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ROS-deficient monocytes have aberrant gene
expression that correlates with inflammatory
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KEYWORDS Abstract Chronic granulomatous disease is an immunodeficiency caused by an inability to
Inflammation; produce reactive oxygen species. While the mechanism of hyper-sensitivity to infection is well
Gene regulation; understood in CGD, the basis for debilitating inflammatory disorders that arise in the absence of
Cytokines; evident infection has not been fully explained. Herein it is demonstrated that resting and TLR-
Lipopolysaccharide; activated monocytes from individuals with CGD expressed significantly higher levels of
Reactive oxygen species inflammatory mediators than control cells; the expression in CGD cells resembled normal cells

stimulated with lipopolysaccharide. The lack of acute illness, infection or circulating endotoxin
in the blood of the CGD patients at the time of sampling was consistent with infection-free
inflammation. The enhanced expression of inflammatory mediators correlated with elevated
expression of NF-xB and was dependent on ERK1/2 signalling. The results are consistent with the
hypothesis that ROS are anti-inflammatory mediators that control gene expression and
potentially limit the development of sterile inflammatory disorders.
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Introduction

Phagocytic oxidative killing is mediated in part by highly
toxic reactive oxygen species (ROS) such as superoxide,
hydrogen peroxide and hydroxyl radicals, which are
generated by the NADPH-oxidase complex. In the late
1950s, a clinical syndrome was described in children as
being characterized by recurrent life-threatening infections
and widespread chronic granulomas [1]. It was later found
that this condition, chronic granulomatous disease (CGD),
results from mutations in one of the genes that encode
components of the NADPH-oxidase complex. The result is a
non-functional NADPH-oxidase complex and phagocytic cells
that are defective in the production of ROS [reviewed in [2]].
Although the exact incidence of the disease is unknown, this
is a rare disease, with approximately 1 case per 200-500
thousand individuals. The incidence varies with geographical
location but there are no reports of racial or ethnic
predilection. The most common form of the disease results
from a mutation in the CYBB gene that encodes gp91P"%, the
b subunit of cytochrome b558. As the CYBB gene is located on
the X chromosome, this form of the disease is commonly
referred to as X-linked CGD. An expected 50-70% of CGD cases
result from a deficiency in gp91Ph°%, yielding an estimated
300-1000 cases in North America per year. The severity of the
disease and mortality is highest in patients with this form of
the disease.

In general, individuals with CGD are susceptible to a range
of infections including those by Aspergillus species, Staphy-
lococcus aureus, and Burkholderia cepacia complex bac-
teria. Patients with CGD also present with inflammatory
conditions that occur in the absence of infections, including
among others inflammatory bowel disease, inflammatory
granulomatous obstruction of the bladder, esophagus and
stomach, scarring acne, and ‘sterile’ pneumonitis [reviewed
in [3]]. The inflammatory phenotypes are so compelling and
similar to idiopathic inflammatory diseases that they often
overshadow the underlying immunodeficiency [4]. These
inflammatory disorders decrease the quality of life and
shorten life expectancy in the absence of life-threatening
infections. Even in patients with identical genetic defects,
the disease is clinically heterogeneous thus the prognosis for
individuals is difficult. It is important to recognize that death
may be caused by an infection and/or the inflammatory
disease. Indeed, two of the four patients investigated here
died during the course of this study, one from an infection
and the other from overwhelming and irreversible pulmonary
inflammation in the absence of evident infection.

The inflammatory disorders remain a poorly understood
aspect of the disease. It has been suggested that inflamma-
tory disorders in CGD result from persistent, non-culturable
microorganisms [5], although there is no compelling evi-
dence for this possibility. Significantly, ROS, which are
deficient in CGD, have functions besides oxidative killing,
including roles in metabolism, cell death, apoptosis, induc-
tion of host defence genes, oxidative signalling and the
regulation of inflammation [reviewed in [2,6]]. The absence
or dysregulation of these functions might also account for the
observed inflammatory disorders and explain how chronic
inflammation in CGD patients can progress in the absence of
infection. In particular, it has been suggested that ROS
influence the activation of NF-xB [reviewed in [7]], a key

factor responsible for the transcription of inflammatory
genes [reviewed in [8]]; indeed the activity of NF-xB is known
to be sensitive to cellular redox states.

Research in this field has tended to focus on neutrophils as
these cells produce an abundance of ROS, particularly
following cellular activation that can occur during phagocy-
tosis of foreign microbes. We reported that PBMC from
individuals with CGD demonstrate enhanced production of
pro-inflammatory cytokines in response to TLR agonists [9],
providing evidence that blood cells other than neutrophils
are affected by this deficiency in ROS generation, and
suggesting that these cells might contribute to the pathology
of the inflammatory disorders associated with CGD. In this
study, using microarray technology, bioinformatic interroga-
tion and selective confirmation of gene expression by real-
time PCR and ELISA, the profiles of gene expression in
monocytes from individuals with CGD in the presence or
absence of in vitro activation by the TLR agonist lipopoly-
saccharide (LPS) or peptidoglycan (PGN) were compared to
similarly treated cells from normal individuals, indicating
broad dysregulated expression of inflammatory genes in
monocytes from four males with gp91Ph°%-deficient, X-linked
CGD. In particular, the expression of NF-xB-regulated
inflammatory genes was elevated in monocytes from the
patients and this expression was highly co-dependent on the
mitogen-activated protein kinase (MAPK) ERK1/2. Interest-
ingly the most profound dysregulation of gene expression
occurred in unstimulated CGD monocytes.

Materials and methods
Cell culture, PBMC isolation and PBMC stimulation

Four male patients, 18—-32 years of age, with diagnosed X-
linked CGD resulting from mutations in the gene for the
gp91P"°* component of the NADPH complex participated in
this study. Previous work confirmed that PBMC from these
individuals were devoid of ROS [9]. PBMC from healthy
volunteers or the patients were prepared as previously
described [10] in accordance with the University of British
Columbia Clinical Research Ethics Board protocol C04-0193.
PBMC (5x10° cells/ml) were stimulated for 4 h or 24 h at
37 °C in 5% CO, with 100 ng/ml repurified Escherichia coli
0111:B4 LPS or 10 pug/ml Bacillus subtilis PGN (Invivogen).
The cationic human peptide LL-37 (LLGDFFRKSKEKIGKEFK-
RIVQRIKDFFR-NLVPRTES) was synthesized as described [10]
and added to cells at 20 pg/ml alone or with LPS. Cells were
pre-incubated for 30 min with inhibitors for ERK (10 pM
PD98059; Cell Signalling Technologies), p38 (10 uM SB203580;
Sigma), NF-«B (5 uM MG132; Calbiochem) or vehicle control,
then activated with LPS for 1 h. The inhibitor concentrations
and DMSO vehicle control were demonstrated to be non-toxic
to PBMC. The gp91P"°xP415H (X-CGD) and control PLB cell
lines [11] were cultured under sterile conditions at 37 °C in
5% CO, in RPMI 1640 supplemented with 10% FCS, 2 mM L-
glutamine, 1 mM sodium pyruvate, 100 U/ml penicillin and
100 pg/ml streptomycin (Fisher Scientific). Cells were
seeded at 2x10° cells per well on 24-well plates and
differentiated towards an adherent, myeloid phenotype by
incubation for 15-18 h with 50 nM PMA (Sigma). Non-
adherent cells were removed by washing and adherent cells
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were cultured an additional 24 h (without PMA) before use in
downstream assays.

Positive selection of CD14" peripheral blood
monocytes

Following culture of PBMC, monocytes were positively
selected using anti-CD14 conjugated magnetic beads
(M450; Dynal; Invitrogen) following previously described
protocols [12,13] which removed greater than 90% of CD14*
cells from the PBMC population, as determined by flow
cytometry analysis. Monocytes were stored in RNA Stabiliza-
tion Reagent (Qiagen) at 4 °C for up to 24 h.

Detection of cytokines

Following culture of cells, the tissue culture supernatants
were centrifuged and stored at —80 °C until analysis for
cytokines using, for PBMC supernatants, a cytokine 5-Plex kit
(Biosource International Inc) and Luminex 100™ StarStation
software (Applied Cytometry Systems) as described pre-
viously [10], or for PLB and X-CGD cell line supernatants,
standard human IL-8 and TNF« ELISA (R&D System:s).

DNA microarrays

RNA was isolated from monocytes with RNeasy Mini kit and
analyzed using an Agilent 2100 Bioanalyzer (Agilent Tech-
nologies) as described previously [10]. Equal quantities of
RNA from each of five healthy individuals were pooled per
experimental condition. Samples from three of the CGD
patients were subject to microarray analysis (against the
control pool) on human 21K oligo-based gene arrays. Arrays
were analyzed by ArrayPipe software version 1.6 [14] as
previously described [10] and the data was deposited into
ArrayExpress (ArrayExpress Accession number E-FPMI-9).

Statistical predictions [15] yielded a false discovery rate of
20%, which was calculated experimentally to be 17% by the
selective confirmation of more than 40 genes by gPCR. The lists
of differentially expressed genes (a minimum 1.5-fold change
in expression, p<0.06) obtained from ArrayPipe were com-
pared to the total number of unique genes on the microarray
(18730 genes, uploaded by Ensembl ID) using the Gene
Ontology Tree Machine (GOTM, [16]) to identify GO categories
with a significantly enriched ratio (ratio >1.0 and p<0.01) of
differentially expressed genes. The enrichment ratio for each
GO category is defined as the number of differentially
expressed genes per category divided by the total number of
genes from the microarray in the same category.

Quantitative real-time PCR (qPCR)

Differential gene expression was selectively validated using
SuperScript® Ill Platinum® Two-Step qRT-PCR Kit with SYBR®
Green [10], using 10 ng of total RNA as the starting material
from each of the four patients and the pooled control.
Primers were synthesized by Invitrogen and the sequences
are available upon request.

Detection of endotoxin (LAL assay)

The LAL Chromogenic Endpoint Assay (Hycult Biotechnology)
was used to determine a concentration of endotoxin
(according to the best-fit-line of the standards) in the
plasma from patients and control donors according to the
manufacturer’s instructions.

Production of ROS

ROS were detected using a luminol-enhanced CL system with
a Mithras LB940 luminometer (Berthold) plate reader as
previously described [9].

Table 1  Individuals in this study with X-linked chronic granulomatous disease
ID number CGDO CGD1 CGD37 CGD97
Clinical Recurrent Systemic infection Inflammatory acne. Progressive pulmonary
characteristics  inflammatory with Pseudallescheria Well until sudden death inflammation. Multiple sterile
bowel and boydii during in 2005 at a location remote open lung biopsies. Bone marrow
esophageal childhood. Since then from Vancouver for which transplantation in 2006. Died in
obstruction. healthy. no cause was identified. 2007 awaiting a lung transplant.
Treatments and TMP/SMX IFN-y; TMP/SMX IFN-y; TMP/SMX TMP/SMX
medications
Age at the time 18 29 27 32
of first sampling
Date(s) of Sept 27, 2004 Sept 26, 2004 Oct 12, 2004 Sept 26, 2004
sampling Jan 17, 2006 Dec 6, 2004
June 23, 2005
Oct 12, 2005
Health status Well during course  Well over course of  Well until sudden Pulmonary inflammation
over course of the study except the study. unexplained death in the leading to death in May 2007.

of the study for some episodes of
bowel obstruction.
Microarray, RT-PCR,

ELISA

Investigation Microarray, RT-PCR,

ELISA

Microarray, RT-PCR, ELISA

spring of 2005.

RT-PCR, ELISA

TMP/SMX; trimethoprim/sulfamethoxazole, also known as co-trimoxazole.
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Results

TLR signalling is dysregulated in monocytes from
patients with CGD

We previously observed that CGD PBMC produce elevated
protein levels of two pro-inflammatory cytokines, IL-6 and
TNFa, compared to control cells in response to LPS and PGN
[9]. As monocytes are a subset of PBMC that produce both
ROS and substantial amounts of soluble inflammatory
mediators, we predicted that this cell type may be
responsible for the enhanced production of inflammatory
cytokines by a mixed population of blood cells. Therefore we
initially focused on gene expression patterns specifically in
CD14* PBMC (monocytes) from CGD patients and healthy
individuals using microarray technology.

To maximize the reliability of microarray analysis and
minimize the impact of individual variability in gene
expression, four individuals of the same gender and the
same deficiency (in gp91P"°%) were selected for the study and
a control pool was constructed from 5 healthy individuals in
the same general age bracket as the patients. A description
of the persons with CGD can be found in Table 1. Control
experiments indicated that the trends in gene expression in
the control pool were consistent with those observed in other
gene expression studies that implemented the same methods
for in vitro cellular activation of primary cells and isolation
of monocytes [13]. As anticipated, the expression of gp91Phox
was confirmed to be down-regulated in all patient samples.

Between 750 and 900 genes were identified as differen-
tially expressed in CGD monocytes from individual patients
compared with control monocytes under the various condi-
tions. Of the dysregulated genes in CGD cells, approximately
59% of genes were up-regulated and 41% were down-
regulated compared to controls. More than 60 real-time
PCR experiments were performed to confirm the gene
expression patterns reported from the microarray analysis
and to determine absolute levels of expression. The gene
expression (up- or down-regulation in monocytes from the
various patients compared to the control) that was reported
by microarray analysis had an 83% correlation with that
determined by real-time PCR. While the magnitude of gene
expression was never identical between individuals, the
more accurate qPCR data demonstrated that, 90% of the
time, the expression of individual genes was similar between
the four different patients (i.e. less than 10% of the time the
expression of a gene in one patient contrasted the expression
in the 3 other patients).

The gene ontology (GO) tree machine (GOTM; [16]) was
used to analyze the differentially expressed genes from the
microarray analysis and determine the major biological
processes and signalling pathways that were altered in CGD
monocytes (Supplemental Tables 1 and 2). Previously, it was
reported that ROS primarily alter the process of apoptosis in
neutrophils [17-19]. Our analysis demonstrated that ROS
deficiency in monocytes impacted on a much broader range
of biological and cellular processes. Compared to normal,
ROS-competent monocytes, there were significantly larger
numbers of abnormally expressed genes in resting and TLR-
activated CGD monocytes that were associated with the
processes of cytokine/chemokine activity, the IKK/NF-«xB
signalling cascade, immune responses and cellular responses

to stimuli. Consistent with dysregulation of these biological
processes, a large number of the differentially expressed
genes in resting and TLR-stimulated CGD monocytes were
associated with the TLR4 signal transduction pathway as
illustrated in Fig. 1 using Cytoscape clustering methodology
[20]. Given that aberrant activation of TLR signalling
pathways can promote disorders in both host defence and
inflammation [21], both of which are clinical characteristics
of CGD, the expression pattern of TLR-associated genes was
investigated in more detail.

While, on the whole, differentially expressed genes in
unstimulated CGD monocytes were up- or down-regulated
with similar frequency, the majority (74%) of genes down-
stream of IKK and NF-«B in the TLR4 pathway had heightened
expression in unstimulated CGD monocytes compared to
control cells. Based on confirmatory qPCR experiments, the
expression of 20/23 genes was elevated on average 13-fold
higher in CGD cells than control cells in the absence of
activation. Expression levels of the 23 genes are summarized

Figure 1 Differentially expressed genes in CGD monocytes
map to the TLR signal transduction pathway. An interactive map
of the TLR4 signal transduction pathway was integrated into
Cytoscape [20], an open-source bioinformatics visualization
software, as described previously [10]. Proteins and genes
(nodes) are represented as circles while interactions are
represented by lines between two interacting nodes. The
microarray gene expression data was overlaid onto the nodes
of this protein network. The node colour reflects the average
gene expression in monocytes from patients with CGD relative to
that in a control pool of monocytes after 4 h in the absence (A) or
presence of LPS (B) or PGN (C). Green or red nodes respectively
illustrate lower or higher expression of the gene in CGD
monocytes relative to healthy controls. Gene names are
indicated in the upper left panel.
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Table 2  Gene expression by gPCR in monocytes from four
CGD patients relative to expression in control cells

Gene name  CGDO CGD1 CGD37 CGD97
TNF-o. 2.5+0.0* 3.3+0.8 3.6+0.2 2.0+0.1
IL-1B 4.1+0.3 4.3+0.2 6.6+0.3 3.1+0.3
IL-1F9 70.3+8.2 ndP 70.0+6.9 36.1+0.9
IL-1RN 22.7+0.3 10.2+0.5 8.9+0.5 22.6+0.8
IL-6 13.2+0.0 3.6+0.3 32.1+0.3 81.6+4.4
IL-10 2.9+0.4 2.1+0.1 10.0£0.0 1.8%0.3
IL-12B 4.6+0.0 nd 37.1+3.4 1.3+0.1
IFIT1 27.6+0.7 nd 37.8+2.8 11.5+3.9
CCL8 32.4+1.9 179.2+2.6 48.5+5.5 9.0x0.6
CXCL1 5.9+0.4 3.7x0.1 7.3+0.2 3.5+0.0
CXCL6 40.8+3.2 32.1+20.2 22.8+2.3 34.2+5.8
EBI3 1.9+0.1 0.6+0.5 4.6+0.2 1.2+0.1
CFLAR 2.0£0.5 4.6+0.0 2.3+0.0 1.1+1.0
MX2 18.2+1.2 nd 20.4+1.4 5.2+0.1
RIPK2 5.6+0.1 11.9+1.6 3.9+0.1 2.9:0.3
SOCS1 9.3+0.3 18.8+0.4 12.3+0.5 4.2+0.1
NF-xB2 1.6+0.3 0.9+0.4 2.6+0.1 0.9+0.1

(p100/p52)
RelB 1.1+0.1  0.9+0.0 1.0£0.0 0.8+0.0
c-Rel 0.9+0.0 0.9:+0.1 1.4+0.0 0.7+0.0
NF-kB1 2.5+0.0 1.5+0.1 2.5+0.0 1.3x0.1
(p105/p50)

RelA (p65) 1.7+0.0 2.5+0.4 1.8+0.0 1.2+0.1
IkBC 1.3+0.0 1.6+0.1 2.7+0.2 13.9+1.8
BATF 5.3+#0.2 5.7+1.8 10.7+0.2 1.9+0.5

@ Fold changes normalized to endogenous GAPDH in CGD cells
then expressed relative to that in the pool of unstimulated
control monocytes (fold change=1.0) +the standard deviation
of 2 technical replicates.

b nd = not determined.

in Table 2 and examples of the RT-PCR results are shown in
Figs. 2 (unstim) and 3A. Enhanced transcription of IL-6, IL-8
and TNF-« correlated with higher levels of protein in the TCS
of unstimulated CGD monocytes (Fig. 3B), as determined by
multiplex bead assays. The subset of up-regulated genes in
resting CGD cells included a number of genes for classic pro-
inflammatory cytokines and chemokines that are normally
expressed only after cellular activation. The gene expression
patterns of unstimulated patient cells had striking similarity
to that normally observed in ROS-competent monocytic cells
activated with LPS (Fig. 3C). In fact, most genes identified as
differentially expressed (p-value <0.05 by Student's t-test)
in unstimulated CGD monocytes (compared to unstimulated
control cells) were expressed to a similar degree in normal
monocytic cells stimulated for 4 h with LPS [10]. Supple-
mental Table 3 provides a list of the common up-regulated
genes. Thus, unstimulated CGD monocytes had a transcrip-
tional profile characteristic of TLR-activated cells and this
hyper-inflammatory nature of the cells corresponded with
the predisposition of individuals with CGD to exhibit sterile
inflammatory disorders.

Following stimulation with the TLR agonists, LPS or PGN,
for 4 h, 857 and 751 genes respectively, were differentially
expressed in CGD monocytes compared to similarly stimu-
lated control monocytes. More than half of these dysregu-
lated genes (61% for LPS and 62% for PGN) were expressed at

a higher level in CGD monocytes compared to control cells,
on average 2-fold higher as determined by qPCR experi-
ments. The expression levels of major inflammatory media-
tors, including IL-1p, IL-6, IL-8, IL-10, IL-123, TNF-a, IFN-v,
IFIT1, and CCL8, were significantly up-regulated in CGD
monocytes (examples shown in Fig. 2). Consistent with our
previous findings in TLR-activated CGD PBMC [9] as well as a
report that IL-8 was elevated in fMLF-induced CGD neutro-
phils [22], a corresponding increase in secreted IL-1p, IL-6,
IL-8, and TNF-a proteins was confirmed by multiplex bead
assay (Fig. 4 and data not shown).

These data demonstrate that the CGD mutation asso-
ciated with the absence of ROS is also correlated with the
enhanced transcription and translation of inflammatory
mediators in peripheral blood monocytes, both unstimulated
and stimulated with TLR agonists LPS or PGN. These studies
expanded the range of pro-inflammatory cytokines con-
firmed to be up-regulated in CGD from the two described
previously (TNFa and IL-6) to ten including IL-1p, IL1F9,
IL1RN, IL-12p, IFIT1, CCL8, CXCL1, and CXCL6. The over
expression of inflammatory genes was consistently observed
in cells from all four patients compared to cells from healthy
individuals. Further, these data indicated that ROS-deficient
monocytes are likely responsible for the exaggerated levels

Figure 2 Inflammatory genes highly expressed in CGD mono-
cytes following stimulation with TLR agonists. The relative
expression (Y-axis) of pro-inflammatory cytokines and chemokines
in monocytes from four CGD patients (grey bars) or a pool of five
controls (white bars) following culture for 4 h (unstimulated) with
LPS or PGN were measured by real-time PCR. The dark grey bars
show gene expression in ROS-deficient monocytes that were not
interrogated by microarray analysis, thus serving as an independent
validation of the data. Fold changes were normalized to endogen-
ous GAPDH then expressed relative to that in the pool of
unstimulated control monocytes + the standard deviation of 2 tech-
nical replicates.
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Figure 3 Unstimulated CGD monocytes have profoundly heightened expression of inflammatory genes and transcriptional
signatures similar to TLR-activated control (ROS-competent) monocytes. (A) The relative expression (Y-axis) of chemokines (CXCL1,
CXCL6) and inflammatory cytokines (TNF-a, IL-10) in unstimulated monocytes from four patients with CGD (grey bars) or unstimulated
monocytes from healthy controls (white bars) were measured by real-time PCR following 4 h culture in vitro. Fold changes were
normalized to endogenous GAPDH then expressed relative to that in unstimulated control monocytes+the standard deviation of 2
technical replicates. (B) Mutiplex bead assays were used to measure pro-inflammatory cytokines (pg/mlx 10%+standard deviation;
Y-axis) in the tissue culture supernatants of PBMC from 2 healthy donors (white bars) and 2 CGD patients (grey bars) after 4 h culture in
vitro in the absence of cellular activation. The dark grey bars show gene expression (in A) and protein secretion (in B) in ROS-deficient
monocytes that were not interrogated by microarray analysis. (C) Microarray gene expression data was overlayed on the TLR4 pathway
illustrating gene expression in THP-1 monocytic cells in response to stimulation with LPS for 4 h (upper panel) [10]. The lower panel
shows a similar pattern of gene expression in (4 h) unstimulated CGD monocytes relative to that in unstimulated controls. The legend
for node colours and gene names are as in Figure 1.

of cytokines observed in the tissue culture supernatants Lack of up-regulation of anti-inflammatory

(TCS) following the stimulation of a mixed population of mediators

leukocytes with TLR agonists. Thus monocytes are an

important cell type contributing to the inflammatory The expression of inflammatory mediators other than the
phenotype of CGD patients. classic inflammatory cytokines and chemokines discussed

Figure 4 CGD monocytes have intrinsic inflammatory transcriptional activity. The expression of pro-inflammatory cytokines IL-6, IL-8
and TNF-« (Y-axis) after 24 h culture of PBMC from healthy individuals (white bars) or one CGD patient (light grey bars) in the absence (right
panel) or presence of LPS (left panel) and the absence or presence of the anti-inflammatory peptide LL-37 (black bars for control and dark
grey bars for CGD) as determined by multiplex bead assays. Shown is a representative result of the experiment that was performed three
times with PBMC from the different control donors and the same CGD patient.
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Table3 Gene expression by microarray analysis of anti-inflammatory genes in CGD monocytes relative to gene expression in
control cells
Gene name Gene description Unstimulated +LPS +PGN
4h 24 h 4h 24 h 4h 24 h
TGFB2 TGF-beta 2 has suppressive effects on -1.12 -1.1 -1.4 -1.0 1.2 -1.5
interleukin-2 dependent T-cell growth.
TGFBR2 Type I/type Il TGF-beta receptors. -1.7 1.0 1.2 = 1.1 -1.5
IL-13 Inhibits inflammatory cytokine production. 1.3 -1.5 1.4 -1.2 1.1 1.1
May be critical in regulating inflammatory
and immune responses.
IL-18BP Binds to IL-18 and inhibits its activity. 1.5 -1.2 1.1 1.2 1.5 =13
Functions as an inhibitor of the early Ty1
cytokine response.
IL-1F5 Is a highly and a specific antagonist of IL-1F9. =16 1.0 .0 = 1.1 1.0
NF-kBIA Inhibits NF-xB by complexing with and 1.3 -1.1 1.0 -1.0
trapping it in the cytoplasm. May be
involved in regulation of transcriptional
responses to NF-xB, including cell adhesion,
immune and pro-inflammatory responses,
apoptosis, differentiation and growth.
NF-kBIB Inhibits NF-xB by complexing with and trapping it 1.1 -1.0 1.1 1.1 1.0 -1.0
in the cytoplasm. The unphosphorylated form
resynthesized after cell stimulation is able to bind
NF-&B allowing its transport to the nucleus and
protecting it to further IKBa-dependent
inactivation.
NF-kBIE Inhibits NF-xB by complexing with and 1.1 1.4 1.2 1.0 1.0 -1.0
trapping it in the cytoplasm.
NF-xBIL1 Inhibits NF-xB by sequestering it in the -1.1 -1.1 -1.1 1.0 1.0 1.0

cytoplasm or also inhibits NF-xB-DNA binding.

2 The average ratio of gene expression in monocytes from 4 patients with CGD relative to expression in control cells (fold change=1.0).

above were also elevated in CGD monocytes. For example,
the gene for IL-1 family member 9 (IL-1F9), a ligand of the IL-
1 receptor related protein 2 (IL-1RL2/IL-1R-rp2) and a
stimulant of NF-kB activity, was up-regulated in unstimu-
lated (2.9 fold) and LPS-stimulated (1.8 fold) CGD monocytes
compared to the expression of this gene in control
unstimulated or LPS-stimulated monocytes. While IL-1F9
gene expression was enhanced, IL-IF5, a specific antagonist
of IL-1F9, was not (Table 3). Likewise in monocytes, genes
that encode other anti-inflammatory mediators, such as the
cytokines TGFp2, IL-13, IL-18-binding protein (IL-18BP) and
the TGFp receptor (TGFBR2) did not demonstrate elevated
expression in CGD monocytes compared to controls (fold
change was <1.5; Table 3). These data indicate that the
defect in CGD monocytes caused a specific (pro-inflamma-
tory) cellular dysfunction, rather than a general enhance-
ment of gene transcription and was consistent with the
hypothesis that the CGD cells are intrinsically pro-
inflammatory.

ROS-deficient cells are inherently pro-inflammatory

None of the patients had acute illness or infection at the time
that blood was donated for the study. Furthermore, an LAL
assay performed on the plasma from the patients' blood
excluded the possibility that the observed hyper-inflamma-
tory phenotype of the CGD cells was due to circulating
endotoxin in vivo. There was no significant difference in the

average level of endotoxin in plasma from six healthy
individuals (including plasma from 4/5 individuals whose
monocytes were part of the control group for the microarray
and gPCR analyses) and the four individuals with CGD (3.6
0.7 and 3.9 +1.7 pg/ml endotoxin in control and CGD plasma
respectively). To further address the possibility that TLR
agonists, including LPS, were pre-activating the PBMC in
vivo, cells were activated ex vivo in the presence or absence
of LPS and a human host defence peptide, LL37. This peptide
potently blocks gene transcription induced by certain
bacterial signature molecules including Gram positive
lipoteichoic acid, Gram negative LPS and bacterial CpG
oligonucleotides through TLRs 2, 4, and 9, respectively but
not endogenous pro-inflammatory mediators [10]. In the
absence of TLR agonists, the peptide modestly promotes the
expression of certain pro-inflammatory chemokines [10]. As
anticipated, the peptide inhibited >90% of IL-6, IL-8 and
TNF-a production by LPS-activated PBMC from both CGD
patients and healthy donors (Fig. 4). If PBMC from the CGD
patients had been previously activated by bacterial ligands
in vivo, the peptide alone would be anticipated to have
suppressed cytokine induction from resting CGD cells
compared to the cells from healthy individuals. In contrast,
the peptide moderately promoted expression of cytokines by
both unstimulated PBMC from CGD patients and, to a lesser
extent, healthy donors (Fig. 4). To demonstrate conclusively
that a deficiency in ROS production is sufficient to promote
the expression of inflammatory mediators, we evaluated the
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Figure 5 ROS-deficient gp91phoxP415H PLB-X-CGD cell line produced more IL-8 and TNF« than control, ROS-competent PLB cells.
(A) The production of radicals was detected in control PLB cells differentiated towards a myeloid phenotype (PLB-Mo) but not in naive
PLB cells (PLB), naive or differentiated gp91P"®*P415H cells (X-CGD and X-CGD-Mo). Radicals were measured over time (X-axis) and
radical production by control primary neutrophils in this experiment (not shown) was ~1000 relative light units. (B) Spontaneous
production of IL-8 (left graph) and TNFa (right graph) was detected (pg/mlx10°tstandard deviation, Y-axis) in the tissue culture
supernatant from naive or differentiated control PLB cells (white bars) and X-CGD cells (grey bars) over a 24-hour period (see Materials

and methods for details).

expression of IL-8 and TNF« in a control, ROS-competent PLB
cell line and a mutant, gp91P"*-deficient cell line (X-CGD)
[11]. The cell lines were cultured in the naive state as well
differentiated towards a myeloid phenotype (see Materials and
methods for details) in order to promote radical production in
the control cells (Fig. 5A). No radicals were detected in naive
cells (control or X-CGD) or differentiated X-CGD cells.
Differentiated, unstimulated gp91Ph°*-deficient cells, like
primary monocytes from CGD patients, produced elevated
levels of the inflammatory mediators IL-8 and TNF« (2.0+0.4,
n=4 and 5.3+3.2, n=4 respectively) compared to control,
differentiated (ROS-producing) cells (Fig. 5B). IL-8, but not
TNFa, was detected in naive cell culture supernatants (again,
without stimulation) and in this case, the levels of IL-8 were
equivalent between control and X-CGD cells. This is consistent
with the observed inability of the naive PLB cells to produce
radicals. It is noteworthy that the cells were cultured in the
presence of antibiotics and the enhanced secretion of TNFa
and IL-8 could be observed in the absence of cellular
activation, a phenomenon also observed in the CGD cells.
Together with the results that significant levels of endotoxin

Figure 6

were not detected in the plasma of patients and that a peptide
known to block TLR-induced inflammatory cytokine produc-
tion had no negative impact on cytokine production by the
unstimulated CGD cells, it is proposed that the robust
production of inflammatory proteins by CGD cells did not
result from in vivo activation by circulating endotoxin or
TLR-2 -4 or -9 agonists.

ROS-deficient cells have heightened expression of
NF-kB subunits

Our findings (Figs. 1-5) expand on the findings of previous
reports in demonstrating the heightened expression of a broad
range of NF-kB-regulated cytokines in the absence of ROS [9,
23-25]. These observations contrast with several reports that
indicate that production of ROS is obligatory for NF-«B activity
[23,26-29]. We previously demonstrated [9] that inhibitors of
the activation of NF-xB were able to block the TLR-induced
production of pro-inflammatory cytokines in both CGD and
control monocytes (confirmed here for secretion of TNF-a and

Induction of NF-kB subunit expression in CGD monocytes. The relative expression (Y-axis) of NF-xB subunits (NF-xB1 (p50), NF-

kB2 (p52), RelA (p65), RelB and c-Rel) in 4 h unstimulated or LPS-stimulated monocytes from healthy individuals (white bars) or from each
of the four individuals with CGD (grey bars) were determined by real-time PCR. The dark grey bars show gene expression in ROS-deficient
monocytes that were not interrogated by microarray analysis. Fold changes were normalized to endogenous GAPDH and expressed relative
to that in unstimulated control monocytestthe standard deviation of 2 technical replicates.
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IL-6 by both CGD and control cells (Fig. 7). In these studies
there were no observed differences between CGD and control
cells with respect to the abundance of the p50 subunit of NF-
kB, phosphorylation and degradation of IkBa or the kinetics,
over the first hour, of p50 translocation into the nucleus
following activation with LPS. Thus early activation of NF-xB
itself was apparently not altered in CGD cells. We examined
here if prolonged signalling by NF-«B or altered signalling via
other arms of the TLR signalling pathway might be responsible
for the enhanced expression of inflammatory mediators in CGD
monocytes.

To replenish cytoplasmic pools of NF«B, the depletion of
cytoplasmic NFkB is accompanied by new transcription of
NF&B subunits [8]. Thus a higher level of gene expression of
NFkB subunits is consistent with more rapid turnover. The
p50 and p65 subunits form the transcriptionally active NF-xB
heterodimer most often implicated in the expression of
inflammatory genes. Consistent with the elevated expression
of inflammatory genes in CGD monocytes, the genes for NF-
kB subunits NF-xB1 (p50) and RelA (p65) were expressed at
significantly higher levels in unstimulated CGD monocytes
compared to control monocytes, as determined by gPCR
(Fig. 6). Likewise, NF-kB1 (p50) and RelA (p65) as well as NF-
kB subunits NF-kB2 (p52), RelB and c-Rel were induced to a
higher level in LPS-stimulated CGD monocytes compared to
control cells (Fig. 6). Therefore, it seems likely that the
heightened expression of NF-xB subunits could sustain
signalling in unstimulated and activated CGD monocytes,
particularly since several negative regulators of NF-xB (NF-
kBIA, NF-xBIB, NF-«BIE, NF-xBIL1) were not up-regulated in
CGD monocytes (Table 3).

Figure 7 Induction of inflammatory cytokines in CGD mono-
cytes is dependent on ERK. Mutiplex bead assays were used to
measure pro-inflammatory cytokines (pg/mlx103+tstandard
deviation, Y-axis) in the tissue culture supernatants of PBMC
from 3 healthy donors (white bars; standard deviation calculated
from 3 biological replicates) and 1 CGD patient (grey bars;
standard deviation calculated from 3 technical replicates) after
1 h culture in vitro in the presence of LPS alone or with chemical
inhibitors of p38, ERKor NF-xB (X-axis).

Role of p38 and ERK1/2 MAP kinases in enhanced
inflammation of CGD monocytes

MAP kinases are also part of the TLR signalling cascade that,
either independently or through the activation of transcrip-
tion factors such as AP-1, ELlk, Ets-1 and CREB, influence the
expression of NF-kB-regulated genes. Thus, inhibitors of the
MAPK ERK1/2 and p38 were used to determine the contribu-
tion of these signalling cascades to the enhanced expression
of TLR-inducible genes in CGD monocytes. An inhibitor of
ERK1/2 significantly reduced inflammatory cytokines pro-
duced by CGD cells (98 +1% and 100+ 0% reduction of IL-6 and
TNF-a production respectively) yet only had a partial effect
on IL-6 and TNF-« production by control PBMC (43 +28% and
54+28% respectively) (Fig. 7). An inhibitor of p38 MAPK
demonstrated a milder inhibition with similarly reduced
expression of these inflammatory cytokines in tissue culture
supernatants from CGD (37 +5% and 83 +0% reduction in IL-6
and TNF-a respectively) and control (48+12% and 84+7%
reduction in IL-6 and TNF-« respectively) cells (Fig. 7). These
results indicate that the heightened expression of TLR-
induced, NF-xB-dependent genes by CGD cells had an
enhanced dependence on ERK1/2 signalling after exposure
to TLR agonists and may indicate that under normal
conditions, ROS suppress ERK1/2 signalling to control the
transcription of pro-inflammatory mediators.

Discussion

Phagocytes, primarily neutrophils, have been extensively
studied in the pathology of CGD since their ability to kill and
clear bacteria and fungi early in an infection is in large part
dependent on the production of ROS. Relatively few studies
have evaluated the contribution of mononuclear cells to CGD
pathology and the development of inflammatory disorders
associated with this condition. Using microarrays to gain
insight into the inflammatory conditions associated with
CGD, and the contribution of monocytes to the disease, we
obtained evidence that was consistent with the hypothesis
that primary monocytes are an important element in CGD-
associated hyper-inflammatory conditions, in that pro-inflam-
matory genes in these cells are consistently up-regulated at
the level of transcription. Indeed resting monocytes from CGD
patients had profound alterations in gene expression and a
transcriptional profile highly similar to TLR-activated inflam-
matory monocytes from non-CGD individuals.

As CGD is a rare disease, the findings from this study were
limited to an analysis of four individuals with diagnosed X-
linked CGD resulting from a mutation in gp91Ph°*, The
simplest, most direct evaluation of gene expression in three
of the patients was rendered possible through the use of a
reference control pool that behaved similarly to control cells
from individual volunteers employed in other studies by our
group [10,13]. Cells from one patient that was not included
in the microarray analysis served as an independent
validation of the microarray data in qPCR and ELISA. We
reiterate that the array data is only a true reflection of gene
expression in the three patients studied and contains
approximately 17% false positive results. We suggest that
more biologically significant information with an expectedly
lower false discover rate than that associated with the
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microarray can be found in Supplemental Table 1, high-
lighting ROS-dependent biological and cellular processes
rather than individual genes. While tempting, the small
sample size and use of a pooled control cautions us about
extrapolation of the microarray results to other individuals
that suffer from CGD.

Infection can induce pro-inflammatory responses, which
upon induction are often transient in the absence of other
immune processes. Thus we were faced with three prospec-
tive possibilities. First it was possible that previous sugges-
tions concerning infections by uncharacterized and
presumably unculturable organisms [5] might be responsible
for the observed hyper-inflammatory state. As shown in Fig.
5, a gp91Pox-deficient cell line cultured in vitro in the
presence of antibiotics and absence of cellular stimulation
produced higher levels of TNF-a and IL-8 protein than ROS-
competent control cells. This is probably the most compel-
ling, supporting evidence that ROS deficiency is sufficient to
mediate the over expression of inflammatory genes in a
sterile environment. In conjunction with an absence of
clinical symptoms of illness in our CGD patients, comparable
low levels of circulating endotoxin in patients and controls
and the inability of LL-37 anti-inflammatory peptide to knock
down the cytokine response in resting CGD monocytes this
strongly argued against the possibility that bacterial or
fungal agonists of TLR receptors or other pro-inflammatory
stimuli, endogenous or exogenous, were responsible for the
elevated expression of inflammatory mediators in blood
monocytes from CGD patients.

It is difficult to conclusively determine if the over
expression of inflammatory molecules in ROS-deficient cells
drives the development of inflammatory diseases or if
repeated infections that are slow to resolve in CGD individuals
are the catalyst for the inflammatory disease. A second
possibility then, is that inflammation is re-triggered from
time to time by infections but an imbalance, due to a deficient
ability to generate ROS, blocks the control of inflammatory
responses such that they fail to return to baseline after initial
stimulation. Defective regulation of the expression of inflam-
matory genes appears sufficient to drive inflammatory dis-
orders; administration of sterile Aspergillus fumigatus hyphae
to the lungs of CGD mice induced the exaggerated production of
KC (equivalent to Gro-a in humans), IL-13, and TNF-« [30], and
it has been correspondingly shown that elevated levels of
chemokines contribute to granuloma formation [31], a char-
acteristic inflammatory symptom of many CGD patients. Our
data also tends to favour this explanation, namely that ROS are
required to properly control inflammatory responses resulting
in the typical spiking responses of pro-inflammatory cytokines
that are associated with acute inflammation, peaking at 4-6 h
and declining thereafter. Consistent with this we saw a modest
decline in several anti-inflammatory molecules in CGD
monocytes.

The third possibility is that the oxidant—antioxidant
imbalance caused by the CGD mutation leads to continuous
stimulation of inflammatory responses. The oxidant—anti-
oxidant balance is influential to immune cell function
[reviewed in 32]. Since most transcription factors contain
DNA-binding Zn-finger domains and Zn-finger coordination is
a redox-sensitive cellular event, DNA-binding and transcrip-
tion are likely to change with cellular redox states. Indeed,
AP-1, NF-xB, CREB, Sp3, and Nrf2 are known to be redox-

sensitive transcription factors [reviewed in 33]. The sensi-
tivity may result from alterations in Zn-finger coordination
but could also result from changes in protein oxidation or
activation of upstream, redox-sensitive phospho-tyrosine
kinases [reviewed in 6,7,32-35]. Studies aimed to address the
role(s) of ROS in cellular processes have, more often than
not, utilized chemical antioxidants and inhibitors of the
NADPH-oxidase to create ROS-deficient cells. This is a logical
approach given the scarcity of individuals with CGD. In such
studies, artificial ROS deficiency causes a cellular inflam-
matory phenotype that is opposite to the phenotype of cells
from individuals with CGD [9]. The contradictory results
regarding the role(s) of ROS in cellular processes may be due
to the use of such chemical inhibitors that have inherently
pleiotropic effects on cells, or of cells from different species,
lineages and states of activation [reviewed in 7,34,35].

Our in vitro evidence for an anti-inflammatory role of ROS
and not the contradictory reports that suggest a pro-
inflammatory role, is consistent with several in vivo studies.
For example, mice with allelic polymorphisms in the Ncf1
gene (p47°P"°%) and a lower capacity to produce ROS are more
susceptible to develop severe arthritis [36,37] and experi-
mental autoimmune encephalomyelitis [38]. The gp91Pox-
deficient mice are susceptible to severe, T-cell-dependent
(collagen-induced) arthritis [39] and persistent, severe,
sterile hyper-inflammation and tissue necrosis [40]. It also
intriguing that the maternal carriers of CGD patients have a
higher incidence of discoid lupus, an autoimmune disease of
the rheumatic family [41]. This leads us to suggest that ROS
are imperative molecules that control inflammation during
microbial challenge and prevent the development of
inflammatory disorders (seen in CGD).

Reports by Moreland et al. and Harfouche et al. have
demonstrated hyper-phosphorylation of the MAPK p38,
respectively, in ROS-deficient neutrophils and human
endothelial cells [42,43], although the inhibitor experiments
reported here indicate only a partial dependency of the CGD
inflammatory phenotype on p38. A more robust and
significant contribution to the heightened production of
inflammatory cytokines in ROS-deficient monocytes came
from the ERK1/2 MAPK signalling pathway. MAP kinases such
as ERK1/2 and p38 are activated, in part, by redox-sensitive
phosphorylation on tyrosine residues. Over active ERK1/2
signalling would presumably enhance activity of the tran-
scription factors such as AP-1 and Elk-1 and promote the
expression of genes that are dependent and/or co-depen-
dent on these transcription factors and NF-xB. While the
initial LPS-induced translocation of the p50/p65 NF-«xB
heterodimer to the nucleus occurred with similar kinetics
in CGD and control monocytes [9], it was observed here that
the genes encoding p50, p65 and other subunits of NF-«B, but
not NF-xB inhibitory molecules, were elevated in CGD
monocytes (Fig. 6, Table 3). This imbalance in positive and
negative regulators could allow prolonged NF-kB signalling in
CGD cells without a compensatory suppression. Thus we
conclude that a loss of ROS-dependent restraint on ERK1/2
signalling pathways and/or levels of NF-«B is sufficient to
drive the over expression of genes in CGD cells. Conse-
quently, in addition to the already established contributions
of ROS in host defences via oxidative killing of microbes and
stimulation of neutrophil apoptosis, we hypothesize that ROS
contribute to host defences by controlling the expression of
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inflammatory genes. A detailed analysis of redox-sensitive
events in MAPK and NF-kB pathways under homeostatic
conditions and upon immune challenge will be the focus of
future investigations.

An imbalance in cytokines and chemokines, as seen in
CGD, may alter cell-to-cell communication and cellular
differentiation responses and cause damage to host tissues
that would probably result in defective immune defences and
prolong the inflammatory response after microbial chal-
lenge. Reports prior to this one demonstrated that phagocy-
tosis or fMLF stimulation of CGD neutrophils [18,22] or LPS-
activation of monocyte-derived CGD dendritic cells [25] led
to enhanced cytokine production (compared to control cells).

The severity of inflammatory disease among our four
patients varied considerably however, this variation was not
reflected by grossly different patterns of gene expression. In
fact, the pattern of gene expression was consistent in all four
patients for 90% of the genes evaluated by qPCR. This argues
that the genes we identified are implicitly associated with
the disease yet also suggests that other genetic modifiers,
such as single nucleotide polymorphisms (SNP), may be
important in the progression and severity of inflammatory
conditions in CGD. As reported by CB Foster et al. [44], seven
genes, namely myeloperoxidase, mannose-binding lectin,
Fcy receptors lla, llla, lllb, TNFa and IL-1 receptor antagonist
were identified in 129 CGD patients to have polymorphisms
that are predicted to influence the host inflammatory
response. The authors suggest that while polymorphisms in
these genes may have little or no effect on the general
population, they may have significant effects on persons with
CGD or other immune-compromised individuals. Intriguingly,
five genes containing SNPs suggested by Foster to be
associated with CGD inflammation, were annotated on our
array and three (F.y receptor Illa, TNFa and IL-1 receptor
antagonist) were differentially expressed in the CGD patients
compared to the controls.

In this study, 2 of the 4 studied patients with CGD were
receiving IFN-vy treatment. We failed to observe any obvious
alterations in gene expression profiles that differentiated
these patients from the two who were not receiving IFN-v.
This is consistent with a report by Kobayashi et al. that gene
expression in neutrophils was very similar in CGD patients
receiving a diverse range of medications including predni-
sone, anti-virals/fungals/bacterials or IFN-vy [18]. While there
is a definite prophylactic benefit of IFN-vy treatment of CGD in
humans and mice, years of in vitro and in vivo studies have
failed to show consistent effects of IFN-vy that would explain
its effectiveness [45,46]. Furthermore, while IFN-vy is
effective in preventing infection, it appears to have no effect
on the inflammatory disorders of CGD [46]. Collectively the
studies strongly suggest that IFN-y, and possibly other
medical treatments, may not alter gene transcription but
are more likely to exert their positive effect(s) via alterations
to cellular post-transcriptional/translational events.

These data are thus consistent with the hypothesis that
ROS are critical in maintaining cellular inflammatory home-
ostasis by dampening the expression of inflammatory genes,
which is influenced by altered signalling through MAP
kinases. Furthermore, our results suggest that the robust
hyper-inflammatory state of unstimulated CGD monocytes
plays a significant role in the pathology of inflammatory
disorders associated with CGD. These studies provide a

platform for the identification of ROS-regulated genes (and
therefore potential insight into the mechanism of action of
ROS), genes that are essential for the development of
chronic inflammatory disorders, and points of intervention
for development of novel anti-inflammatory agents for
treatment of CGD and other inflammatory disorders.
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