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played rapid peritoneal PMN recruitment, the recruited 
NOX2-deficient PMN demonstrated an enhanced inflamma-
tory phenotype. Moreover, NOX2-deficient mice exhibited a 
hemorrhagic inflammatory response in the lungs with rapid 
and persistent recruitment of neutrophils to the alveolar 
space, whereas WT mice had minimal lung pathology. Sev-
eral proinflammatory cytokines remained elevated in NOX2-
deficient mice. The persistent inflammatory environment 
observed in NOX2-deficient mice resulted from continued 
peritoneal chemokine secretion and not delayed apoptosis 
of PMN. These data suggest a requirement for NOX2 in the 
resolution of systemic inflammation. 

 Copyright © 2013 S. Karger AG, Basel 

 Introduction 

 The systemic inflammatory response syndrome (SIRS) 
is a clinical condition that can be induced by either infec-
tious or sterile insults, including sepsis, trauma, burns, 
and shock. The majority of patients admitted to intensive 
care units meet the criteria for SIRS  [1] . While excessive 
proinflammatory responses can lead to early mortality, 
most patients develop a compensatory anti-inflammato-
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 Abstract 

 The systemic inflammatory response syndrome (SIRS) is a 
clinical condition occurring in intensive care unit patients as 
a consequence of both infectious and noninfectious insults. 
The mechanisms underlying resolution of SIRS are not well 
characterized. NOX2 (NADPH oxidase 2)-derived reactive ox-
ygen species are critical for killing of certain pathogens by 
polymorphonuclear leukocytes (PMN). Patients with chronic 
granulomatous disease who lack functional NOX2 are not 
only prone to serious infections, they also exhibit chronic in-
flammatory conditions, suggesting a local anti-inflammato-
ry role for NOX2. We hypothesized that NOX2 is required for 
the resolution of sterile systemic inflammation. Using a mu-
rine model of sterile generalized inflammation, we observed 
dramatically increased mortality of gp91 phox–/y  (NOX2-defi-
cient) as compared to wild-type (WT) mice. Both genotypes 
developed robust SIRS with hypothermia, hypotension, and 
leukopenia; however, WT mice recovered within 48 h where-
as NOX2-deficient mice did not. Although both groups dis-
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ry response syndrome soon after the onset of SIRS in an 
attempt to restore immunological homeostasis  [2] . De-
spite improved understanding of the pathogenesis of the 
compensatory anti-inflammatory response syndrome 
and SIRS, morbidity and mortality rates remain unac-
ceptably high, demanding persistent investigation into 
basic mechanisms of inflammatory and immune balance.

  Oxidant stress, or the pathologic effect of reactive oxy-
gen species (ROS), has been extensively studied in the set-
ting of sepsis and SIRS. The perception of increased ROS 
as a detrimental component of the host response led to 
several early clinical trials using antioxidant therapies to 
treat sepsis  [3–5] . The mixed results of these trials sug-
gested that the role of ROS in inflammatory responses is 
more complex than initially predicted. While several host 
enzymes can generate ROS, the essential role for NOX 
(NADPH oxidase)-derived ROS is evidenced by the hu-
man condition of chronic granulomatous disease (CGD). 
CGD is caused by a mutation in one of several subunits 
of the NOX2 complex. The most common form, X-linked 
CGD, is due to a mutation in the large gp91 phox  subunit. 
Phagocytes deficient in gp91 phox  lack superoxide produc-
tion and are thereby unable to generate a respiratory 
burst. Thus, CGD patients are prone to frequent, severe 
infections by pathogens such as  Staphylococcus aureus  
and  Aspergillus   [6] . However, patients with CGD also ex-
hibit chronic inflammatory phenomena, such as granu-
loma formation and Crohn’s-like colitis, in the absence of 
infection  [7–9] . Studies in our laboratory using polymor-
phonuclear leukocytes (PMN) from CGD patients have 
provided an in vitro correlate for these clinical findings, 
with unstimulated CGD PMN displaying an activated or 
inflammatory phenotype characterized by high basal p38 
MAPK phosphorylation and CD11b surface expression. 
A similar phenotype was observed by pharmacologic in-
hibition of NOX2 in unstimulated control PMN  [10] .

  Recognizing that NOX2-derived ROS are required for 
microbial killing but also have a potential anti-inflamma-
tory function, several investigators have utilized murine 
models to further elucidate these seemingly paradoxical 
roles of NOX2. Mice lacking gp91 phox  display infectious 
susceptibilities consistent with human CGD patients 
 [11] , and several studies utilizing these mice have delin-
eated the requirement for NOX2 in host defense  [12, 13] . 
In addition to infections, mice deficient in gp91 phox  or 
p47 phox , a cytosolic subunit of NOX2, display enhanced 
inflammation in a number of models. Zhang et al.  [14]  
demonstrated that NOX2-deficient mice have enhanced 
inflammatory responses following intraperitoneal injec-
tion of LPS. This group subsequently demonstrated that 

intraperitoneal TNF-α led to increased inflammation of 
the lungs but not of other tissues in NOX2-deficient mice 
 [15] . Segal et al.  [16]  showed that NOX2-deficient mice 
had exaggerated lung inflammation following localized 
delivery of LPS or zymosan, and experimental arthritis 
models revealed a critical anti-inflammatory role for 
NOX2  [17] . Considered in combination, the hyperin-
flammatory complications of human CGD and the nu-
merous animal models have provided strong evidence 
that NOX2-derived ROS are necessary to limit localized 
sterile inflammatory processes.

  In this study, we utilized a murine model of SIRS, zy-
mosan-induced generalized inflammation (ZIGI), to spe-
cifically explore the role of NOX2 in the resolution of
sterile systemic inflammation. Although both wild-type 
(WT) and NOX2-deficient mice developed a robust SIRS 
response, WT mice recovered quickly whereas NOX2-
deficient mice exhibited persistent SIRS and greatly in-
creased early mortality. Pulmonary pathology was pro-
foundly dependent on NOX2 with significant lung injury 
in NOX2-deficent mice and no detectable pathology in 
the lungs of WT mice. Overall, our results demonstrate 
that NOX2 is required for the normal resolution of sterile 
systemic inflammation.

  Materials and Methods 

 Materials 
 Zymosan A from Sigma-Aldrich (St. Louis, Mo., USA) was 

boiled for 30 min, thoroughly rinsed, and stored at –20   °   C. PMA 
was purchased from Sigma-Aldrich and ionomycin from EMD 
Biosciences (San Diego, Calif., USA). The FITC annexin V apop-
tosis detection kit II, BD GolgiStop TM , mouse Foxp3 permeabiliza-
tion concentrate, Alexa-Fluor ®  488 rat anti-mouse IL-17A, Alexa-
Fluor 488 rat IgG1, PerCP-Cy TM 5.5 rat anti-mouse CD4, and PE 
rat anti-mouse Ly-6G were purchased from BD Pharmingen 
(Franklin Lakes, N.J., USA). Rat IgG 2a , APC rat anti-mouse 
CXCR2, fluorescein rat anti-mouse CXCR4, and rat anti-mouse 
receptor for advanced glycation end products (RAGE) were from 
R&D Systems (Minneapolis, Minn., USA). Rat anti-mouse CD11b 
was obtained from the Developmental Studies Hybridoma Bank at 
the University of Iowa (Iowa City, Iowa, USA) and PE hamster 
anti-mouse γδ TCR and PE hamster IgG were purchased from 
eBioscience Inc. (San Diego, Calif., USA).

  Animals 
 Male C57BL/6J (WT) and gp91 phox -deficient (B6.129S-

 Cybb  tm1Din /J) age-matched mice (11–15 weeks old) were used in all 
experiments. Mice were obtained from the Jackson Laboratory 
(Bar Harbor, Me., USA). The mice were kept in a barrier facility 
and had free access to standard rodent chow and water. All studies 
were performed according to protocols approved by the Institu-
tional Animal Care and Use Committee at the University of Iowa.
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  Zymosan-Induced Generalized Inflammation 
 Sterile systemic inflammation was induced using a previously 

described ZIGI model  [18] . In pilot studies, WT mice were inject-
ed with intraperitoneal zymosan to determine the dose that caused 
10% mortality 1–4 days after injection. This dose (0.7–0.8 mg/g) 
was used for intraperitoneal injections in all subsequent experi-
ments, except where otherwise specified. Both noninjected mice 
and mice injected with sterile saline were used as control groups. 
Prior to temperature and blood pressure (BP) measurements, mice 
were secured in animal nose cone holders. Core body temperature 
was measured with a monitoring thermometer (model TH-5) us-
ing a RET-3 probe (Physitemp Instruments Inc., Clifton, N.J., 
USA). The probe tip was coated with mineral oil and inserted to 
the length of the probe ( ∼ 2 cm). BP was measured using a Coda-2 
noninvasive BP system according to the manufacturer’s directions 
(Kent Scientific Corporation, Torrington, Conn., USA). Following 
five acclimation cycles, five cycles were recorded. The mean arte-
rial pressure was used for statistics. After induction of SIRS, a sub-
set of mice developed profound hypotension with BP below the 
detectable lower limit. For all mice with BP too low to be measure-
able, we assigned the lowest mean arterial BP value obtained for 
statistical analysis (44 mm Hg). Blood for complete blood counts 
was collected by cheek punch under isoflurane anesthesia into
EDTA-coated tubes to prevent clotting, and data were collected 
with a Bayer ADVIA 120 hematology analyzer (Siemens AG, Er-
langen, Germany) using the murine C57BL/6 algorithm. Mice 
were assessed for symptoms of systemic inflammation (lethargy, 
conjunctivitis, diarrhea, and ruffled fur) 6, 24, and 48 h after injec-
tion by a blinded observer. All symptoms were scored on a scale 
from 0 to 3 (0 = absent, 1 = mild, 2 = moderate, 3 = severe), and a 
total inflammation score was generated. In some experiments, 
mice were injected and observed for up to 21 days. In separate ex-
periments, assessment for organ dysfunction was performed 6, 24, 
and 48 h after injection.

   Assessment of Intraperitoneal Inflammation.  Mice were sacri-
ficed 6, 24, or 48 h after injection and assessed for intraperitone-
al inflammation. Briefly, 2 ml PBS were injected into the perito-
neal cavity and then recovered. Recovered fluid was centrifuged at 
500  g  for 5 min and resuspended in HBSS without calcium and 
magnesium. Flow cytometry was used to analyze the influx and 
phenotype of PMN and the influx of specific T-lymphocyte sub-
sets. Peritoneal lavage supernatant was used for a cytokine assay.

   Evaluation of Lung Injury.  Mice were sacrificed 6, 24, or 48 h 
after injection and the lungs were lavaged by intratracheal infusion 
of 3 ml PBS followed by gravity drainage. Recovered fluid was cen-
trifuged at 500  g  for 5 min, the pellet was resuspended in HBSS, 
and the total leukocyte number was counted with a hemocytom-
eter. A cell differential was determined by creating a cytospin, fix-
ing and staining the cells using a Hema 3 Stat Pack (Fisher Scien-
tific, Pittsburgh, Pa., USA), and counting 100 leukocytes in two 
random fields.

  Bone Marrow Cell Isolation 
 Control (noninjected and saline-injected) and ZIGI mice were 

euthanized 6, 24, or 48 h after injection, and the femurs were re-
moved and stripped of tissue. After removal of the distal and prox-
imal ends of the femur, cold HBSS with 1% dextrose and 0.1% BSA 
was used to flush the bone marrow cells from the shaft. Cells were 
pelleted at 500  g  for 5 min and resuspended in HBSS before being 
analyzed by flow cytometry.

  T-Cell Subset Analysis 
 Spleens and mediastinal lymph nodes were removed from non-

injected mice and mice sacrificed 6, 24, or 48 h after injection. 
Spleens and lymph nodes were pulled apart using 25-gauge nee-
dles. The cells were passed through a 70-μm cell strainer and sus-
pended in RPMI 1640 with 10% FBS. To assess recovered lympho-
cytes for IL-17A synthesis, splenocytes, lymph node cells, and a 
subset of the peritoneal cells were activated at a concentration of 
2.5–5 × 10 6 /ml by incubation in round-bottom 96-well plates with 
50 ng/ml PMA, 500 ng/ml ionomycin, and BD GolgiStop at 37   °   C 
with 5% CO 2  for 3.5 h. After the incubation, the plate was gently 
vortexed to resuspend the cells, with subsequent analysis using 
flow cytometry.

  Bacterial Culture of Peritoneal Fluid 
 In a subset of experiments, 24 h after intraperitoneal zymosan 

injection, during recovery of the peritoneal lavage fluid, 100 μl of 
the recovered fluid was plated on tryptic soy agar and blood agar 
plates to determine if bacterial contamination/infection of the 
peritoneum had occurred during inoculation of the animals with 
the sterile zymosan. Culture plates were placed in the incubator at 
37   °   C and checked for growth on days 1–5 after plating. 

  Flow Cytometry 
 Cells obtained by peritoneal lavage, bone marrow isolation, and 

lymph node dissection were fixed for 30 min in 4% paraformalde-
hyde on ice and then washed twice with cold PBS. Bone marrow 
cells and a subset of the peritoneal cells were blocked with PBS 
containing 4% NGS and 2% nonfat dry milk on ice for 20 min. Pri-
mary antibodies, rat IgG2a, anti-CD11b, or anti-RAGE, were add-
ed for 1 h on ice. After washing, cells were resuspended in 1:   1,000 
FITC or PE-conjugated goat anti-mouse antibody (Jackson Im-
munoResearch Laboratories Inc., West Grove, Pa., USA) for 30 
min on ice in the dark followed by washing. Finally, cells were in-
cubated with conjugated anti-Ly-6G and anti-CXCR2 or anti-
CXCR4 on ice for 1 h and washed before analysis.

  After fixation, stimulated splenocytes, lymph node cells, and a 
subset of the peritoneal cells were resuspended in 2 ml of 1× BD 
Pharmingen mouse Foxp3 permeabilization buffer and incubated 
at 37   °   C for 1 h. Cells were washed in PBS, centrifuged at 500  g  for 
5 min, then resuspended in PBS with 4% NGS and 2% nonfat dry 
milk and blocked on ice for 20 min. Cells were stained with conju-
gated antibodies against CD4, IL-17A (or rat IgG), and γδ TCR (or 
hamster IgG) in three color combinations for 1 h on ice and washed 
and resuspended in PBS prior to data collection.

  For PMN apoptosis analysis, freshly isolated peritoneal cells 
were incubated with PE-conjugated anti-Ly-6G for 1 h. Cells were 
then stained according to the annexin V kit manufacturer’s in-
structions, substituting Hoechst for propidium iodide.

  All data acquisition was performed on a BD LSR II (BD Biosci-
ences, Sparks, Md., USA) in the Flow Cytometry Facility at the 
University of Iowa with  ≥ 10,000 events collected per analysis. In 
some experiments, prior to collection of 10,000 events, gating was 
directed to the lymphocyte population determined by FSC and 
SSC. In other experiments, the PMN (Ly-6G-positive) population 
was gated prior to event collection. Data were analyzed using Flow-
Jo 7.6.4 software (Treestar, Ashland, Oreg., USA).
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  Histology 
 Lungs, livers, and kidneys were collected for histological analy-

sis from mice sacrificed 6, 24, or 48 h after injection and stored in 
10% formalin at 4   °   C. Tissues were sent to the Comparative Pathol-
ogy Laboratory at the University of Iowa where they were embed-
ded in paraffin, sectioned, stained with hematoxylin and eosin, and 
assessed by a veterinary pathologist blinded to treatment and ge-
notype. Hemorrhage, thrombi, and the presence of PMN were 
scored on a scale from 0 to 3 (0 = absent; 1 = uncommon, detect-
able; 2 = multifocal, moderate; 3 = common, extensive, severe), 
and a total lung pathology score was generated.

  Plasma Collection and Multiplex Assays 
 Mice were anesthetized with isoflurane and blood was collected 

via cheek puncture. Blood was placed in small tubes containing 
EDTA before centrifugation at 2,300  g  for 5 min. Plasma was re-
moved and stored at –80   °   C.

  Plasma samples (35 μl diluted 1:   3 with assay kit-provided sam-
ple buffer) from noninjected, saline-injected, and zymosan-inject-
ed mice were evaluated for cytokine content using a Bio-plex
Pro TM  mouse cytokine 23-plex assay (Bio-Rad Laboratories, Her-
cules, Calif., USA) according to the manufacturer’s instructions 
and analyzed on a Bio-Rad Bio-Plex (Luminex 200).

  IL-6, KC, MCP-1, MIP-1α, and MIP-1β levels were measured 
in peritoneal lavage supernatant samples from zymosan-injected 
mice using a customized Bio-Plex mouse cytokine 5-plex express 
assay (Bio-Rad Laboratories) according to the manufacturer’s in-
structions and analyzed on a Bio-Rad Bio-Plex (Luminex 200).

  Statistics 
 The Kaplan-Meier (mortality) curve was evaluated for signifi-

cance using a log-rank (Mantel-Cox) test. Temperature, BP, and 
heart rate data were analyzed by 2-way ANOVA with Bonferroni 
post tests using GraphPad PRISM 5.0 (GraphPad Software Inc., La 
Jolla, Calif., USA). Phenotypic analysis of peritoneal and bone 
marrow PMN was performed by ANOVA using SAS 9.3 (SAS In-
stitute Inc., Cary, N.C., USA). For cytokine analyses, models were 
created using ANCOVA to test the main effects of genotype and 
time and their interaction on change in cytokine levels between 
baseline (noninjected) values and values 24 or 24–48 h after zymo-
san injection, adjusting for experiment to account for variation 
between cytokine plates run on different days. ANCOVA was also 
used to model absolute differences in cytokine levels 24 and 48 h 
after injection, adjusting for experiment. SAS 9.3 was used for all 
cytokine analyses. All other comparisons were made using un-
paired Student’s t tests using GraphPad PRISM 5.0. In all graphs, 
 *  p < 0.05,  *  *  p  ≤  0.01, and  *  *  *  p < 0.001.

  Results 

 NOX2-Deficent Mice Exhibit High Early Mortality 
 To investigate a potential role for NOX2 in resolving 

inflammation, we induced a sterile systemic inflamma-
tory response in mice using a previously described ZIGI 
model  [18] . In this model, intraperitoneal zymosan in-
duces a triphasic illness during which mice become acute-
ly ill (1–2 days after injection), followed by a brief period 

of apparent recovery (3–5 days after injection), followed 
by progression to multiple organ dysfunction and signif-
icant late mortality. In preliminary experiments, we test-
ed a range of doses of intraperitoneal zymosan to deter-
mine the dose required to elicit 10% mortality in the WT 
mice (data not shown). We then injected WT and NOX2-
deficient mice with zymosan (0.7 mg/g) to compare the 
timing and extent of illness. Surprisingly, the NOX2-de-
ficient mice exhibited significantly enhanced early mor-
tality (73%) compared to the WT mice (10%). A 30% re-
duction in the zymosan dose elicited minimal mortality 
in either genotype ( fig.  1 ). No bacteria were recovered 
from the peritoneal cavity of either WT or NOX2-defi-
cient mice. Mice that survived the acute illness also sur-
vived the later stages of the illness. Based on these results, 
we focused our subsequent studies on the initial 48 h after 
injection.

  WT and NOX2-Deficient Mice Develop SIRS in 
Response to Zymosan and NOX2-Deficient Mice 
Exhibit Prolonged Hyperinflammation 
 To evaluate parameters for the development of sys-

temic inflammation in the mice, core body temperature, 
BP, and heart rate were measured prior to zymosan injec-
tion and sequentially starting 6 h after injection. Both zy-
mosan-injected WT and NOX2-deficient mice exhibited 
a significant decrease in core body temperature and mean 
arterial pressure 6 h after zymosan injection, indicative of 
an acute systemic inflammatory response ( fig. 2 ). Mice 
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  Fig. 1.  NOX2-deficient mice exhibit increased mortality following 
zymosan injection. Kaplan-Meier curve displaying survival of WT 
and NOX2-deficient mice following zymosan injection. Injection 
of 0.7 mg/g i.p. zymosan elicited markedly increased mortality in 
NOX2-deficient mice (n = 11 per genotype;  *  *  p  ≤  0.01), whereas 
a 30% reduction in the zymosan dose elicited minimal mortality in 
either genotype (n = 1/9 WT, 0/8 gp91 phox–/y ). 
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from both groups also demonstrated severe hypotension, 
with many animals having BP below measureable levels
6 h after zymosan injection (n = 8/11 WT and n = 10/11 
NOX2-deficient mice). At 24–48 h after zymosan injec-
tion, the average temperature of the WT mice had re-
turned to normal levels, while the NOX2-deficient mice 
displayed significant and persistent hypothermia ( fig. 2 a). 
Significant hypotension also persisted in the NOX2-defi-
cient animals with 10/21 NOX2-deficient animals having 
BP values below the detection limit at 24 or 48 h, com-
pared to only 4/23 WT animals. The mean arterial pres-
sure of the WT mice exhibited a return toward baseline 
values 30–48 h after injection, whereas the NOX2-defi-
cient mice displayed significant ongoing hypotension 
( fig. 2 b). Consistent with the prolonged hypotension ob-
served in the NOX2-deficient mice, NOX2-deficient mice 
had a significantly higher heart rate 48 h after zymosan 
injection (data not shown).

  As additional evidence for the development of SIRS, 
both genotypes demonstrated a profound decline in cir-
culating WBC count 6 h after zymosan injection ( fig. 3 a). 
However, 48 h after injection, NOX2-deficient mice dis-
played significant persistent leukopenia compared to WT 
mice ( fig. 3 a) due to profound neutropenia, as evidenced 
both by neutrophil percentage ( fig.  3 b) as well as total 
neutrophil numbers (p  =  0.0071; data not shown). The 
percentage of lymphocytes and monocytes remained 
similar between the genotypes ( fig. 3 c, d) though lympho-
cyte counts were significantly higher in the WT mice

48 h after injection (p  =  0.0256; data not shown). There 
was no significant difference in hemoglobin levels be-
tween the genotypes though hemoglobin significantly 
dropped in both groups 6–24 h after injection ( fig. 3 e). 
Finally, platelet counts were significantly lower in the 
NOX2-deficient mice 48 h after zymosan injection 
( fig. 3 f). These data provide strong evidence for the devel-
opment of a SIRS phenotype in both groups of mice with 
prolongation of the proinflammatory response in the ab-
sence of NOX2.

  WT and NOX2-deficient mice were also scored for 
lethargy, conjunctivitis, ruffled fur, and diarrhea, well-es-
tablished symptoms of systemic inflammation in rodents 
 [18] , 6, 24, and 48 h after saline or zymosan injection. 
While there were no significant differences between the 
genotypes 6 h after zymosan injection (data not shown), 
the NOX2-deficient mice had a significantly greater total 
inflammation score at 24 h ( fig. 4 a). The severity of indi-
vidual symptoms varied between the genotypes with the 
NOX2-deficient mice displaying significantly greater 
lethargy and ruffled fur ( fig. 4 b–e). NOX2-deficient mice 
also exhibited significantly greater lethargy at 48 h (p = 
0.0025), but the total inflammation score was not differ-
ent between the genotypes due to the progressive devel-
opment of severe diarrhea in both genotypes (data not 
shown). Considered in combination with the hemody-
namic and systemic cell counts, these data support our 
hypothesis that NOX2 is necessary to limit or resolve 
acute systemic inflammation.
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  Fig. 2.  NOX2-deficient mice develop prolonged hypothermia and 
hypotension following zymosan injection. Core body temperature 
( a ) and BP ( b ) were measured at several time points following in-
duction of SIRS by zymosan injection.  a  Mean core body tempera-
ture ± SEM (n  ≥  7 animals per genotype per time point from 2 
independent experiments). Two-way ANOVA with Bonferroni 

post tests revealed statistical significance between genotypes 6, 24, 
30, and 48 h after injection.  *  *  *  p < 0.001.  b  Mean arterial pressure 
± SEM (n  ≥  10 per genotype per time point from 3 independent 
experiments). Data were analyzed by two-way ANOVA with Bon-
ferroni post tests.  *  p < 0.05;  *  *  p < 0.01. 
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  NOX2-Deficient Mice Have Persistent PMN 
Recruitment with Hyperinflammatory PMN 
Phenotype 
 In view of our data demonstrating persistent, severe 

systemic inflammation in NOX2-deficient mice injected 
with zymosan, we sought to quantify the local inflamma-
tory response in the peritoneum. Both WT and NOX2-
deficient mice displayed robust PMN recruitment to the 
peritoneal cavity 6 h after zymosan injection with perito-
neal lavage samples from WT and NOX2-deficient mice 
containing 63.3 ± 12.5 and 63.2 ± 26.0% PMN, respec-
tively ( fig. 5 a). At 24 h after zymosan injection, WT and 

NOX2-deficient mice exhibited a similar decline in PMN 
percentages in the peritoneum with 46.2 ± 17.8% in the 
WT and 31.9 ± 20.0% in the NOX2-deficient samples. 
Notably, 48 h after injection, the peritoneal PMN count 
continued to decline significantly in WT mice, but NOX2-
deficient mice displayed persistence of PMN in the peri-
toneal cavity with no significant change between 24 and 
48 h ( fig. 5 a), consistent with their increased clinical signs 
of inflammation. Based on the quantitative similarity of 
PMN recruitment at 6 and 24 h, we evaluated the number 
of available PMN in the bone marrow of WT and NOX2-
deficient mice. In noninjected mice, there was no signifi-
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  Fig. 3.  NOX2-deficient mice have pro-
longed leukopenia and thrombocytopenia 
following induction of SIRS. Complete 
blood counts were performed on nonin-
jected mice (time 0), and 6, 24, and 48 h 
after zymosan injection to evaluate WBC 
concentration ( a ), neutrophil ( b ), lympho-
cyte ( c ), and monocyte percentages ( d ), he-
moglobin concentration ( e ), and platelet 
count ( f ). Means + SEM (n = 4 mice per 
genotype at time 0, n  ≥  6 per genotype at 
subsequent time points from a minimum 
of 2 independent experiments).  *  *  p < 0.01; 
 *  *  *  p < 0.001.           
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cant difference in bone marrow PMN percentages 
( fig. 5 b). However, by 48 h after zymosan injection, the 
bone marrow analyses demonstrated significantly greater 
PMN stores in the WT as compared to the NOX2-defi-
cient mice, suggesting that the decline in peritoneal in-
flammation in WT mice is not secondary to insufficient 
stores in the bone marrow, but more likely due to termi-
nation of the recruitment response.

  Based on our previous human CGD data  [10] , we hy-
pothesized that NOX2-deficient PMN have an altered in-
flammatory phenotype that would have implications on 
PMN function. We postulated that recruited PMNs 
would become ‘primed’ during the process of migration 
from the bone marrow to the peritoneal cavity with al-
terations in the levels of relevant cell surface markers. To 
quantitate this, we measured PMN cell surface levels of 
CXCR2, RAGE, CD11b, and CXCR4 on recruited perito-
neal PMN and compared these levels to those measured 
on bone marrow PMNs from the same mouse (fold 

change; peritoneal/bone marrow). Although absolute 
levels of the chemokine receptor CXCR2 were not differ-
ent between peritoneal PMN from WT compared to 
NOX2-deficient mice ( fig. 5 c), the fold change noted in 
peritoneal PMN/bone marrow PMN was significantly in-
creased in NOX2-deficient PMN recruited to the perito-
neum at 24 and 48 h in comparison to WT ( fig. 5 d–e). 
Similarly, RAGE was upregulated on peritoneally recruit-
ed NOX2-deficient PMN over bone marrow PMN at
24 h ( fig. 5 f–h). Upregulation of CXCR2 and RAGE sug-
gests increased capacity to generate amplification of in-
flammatory signaling by this cell population. The β 2 -
integrin, CD11b (Mac-1), is a well-described marker of 
PMN priming/pre-activation. Although peritoneal PMN 
from NOX2-deficient mice displayed significantly higher 
CD11b surface levels ( fig. 5 i), this was reflective of a base-
line difference also noted in bone marrow PMNs ( fig. 5 j), 
rather than an increase during the recruitment process 
( fig. 5 k). CXCR4 levels were used for comparison, as there 
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  Fig. 4.  NOX2-deficient mice display more severe symptoms of sys-
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     *  p < 0.05;  *  *  p < 0.01;  *  *  *  p < 0.001.           
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is no reason to suspect alterations in surface levels under 
our experimental conditions. As predicted, no differenc-
es in CXCR4 surface expression levels were observed be-
tween genotypes on peritoneal or bone marrow PMN 
(data not shown). Taken together, our peritoneal PMN 
analyses suggest that there are several specific phenotyp-
ic alterations that occur on acutely recruited PMN in 
NOX2-deficient mice that might be predicted to enhance 
inflammatory signaling in the peritoneum.

  Deficiency of NOX2 Leads to Significant 
Inflammatory Lung Pathology 
 We next sought to investigate which organs are affect-

ed during the acute phase of the systemic inflammatory 
response. Bronchoalveolar lavage (BAL) samples were 
dramatically altered in NOX2-deficient mice with hem-
orrhagic, neutrophilic BAL fluid 6, 24, and 48 h after zy-
mosan injection. Notably, BAL fluid from WT mice con-
tained <0.5% PMN at all time points while the NOX2-
deficient mice BAL fluid ranged from 25 to 31% PMN 
( fig.  6 a). Additionally, the majority of the NOX2-defi-
cient mice had grossly hemorrhagic BAL fluid both 24
(n = 14/16) and 48 h after zymosan injection (n = 16/18), 
whereas there was no evidence of hemorrhage in WT 
mice (n = 0/35, 24 and 48 h after zymosan injection). To-
tal cell count was also greater in the absence of NOX2 

compared to WT (43.8 × 10 3  vs. 18.3 × 10 3  cells; p = 
0.0366) and 48 h after zymosan (46.9 × 10 3  vs. 33.0 × 10 3  
cells; p = 0.0523). Noninjected and saline-injected ani-
mals of both genotypes had no evidence of PMN recruit-
ment to the lungs or lung hemorrhage (data not shown).

  By histopathology, the lungs of NOX2-deficient mice 
had significantly more thrombi, hemorrhage, and PMN 
infiltration than lungs of WT mice at 24 h ( fig.  6 b–g). 
Overall, the NOX2-deficient mice demonstrated a signif-
icantly higher total lung pathology score at 24 h, which 
was further increased 48 h after zymosan injection 
( fig. 6 h). Many mice that were included in the scoring for 
lung pathology underwent BAL first, thus potentially di-
minishing their lung pathology ‘scores’ under blinded 
conditions. NOX2 mice that underwent histopathologi-
cal analysis without prior BAL were assigned higher pa-
thology scores for both hemorrhage and inflammation, 
whereas there were no differences in WT mice, suggest-
ing that the numeric differences between the genotypes in 
the lung pathology data ( fig.  6 b–d, h) may be blunted. 
These data indicate that NOX2 protects from acute lung 
injury during systemic inflammatory responses.

  In addition to pulmonary pathology, small thrombi 
were present in the livers of a few zymosan-injected ani-
mals of each genotype and no kidney pathology was ob-
served (data not shown).

  Pro- and Anti-Inflammatory Cytokines Are Elevated 
in the Plasma of NOX2-Deficient Mice 
 The differences in the severity of local and systemic 

inflammation as well as survival between the WT and
gp91 phox–/y  genotypes imply that the initial proinflamma-
tory response is dysregulated in mice lacking functional 
NOX2. As cytokines are key orchestrators of systemic in-
flammatory responses, we measured the levels of 23 plas-
ma cytokines using a multiplex assay. Following induc-
tion of SIRS, 15 of these cytokines were significantly in-
creased in one or both genotypes 24 h after stimulation 
with zymosan (p < 0.001, data not shown). We primarily 
focused on cytokines that were differentially increased 
based on genotype. Both WT and NOX2-deficient mice 
demonstrated a significant change in serum levels of 
MCP-1, G-CSF, RANTES, IL-17, MIP-1β, IL-6, and IL-10 
over the first 24 h after zymosan injection ( fig. 7 ). Despite 
significant increases above baseline in both genotypes, 
MCP-1, G-CSF, RANTES, and IL-17 levels were signifi-
cantly greater in NOX2-deficient animals at 24 h than in 
WT mice ( fig. 7 a–d). Notably, between 24 and 48 h, there 
was a significant decline in several proinflammatory me-
diators in WT mice, including MCP-1, RANTES, IL-6, 

  Fig. 5.  Differential peritoneal PMN recruitment and PMN activa-
tion states in WT and NOX2-deficient mice. Flow cytometry was 
used to determine the percentage of PMN (Ly-6G+ cells) in the 
peritoneum and bone marrow of WT and NOX2-deficient mice as 
well as measure PMN surface expression of CXCR2, RAGE, and 
CD11b.  a  PMN recruitment to the peritoneum of noninjected 
mice (time 0) and zymosan-injected mice 6, 24, and 48 h after in-
jection. Means + SEM (n = 4 noninjected and n                ≥  9 zymosan-in-
jected mice per genotype per time points from a minimum of 3 
independent experiments).  *  *  *  p < 0.0001. NS = Nonsignificant.
       b  Percentage of PMN in the bone marrow of noninjected mice 
(time 0) and zymosan-injected mice 6, 24, and 48 h after injection. 
Means + SEM (n = 4 noninjected and n  ≥  13 zymosan-injected 
mice per genotype from a minimum of 3 independent experi-
ments).  *  p < 0.05.  c–j  The geometric mean index (GMI) of sev-
eral inflammatory surface markers was determined by flow cy-
tometry for gated PMN (Ly-6G+) populations isolated from the 
peritoneum and bone marrow of zymosan-injected mice 6, 24,
and 48 h after injection. GMI of peritoneal PMN for CXCR2
( c ), RAGE ( f ), and CD11b ( i ). GMI of bone marrow PMN for 
CXCR2 ( d ), RAGE ( g ), and CD11b ( j ). Fold increase (peritoneal 
PMN GMI/bone marrow PMN GMI) of CXCR2 ( e ), RAGE ( h ), 
and CD11b ( k ). Means + SEM (n  ≥  9 per genotype per time point 
from a minimum of 3 independent experiments).  *   p < 0.05;
 *  *  p < 0.01;  *  *  *  p < 0.001. 
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and IL-17, whereas NOX2-deficient mice displayed a 
downward trend but had persistent elevation of these me-
diators above baseline. RANTES, IL-17, and MIP-1β lev-
els were significantly higher in NOX2-deficient mice at
48 h and remained above baseline ( fig. 7 c–e). IL-6 levels 
were dramatically elevated 24 h after zymosan injection 
in both genotypes, and NOX2-deficient mice had persis-
tent elevation at 48 h ( fig. 7 f). Notably, TNF-α and IL-1β 
(not shown) were not elevated in either genotype 24 or
48 h after zymosan injection as compared with levels in 
the serum of noninjected mice. In addition, we observed 
that IL-10, an anti-inflammatory cytokine, was signifi-
cantly elevated in NOX2-deficient mice compared to WT 
mice 24 h after zymosan injection ( fig. 7 g). We observed 
no significant differences between the two genotypes in 
baseline plasma cytokine levels (data not shown).

  NOX2-Deficient Mice Have Altered T-Cell 
Populations Recruited to the Peritoneum 
 The marked difference in IL-17 production between 

the NOX2-deficient mice and WT mice was striking and 
notable given recent publications reporting the expan-
sion of Th17 cells in NOX2-deficient mice and patients 
with CGD  [19, 20] . Our cytokine assay revealed that 
NOX2-deficient mice injected with zymosan rapidly pro-
duced elevated levels of IL-17. As Th17 cells are key pro-
ducers of IL-17, we hypothesized that there may be great-
er numbers of Th17 (CD4+IL-17A+) cells in the perito-
neum or mediastinal lymph nodes of NOX2-deficient 
mice than WT mice after zymosan injection. Analysis of 
peritoneal cells demonstrated a significant increase in the 
percentage of CD4 T cells found in the peritoneal lavage 
fluid recovered from WT mice compared to NOX2-defi-
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  Fig. 6.  NOX2-deficient mice have enhanced lung pathology com-
pared to WT mice.  a  Percentage of PMN in the cells recovered 
from the BAL fluid of mice sacrificed 6, 24, and 48 h after zymosan 
injection. Hemorrhage ( b ), neutrophil infiltration ( c ), and throm-
bi ( d ) were scored in a blinded fashion 6, 24, and 48 h after zymo-
san injection (24 h data shown), representative images were taken 
( e–g ), and total lung pathology scores were generated ( h ).
 a–d  Means + SEM.          *  p < 0.05;  *  *  p < 0.01;  *  *  *  p < 0.001.  a  n  ≥  7 

per genotype per time point from 3 independent experiments.
   b–d  n = 2 saline- and 11 zymosan-injected mice per genotype from 
3 experiments.  e–g  Representative images (magnification: ×600) 
of alveolar sections taken 24 h after zymosan injection.  e  Immune 
cell infiltration in a NOX2-deficient lung.  f  Hemorrhage and a 
thrombus in a NOX2-deficient lung.  g  WT lung (control).  h  Means 
+ SEM (n = 6–11 per genotype per time point from a minimum of 
3 independent experiments).            *  *  p < 0.01;  *  *  *  *  p < 0.0001. 
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cient mice 24 h after injection ( fig. 8 a). However, NOX2-
deficient mice had a significantly higher frequency of 
peritoneal IL-17A+ CD4 T cells by intracellular staining 
( fig. 8 b). In view of the rapid (<24 h) rise in serum IL-17 
levels, we also considered a potential role for γδ T cells in 

IL-17 production, as has been previously demonstrated 
in acute inflammatory responses  [21, 22] . Similar to our 
findings with the IL-17-producing CD4 T cells, NOX2-
deficient mice had a lower percentage of γδ T cells than 
did WT mice ( fig. 8 c), but a slightly greater percentage of 

0

10,000

20,000

40,000

30,000

50,000

M
CP

-1
 (p

g/
m

l)

Time after injection (h)
0 24 48

a

0

1,000

2,000

3,000

4,000

RA
N

TE
S 

(p
g/

m
l)

Time after injection (h)
0 24 48

c

0

1,000

2,000

3,000

4,000

M
IP

-1
β 

(p
g/

m
l)

Time after injection (h)
0 24 48

e

0

100,000

200,000

300,000

400,000

G
-C

SF
 (p

g/
m

l)

Time after injection (h)
0 24 48

b

0

500

1,000

1,500

IL
-1

7 
(p

g/
m

l)

Time after injection (h)
240 48

d

0

20,000

60,000

40,000

80,000

IL
-6

 (p
g/

m
l)

Time after injection (h)
240 48

f

0

500

1,000

1,500

2,000

2,500

IL
-1

0 
(p

g/
m

l)

Time after injection (h)
0 24 48

g

WT
gp91phox–/y

  Fig. 7.  Plasma levels of MCP-1 ( a ), G-CSF 
( b ), RANTES ( c ), IL-17 ( d ), MIP-1β ( e ), 
IL-6 ( f ) and IL-10 ( g ) were persistently el-
evated in NOX2-deficient mice. Time 0 = 
Noninjected. For MCP-1, G-CSF, and IL-6 
some values were out of range for the mul-
tiplex ELISA. High out of range values were 
assigned the peak value within the mea-
surable range for statistical comparison. 
Means + SEM (n        ≥  7 noninjected and n  ≥  
9 zymosan-injected mice per genotype per 
time point from 3 independent experi-
ments).  *  p < 0.05;  *  *  p < 0.01.                                               
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the NOX2-deficient cells were IL-17A positive ( fig. 8 d). 
We also analyzed γδ and CD4 T-cell populations in the 
mediastinal lymph nodes which drain the peritoneal cav-
ity. Both WT and NOX2-deficient mice had similar per-
centages of CD4 T cells, but the frequency of IL-17-pro-
ducing cells was very low in both genotypes (data not 
shown). Overall numbers of γδ T cells in the mediastinal 
nodes were very low and no differences were noted be-
tween the genotypes (data not shown). Splenocytes were 
also examined for IL-17A-producing T-cell subsets, but 
no differences were observed between genotypes (data 
not shown).

  NOX2-Deficient PMN Display Enhanced Apoptosis in 
the Peritoneum 
 Despite the differences in IL-17-producing cells be-

tween the genotypes, the overall numbers were so low 
that it seemed unlikely to be the primary mechanism for 
increased mortality and inflammatory lung disease. CGD 
PMN have been previously described to have delayed 
apoptosis and thus increased inflammatory potential 
 [23] . Based on these observations in humans, we explored 
alterations in PMN apoptosis in the NOX2-deficient mice 
as the mechanism for the prolonged, amplified inflam-
matory response. Remarkably, investigation of the peri-
toneally recruited PMN demonstrated a greater percent-
age of NOX2-deficient peritoneal PMN undergoing 
apoptosis as determined by phosphatidylserine staining 
than WT PMN 24 and 48 h after zymosan injection 
( fig. 9 ). Additionally, the NOX2-deficient mice had sig-
nificantly higher absolute numbers of apoptotic PMN
48 h after injection (p = 0.01; data not shown). These data 
imply that the persistent proinflammatory process was 
not due to failure or delay of PMN apoptosis. Addition-
ally, these data suggest that dysregulated efferocytosis of 
apoptotic PMN by macrophages may be a mechanism in-
volved in prolonged inflammation in NOX2-deficient 
mice.

  PMN Chemokines Are Persistently Elevated in the 
Peritoneum of NOX2-Deficient Mice 
 In view of our apoptosis studies, we hypothesized that 

the NOX2-deficient mice would have ongoing PMN re-
cruitment to the peritoneum. Based on our previous 23-
plex cytokine assay used to measure systemic cytokines, 
five potentially relevant inflammatory mediators were 
measured in the peritoneal lavage fluid of the mice, IL-6, 
KC, MCP-1, MIP-1α, and MIP-1β ( fig. 10 ). IL-6, KC, and 
MCP-1 were elevated in both genotypes 6 h after injec-
tion. However, in the WT mice, these levels dropped sig-
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  Fig. 8.  Increased frequency of IL-17A-producing T-cell subsets in 
NOX2-deficient mice. Flow cytometry was used to identify CD4+, 
IL-17A+, and γδ TCR+ cells in the peritoneum of zymosan-inject-
ed mice 24 h after injection.  a  Percentage of CD4+ cells.  b  CD4 T 
cells were gated and the percentage that was IL-17A+ was deter-
mined.  c  Percentage of γδ TCR+ cells.  d  γδ T cells were gated and 
the percentage that was IL-17A+ was determined. Means + SEM 
(n = 7 per genotype from 2 independent experiments).                  *  p < 0.05; 
 *  *  *  p < 0.001.                                             
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  Fig. 9.  Peritoneal PMN from NOX2-deficient mice display in-
creased apoptosis. Flow cytometry was used to determine the per-
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nificantly at 24 h and were back to basal levels at 48 h. In 
contrast, IL-6, KC, and MCP-1 remained significantly el-
evated in the NOX2-deficient PMN at all time points. The 
chemokines MIP-1α and MIP-1β were slightly elevated in 
the WT mice 6 and 24 h after injection but had returned 
to baseline concentrations by 48 h. However, in the 
NOX2-deficient mice, MIP-1α and MIP-1β levels re-
mained elevated at all time points with the highest levels 
at 48 h. These data suggest that cytokines and chemokines 
are continuing to be secreted in the NOX2-deficient mice, 
resulting in continued PMN (and potentially monocyte) 
recruitment to sites of inflammation, including the peri-
toneum and the lung.

  Discussion 

 In the setting of SIRS, innate immune cells encounter 
danger-associated molecular patterns and/or pathogen-
associated molecular patterns, which activate these host 
cells and trigger responses including increased ROS gen-
eration and cytokine production. Increased generation of 
ROS has long been postulated to be detrimental, contrib-
uting to host tissue injury and the amplification of the 

inflammatory process  [24] . However, accumulating data 
suggest that ROS have a dual role during inflammation. 
First, individuals with CGD, who lack superoxide pro-
duction by the NADPH oxidase, exhibit a number of hy-
perinflammatory conditions, including granuloma for-
mation and colitis  [8, 9] . Additionally, clinical trials using 
antioxidant therapies to treat sepsis did not protect 
against mortality  [4, 5] . Finally, several recent studies 
have demonstrated that NOX2-deficient mice have en-
hanced responses to local infectious and sterile inflam-
matory stimuli  [14–16] . These lines of evidence suggest a 
potential anti-inflammatory role for ROS. The goal of this 
study was to determine whether NOX2-derived ROS 
have a role in limiting or resolving systemic inflamma-
tion.

  The current investigation provides strong evidence for 
two primary novel findings. First, NOX2 has a critical an-
ti-inflammatory function during sterile systemic inflam-
mation, and, second, NOX2 specifically protects against 
the development of inflammatory lung disease during 
SIRS. In response to a generalized inflammatory stimu-
lus, absence of NOX2 leads to profound dysregulation of 
the host response, including (1) marked abnormality of 
vital signs and circulating blood counts, (2) prolonged 
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  Fig. 10.  Persistently elevated levels of inflammatory mediators in the peritoneum of NOX2-deficient mice. IL-6 
( a ), KC ( b ), MCP-1 ( c ), MIP-1α ( d ), and MIP-1β ( e ) concentrations were measured in peritoneal fluid recovered 
from WT and NOX2-deficient mice 6, 24, and 48 h after SIRS induction. Means + SEM (n            ≥  6 per genotype per 
time point from 3 independent experiments).    *  p < 0.05;  *  *  p < 0.01.                                               
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peritoneal PMN recruitment with an activated PMN phe-
notype, (3) a hemorrhagic, neutrophilic pulmonary in-
flammatory response, (4) impaired resolution of local 
and systemic inflammation, and (5) increased mortality. 
Our results are in contrast to two recent studies in which 
systemic NOX inhibitors were found to protect from le-
thality  [25] , and systemic oxidant scavengers limited 
mortality, peritonitis, and PMN infiltration of the lung 
and intestine after zymosan injection  [26] . Importantly, 
both of these investigations employed global systemic re-
duction in ROS rather than targeted deletion of a single 
enzymatic source of ROS.

  The most striking difference between the genotypes in 
our study was the inflammatory lung pathology evident in 
the NOX2-deficient mice. Hemorrhage, thrombus forma-
tion, and neutrophil recruitment were noted and are con-
sistent with the development of inflammatory lung disease 
that is seen as a component of SIRS and is a well-described 
cause of morbidity and mortality in the intensive care unit 
patient  [27] . Although genetic deficiency in NOX2 has 
been shown to enhance acute lung inflammation following 
intratracheal administration of LPS or zymosan  [14, 16] , to 
our knowledge, this is the first description of a specific role 
for NOX2 in the protection against inflammatory lung dis-
ease as a component of SIRS. Moreover, there was no evi-
dence of lung pathology by BAL or histologic examination 
in the WT mice, whereas NOX2 mice displayed significant 
pathology at all time points studied, without any evidence 
of resolution of this process at 48 h.

  Unresolved or ongoing inflammation in the absence of 
NOX2 was not limited to the lungs. Although both geno-
types had early, robust recruitment of neutrophils to the 
peritoneal cavity, WT mice displayed significant, contin-
ual resolution of peritoneal infiltrate through 48 h, where-
as neutrophilic infiltration persisted in the NOX2-defi-
cient mice. There were also significant qualitative differ-
ences in the phenotype of the recruited PMN seen in WT 
and NOX2-deficient mice. We have previously demon-
strated that human PMN with genetic deficiency in NOX2 
(from CGD patients) or inactivation of NOX2 (PMN 
treated with diphenyleneiodonium) display evidence of 
an altered cell surface phenotype under resting condi-
tions and impaired priming responses to endotoxin  [10] . 
In the current study, NOX2-deficient PMN upregulate 
surface expression of CXCR2 and RAGE. RAGE is a pat-
tern recognition receptor that recognizes a diverse spec-
trum of danger-associated molecular patterns  [28] . Both 
increased RAGE and CXCR2 expression would elicit en-
hanced PMN responsiveness and perpetuation or aug-
mentation of inflammation.

  In light of strong evidence for significant enhancement 
of both local and systemic inflammation, we investigated 
the plasma levels of pro- and anti-inflammatory cyto-
kines, key mediators of the inflammatory balance. Based 
on reports in the literature of the spontaneous develop-
ment of inflammatory conditions in aging NOX2-defi-
cient mice  [19] , we were surprised to find no differences 
in basal cytokine levels between the genotypes. Several 
chemokines were markedly increased in NOX2-deficient 
mice as compared to WT mice following zymosan injec-
tion. Among these, MIP-1α has been demonstrated to 
have a role in the development of SIRS following trauma 
 [29] . We speculate that these increased levels may be sec-
ondary to hyperactivation of circulating monocytes/tis-
sue macrophages in the absence of NOX2. A specific role 
for monocyte and macrophage NOX2 in SIRS responses 
is under investigation.

  Notably, two cytokines were profoundly increased in 
the NOX2-deficient as compared to WT mice, IL-10 and 
the proinflammatory cytokine IL-17. IL-17A has many 
cellular targets and induces responses including proin-
flammatory cytokine production, which promotes PMN 
activation and recruitment  [30] . While several cell types 
are now known to express IL-17A, two key producers are 
Th17 cells, a subset of CD4 T cells, and γδ T cells. Recent-
ly, studies in gp91 phox–/–  and p47 phox–/–  have revealed a 
skew toward enhanced Th17 cell differentiation contrib-
uting to inflammatory conditions such as arthritis  [19]  as 
well as enhanced γδ T-cell activity  [31] . We explored ex-
pansion of Th17 or γδ T cells as the mechanism involved 
in the generation of the hyperinflammatory phenotype 
following SIRS. NOX2-deficient mice displayed a greater 
percentage of CD4 T cells that produced IL-17A than did 
WT mice, although total cell numbers were very low. The 
increased IL-17A levels were noted at 24 h raising the 
concern that mature Th17 cells could not be differenti-
ated within this time interval; however, a study by Reyn-
olds et al.  [32]  showed that stimulation of fully differenti-
ated Th17 cells with certain TLR2 agonists alone elicited 
IL-17 production.

  These subtle T-cell differences seemed unlikely to ex-
plain the vast difference in inflammatory pathology be-
tween the genotypes. Mechanisms of neutrophil cell 
death are now recognized to be critical to resolution of 
inflammation. Neutrophil apoptosis participates in the 
termination of acute inflammation by two distinct mech-
anisms: (1) reduced local tissue damage by PMN that un-
dergo apoptosis rather than necrosis with leakage of con-
tents, and (2) macrophage uptake of apoptotic PMN spe-
cifically signaling downregulation of the macrophage 
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inflammatory program  [33] . Moreover, CGD patients 
have been demonstrated to have delayed apoptosis under 
some conditions, suggesting a specific role for NOX2 in 
the control of neutrophil apoptosis  [23, 34] . We postu-
lated that the mechanism for the prolonged SIRS and 
acute lung injury pattern seen in our NOX2-deficient 
mice resulted from impaired or delayed apoptosis of peri-
toneally recruited PMN. However, our data not only 
failed to support this mechanism, but also demonstrated 
enhanced PMN apoptosis in the NOX2-deficient perito-
neal PMN both 24 and 48 h after injection as compared 
to the WT.

  Finally, our peritoneal cytokine data support the alter-
nate mechanism of failure to terminate the primary pro-
inflammatory response. Macrophage polarization is crit-
ical in shifting from the initial proinflammatory phase to 
a resolution phase  [35] , and a phenotype of ‘resolution 
phase’ macrophages regulated by cAMP has been de-
scribed  [36] . Our data suggest that, in the absence of 
NOX2, the proinflammatory signaling persists with on-
going generation of MCP-1, MIP-1α, and MIP-1β, like-
ly generated by M1 macrophages or monocytes in the 
peritoneal cavity. Each of these chemokines has pro-
inflammatory activity, with recent evidence of neutro-
phil chemotactic properties  [37, 38] . Moreover, altered 
macrophage programming has been demonstrated in 
NOX2-deficient mice and implicated in dysregulated 
neutrophil clearance/efferocytosis  [39] .

  In conclusion, this study reveals a novel role for NOX2 
in the resolution of systemic inflammatory responses, 
and, specifically, in limiting pulmonary inflammation 
during SIRS. The sterile inflammatory stimulus delivered 
in our model elicited local PMN infiltration and systemic 
cytokine elevation in WT mice, but inflammation was 
readily suppressed with short-term return to homeostasis 
and no end-organ failure. Conversely, in the absence of 

NOX2, the systemic progression of the acute inflamma-
tory phase was markedly augmented with rapid develop-
ment of distant organ involvement and damage. These 
data do not provide direct evidence as to which NOX2-
expressing cell(s) is/are responsible for this dysregulated 
inflammation, but our laboratory is actively investigating 
this question. Specifically, failure to terminate or repro-
gram the macrophage/monocyte inflammatory response 
is suggested and is currently being explored. In the clini-
cal setting of SIRS, the majority of patients mount com-
pensatory anti-inflammatory responses soon after the 
onset of SIRS, curbing inflammation and initiating a re-
turn to immunological homeostasis  [2] . Our data indicate 
that NOX2-deficient mice are unable to curb the pro-
inflammatory response, suggesting that NOX2-derived 
ROS may have an inhibitory function, dampening SIRS 
or, alternatively, that these ROS are necessary for the ini-
tiation of a compensatory anti-inflammatory response 
syndrome.
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