for 60 min induced a small increase
in Pl-positive (dead) cells, from 3% to 7%. In contrast, PMA stimulation of Gsr-deficient
bone marrow neutrophils substantially increased the number of Pl-positive cells (from 4% to
23%). PMA treatment did not significantly alter the viability of macrophages derived from
either wildtype or Gsr-deficient bone marrow (data not shown). These results suggest that
increased cell death as the result of Gsr deficiency contributes to the bactericidal defects of
Gsr-null mice.

To examine the effects of Gsr deficiency on phagocytic oxidative burst ex vivoafter E. coli
infection, heparinized blood was incubated with £. co/i (O55:B5) in the presence of
DHR123, which becomes fluorescent rhodamine 123 after oxidation. Blood leukocytes were
then stained with surface markers to quantify oxidative burst in neutrophils and monocytes
by flow cytometry (Figure 7A). E. coliinduced a substantial oxidative burst in both wildtype
neutrophils and monocytes in a dose-dependent manner, while the oxidative burst in
neutrophils was significantly stronger than that in monocytes. The oxidative burst was
significantly weaker in Gsr-deficient neutrophils than in wildtype neutrophils (Figure 7A,
upper panels). Although 50% of wildtype neutrophils underwent oxidative burst after
incubation with the highest dose of E. coli, only <20% of Gsr-deficient neutrophils
underwent oxidative burst (Figure 7A, upper left panel). Moreover, the MFI of the wildtype
neutrophils was also significantly higher than that of the Gsr-null neutrophils (Figure 7A,
upper right panel), indicating that less ROS were produced on a per cell basis in Gsr-
deficient neutrophils. The oxidative burst in £. coli-stimulated monocytes also tended to be
higher in the wildtype group (Figure 7A, lower panels).

The oxidative burst in vivoin E. coli-infected wildtype and Gsr-null mice was assessed by
luminol chemiluminescence, using a Xenogen IVIS Spectrum imaging system. Challenge of
wildtype mice with £. coliresulted in an appreciable oxidative burst within 60 min, and the
oxidative burst in these mice lasted for at least 6 h (Figure 7B). The oxidative burst in £.
coli-infected Gsr-null mice was substantially weaker than in the wildtype mice. Neither
luminol administration alone nor £. coliinfection alone (data not shown) resulted in
detectable luminescence in either wildtype or Gsr-null mice. Taken together, these results
indicate that the oxidative burst in Gsr-deficient phagocytes is impaired both ex vivoand in
vivo, providing an explanation for the diminished bactericidal activity in Gsr-null mice.

Gsr disruption compromises the development of neutrophil extracellular traps

It has been shown that NET formation depends on the oxidative burst (17). Since Gsr-
deficient neutrophils exhibited a substantial defect in the oxidative burst (Figures 6 and 7),
we examined the effect of Gsr deficiency on NET formation following either PMA or E. coli
stimulation. Unstimulated and PMA-stimulated bone marrow neutrophils were stained with
Cytox Green to visualize DNA. Without stimulation, the majority of the neutrophils (~60%)
from both wildtype and Gsr-null mice maintained a lobulated nuclear structure, while ~40%
of the neutrophils exhibited a delobulated nuclear structure, as indicated by DNA staining
(Figure 8A). Upon PMA stimulation, nearly all wildtype neutrophils lost their lobulated
nuclear structures (Figure 8B). Approximately half of the wildtype neutrophils formed either
diffused or fully spread NET structures, and the remaining half of the neutrophils exhibited
delobulated nuclei. In contrast, nearly half of the PMA-stimulated Gsr-deficient neutrophils
retained their classic lobulated nuclear structures, while approximately 40% of these
neutrophils displayed delobulated nuclear structures. Only a very small fraction (<10%) of
Gsr-deficient neutrophils formed net-like structures (Figure 8B).

Since NETSs have been shown to contain histones and neutrophil antimicrobial proteins, we
examined the cellular localization of these proteins. Immunofluorescence indicated that
neutrophil elastase and histone H2A. X were retained within the unstimulated neutrophils
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(Figure 8C, first and second rows). In response to PMA stimulation, considerable
morphological changes took place in wildtype neutrophils (Figure 8C, third row). In these
neutrophils, elastase spread out with histone H2A.X. Although Gsr-deficient neutrophils
were also activated after PMA stimulation, as indicated by the cell flattening and membrane
extension (Figure 9B), few changes were seen in their nuclear structures, indicated by DNA
staining and elastase distribution patterns (Figure 8C, bottom row).

To characterize the defect of Gsr-deficient neutrophils in NET formation, we examined
NETs formed by wildtype and Gsr-deficient neutrophils by using scanning electron
microscopy (Figure 9). Striking distinct morphological differences were observed between
wildtype and Gsr-deficient neutrophils after both PMA and E. coli stimulation (Figure 9).
Unstimulated neutrophils isolated from both wildtype and Gsr-null mice were
morphologically similar, appearing round with membrane folds on their surfaces (Figure
9A). With PMA stimulation, a substantial fraction of neutrophils from wildtype mice
underwent marked structural changes characteristic of NET extrusion (Figure 9B, upper
panels), which was reported in human neutrophils stimulated with PMA (19). After PMA
stimulation, the cell membranes of the wildtype neutrophils ruptured and their chromatins
were released, forming densely intertwined fibrous networks decorated with globular
nodules. In contrast, most Gsr-deficient neutrophils flattened and spread onto the surface,
forming the “fried egg” morphology with the cell debris left at the edge (Figure 9B, fower
panels). Very few of the Gsr-deficient neutrophils formed the NET structures after PMA
stimulation. Incubation with £. colialso stimulated NET formation by wildtype neutrophils
(Figure 9C, upper panels). E. coli captured by the fibrous chromatin network were clearly
seen. While fibrous strands projecting from E. coli-infected Gsr-deficient neutrophils were
occasionally observed, they did not form the mesh-like NET structures (Figure 9C, lower
panels). Moreover, the numbers of strands projected by these neutrophils were far fewer
than those projected by wildtype neutrophils.

Discussion

Previously, it has been reported that neutrophils isolated from a single family with marginal
GSR activity exhibited a significant defect in the oxidative burst ex vivo (26). Yet, the
bactericidal activity of the neutrophils was only marginally affected (26, 27). Since genetic
differences between that family and other healthy controls were confounding factors, the
significance of those studies awaited verification in better defined systems. In the present
studies, we addressed the role of Gsr in host defense against bacterial challenge /n vivo
using a Gsr-deficient mouse model. By backcrossing Gsr-deficient mice to inbred C3H/HeN
mice for 10 generations, we created Gsr-null mice on a pure genetic background. With this
system, we eliminated the confounding factor of individual differences in genetic
background associated with all human studies, and overcame the ethical limitations in
experimental methodology with human research subjects. Our studies presented here
confirmed the findings made with GSR-deficient human neutrophils on the phagocytic
defect in the oxidative burst (Figures 6 &7). We further extended this line of investigation
into an animal model of bacterial sepsis, and demonstrated for the first time that Gsr
functions /n vivo as an essential mediator in host defense against massive bacterial challenge
(Figures 1 & 2). The following findings strongly suggest that intrinsic antimicrobial defects
in phagocytes are responsible for the bactericidal defects found in Gsr-deficient mice. First,
compared to wildtype mice there was no appreciable difference in either blood or bone
marrow leukocyte composition in unstimulated Gsr-deficient mice. Second, £. colF-infected
Gsr-deficient mice also had a blood leukocyte composition similar to that of infected
wildtype mice (Table ), indicating normal leukocyte egress from the bone marrow after
infection. Third, Gsr-deficient phagocytes, particularly neutrophils, are defective in both
phagocytosis (Figure 5) and oxidative burst functions (Figures 6—7). Finally, neutrophils in
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Gsr-null mice exhibit a marked impairment in the development of NETs (Figures 8 & 9).
Because of defects in these key bactericidal functions, it is not surprising that Gsr-deficient
mice exhibited increased susceptibility to bacteria (Figures 1A& 2 and Table I1).

The hepatic necrotic foci (Figure 3A), the dramatic mortality and bacterial burdens (Figures
1 & 2), and the overwhelming cytokine storm after bacterial infection (Figure 4) can be
explained by the bactericidal defects of Gsr-deficient mice. The defective bactericidal
activity may also explain the larger number of neutrophils seen in the red pulp region of the
spleens of the Gsr-deficient mice than in those of the wildtype mice (Figure 3B). The failure
to clear the infecting £. coli in the Gsr-deficient mice may induce the production of
chemokines, which in turn stimulate the egress of neutrophils from the bone marrow (47).
The remarkable lymphocyte apoptosis in the white pulp of the spleens of E. coli-infected
wildtype mice (Figures 3B and 3C) may represent a resolution response after clearing the
infection. Future studies are needed to understand the underlying mechanisms.

The function of Gsr in phagocytic oxidative burst

Gsr catalyzes the reduction of glutathione disulfide to glutathione, a major cellular
antioxidant. Paradoxically, Gsr-deficient neutrophils are impaired in their oxidative burst
and produce less ROS (Figures 6 and 7). While the exact mechanisms involved remain
unclear, we can offer some speculations. One might argue that deficiency of Gsr in the germ
line of the mutant mice might trigger a compensatory anti-oxidant response, augmenting the
cellular oxidative defense mechanisms, which in turn would decrease the net production of
ROS in the Gsr-deficient phagocytes. Although we cannot rule out this possibility, we think
this postulate is less likely. First, the pharmacological inhibitor BCNU abolished the
oxidative burst in wildtype cells (Figure 6D). It is unlikely that a short pretreatment of
wildtype phagocytes with BCNU would trigger a compensatory anti-oxidant response.
Second, a stronger antioxidant compensatory mechanism cannot explain the decrease in
HMPS activity in the Gsr-deficient neutrophils. Additionally, Loos et al. have examined the
activities of several key enzymes involved in oxidative metabolism, including glutathione
peroxidase, catalase, SOD, and MPO in a family with GSR deficiency, and found no
differences in their activities from the normal control subjects (27). Perhaps the simplest
explanation is that Gsr-deficient neutrophils are less resistant to the damaging effects of the
oxidative burst (Figure 6F). Although H>O5 and O,°~ created through the oxidative burst are
critical for the bactericidal activity in the phagolysosome, these ROS can cause oxidation
and inactivation of a variety of the cell’s own biomolecules when they leak into other
compartments (48). Since NAPDH oxidase complexes are assembled on the membrane of
phagolysosomes, it is reasonable to speculate that H,O, produced near the phagolysosome
membrane diffuses not only into the phagolysosome, but also into the cytosol. In the cytosol,
H»0 is detoxified by glutathione, through a reaction mediated by glutathione peroxidase
(23, 24). The cellular pool of glutathione is replenished by two mechanisms: glutathione
regeneration from GSSG mediated by Gsr and de novo glutathione synthesis. By
regenerating glutathione from GSSG, Gsr facilitates cytosolic HoO, detoxification, which
protects phagocytes from oxidative damage and sustains oxidative burst-mediated
bactericidal activities (23, 24). Because Gsr-deficient neutrophils cannot regenerate
glutathione, it is likely that once their glutathione is depleted, ROS will spill into the cytosol.
Oxidation of biologically active molecules in the cytosol is likely to compromise neutrophil
function and lead to cell death (48), a concept consistent with the lower viability of Gsr-
deficient neutrophils following PMA treatment (Figure 6G). This model predicts that Gsr
becomes critically important only when glutathione is depleted in the cytosol, for example
as a result of the high intensity oxidative burst. Since the intensity of the oxidative burst in
monocytes stimulated by £. coliis significantly lower than that in neutrophils (Figure 7A), it
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is not surprising that we found that Gsr deficiency had little effect on the oxidative burst in
monocytes (Figure 7A).

An alternative postulate regarding the defective oxidative burst of Gsr-deficient neutrophils
is that accumulation of GSSG in the Gsr-deficient neutrophils facilitates thiol-disulfide
exchange reactions, leading to extensive protein S-glutathionylation in the cytosol. S
glutathionylation of thiol-containing proteins could inhibit a variety of biological functions
(49), including the HMPS-coupled oxidative burst. Previously, protein S-glutathionylation
has been observed in both neutrophils and macrophages during the oxidative burst (50-53).
While characterization of the protein modifications in Gsr-deficient neutrophils may hold
the key for the ultimate elucidation of the mechanisms underlying the bactericidal defects of
Gsr-null mice, this will require extensive proteomic analyses and are beyond the scope of
the present study. Regardless of whether proteins are oxidized and/or S-glutathionylated,
such modifications are likely to have detrimental effects on the neutrophils, providing a
plausible explanation for the lower viability of Gsr-deficient neutrophils than their wildtype
counterparts after PMA stimulation (Figure 6F). This is also consistent with the rapid
cessation of the oxidative burst and the decreased HMPS activity in Gsr-deficient leukocytes
after PMA stimulation (Figures 6A and 6D).

It should be pointed out that although Gsr-deficient mice exhibit a substantial decrease in the
phagocytic oxidative burst activity, these mice still retain a significant portion of oxidative
burst activity (~20% of wildtype mice) (Figure 6). Previously, it has been shown that CGD
patients with modest residual ROS production have significantly less severe illness and
greater likelihood of long-term survival than patients with little residual ROS production
(54). The significant portion of oxidative burst activity retained in the Gsr-deficient mice
apparently is sufficient to prevent the development of CGD in these mice, and explains why
Gsr-deficient mice lack a discernable phenotype in the absence of massive bacterial
challenge. This is also consistent with the lack of CGD in humans with marginal GSR
activity (26, 27).

The role of Gsr in phagocytosis

Although the defect in the neutrophil oxidative burst in Gsr-deficient mice reported here
mirrors the oxidative burst defect of the previously reported family deficient in GSR activity
(26, 27), the Gsr deficiency in our mice and the GSR defect in the reported family had
different effects on neutrophil phagocytic functions. Whereas murine neutrophils lacking
Gsr protein exhibit a lower phagocytic activity (Figure 5A), the human neutrophils from the
family with a defective GSR did not exhibit any impairment in phagocytic activity (27).
While the exact cause of this discrepancy is unclear, it is plausible that this discrepancy is
due to different severities of the corresponding mutations. Although the nature of the genetic
mutation in the reported GSR-deficient family is unknown, the GSR gene of that family
likely retained partial function since residual GSR activity was detected in their leukocytes.
In contrast, the Gsr-deficient mice reported here have a complete knockout of Gsr (29) and
do not express any Gsr protein (data not shown). It is also possible that the discrepancy in
phagocytic phenotypes between the reported GSR-deficient human and the Gsr-deficient
mouse neutrophils may represent an evolutionary divergence in the biological processes
regulating phagocytosis.

How does Gsr deficiency affect phagocytosis? While the answer is unclear, there are several
possible explanations. Depletion of GSH stores in the neutrophils of the Gsr-deficient mice
may contribute to their phagocytic defects. Phagocytosis is a highly dynamic process
mediated by actin polymerization and depolymerization controlled by intricate signal
transduction pathways (55, 56). It is conceivable that the engulfment of bacterial particles
initiates the respiratory burst, and that the oxidation or S-glutathionylation of host proteins
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as a result of GSH depletion or increased GSSG levels vastly changes the dynamics of the
cellular events within the phagocytes, eventually compromising the phagocytic process.
Additionally, rapid cessation of HMPS may switch off the energy supply necessary for
phagocytosis (57). Furthermore, loss of viable phagocytes due to oxidative stress may also
account for the compromised phagocytosis seen in the Gsr-null neutrophils.

The role of Gsr in the development of NETs

Perhaps the most exciting finding of this study is the impairment of Gsr-deficient
neutrophils to form NETS in response to activation (Figures 7 and 8). Previously, it has been
shown that NET formation in neutrophils depends on the oxidative burst (17), although it is
unclear exactly how the oxidative burst mediates the development of NETs. On one hand, it
is not surprising that Gsr-deficient neutrophils exhibited defects in NET formation, since
these cells failed to mount a persistent oxidative burst (Figure 5). On the other hand, it is
conceivable that Gsr-deficient neutrophils likely accumulate oxidants at an accelerated pace
after activation, and yet they fail to develop NETSs (Figures 7 and 8). These results suggest
that accumulation of oxidants alone is not sufficient for NET formation in murine
neutrophils. Alternatively, acute oxidant accumulation as a result of Gsr deficiency may lead
to rapid neutrophil death, aborting the cellular program of NETosis and consequently
abolishing NET-mediated antimicrobial activity. While a few of the Gsr-deficient
neutrophils were able to spread their DNA chromatin into the extracellular space, the strands
were far fewer than what were seen with wildtype neutrophils, consistent with prematurely
aborting NETosis (Figure 8).

GSR as targets for malaria and cancer drugs

Human GSR protein is regarded as a potential drug target for the treatment of malaria and
cancer (58-61). Since Gsr is essential for the innate immunity against bacterial challenge,
there is a reasonable concern that drugs targeting human GSR may render people susceptible
to bacterial infection. This is particularly relevant in developing countries where malaria is
prevalent and bacterial infections are common, due to the lack of clean drinking water.
Additionally, since cancer patients often have compromised immune systems, due to
exposure to chemotherapeutic drugs or radiation therapy, drugs inhibiting GSR may further
weaken their immune systems and exacerbate the risk of bacterial infection.

In conclusion, we have identified an essential role of Gsr in the innate immune system
against massive bacterial infection. Our findings illustrate an intricate relationship between
bactericidal action and phagocyte protection. Moreover, our studies shed novel insights into
the immunosuppressive mechanisms of oxidative stress and open new avenues for the
prevention and treatment of bacterial infections. Our findings also raise concerns for the
potential immunosuppressive side-effect of GSR inhibitors as anti-malaria and anti-cancer
drugs.
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Figure 1.

Gsr-deficient mice exhibit impaired bactericidal activity and increased susceptibility to £.
coli challenge. A. Survival curves of wildtype and Gsr-null mice after £. coli challenge. E.
coli (0O55:B5) were introduced either i.p. (/eft panel) or i.v. (right panel). For i.p. infection,
mice (n=12 for wildtype; n=11 for Gsr-null) were challenged with £. coliat a dose of 8.3
%108 CFU/g b.w. For i.v. infection, mice (n=15 for both strains) were challenged with £.
coliat a dose of 2.5 x107 CFU/g b.w. B. Bacterial burden in the blood and spleens after £,
coli challenge. Mice were infected i.v. with £, coli (055:B5) at a dose of 2.5 x 10’ CFU/g
b.w., and euthanized 24 h later. Blood and spleens were excised aseptically. Blood and
spleen homogenates were cultured on LB agar plates. Colony numbers were normalized to
blood volume or spleen weight. Bars represent the median values. *, p < 0.05, comparing
between genotypes (Wilcoxon’s signed rank test). C. Bacterial load detected by /in vivo
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bioluminescent imaging. Mice were infected i.p. with bioluminescent £. coli Xen-14 cells
(8.3x10% CFU/g b.w). After 24 h, bioluminescent £. coli were visualized using IVIS
Spectrum imaging system (exposure time, 1 min; FOV, D; binning, 8). Results shown are
representative images from 3 experiments.
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Gsr-deficient mice display increased mortality and elevated bacterial burden after S. aureus
infection. A. Survival curves for wildtype and Gsr-null mice after S. aureus challenge. S.
aureus (FDA 209P) were introduced i.v. at a dose of 4.0x108 CFU per mouse. Survival of
mice (n = 6 for wildtype; n = 7 for Gsr-null) were monitored for 5 days. B. Bacterial burden
in the blood and spleens after S. aureus challenge. Mice were infected i.v. with S. aureus
(FDA 209P) at a dose of 2.0x108 CFU per animal, and euthanized 24 h later. Blood and
spleens were harvested aseptically, and bacterial load was assessed by culture on TSB agar
plates. Bars represent the median values. ***, p < 0.001, comparing between genotypes

(student’s t-test).
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Figure 3.

Histological images of the livers and spleens of £. coli-infected wildtype and Gsr-deficient
mice. Mice were challenged i.p. with £, coli (055:B5) at a dose of 8.3 x10% CFU/g b.w, and
euthanized 24 h later. The livers and spleens were fixed, and tissue sections were stained
with H&E, or subjected to TUNEL assays. A. Histology of the livers of £. colFinfected
wildtype and Gsr-deficient mice prepared by H&E staining. Large number of neutrophils
and dead hepatocytes are seen in the necrotic foci. B. Histology of the spleens of £. coli-
infected wildtype and Gsr-deficient mice prepared by H&E staining. Panels in the center
column represent the low magnification images of the spleens. Note the blurred boundaries
between white and red pulp in the wildtype mice, while the boundaries between white and
red pulp in the Gsr-deficient mice are well defined. Panels in the left column represent the
high magnification of the red pulp regions. Note the markedly more abundant neutrophils in
the Gsr-deficient mice. Panels in the right column represent the high magnification of the
white pulp regions. Note the massive cell death in the white pulps of wildtype mice but not
in the Gsr-deficient mice. C. Apoptotic cells detected by TUNEL assays in the white pulps
of the spleens. Paraffin-embedded spleen sections were subjected to TUNEL assays to detect
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apoptotic cells. The section was counter stained with hematoxylin. Apoptotic cells are

stained brown in the spleen sections. Scale bars in A-C indicate 100 um except in the center
column of B where the bars indicate 1 mm. Results shown are representative images.
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Figure 4.

Gsr-deficient mice develop cytokine storm after £. coli challenge. Mice were challenged i.p.
with £. coli (055:B5) at a dose of 8.3 x108 CFU/g b.w., and euthanized at the indicated time
points. Blood was collected by cardiac puncture, and cytokines and chemokines in the serum
were measured by ELISA. Data in the graphs represent mean + SEM of at least 4
independent experiments. *, p< 0.05; **, p< 0.01; ***, p<0.001, comparing between
genotypes (Wilcoxon’s signed rank test).
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Figure 5.

Compromised phagocytosis and ex vivo bacterial Killing in Gsr-deficient neutrophils. A.
Impaired phagocytic function of Gsr-deficient neutrophils towards £. coli. Bone marrow
neutrophils isolated from wildtype or Gsr-deficient mice were incubated with pHrodo-
conjugated (Upper row) or Texas Red (TxRed)-conjugated £. coli (Lower row) bioparticles
(200 pg/ml) on ice (control) or at 37 °C for 1 h (£. coli), and then analyzed by flow
cytometry. Representative histogram data are shown. Graphs on the right depict the MFI of
E. coliparticles engulfed by neutrophils. B. Killing of £. coli (O55:B5) /n vitro by wildtype
and Gsr-deficient phagocytes. Left grap/. Bone marrow neutrophils (106) were incubated
with serum-opsonized £. coli (107 CFU) for 15 min at 37°C. As a control, the bacteria were
also incubated with medium that contains no leukocytes. Right Graph. Whole blood samples
(100 wl) were incubated with £, coli (107 CFU) at 37°C for 15 min. As a control, the
bacteria were incubated with 100 I serum. After incubation, the leukocytes were lysed with
saponin and live bacteria were counted after culture on LB agar plates. Survival of bacteria
was calculated as CFUneytrophil or blood/ CFUmedium or serum*100%. Data in the graphs
represent mean = SEM of at least 3 independent experiments. *, p< 0.05; **, p< 0.01; ***,
p<0.001 (Wilcoxon’s signed rank test).
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Figure 6.

Gsr deficiency results in compromised phagocytic oxidative burst ex vivo following PMA
stimulation. A. Dynamic luminol chemiluminescence of PMA-stimulated blood leukocytes.
Wildtype and Gsr-deficient mice were euthanized and blood was harvested by cardiac
puncture. Blood cells were pelleted from 200 .l blood by centrifugation, and RBCs were
lysed. The leukocytes were used to assess the oxidative burst following PMA stimulation in
black 96 well plates, using luminol chemiluminescence in a Xenogen I1VIS Spectrum
imaging system. At t=0, PMA (5 M) was added. Bioluminescence was monitored by
taking sequential images (exposure time, 1 min; FOV, C; binning, 8) for 1 h. Photon influx
images at indicated time points are shown. B. Kinetics of oxidative burst in PMA-stimulated
blood leukocytes ex vivo over 60 min. Photon influx in the wells at different time points
were quantified and plotted against time in the graph. *, p < 0.05, comparing the two groups
over time (two-way ANOVA). n=3. C. Total ROS production in blood leukocytes during 60
min. Total photon influx over 60 min was used as a surrogate for the accumulative ROS
production. D. Effect of BCNU on the PMA-induced oxidative burst in wildtype blood
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leukocytes. Wildtype blood leukocytes were treated with BCNU (1 M) for 30 min, and
then stimulated with 5 uM PMA for assaying the oxidative burst. E. Comparison of total,
intracellular, and extracellular ROS production between wildtype and Gsr-deficient blood
leukocytes. The oxidative burst was assessed by luminol chemiluminescence in the presence
of HRP (representing total ROS produced, /eft graph), or HRP plus SOD and catalase
(representing intracellular ROS produced, middle graph). Extracellular ROS was assessed
using isoluminol in the presence of HRP. F. HMPS activity in wildtype and Gsr-deficient
neutrophils. Neutrophils were purified from bone marrow by Percoll gradient centrifugation.
The neutrophils were stimulated either with vehicle (DMSO) or with PMA for 2 h in the
presence of D-glucose-1-14C. HMPS activity in the neutrophils was measured by

assessing 14CO, production. Radioactivity in the captured 4CO, was measured in a
scintillation counter. G. The effect of PMA on neutrophil viability. Bone marrow
neutrophils were stimulated with PMA (5 tM) or vehicle (DMSO) for 60 min. The viability
of the cells was assessed by flow cytometry after incubated with PI. The portion of
nonviable cells was expressed as percentage of PI* cells. Results shown in A are
representative images. Values in bar graphs in panels C-G represent mean + SEM from at
least 3 independent experiments. *, p< 0.05; **, p< 0.01; ***, p<0.001, comparing the
two similarly treated groups (Wilcoxon’s signed rank test).
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Figure 7.

Gsr deficiency compromises the £. coli-induced phagocytic oxidative burst both ex vivo and
in vivo. A. ROS production measured by DHR123 oxidation in control and £. colr-
stimulated blood neutrophils (PMN) and monocytes (Mo). Heparinized whole blood (100
pl) was incubated with indicated amounts of £. co/i (055:B5) in the presence of DHR123
for 15 min. The leukocytes were then stained with neutrophil and monocyte markers, and
the oxidative burst activity in these cell populations was analyzed by flow cytometry.
Percentages of neutrophils or monocytes that underwent oxidative burst (rhodamine 123*
cells, /eft column) and the mean intensity of oxidative burst in these rhodamine123* cells
(MFI, right column) are shown. Values in bar graphs represent mean = SEM from at least 3
independent experiments. *, p < 0.05 (Wilcoxon’s signed rank test). B. The oxidative burst
in vivoin E. coli-challenged wildtype and Gsr-deficient mice detected by luminol
chemiluminescence. Uninfected (control) or £. colFinfected mice were administered
luminol (200 pg/g b.w.) at different time points post £. coli challenge (055:B5, 8.3x10°
CFU/g b.w.) to collect luminescent images (exposure time, 5 min; FOV, D; binning, 8).
Control animals were given luminol only, the remaining were infected i.p. with £. co/iand
given luminol at the indicated time points.
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Figure 8.

PMA-stimulated Gsr-deficient neutrophils exhibit defects in NET formation. A. Sytox
Green staining of DNA of wildtype and Gsr-deficient neutrophils. Bone marrow neutrophils
were seeded on uncoated glass coverslips and cultured in the absence (control) or presence
of PMA (100 nM) for 16 h. These cells were then stained with Sytox Green to detect their
DNA. Cells were examined under a confocal microscope. Images were Z-stack projections
constructed using LSM ZEN software. B. Quantification of NET formation in wildtype and
Gsr-deficient neutrophils stimulated with PMA or unstimulated (control). Neutrophils
stained with Sytox Green as in A were categorized according to their morphologies into 4
subsets (lobulated neutrophils, delobulated neutrophils, diffused and spread NETS).
Percentage of each subset is shown in the graphs as mean + SEM from at least 3
independent experiments. **, p< 0.01; ***, p< 0.001 (Wilcoxon’s signed rank test). C.
Immunofluorescence of NETS in control and PMA-treated wildtype and Gsr-deficient
neutrophils. Neutrophils were treated as in A, and were then subjected to
immunofluorescence with antibodies against neutrophil elastase (NE, green) and histone
2A.X (magenta). Finally, DNA was stained with Hochest 33342 (blue), and the cells were
examined with confocal microscopy. Three dimensional immunofluorescence images were
obtained using z-stack projections. Images shown are representative of at least 3
independent experiments. Scale bars indicate 10 pum.
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Figure 9.

Gsr-deficient neutrophils fail to develop the characteristic NETs upon stimulation with PMA
or E. coli. Bone marrow neutrophils were seeded on uncoated glass coverslips. These cells
were stimulated for 16 h with DMSO (vehicle control) or PMA (100 nM) or with £. coliat a
MOI of 50, and subjected to scanning electron microscopy analysis. Images are
representative of at least 3 independent experiments. Scale bars indicate either 3 wm (lower
magnification images) or 0.6 m (higher magnification images).
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Table Il

Survival of mice after E. coli infection?

Survivedtotal

Dose of infection (CFU/g b.w.)  Wildtype  Gsr-null

9.3 x 105 5/5 5/5
2.8 x 108 5/5 5/5
8.3 x 106 12/12 0/11
2.5 %107 1/5 0/5

aMice were infected with £. colii.p.

b . .
Number represents animals survived after 7 days.
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