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Introduction

Summary

Chronic granulomatous disease (CGD) is an inherited immunodeficiency
linked with mutations in the multi-subunit leucocyte NADPH oxidase.
Myeloid-derived phagocytic cells deficient in NADPH oxidase fail to pro-
duce sufficient levels of reactive oxygen species to clear engulfed patho-
gens. In this study we show that oxidase also influences B-cell functions,
including responses to single-stranded RNA or unmethylated DNA by
endosomal Toll-like receptors (TLRs) 7 and 9. In response to TLR7/9
ligands, B-cell lines derived from patients with CGD with mutations in
either the NADPH oxidase p40°"** or p47”"°* subunits produced only low
levels of reactive oxygen species. Remarkably, cytokine secretion and p38
mitogen-activated protein kinase activation by these oxidase-deficient B
cells was significantly increased upon TLR7/9 activation when compared
with oxidase-sufficient B cells. Increased TLR responsiveness was also
detected in B cells from oxidase-deficient mice. NADPH oxidase-deficient
patient-derived B cells also expressed enhanced levels of TLR7 and TLR9
mRNA and protein compared with the same cells reconstituted to restore
oxidase activity. These data demonstrate that the loss of oxidase function
associated with CGD can significantly impact B-cell TLR signalling in
response to nucleic acids with potential repercussions for auto-reactivity
in patients.

Keywords: B cell; immunodeficiency diseases; inflammation; reactive
oxygen species; Toll-like receptors.

a heterodimer composed of gp917"** (Nox2) and p227"*~,
The now active NADPH oxidase transfers electrons from

The NADPH oxidase complex is responsible for the pro-
duction of antimicrobial oxidants by phagocytic cells
including neutrophils and macrophages in response to
microbial pathogens. Upon physiological stimulation of
these phagocytes, cytoplasmic components of the oxidase,
p40Phox, pa7Pox pe7P"% and a small GTPase Rac2, trans-
locate to the catalytic membrane-bound flavocytochrome,

cytoplasmic NADPH to molecular oxygen, forming a ser-
ies of toxic reactive oxygen species (ROS) that targets
pathogens for destruction within vacuolar compartments.
Mutations in NADPH oxidase subunits result in the
development of chronic granulomatous disease (CGD),
an immunodeficiency marked by insufficient phagocyte
ROS production, hallmark recurrent bacterial and fungal

Abbreviations: (¢)DNA, (complementary) deoxyribonucleic acid; (m)RNA, (message) ribonucleic acid; CD, cluster of differentia-
tion; CGD, chronic granulomatous disease; CpG, cytosine-phosphate-guanine; DPI, diphenyleneiodonium; EDTA, ethylenedi-
aminetetraacetic acid; ELISA, enzyme-linked immunosorbent assay; FITC, fluorescein isothiocyanate; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; GT, guanine thymidine; GTP, guanosine triphosphate; H,DCFDA, 2'7'-dichlorodihydrofluorescein
diacetate; H,O,, hydrogen peroxide; IFNo, interferon alpha; IL, interleukin; JNK, c-Jun N-terminal kinase; kDa, kilo-dalton;
MAPK, mitogen-activated protein kinase; MyD88, myeloid differentiation primary response gene 88; PCR, polymerase chain
reaction; PMA, phorbol 12-myristate 13-acetate; ROS, reactive oxygen species; SDS-PAGE, sodium dodecyl sulfate-polyacry-
lamide gel electrophoresis; TLR, toll-like receptor; TNFo, tumor necrosis factor alpha
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infections, and the development of granulomas.' Less
well understood from a molecular perspective, patients
with CGD often experience sterile granulomas and have
higher incidences of autoimmune disorders independent
of infection."* These latter observations may suggest a
role for the oxidase and its by-product ROS in modulating
other important aspects of immune cell function.

Though expressed on a smaller scale than in phago-
cytes, NADPH oxidase is also present and functional in
B and T lymphocytes, producing ROS upon B-cell or
T-cell receptor activation.”” Several studies have shown
a role for the oxidase in B-cell and T-cell function and
activation.® A subset of peritoneal B cells is capable of
phagocytosis and  oxidase-derived ROS  production
linked to bacterial killing.7 However, other B-cell func-
tions are also regulated by the multi-subunit oxidase.
Disruption of oxidase function in murine B cells led to
an increase in cell proliferation and altered antibody
production.®® Other defects in peripheral blood B cells
were identified in patients with CGD, including low fre-
quencies of memory CD27" B cells and reduced B-cell
activating factor receptor expression on CD19" B lym-
phocytes.'® '* Additionally, alterations in MHC class II-
restricted antigen presentation were seen in CGD B
lymphoblasts.> Furthermore, T cells from oxidase-defi-
cient mice also produce increased levels of T helper
type 1 and type 17 associated cytokines following activa-
tion."* Intracellular ROS has been implicated in some
intracellular signalling pathways,'> although mechanisti-
cally how oxidase loss impacts B-cell activation remains
unclear.

Toll-like receptors (TLRs) recognize a wide array of
evolutionarily conserved patterns uniquely found in
microbial pathogens and some self-antigens'®'” and the
activation of these receptors leads to oxidase ROS pro-
duction. NADPH oxidase assembly and ROS production
in murine macrophages and neutrophils are dependent
on MyD88 and phospho-p38, essential components of the
TLR signalling pathway.'® Additionally, dendritic cells
matured by TLR2 or TLR4 ligands express higher levels
of p47°"°* and gp91°"~ 1

B cells express TLR7 and TLRY, which recognize sin-
gle-stranded RNA and CpG-containing DNA, respec-
tively, within endosomal compartments. Dysregulation of
these endosomal TLRs has been linked to several
autoimmune disorders including systemic lupus erythe-
matosus.’> > Interestingly, genome-wide association
studies analysis has linked select oxidase subunit muta-
tions with lupus susceptibility.** Lupus-prone MRL.Fas*"
mice crossbred to promote oxidase-deficiency generated
offspring with exacerbated lupus and elevated autoanti-
body production.?®

In the current study, B lymphoblasts from patients with
CGD with mutations in p40”" or p477"** of the oxidase
displayed hyper-responsiveness to TLR7 and TLRY ligands
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as detected by secretion of pro-inflammatory and anti-
inflammatory cytokines interleukin-6 (IL-6), IL-10 and
tumour necrosis-a (TNF-a). Restoration of wild-type oxi-
dase subunits in these cells significantly diminished cyto-
kine production. Reduced oxidase function in these
human B cells was associated with higher levels of TLR7
and TLR9 mRNA and protein expression as well as
hyper-activation of p38 mitogen-activated protein kinase
(MAPK). Oxidase-deficient mouse B cells also exhibited
exaggerated cytokine production in response to TLR7/9
ligands and increased phosphorylation of p38 MAPK.
Together, these studies suggest an important role of
NADPH oxidase in modulating endosomal TLR and
innate immune responses to nucleic acids.

Materials and methods

Human and murine B cells

Human B lymphoblastoid cell lines AR and KS were gen-
erated from whole blood of two patients diagnosed with
CGD by Epstein—Barr virus-transformation. The AR cell
line has defined mutations mapped in each allele of
p407"°*. The AR paternal p40?"* allele has a frame shift
mutation and is not expressed, whereas the maternal
allele has a point mutation that disrupts normal func-
tion.** AR B cells, previously referred to as AR40.DR4,
produce reduced intracellular ROS under resting and
PMA-activated conditions."”> The KS B lymphoblastoid
cell line fails to express p47”"** because of a GT deletion
at base 75 in this subunit and is probably homozygous.
Resting KS cells have diminished superoxide produc-
tion.”” Both AR and KS cells were reconstituted with vec-
tors encoding the appropriate wild-type oxidase subunit
to restore NADPH oxidase ROS production, and termed
ARp40 or KSp47, respectively.'*?” To maintain the
expression of the transfected wild-type subunits, the
reconstituted cells were cultured as follows. KSp47 cells
were treated with 200 pg/ml hygromycin B (EMD Milli-
pore, Billerica, MA) every 2 weeks to maintain wild-type
selection of p47°"°* expression. ARp40, previously referred
to as AR40.DR4WT, was treated with 200 pg/ml puromy-
cin (Sigma-Aldrich, St Louis, MO) every 2 weeks to
maintain wild-type p407"* expression. All B cells were
cultured in RPMI-1640, 10% fetal bovine serum and 1%
penicillin/streptomycin. Cybb~'~ mice, deficient in the
gp917"* subunit of NADPH oxidase,”® were analysed
alongside age- and sex-matched C57BL/6 wild-type mice
(Jackson Laboratory, Bar Harbor, ME). Mice were treated
humanely following institutionally approved protocols.
After lysis of red blood cells from crushed murine spleens
in ACK buffer (0-15 m NH,CI, 10 mm KHCOs3, 0-1 mm
Na,EDTA, pH 7-3), naive murine B cells were isolated in
a no-touch manner by using anti-CD43" MACS beads
(Miltenyi Biotec, San Diego, CA).
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ROS production

Cells were treated with or without 10 pum diphenylenei-
odonium (DPI) (Sigma-Aldrich) for 30 min before a 10-
min incubation with 3 pm 2'7’-dichlorodihydrofluorescein
diacetate (H,DCFDA; Thermo Fisher Scientific, Waltham,
MA), a dye that fluoresces upon reaction with ROS. Sub-
sequently, cells incubated with the dye only were treated
with 10 pg/ml of the TLR7 ligand R848 (Enzo Life
Sciences, Farmingdale, NY), 5 um of the TLR9 ligand
human CpG oligodinucleotide 2006 (Invivogen, San
Diego, CA), and/or 10 pg/ml PMA (Sigma-Aldrich) for
30 min. Cellular mean fluorescence intensity was detected
by flow cytometry and plotted as a ratio to the mean flu-
orescence intensity of cells treated with H,DCFDA alone.

B-cell stimulation

Human B-cell lines were seeded at 1 x 10%ml and incu-
bated with 10 nm PMA, and/or 2 pg/ml R848 or 50 nm
CpG for 24 hr.”® Isolated murine naive B cells were simi-
larly seeded at 1 x 10%ml and incubated for 24 hr with
10 nm PMA, and/or 0-1 pg/ml R848 or 0-5 uM murine
CpG oligodinucleotide 1826 (Invivogen). Cell culture
supernatants were harvested, cells were removed from
wells using 2 mm EDTA (Sigma-Aldrich), and cell viabil-
ity was determined via trypan blue exclusion.

ELISA

Cell culture supernatants of B lymphoblasts after 24 hr of
TLR and/or PMA activation were analysed using a stan-
dard sandwich ELISA to detect human IL-6 (Thermo
Fisher Scientific), human IL-10 (eBioscience, San Diego,
CA), and human TNF-¢ (R&D Systems, Minneapolis,
MN) or murine IL-6 (eBioscience) and murine IL-10
(BioLegend, San Diego, CA) with an adjacent standard
curve generated by recombinant cytokines (PeproTech,
Rocky Hill, NJ). One hundred microlitres of supernatant
was analysed in triplicate for each stimulation condition
with replicate independent experiments as indicated. An
interferon-o (IFN-) ELISA kit (Quansys Biosciences,
Logan, UT) was used to assay supernatants from
untreated human cells after a 24-hr incubation in fresh
media.

Western blot

Cells were lysed (10 mm Tris—HCI, 150 mm NaCl, 1%
Triton-X-100) in the presence of phosphatase inhibitor
(Cell Signaling Technology, Danvers, MA) and protease
inhibitor cocktails (Sigma-Aldrich). Fifty to one hundred
micrograms of cell lysates was resolved by SDS-PAGE,
transferred to a nitrocellulose membrane, and
immunoblotted for phospho-p38 MAPK, phospho-c-Jun
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N-terminal kinase (JNK), total p38 MAPK, total JNK,
and/or MyD88 proteins using rabbit monoclonal antibod-
ies purchased from Cell Signaling Technology. To detect
NADPH oxidase subunits and receptor protein levels,
untreated cells were similarly lysed and immunoblotted
for gp917"* (Santa Cruz Biotechnology, Dallas, TX)
p407"* (EMD Millipore), p47°"** (BD Biosciences, San
Jose, CA), full-length TLR7 (Abcam, Cambridge, MA), or
full-length TLRY (Abcam) proteins. GAPDH (EMD Milli-
pore) was detected on all blots as a loading control.
Immunoblots were visualized with enhanced chemilumi-
nescent (EMD Millipore) after an incubation with a
horseradish peroxidase-conjugated secondary antibody
purchased from Jackson ImmunoResearch Laboratories
(West Grove, PA). Due to the detection of two bands
close in size when using the antibody for phospho-p38, a
synthetic phospho-p38 peptide recognized by this anti-
body was used to verify antibody specificity and that
phospho-p38 species in these B cells migrated on gels as a
doublet (Cell Signaling). Protein was quantified by densit-
ometry using IMaGe], calculated as a ratio to either
GAPDH or the respective total protein to control for
sample loading. These protein levels were then normal-
ized to the appropriate untreated reconstituted cell line,
which was set to one for each blot.

Quantitative PCR

Total RNA was extracted from B cells using an RNeasy
Minikit (Qiagen, Valencia, CA) according to the manu-
facturer’s instructions. Messenger RNA transcripts were
reverse transcribed using High-Capacity ¢cDNA Reverse
Transcription Kit (Thermo Fisher Scientific). One hun-
dred nanograms of cDNA was used as a template for
PCR amplification of specified genes. Real-time PCR was
performed using commercial TagMan Gene Expression
Assays and TagMan Fast Universal PCR Master Mix on a
7500 Fast RT-PCR System machine according to the
manufacturer’s protocol (Thermo Fisher Scientific). The
cDNA template was amplified with the following settings:
initial template denaturation for 20 seconds at 95° fol-
lowed by 40 cycles of 3 seconds at 95° and 30 seconds at
60°. Levels of MYD88, TLR7 and TLR9 mRNA transcripts
were calculated using the AAC; method with GAPDH as
the housekeeping gene and the untreated reconstituted
cell line as the calibrator, which was set to one.

Inhibition of p38 MAPK activity

Human B cells were seeded at 1 x 10°/ml and incubated
for 24 hr with 0, 1, 5, 10, 50 or 100 pum of SB202190 p38
MAPK activity inhibitor (Sigma-Aldrich). Cell viability
was determined by trypan blue exclusion. Treatment with
10 pM SB202190 was the highest concentration that did
not compromise cell viability and was therefore selected
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for future experiments. Cells were incubated with 10 pwm
SB202190 for 1 hr before 2 pg/ml of R848, 50 nm CpG,
and/or 10 nm PMA were added to the media. After 24 hr,
cell culture supernatants were harvested and screened for
IL-6 by sandwich ELISA.

Statistical analysis

P-values were calculated using either multiple #-tests or
analysis of variance with Bonferroni’s correction for mul-
tiple comparisons using GRAPHPAD Prism6 software (La
Jolla, CA).

Results

Reduced NADPH oxidase subunit expression and
ROS production in B lymphoblasts from patients
with CGD was corrected by ectopic expression of the
appropriate wild-type oxidase subunit

The lymphoblast cell line AR was generated from a
p407"**_deficient patient with a paternal truncated allele
and a maternal point-mutated allele of the p40”"** gene.?
Retroviral transduction was used to ectopically express
the wild-type p40”"* allele in the AR cells yielding the
cell line ARp40."”> AR and ARp40 cells were lysed and
immunoblotted to detect p40°"** protein levels. Expres-
sion of p40 was reduced by ~93% in the AR B-cell line
compared with the restored cell line ARp40 (Fig. 1la). A
classical GT deletion mutation associated with loss of
p47°"°* function was mapped in the human B lym-
phoblast cell KS, which is probably homozygous. To
restore p47°"* function in KS cells, the cDNA for the
wild-type human p47°"* allele was inserted into an
expression vector and transfected in KS cells generating
the cell line KSp47.*” To verify p477"** deficiency and
restoration, KS and KSp47 cells were lysed and
immunoblotted to detect p47°°~ (Fig. 1b).

To verify restoration of NADPH oxidase function in
ARp40 and KSp47 cells after wild-type p40”"™ or pa7P"™*
reconstitution, the original cell lines from each CGD
patient and their reconstituted counterparts were pre-
treated with or without DPI, an inhibitor of ROS produc-
tion, and H,DCFDA, a sensor of intracellular ROS
(Fig. 1c,d). Parental CGD and reconstituted cells consti-
tutively produced ROS, which was reduced by treatment
with DPIL. Splenic B lymphocytes from healthy mice have
been shown to produce ROS after TLR4 ligand stimula-
tion.”® Here, treatments using TLR7 or TLRY ligands in
the presence or absence of PMA were similarly able to
induce ROS production by the reconstituted B cells,
whereas the levels of ROS detected in the parental CGD
cell lines increased only slightly or remained similar to
unstimulated cells. With TLR stimulation alone, NADPH
oxidase-sufficient B cells, ARp40 and KSp47 produced
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Figure 1. Decreased reactive oxygen species (ROS) production after
Toll-like receptor 7 ( TLR7) or TLRY stimulation in NADPH oxi-
dase-deficient B-cell lines. (a) AR, a B-cell line derived from a
patient with mutations in both paternal and maternal alleles of
p40°"* and ARp40, the AR cell reconstituted with wild-type p40">,
were lysed and the lysates were immunoblotted to detect p40?"** and
GAPDH proteins. (b) Cell lysates from KS, a B-cell line derived from
a patient lacking functional p47°"* and KSp47, the KS B-cell line

7°h% were immunoblotted to detect p477"**

reconstituted with p4
and GAPDH proteins. (c,d) ROS production by B cells was moni-
tored after a 30-min treatment with diphenyleneiodonium (DPI),
R848, CpG and/or PMA and a 10-min incubation with 2'7'-
dichlorodihydrofluorescein diacetate (H,DCFDA) as described in the
Materials and methods. Mean fluorescence intensity (MFI) was
detected by flow cytometry and plotted as a ratio to the MFI of cells
treated with H,DCFDA alone which was set to one (dashed line).
Data shown in (c¢) and (d) represent one of three independent

experiments.

30-50% more ROS compared with untreated cells, but
the oxidase-deficient cells had minimal response. Treat-
ment with PMA alone greatly enhanced ROS production
in NADPH oxidase-sufficient cells by two- to threefold,
whereas a comparatively smaller change was seen in
NADPH oxidase-deficient cells. Together, these results
demonstrate that TLR7/9 stimulation in human B cells
promotes intracellular ROS production, which is linked
to functional NADPH oxidase.

Enhanced cytokine production upon TLR7 or TLR9
stimulation of NADPH oxidase-deficient B cells

To examine endosomal TLR7 and TLRY activation further
in the context of oxidase deficiency, the CGD-derived and
oxidase-reconstituted B cells were stimulated with R848 or
CpG in the presence or absence of PMA for 24 hr. Cell

© 2015 John Wiley & Sons Ltd, Immunology, 146, 595-606



culture supernatants were assayed for cytokines IL-6,
IL-10 and TNF-a by ELISA. In the absence of stimuli, the
p40°"*_deficient B-cell line AR secreted about seven times
more IL-10 compared with ARp40 cells (Fig. 2a—c, left
panel). Activation by TLR7 or TLR9 of AR cells resulted
in >10- to 250-fold increases in IL-6 and IL-10 release
compared with ARp40 cells and a more modest 1-5-fold
increase in TNF-o release. Studies with human B cells
indicate that endosomal TLR signalling in response to
ligands can be enhanced by PMA treatment in part
through increased protein kinase C activation and the
expression of intracellular proteases required for TLR
functional maturation.’™** Treatment of p40”"**-deficient
AR human B lymphoblasts with PMA alone led to an
~10-fold increase of IL-10 and IL-6 but slightly less TNF-o
release than ARp40 cells (Fig. 2a—c, right panel). Treating
B cells with PMA and TLR7 or TLRY ligands enhanced IL-
6 and IL-10 production fivefold to 100-fold in the
p40°"*_deficient cell line compared with the p40"**-suffi-
cient cell line, a trend not seen for TNF-o production.

To determine if the observed increases in endosomal
TLR responsiveness were associated with oxidase

TLR7/9 in oxidase-deficient B cells

deficiency overall, and were not simply a loss of func-
tional p40? hox 3 similar analysis was conducted using KS,
a p47ph""—deﬁcient B-cell line. Basal levels of IL-6, IL-10
and TNF-o secretion were 2- to 10-fold higher for KS
cells when compared with the oxidase-sufficient KSp47
cells (Fig. 3a—c, left panel). Cytokine release by KS cells in
response to TLR7 ligands was consistently greater than
observed with TLRY ligands, whereas in all cases oxidase-
deficient KS cells secreted more cytokine with TLR stimu-
lation (3- to 30-fold increase) than KSp47 cells. Cytokine
release in response to PMA alone was greater for p47” hox_
deficient KS cells compared with oxidase-sufficient KSp47
cells (Fig. 3a—c, right panel). Similarly, exposure of cells
lacking functional p47°"** to TLR ligands and PMA
together resulted in greater cytokine release (3- to 60-fold
increase) than cells with wild-type p47°"*,

Furthermore, analysis of both p40”"**- and p47"**-de-
ficient B cells revealed higher basal levels of IFN-o pro-
duction compared with B cells with wild-type oxidase
expression (see Supplementary material, Fig. S1). Higher
secretion of both pro-inflammatory and anti-inflamma-
tory cytokines by p40°"**-deficient and p47”"**-deficient B
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cells in response to TLR7 or TLRY ligands suggests that
the reduced oxidase function of these cells may bias them
towards hyperactivity to TLR-induced signals overall. The
detected increased cytokine production by the oxidase-de-
ficient CGD B-cell lines was not the result of increased
cell proliferation after TLR stimulation as determined by
trypan blue exclusion
Fig. S2).

(see Supplementary material,

Enhanced TLR7 and TLR9 mRNA and protein
expression in NADPH oxidase-deficient B cells

Increased expression of TLR7 and TLR9 mRNA associated
with oxidase deficiency could contribute to the height-
ened cytokine production detected in NADPH oxidase-
deficient cells upon TLR7 or TLRY stimulation. Both AR
and KS cells displayed ~1-5-fold higher TLR7 mRNA and
~3-fold higher levels of TLR9 mRNA than their reconsti-
tuted counterpart cells (Fig. 4a,b). To evaluate whether
these changes in mRNA levels translated to higher levels
of TLR proteins, cells were screened by Western blotting
to detect full-length (~120 000 MW) TLR7 and TLR9
(Fig. 4c—f) proteins. NADPH oxidase-deficient cell lines
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expressed approximately three to four times more TLR7
and TLRY protein than NADPH oxidase-sufficient cell
lines, as determined by IMAGE] analysis. These results
demonstrated higher TLR7 and TLR9 mRNA and protein
levels detected in NADPH oxidase-deficient B cells com-
pared with oxidase-sufficient B cells.

MyD88 mRNA and protein expression in B cells was
not altered by NADPH oxidase deficiency

To see whether downstream effectors impact endosomal
TLR hyper-activation in NADPH oxidase-deficient human
B cells, mRNA and protein levels of the common adaptor
for TLR7 and TLR9, MyD88 were examined. There was a
slight overall increase in both mRNA and protein expres-
sion of MyD88 in ARp40 compared with oxidase-defi-
cient AR cells (Fig. 5a,b). In contrast, NADPH oxidase-
deficient KS expressed slightly higher mRNA and protein
expression of MyD88 than KSp47 cells (Fig. 5c,d). Levels
of MyD88 expression did not change with TLR7 or PMA
stimulation. These results suggest that changes in MyD88
mRNA and protein expression were not linked to loss of
oxidase function in CGD B cells.

© 2015 John Wiley & Sons Ltd, Immunology, 146, 595-606
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Downstream TLR signalling p38 MAPK was hyper-
phosphorylated in NADPH oxidase-deficient B cells

TLR7 and TLRY signalling in B cells can lead to the
phosphorylation of p38 MAPK, which promotes cyto-
kine expression and secretion. Phospho-p38 protein
levels were increased in the oxidase-deficient cells com-
pared with the B cells reconstituted with wild-type oxi-
dase subunits, whereas total p38 MAPK protein
expression in cells was consistent regardless of the
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functional status of the oxidase (Fig. 6). Interestingly,
phospho-p38 protein was detected even in unstimulated
B cells from the patients with CGD, consistent with
hyperactivity of the p38 pathway in these cells. Overall,
p38 phosphorylation in the oxidase-deficient cells
appeared to be ~1-5- to 2-fold more than in the recon-
stituted cells with a greater difference seen between the
p47°"*_deficient cells.

Similar hyper-phosphorylation of p38 MAPK was seen
upon TLR activation of B cells from oxidase-deficient
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mice, consistent with the results using B cells from
patients with CGD. Naive murine B cells from wild-type
C57BL/6 mice and animals with targeted deletion of the
oxidase catalytic subunit gp917"** (see Supplementary
material, Fig. S3a) were examined for their response to
TLR7 and TLR9 ligands. Secretion of IL-6 and IL-10 fol-
lowing TLR ligand exposure was up to twice as high from
the oxidase-deficient murine B cells than from wild-type
murine B cells (see Supplementary material, Fig. S3b, c),
similar to results using human B lymphoblasts from
patients with CGD. Unlike in human B-cell lines, loss of
NADPH oxidase expression in mice did not correlate
with increased TLR7 and TLR9 mRNA expression (see
Supplementary material, Fig. S3d). Oxidase-deficient
murine B cells expressed higher levels of phosphorylated
p38 MAPK, but this was only seen upon TLR and PMA
stimulation (see Supplementary material, Fig. S3e).

To see whether other downstream kinases were also
constitutively activated in NADPH oxidase-deficient B
cells, human B-cell lysates were monitored for phospho-
JNK and total JNK protein expression with or without
TLR7 and PMA treatment. There was no consistent trend
between JNK phosphorylation and NADPH oxidase defi-
ciency (data not shown). To further evaluate whether
phospho-p38 MAPK was involved in hyper-secretion of
cytokines by NADPH oxidase-deficient B cells, cells were
treated with p38 MAPK activity inhibitor SB202190
before incubation with TLR7 or TLRY ligands. Inter-
leukin-6 release by NADPH oxidase-deficient B cells
decreased ~5- to 20-fold in response to TLR ligands and/
or PMA when pre-treated with the p38 MAPK activity
inhibitor (Fig. 7). The inhibition of p38 activity also
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decreased TLR7/9 and/or PMA-induced IL-6 production
by NAPDH oxidase-sufficient B cells about twofold to
sevenfold. These results suggest that in human B lym-
phoblasts, p38 MAPK signalling plays an important role
in TLR7/9-induced cytokine release, and that the hyper-
activation of this kinase in oxidase-deficient B cells con-
tributes to excessive cytokine production.

Discussion

Exposure of human B lymphoblasts to TLR7 or TLR9
ligands triggered NADPH oxidase-derived intracellular
ROS, and the impairment of this oxidase modulated B-
cell TLR expression and signal transduction. B cells from
patients with CGD with dysfunctional p40”"* or p47°"*
subunits of the oxidase displayed impaired ROS produc-
tion when stimulated with endosomal TLR ligands or the
phorbol ester PMA, an established promoter of oxidase
activation. Production of ROS was restored in B cells
from patients with CGD following cellular reconstitution
with the appropriate wild-type oxidase subunit. B cells
derived from patients with CGD produced elevated levels
of pro-inflammatory and anti-inflammatory cytokines
upon TLR7 or TLRY stimulation. This hyper-response to
TLR ligands was explained in part by the up-regulation
of TLR7 and TLR9 mRNA and protein expression in the
oxidase-deficient human B cells. Additionally, B cells with
defects in oxidase function displayed higher phosphoryla-
tion of the downstream MAPK p38 compared with oxi-
dase-sufficient B cells. Exaggerated IL-6 and IL-10
production along with enhanced p38 MAPK phosphoryla-
tion were also seen upon TLR7 or TLR9 activation of

© 2015 John Wiley & Sons Ltd, Immunology, 146, 595-606
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naive B cells from gp917"**deficient mice compared with
B cells from wild-type mice. Signalling via this kinase
contributed to cytokine release by the oxidase-sufficient B
cells, but was even more critical for the hyper-response
observed in the oxidase-deficient human B cells.

Even though NADPH oxidase is recognized for its role
in microbial killing following pathogen phagocytosis, loss
of this oxidase also impacts multiple functions of B lym-
phocytes. Alterations in MHC class II antigen presenta-
tion were detected in B cells from patients with CGD and
studies using oxidase-deficient mice revealed changes in
cell proliferation and antibody production in response to
B-cell receptor cross-linking.*>"? In this study, upon
TLR7 or TLRY activation, both pro-inflammatory and
anti-inflammatory cytokine secretion by B cells was
greatly enhanced when NADPH oxidase was functionally
impaired.

The patient-derived B-cell lines examined here have
mutations in either the p40°"** or p47°"°* subunits of the
oxidase, each of which translocate to the membrane-
bound oxidase subunits during activation. The AR cell
line expresses low levels of a single allele of p40”"** with
reduced function and lipid association.”® In this patient’s
neutrophils, mutations in p40?"* altered oxidase activa-
tion by different stimuli and resulted in hyper-inflamma-
tory disease colitis. By contrast, mutations in the KS cell
line disrupt expression of the p47°"°* protein, which is
required for oxidase activation.”” Rodents with mutations
and deficiencies in p47°"°* display a predisposition

. . . . 33 .
to autoimmune disorders and inflammation.”” Patients
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phox

deficient in the catalytic gp9l subunit of the oxidase

as well as some of their first-degree relatives are also
more susceptible to autoimmunity.***

Although each patient-derived B-cell line exhibited
reduced ROS production, there were some differences in
their responses to oxidase activation. The AR B-cell line,
which has mutations in p40°"*, displayed significantly
greater TLR or PMA-induced production of IL-6 and IL-
10 compared with AR cells reconstituted with wild-type
p407"* TLR7/9 activation of these cells also promoted
increased TNF-a production but the addition of PMA led
to cytokine release in the p40”"**-deficient cells compared
with the oxidase-sufficient ARp40 cells. By contrast, KS
cells exposed to TLR7/9 ligands and/or PMA consistently
produced higher levels of IL-6, IL-10 and TNF-o. In addi-
tion to elevated cytokine release upon TLR7/9 stimula-
tion, TLR7 and TLR9 gene and full-length protein
expression were also elevated in these oxidase-deficient
human B cells. Activation of these TLRs is dependent in
part on a cleavage event within endosomal compartments.
Detection of these cleaved receptors in B cells has proven
difficult,”® although the increased levels of the full-length
receptor proteins detected here are consistent with the
higher mRNA levels of these receptors in oxidase-defi-
cient human B cells.

For the current study, peripheral blood B cells from
patients were transformed with Epstein—Barr virus to
immortalize the cells. This transformation did not alter
the loss of oxidase ROS production, or restoration of oxi-
dase function by reconstitution of each cell with the
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appropriate wild-type oxidase subunit. Reports are con-
flicting as to whether Epstein—Barr virus infection can
impact TLR7 and TLR9 gene expression and activation in
human B cells.”>*® To examine the effects of oxidase loss
on B-cell function in primary cells without virus, TLR
ligand activation of naive B cells from oxidase-deficient
gp917"* knock-out and wild-type mice was analysed.
Exaggerated production of IL-6 and IL-10 was detected
upon TLR7 or TLRY stimulation of the oxidase-deficient
murine B cells compared with their wild-type counter-
parts. The enhanced secretion of both pro-inflammatory
and anti-inflammatory cytokines is consistent with dys-
regulated cell signalling and cytokine release. Yet, unlike
human B lymphoblasts from patients with CGD, the
increased expression of TLR7 and TLR9 mRNA was not
detected when comparing oxidase-deficient and oxidase-
sufficient mouse B cells. This may reflect differences in
the regulation of human and mouse TLR gene expression,
as has been seen with TLR4.>” Alternatively, viral trans-
formation of the B-cell lines derived from patients with
CGD may increase TLR7 and TLRY gene expression,
while restoration of oxidase promotes down-regulation of
these receptors.

Parallel to heightened secretion of cytokines by
NADPH oxidase-deficient B cells, p38 MAPK, which
plays a pivotal role downstream of TLR7 and TLRY sig-
nalling, was hyper-phosphorylated in patient B cells com-
pared with cells with restored oxidase function. The
importance of hyper-activation of the p38 kinase in oxi-
dase-deficient human B cells was demonstrated using a
P38 MAPK activity inhibitor. Inhibition of p38 MAPK
activity disrupted IL-6 production by B cells after TLR7
or TLRY ligand treatment of both oxidase-deficient and
oxidase-sufficient human B cells. These results indicate
that p38 MAPK signalling is an important contributor to
cytokine production by B cells in response to endosomal
TLR7 and TLRY receptors. Inhibitor treatment of oxi-
dase-deficient B cells often reduced cytokine release below
that seen in oxidase-sufficient cells. Together, these data
suggest that p38 MAPK signalling is probably the domi-
nant pathway leading to cytokine overproduction in oxi-
dase-deficient B cells.

Although CGD is classified as an inherited immunode-
ficiency with patients suffering from frequent and recur-
ring microbial infections, reports have documented
dysregulated cellular immune response and increased
autoimmune susceptibility in a percentage of patients
with CGD as well as oxidase-deficient mice,****>3*3%
Total peripheral blood mononuclear cells isolated from
gp917"**_deficient mice and patients produce increased
levels of cytokines upon TLR2, TLR4 or TLRY stimula-
tion.” The release of pro-inflammatory and anti-inflam-
matory cytokines was more elevated in whole blood from
patients with CGD than from healthy donors after Asper-
gillus fumigatus exposure.* Neutrophils isolated from
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gp917"*_deficient patients display up-regulated expression
of several pro-inflammatory genes constitutively and have
an elevated release of pro-inflammatory cytokines upon
TLR4 activation.*"*> Monocytes isolated from patients
with CGD also had up-regulation of many inflammatory
genes constitutively and upon TLR2 or TLR4 stimula-
tion.*” Similarly, dendritic cells from NADPH oxidase-de-
ficient mice secrete heightened levels of cytokine in
response to TLR4 stimulation or microbial activation.'***
The current study is among the first to describe a hyper-
inflammatory phenotype in CGD B cells, which is further
enhanced by endosomal TLR activation. Remarkably, ele-
vated p38 phosphorylation and cytokine production was
seen here even in unstimulated oxidase-deficient B cells,
consistent with the observation that many CGD patients
display constitutive hyper-inflammation and granuloma
development even in the absence of infection."”

The molecular basis responsible for the hyper-inflam-
mation observed in some patients with CGD and animal
models has been difficult to pinpoint. Humans and mice
with NADPH oxidase deficiency frequently show
increased susceptibility to autoimmune disorders. How-
ever, the hyper-inflammation associated with oxidase
inactivation can confer some benefit as gp917"**-deficient
mice more effectively clear and recover from influenza
virus infections.*>*® Tt has been proposed that oxidase-
derived H,O, potentially has an inhibitory role in intra-
cellular signalling, including the inhibition of p38 MAPK
activation in dendritic cells.** The concept that ROS
intermediates act as negative regulators of p38 kinase may
be consistent with the increased phosphorylation of this
kinase in B cells from patients with CGD observed in this
study.

Patients with CGD suffer from recurring microbial
infections during their lifetime with many fatalities attrib-
uted to species in the Aspergillus genus."” In Aspergillus
infections, TLR7 and TLRY activation have been reported
in neutrophils.””*® Patients with CGD, and some of their
first-degree relatives, are more susceptible to systemic
lupus erythematosus and inflammatory bowel disease, in
which dysregulation of TLR7 and TLRY signalling has
been observed.”' ***’ Furthermore, elevated IFN-o is fre-
quently seen in the serum of patients with systemic lupus
erythematosus,” which parallels the hyper-secretion of
IFN-o¢  detected here with oxidase-deficient B cells.
Together, these results further suggest an important role
for B cells and TLR7/9 signalling in the hyper-inflamma-
tory response and increased autoimmune susceptibility
detected in some patients with CGD.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. NADPH oxidase deficiency in B lym-
phoblasts led to more interferon-o (IFN-a) secretion. Cell
culture supernatants were collected after a 24-hr incuba-
tion in fresh media and screened for IFN-o in duplicate
by ELISA. Data are expressed as a mean = SEM from
two independent experiments.

Figure S2. Cell survival after Toll-like receptor 7
(TLR7) or TLRY activation was independent of NADPH
oxidase function. Cells were seeded at 1 x 10%ml
(dashed line) and treated with of R848, CpG and/or PMA
as described in the Materials and methods. After 24 hr,
cell number was determined by trypan blue exclusion.
Data are expressed as mean + SEM and represent at least
three independent experiments.

Figure S3. Absence of gp91?"** in murine splenic naive
B cells led to an increased response to Toll-like receptor
7/9 (TLR7/9) ligands. (a) Naive B cells were isolated from
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the spleens of age- and sex-matched Cybb~’~ and C57BL/
6 mice, lysed and immunoblotted for the heavily glycosy-
lated gp91”"* and GAPDH proteins. Supernatants of
splenic murine B cells were screened for interleukin-6
(IL-6) (b) and IL-10 (c) after a 24-hr treatment with
R848, CpG and/or PMA as described in the Materials and
methods. Data are expressed as a mean + SEM from at
least three independent experiments and analysed by two-
way analysis of variance with Bonferroni’s correction for
multiple comparisons. ****P < 0-0001. (d) Cybb™’~ tlr7
and tIr9 gene expression presented as a fold change rela-
tive to the respective C57BL/6 gene expression. Data
expressed as a mean = SEM from six independent exper-
iments. (e) Murine splenic B cells stimulated for 24 hr
with both PMA and TLR7 or TLR9 ligand were lysed and
immunoblotted to detect phospho-p38, total p38 and
GAPDH proteins followed by densitometry to quantify
protein expression. Phospho-p38 protein levels were
expressed as a ratio to total p38. Total p38 protein levels
were expressed as a ratio to GAPDH. Phospho-p37 and
total p38 protein ratios were normalized to protein levels
of B cells from C57BL/6 mice treated with PMA alone.
Data shown are representative of at least two independent
experiments using at least two pooled mice in each

group.
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