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Essential Role of NADPH Oxidase-Dependent Production of
Reactive Oxygen Species in Maintenance of Sustained B Cell
Receptor Signaling and B Cell Proliferation

Yang-Yang Feng,* Miao Tang,* Mitsuhiro Suzuki,* Chinthika Gunasekara,*"'
Yuki Anbe,* Yuichi Hiraoka,”* Jun Liu,§ Helmut Grasberger,11 Mamoru Ohkita,"
Yasuo Matsumura,' Ji-Yang Wang,** and Takeshi Tsubata*

Reactive oxygen species (ROS) are not only toxic substances inducing oxidative stress but also play a role as a second messenger in
signal transduction through various receptors. Previously, B cell activation was shown to involve prolonged ROS production in-
duced by ligation of BCR. However, the mechanisms for ROS production and ROS-mediated activation in B cells are still poorly
understood. In this study, we demonstrate that BCR ligation induces biphasic ROS production in both mouse spleen B cells and the
mouse B cell line BAL17; transient and modest ROS production is followed by sustained and robust ROS production at 2—6 h after
BCR ligation. ROS production in the late phase but not in the early phase augments activation of signaling pathways, such as the
NF-kB and PI3K pathways, and is essential for B cell proliferation. ROS production in the late phase appears to be mediated by
NADPH oxidases (NOXes) because prolonged ROS production is inhibited by various NOX inhibitors, including the specific
inhibitor VAS2870. BCR ligation-induced ROS production is also inhibited by CRISPR/Cas9-mediated deletion of either the Cyba
gene encoding p22P"%, the regulator of NOX1-4 required for their activation, or NOX3, whereas ROS production is not affected
by double deficiency of the DUOXAI and DUOXA?2 genes essential for the activation of the NOX isoforms DUOX1 and DUOX2.
These results indicate that NOXes play a crucial role in sustained but not early BCR signaling and suggest an essential role of

NOX-dependent sustained BCR signaling in B cell activation.

sponses to Ags, resulting in either the production of spe-

cific Abs or B cell tolerance (1). BCR ligation activates
protein tyrosine kinases, such as Lyn and Syk, which phosphorylate
various signaling molecules, including SLP-65/BLNK, phospholi-
pase Cy, and Vav, leading to the activation of transcriptional factors,
including NF-kB and NF-AT, and the modulation of cytoskeletons
(2-5). BCR signaling is negatively regulated by various phosphatases,

B cell receptor signaling plays a crucial role in B cell re-
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such as Src homology region 2 domain-containing phosphatase-1
(SHP-1), SHIP-1, and PTEN that dephosphorylate signaling mole-
cules activated by BCR ligation (6-9). BCR signaling uses signal-
ing pathways similar to those in TCR signaling. Sustained TCR
signaling is required for T cell proliferation and IL-2 secretion
(10, 11), and various molecules that are specifically involved in
sustained TCR signaling have been identified (12-15). However,
roles and molecular mechanisms for sustained BCR signaling are
poorly understood.

Reactive oxygen species (ROS), such as superoxide and hy-
drogen peroxide, are not only toxic substances inducing oxidative
stress but also play a role as a second messenger in signal trans-
duction (16-18). Indeed, ROS production is associated with signal
transduction through various receptors, including BCR, TCR,
TLRs, and cytokine receptors, and signaling through these re-
ceptors are downmodulated by treatment with ROS scavengers
(17). ROS regulate signaling by reversibly oxidizing various sig-
naling molecules (16, 19, 20). Hydrogen peroxide reversibly ox-
idizes protein tyrosine phosphatases, such as protein tyrosine
phosphatase 1B (PTP1B), SHP-2, and PTEN at the catalytic
cysteine residue. Oxidation of these phosphatases inhibits phos-
phatase activity, thereby augmenting cell signaling. Moreover,
ROS regulate various kinases, such as Src family kinases, and
transcriptional factors, such as NF-kB and p53, by reversible
oxidation. ROS are also known to regulate various other mol-
ecules, including calcium channels and inflammasomes.

ROS are produced by various distinct mechanisms in eukaryotes
(18, 19, 21). Superoxide anion is produced by mitochondrial
respiratory chain and NADPH oxidases (NOXes). Superoxide
anion is rapidly converted to hydrogen peroxide by superoxide
dismutase (SOD) 1 in cytosol or SOD2 in mitochondrial matrix.
Hydrogen peroxide is also produced by other enzymes, such
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2 ROLE OF NOXes IN BCR SIGNALING AND B CELL PROLIFERATION

as xanthine oxidase, cyclooxygenase, and cytochorome p450
mono-oxygenase. These mechanisms, except for NOXes, produce
ROS as byproducts of the main enzymatic activities, whereas
NOXes are the enzymes whose primary function is regulating ROS
production. Among these mechanisms, the mitochondrial respiratory
chain and NOXes are the major sources of ROS production. Both
ROS production in mitochondria and that by NOXes are known to
play a role in signaling through various receptors, including TLRs,
NLRP3 inflammasomes, TCR, BCR, and cytokine receptors (17). In
T cells, the inhibition of mitochondrial ROS production by knockout
or knockdown of the components of mitochondrial respiratory
chains inhibits expression of IL-2 and IL-4 induced by TCR ligation
and T cell proliferation (22, 23). Enhanced ROS production in mi-
tochondria enhances RIG-I-like receptor and TLR signaling (24,
25). In contrast, knockout or knockdown of NOXes inhibits NLRP3
inflammasome activation induced by silica and asbestos (26) and
cytokine signaling through IL-1R, platelet-derived growth factor
receptor (PDGFR), and TNFR (27-29).

NOXes are the family of transmembrane enzymes that generate
superoxide from NADPH and oxygen (21, 30). There are seven
isoforms of NOX1-5, DUOX1, and DUOX2. However, rodents
lack NOXS. Most of these isoforms require association with
interaction partners for the catalytic activity. NOX1-4 associate
with the small membrane protein p22P"°*, whereas DUOX 1 and
DUOX2 associate with DUOXA1 and DUOXAZ2, respectively.
These associations are required for the oxidase activity. Activation
of NOX1, 2, and 3 also requires stimulation-dependent association
with distinct cytosolic proteins for each isoform p47°", p67P"x,
and p40P™* for NOX2 and NOXOI and NOXA1 for NOX1 and
NOX3. NOX4 does not require association with cytosolic proteins
for activation and is thus thought to be constitutively active.

A potential role of ROS in BCR signaling was first suggested by
the observation that treatment of B cells with H,O, induces sig-
naling through BCR in the absence of BCR ligation (31). Studies
using NOX2~'~ mice demonstrated that superoxide is produced
within a few minutes after BCR is ligated dependently on NOX2
(32). However, NOX2~'~ B cells showed normal early BCR sig-
naling, including Ca®* mobilization, the phosphorylation of various
signaling molecules, such as AKT and Syk, and BCR ligation—
induced B cell proliferation (32). This study clearly demon-
strated that ROS are not involved in early BCR signaling, although
other studies suggested the involvement of ROS in BCR signaling
through the inhibition of protein tyrosine phosphatases (PTPs) (33,
34). In contrast, Wheeler and DeFranco demonstrated that BCR
ligation induces prolonged but not immediate ROS production in
NOX2™’~ B cells, and the scavenging of ROS inhibited prolifer-
ation of these B cells (35). Thus, prolonged ROS production after
BCR ligation plays a crucial role in B cell activation. These au-
thors suggested that prolonged ROS production involves mito-
chondria but not NOXes because they detected ROS production
using an ROS indicator targeted to mitochondria but failed to
detect expression of NOXes other than NOX2 (35). In this study,
we analyze the expression of NOXes in mouse B cell lines and
normal mouse spleen B cells and detect the expression of NOX1,
NOX2, NOX3, DUOX2, and their regulators. BCR ligation—
induced sustained ROS production is almost completely inhibi-
ted by specific NOX inhibitors and the deletion of the Cyba gene
encoding p22P"* required for NOX-induced ROS production. De-
letion of NOX3 but not NOX1 also reduces BCR ligation—induced
sustained ROS production. Moreover, we demonstrate that sus-
tained ROS production enhances the sustained activation of NF-kB
and PI3K pathways. Our results strongly suggest the involvement of
NOXes in BCR ligation—induced prolonged ROS production re-
quired for sustained BCR signaling and B cell proliferation.

Materials and Methods
Mice

C57BL/6 (B6) mice were purchased from Sankyo Laboratory Service
(Tokyo, Japan). NOX2~'" mice (36) and mice deficient in both DUOXA1
and DUOXA2 (DUOXA ™'~ mice) (37) were described previously. Mice
were bred and maintained in the animal facility of Tokyo Medical
and Dental University under specific pathogen-free conditions. Because
DUOXA™'~ mice develop severe hypothyroidism, DUOXA™'~ mice
were s.c. injected daily with 40 ng/g body weight L-thyroxine (Wako
Chemicals) after P6 or fed with drinking water containing 0.26 mg/l
L-thyroxine after weaning. All animal experiments were approved by
the Institutional Animal Care and Use Committee of Tokyo Medical
and Dental University and were performed according to our institutional
guidelines.

Cells

Mouse spleen B cells were isolated as described previously (38). Spleen
B cells and the mouse B cell line BAL17 were cultured in RPMI 1640
medium supplemented with 10% FCS, 50 uM 2-ME, 1 mM L-glutamine,
and 100 U/ml penicillin/streptomycin (complete RPMI 1640 medium) in the
presence or absence of 10 pg/ml F(ab’), fragments goat anti-mouse IgM Ab
(Jackson ImmunoResearch Laboratories), 10 mM N-acetylcysteine (NAC)
(Sigma-Aldrich), 1.25 or 2.5 uM VAS2870 (Calbiochem), 100 M apocynin
(Cayman Chemical), 5 uM diphenyleneiodonium (DPI) (Sigma-Aldrich),
2 wg/ml antimycin A (Sigma-Aldrich), 1 or 10 pg/ml anti-mouse CD40
Ab FGK45 (39), or 20 ng/ml IL-4 (PeproTech). HEK 293T cells and the
retrovirus packaging cell line PLAT-E (a gift of Dr. T. Kitamura, University
of Tokyo, Tokyo, Japan) (40) were maintained in DMEM supplemented with
10% FCS, 2 mM L-glutamine, and 100 U/ml penicillin/streptomycin.

Measurement of intracellular ROS production

After incubation with anti-IgM Ab (Jackson ImmunoResearch Labo-
ratories), B cells were incubated with 2 wM ROS-sensitive probe 5-(and-
6)-chloromethyl-2’,7'-dichlorodihydrofluorescein diacetate (Invitrogen)
in Hybridoma-SFM (Invitrogen) at 37°C for 10 min. For detection of
ROS in mitochondria, B cells were loaded with 5 pM MitoSOX Red
(Invitrogen) in RPMI 1640 containing 10% FCS at 37°C for 20 min
before incubation with anti-IgM. In some samples, cells were treated
with 2 pg/ml antimycin A (Sigma-Aldrich) for the last 1 h of incuba-
tion. Cells were analyzed by flow cytometry using FACS Verse.

CFSE assay for cell proliferation

Cells were stained with 2 pM CFSE (Invitrogen) in serum-free RPMI 1640
medium at 37°C for 10 min. Staining was terminated by the addition of
equal volume ice-cold RPMI 1640 containing 10% FCS and incubated on
ice for 5 min. Cells were cultured in a total volume of 200 pl complete
RPMI 1640 medium at 37°C for 72 h. The reduction of the CFSE fluo-
rescence at each cell division was analyzed by flow cytometry using
FACSVerse to determine the number of cell divisions.

Flow cytometry

Cells were incubated with anti-FcyRII/III Ab 2.4G2 for 10 min to block
FeyRII/II-mediated binding and were stained for 30 min on ice with the
following Abs: Pacific Blue— or Alexa Fluor 647—conjugated anti-mouse
B220 (RA3-6B2), biotin-conjugated anti-mouse CD19 (eBioscience),
Alexa Fluor 488—conjugated streptavidin (Invitrogen), Pacific Blue—conju-
gated anti-mouse IgM, FITC-conjugated anti-mouse IgM (SouthernBiotech),
PE-conjugated anti-mouse CD5 (BioLegend), FITC-conjugated anti-mouse
CD21 (BioLegend), PE-conjugated anti-mouse CD23 (eBioscience), Alexa
Fluor 647—conjugated anti-mouse IgD (BioLegend), and PE-conjugated anti-
mouse CD138 (BD Pharmingen). For detecting dead cells, cells were stained
with propidium iodide (Nacalai Tesque).

ELISA

The concentration of IgG was measured by standard sandwich ELISA using
unlabeled and alkaline phosphatase—conjugated goat anti-mouse IgG
(SouthernBiotech).

RT-PCR

Colon, testis, kidney, and thyroid gland were isolated from C57BL/6 mice
and homogenized. Total RNA was extracted from spleen B cells, BAL17
cells, colon, testis, kidney, and thyroid gland by TRIzol (Invitrogen). cDNA
was synthesized using SuperScript III Reverse Transcriptase (Invitrogen)
according to the manufacturer’s instructions. DNA fragments encoding
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various Nox isoforms and their regulators were amplified by PCR using
specific primers. PCR amplification conditions were 94°C for 3 min; 35
cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s; and 72°C for
5 min. PCR products were analyzed by 1.5% agarose gel electrophoresis.
The Cyba cDNA was amplified from cDNA of BAL17 cells using forward
(5'-TACGAATTCCACCATGGGGCAGATCGAGTGGG-3") and reverse
(5'-TCCGGAATTCTCACACGACCTCATCTGTCAC-3") primers.

Generation onybaf/f, Noxlf/f, and Nox3 ™'~ BALI7 cells
using a CRISPR/Cas9 system

The single guide RNA (sgRNA) sequences targeting exon 3 in the Cyba
gene (5'-TGTCTGCTGGAGTATCCCCG-3’) and exon 1 in the Nox3 gene
(5'-TCGTTCAGAATCCAGCACAC-3") were designed using online soft-
ware provided by Benchling (https://benchling.com/). The sgRNA sequence
targeting exon 10 in the Nox/ gene (5'-TGAGCTTGTTGTCGGCACGC-3")
was designed using online CRISPRscan predictions (http://crisprscan.org/).
The oligonucleotides encoding sgRNAs were annealed with complementary
oligonucleotides and then ligated into the BsmBI (R0580; New England
BioLabs)-digested lentiCRISPR vector (49535; Addgene) (41-43). Lentivi-
rus was produced by the triple transfection of HEK-293T cells with the

lentiCRISPR vector encoding sgRNAs, together with the packaging plasmid
psPAX2 (Addgene) and pMD2.G encoding VSV-G envelope (Addgene)
using polyethylenimine (PolyScience) in DMEM containing 10% FCS. After
72 h, virus-containing supernatant was collected, and BAL17 cells were
infected by spin infection in the presence of 10 wg/ml hexadimethrine
bromide (polybrene) (Nacalai Tesque). After the addition of equal volume of
complete RPMI medium, cells were cultured for 24 h in complete RPMI and
then selected in the presence of 0.25 pg/ml puromycin (Wako Chemicals)
for 5 d. Puromycin-resistant cells were cloned by limiting dilution. Wells
containing a single colony were selected under a microscope and expanded.
Genomic DNA was extracted, and the targeted sequences were amplified
by PCR and sequenced.

Restoration of Cyba expression

Cyba cDNA amplified by RT-PCR was cloned in the pMD20-T vector
using Mighty TA-cloning Kit (Takara Bio). Eight nucleotides substitutions
were introduced into the sgRNA-targeting site of the Cyba cDNA without
altering the amino acid sequence of the protein by PCR using forward (5'-
GCTTACTCGAATACCCTAGGGGAAAGAGGAAAAAGGGGTC-3') and
reverse (5'-CTAGGGTATTCGAGTAAGCAGATGAGCACACCTGCAGC-3")
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primers. The DNA fragment containing the mutated Cyba cDNA was
isolated from the T vector using EcoRI and ligated into the EcoRI-digested
pMXs-ires-iRFP720 vector (pMXs-Cybamut-ires-iRFP720), which was
generated by replacing the Ncol-Sall fragment encoding GFP in pMXs-
ires-GFP (a gift of Dr. Kitamura) (44) with the Ncol-Sall fragment con-
taining iRFP720 isolated from piRFP720-N1 (Addgene). Retrovirus was
produced by transfection of PLAT-E cells with pMXs-Cybamut-ires-
iRFP720 using polyethylenimine reagent, and Cyba ’~ BALI17 cells
were infected. Red fluorescence protein-positive cells were sorted using
MoFlo XDP (Beckman Coulter).

Generation of Cyba™'™ mice

CRISPR/Cas9-mediated genome editing was done by using cloning-free
CRISPR/Cas system as described previously (45). For deleting the Cyba
exons 1-3, CRISPR RNAs (crRNAs) were designed in exon 1 (5’'-UGU-

CUGCUGGAGUAUCCCCGGUUUUAGAGCUAUGCUGUUUUG-3") and

exon 3 (5'-ACUCGAUCUGCCCCAUGACGGUUUUAGAGCUAUGCU-
GUUUUG-3"). A single-stranded oligo DNA donor, which contains 75 bp
up- or downstream region from DNA double-strand breaking sites determined
by each crRNAs, were coinjected to a fertilized egg with all the CRISPR/Cas9
components including crRNAs and a trans-activating crRNA. All the oligo-
nucleotides were chemically synthesized and purified by high-pressure liquid
chromatography (FASMAC, Atsugi, Japan).

Western blotting

Total cell lysates were separated by SDS-PAGE and blotted to PVDF
membranes (Immobilon). Membranes were reacted by mouse anti-IkBa
mAb (L35AS5), rabbit anti-phospho-IkBae mAb (Ser32) (14D4), mouse
anti-IkB kinase (IKK) B mAb (3G12), rabbit anti-IKK@ mAb (D30C6),
rabbit anti—-phospho-IKKa/ mAb (Ser176/180) (16A6), rabbit anti-NF-«B
p65 mAb (D14E12), rabbit anti—-phospho-NF-kB p65 mAb (Ser536)
(93H1), rabbit anti-CARD11 mAb (1D12), rabbit anti-phospho-CARDI11
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mAb, rabbit anti-phospho-Akt mAb (Ser473) (all from Cell Signaling
Technology), anti—{3 tubulin (TUB 2.1) (Santa Cruz Biotechnology), rabbit
anti-mouse p22P"°* Ab (Bioworld), rabbit anti-Nox1 Ab (GeneTex) or
rabbit anti-Nox3 Ab (ABclonal Technology), mouse anti-mouse NOXO1
Ab (Santa Cruz Biotechnology), rabbit anti-mouse NOXAI Ab (Bioss
Antibodies), and rabbit anti-mouse DUOX2 Ab (Abcam), followed by a
reaction with HRP-conjugated anti-rabbit IgG Ab (Invitrogen) or HRP-
conjugated anti-mouse IgG Ab (Cell Signaling Technology). Proteins
were then visualized using enhanced Chemi-Lumi One L (Nacalai Tesque).

Statistics

Data were analyzed by unpaired Student ¢ test or Dunnett test.

Results
Prolonged ROS production after BCR ligation is required for
B cell proliferation

To address the time course of ROS production after BCR ligation,
we ligated BCR with anti-IgM Ab and measured the ROS level
using ROS-sensitive dye DCFDA in both mouse spleen B cells and
BAL17 cells at various time points. In spleen B cells, the ROS level
was increased at 15 min after BCR ligation and returned to the basal
level in 1 h (Fig. 1A, Supplemental Fig. 1A, 1C). The ROS level
was again increased after 1 h and reached the second peak at 4 h
after BCR ligation. The ROS level in the second phase is much
higher than that in the first phase. Essentially, the same result
was obtained in BAL17 cells (Fig. 1B, Supplemental Fig. 1B, 1D).
This result indicates that BCR ligation induces ROS production in
two phases: transient ROS production in the early phase within 1 h
is followed by stronger and more sustained ROS production at
2-6 h after BCR ligation.

To address the role of ROS production in B cell activation, we
examined B cell proliferation by stimulating CFSE-labeled spleen
B cells with anti-IgM in the presence or absence of the ROS
scavenger NAC. Treatment with NAC completely inhibited B cell
proliferation induced by anti-IgM Ab (Fig. 1C). To address the role
of ROS production at the early phase and that at the late phase
separately, we stimulated B cells with anti-IgM in the presence of
NAC either during the first 3 h alone or after 3 h. Although
treatment with NAC during the first 3 h did not inhibit B cell

proliferation at all (Fig. 1D), B cell proliferation was completely
inhibited by treatment with NAC after 3 h (Fig. 1E). Treatment of
NAC increased the percentage of dead cells in anti-IgM-treated
spleen B cells, indicating that ROS enhances the survival of BCR-
ligated B cells (Fig. 1F, 1G). Moreover, death of anti-IgM-stimulated
B cells was augmented by the treatment of NAC after 3 h but not the
treatment with NAC during the first 3 h, suggesting that prolonged
ROS production enhances the survival of BCR-ligated B cells. Taken
together, ROS production at the late phase after 3 h is crucial for both
the proliferation and the survival of BCR-ligated B cells.

To address whether ROS regulate B cell differentiation to plasma
cells, we stimulated B cells with anti-IgM, anti-CD40, and IL-4 in
the presence or absence of NAC. NAC accelerated the generation
of CD138" cells (Fig. 2A, 2B) and augmented secretion of IgG
(Fig. 2C), suggesting that ROS inhibit differentiation to plasma
cells (Fig. 2A, 2B). To address the role of ROS production at the
late phase in the regulation of plasma cell differentiation, we treated
B cells with NAC after 3 h. This treatment accelerates the gener-
ation of CD138" cells and augments secretion of IgG from spleen
B cells (Fig. 2D-F) as efficiently as the treatment with NAC from
the beginning of culture does. Thus, prolonged ROS production
delays B cell differentiation to plasma cells.

Prolonged ROS production after BCR ligation involves NOXes
but not mitochondrial respiration

To address the mechanisms for ROS production at the late phase in
BCR-ligated B cells, we first measured ROS production in mito-
chondria using mitochondria-targeted ROS-sensitive fluorogenic
dye MitoSOX. Although treatment with mitochondrial respiratory
chain inhibitor antimycin A for 1 h increases the ROS level in
mitochondria in both spleen B cells and BAL17, BCR ligation for
4 h did not increase the mitochondrial ROS level in either spleen
B cells or BAL17 (Fig. 3). Thus, mitochondrial respiration is not
involved in prolonged ROS production induced by BCR ligation.

Next, we addressed the involvement of NOXes in BCR ligation—
induced prolonged ROS production. When we stimulated spleen
B cells with anti-IgM in the presence of the NOX inhibitors apocynin
or DPI, ROS production at 4 h is almost completely abolished
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FIGURE 3. Mitochondria are not involved in BCR ligation-induced prolonged ROS production. BAL17 cells (A and B) and spleen B cells (C and D)
were stimulated with 10 pg/ml anti-IgM Ab for 4 h or 2 pg/ml antimycin A for 1 h. MitoSOX (A and C) and DCFDA (B and D) were loaded to the cells
before or after stimulation, respectively. Fluorescence of MitoSOX and DCFDA is measured by flow cytometry (upper panels), and fold changes in mean
fluorescence intensity (MFI) compared with untreated cells were calculated (lower panels). Mean * SD of triplicate is shown. Data represent three
independent experiments. **p < 0.01, ***p < 0.001; ns, not significant (Dunnett test).
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(Fig. 4A). Apocynin also completely abolished the proliferation
of B cells stimulated with anti-IgM (Fig. 4B). These results sug-
gest that NOXes are required for prolonged ROS production and
the proliferation of B cells induced by BCR ligation. However,
classical NOX inhibitors were not specific to NOXes. DPI in-
hibits enzymes involved in mitochondrial respiration, and apoc-
ynin carries ROS-scavenging activity in addition to NOX inhibition
(46). To exclude the possibility that these NOX inhibitors reduced
the ROS level by scavenging ROS or inhibiting mitochondrial
respiration, we used the NOX inhibitor VAS2870, which was
shown not to carry an ROS-scavenging activity (47). VAS2870
almost completely inhibited ROS production in both the early
and late phases after stimulation with anti-IgM in spleen B cells
and BAL17 (Fig. 4C). Moreover, VAS2870 almost completely
inhibited the proliferation of spleen B cells stimulated by anti-
IgM (Fig. 4D), whereas LPS-induced proliferation was inhibited
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by VAS2870 only marginally (Fig. 4E). These results suggest
that BCR ligation—induced prolonged ROS production involves
NOXes but not mitochondrial respiration.

B cells express various NOXes and their regulators but do not
require NOX2 or DUOX2 for BCR ligation—induced prolonged
ROS production

To address how NOXes are involved in ROS production in B cells
after BCR ligation, we examined the expression of various members
of NOXes in spleen B cells and BAL17 cells except for NOX2
because it is already established that NOX2 is activated upon BCR
ligation (35). We used tissues known to highly express each NOX
isoform as controls. By RT-PCR analysis using specific primers
(Table I), the expression of NOX1, NOX3, and DUOX2 was
readily detected in both BAL17 and spleen B cells, whereas
NOX4 and DUOX1 were not detectable in either BAL17 or

Table I. PCR primers
Gene Forward Primer Reverse Primer

NOX1 5'-GGTTGGGGCTGAACATTTTTC-3’ 5'-TCGACACACAGGAATCAGGAT-3’
NOX3 5'-TGGCAGTAAACGCCTATCTGT-3’ 5'-CGGAACCCAGAATAACTCGTGTA-3'
NOX4 5’'-GAAGGGGTTAAACACCTCTGC-3’ 5'-ATGCTCTGCTTAAACACAATCCT-3’
DUOX1 5'-AAAACACCAGGAACGGATTGT-3’ 5'-AGAAGACATTGGGCTGTAGGG-3’
DUOX2 5'-GGCCACAAGGGGTGTATGC-3’ 5'-GGCAGCCATTGGTATAGAGCA-3’
NOXAI 5'-AGTGCAGAAACAGGTACCCC-3' 5'-TGCTCAGGACCCTCTTACACAT-3’
NOXO1 5'-GAGCCCTTATCCCAACCCAG-3' 5'-CAGAACTGCCTCCCACTTCC-3'
DUOXALI 5'-ACCAAGCCAACCTTTCCAATG-3’ 5'-GCCCCGATGAATAAGCTGGTC-3’

DUOXA2

5'-GACGGGGTGCTACCCTTTTAC-3’

5'- GCTAAGAAGGACTCTCACCAAC-3’
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spleen B cells (Fig. 5A). We next examined the expression of the
regulators required for the activity of these NOXes. BAL17 and
spleen B cells expressed NOXA1 and NOXO1 required for the
activation of NOX1 and NOX3 and DUOXA?2 (Fig. 5A), which is
the transmembrane regulator for DUOX2, whereas DUOXALI,
which is required for the activation of DUOX1, was not detected
in either spleen B cells or BAL17 cells. Western blot analysis
showed that NOX1, NOX3, DUOX2, NOXA1, and NOXO1 are
expressed at the protein level (Fig. 5B). Because NOX2 is func-
tional in B cells (32, 35), B cells appear to express p22°"°*, which
is required for the activity of NOX1-4. These results suggest that
NOX1, NOX3, and DUOX2 as well as NOX2 are functional in
B cells.

We next addressed whether NOX2, DUOXAI1, and DUOXA2
are involved in BCR ligation—induced ROS production. In spleen
B cells from NOX2’~ mice, BCR ligation-induced ROS pro-
duction in the early phase was completely abolished, whereas
ROS production in the late phase was normal (Fig. 5C, left panel),
in agreement with previous findings. ROS production in the late
phase was not reduced in spleen B cells from mice deficient in
NOX2 and DUOXA1/2 (Fig. 5C, right panel), indicating that both
DUOX1 and DUOX?2 are dispensable in BCR ligation—-induced
ROS production at the late phase. Moreover, both NOX2™"~ and
NOX2™'~ DUOXA™"~ B cells showed BCR ligation—induced
proliferation as efficiently as wild-type B cells (Fig. 5D). These
results clearly indicate that NOX2, DUOX1, and DUOX2 are not
required for either BCR ligation—induced prolonged ROS pro-
duction or B cell proliferation. Thus, NOX1, NOX3, or both ap-
pear to be involved in the prolonged ROS production after BCR
ligation because NOX4 expression is not detectable in B cells.

The NOX regulator p22P"** and NOX3, but not NOXI, are
essential for BCR ligation—induced prolonged ROS production
in the B cell line BALI7

We further addressed whether NOXes are involved in prolonged
ROS production after BCR ligation using BAL17 because BAL17
cells show BCR ligation—induced prolonged ROS production
sensitive to VAS2870 without generating ROS in mitochondria,
which is the case for spleen B cells. We addressed the involvement
of NOXes by deleting the Cyba gene encoding p22P"°* using a
CRISPR/Cas9 system. We expressed CRISPR/Cas9 together
with a guide RNA complementary to the target sequence in exon
3 of the Cyba gene encoding p22P"* in BAL17 cells using a
lentiviral vector (Fig. 6A). By sequencing exon 3 of the Cyba gene
in each independent clone, we obtained nine clones that appear to
carry mutations in both alleles of Cyba. Western blotting revealed
that, among nine clones, p22phox was not detectable in five clones
(Fig. 6B). When we stimulated these Cyba '~ BALI17 clones with
anti-IgM, ROS production at 4 h was either markedly reduced or
undetectable (Fig. 6C, 6D), suggesting that p22P"™ is essential for
BCR ligation—induced prolonged ROS production.

To exclude off-target effects of CRISPR/Cas9, we chose Cyba ™'~
BAL17 clones that show no BCR ligation—induced prolonged
ROS production (clones no. 1, no. 7, and no. 8) and restored the
expression of Cyba by transducing a retrovirus expressing Cyba in
which the codon usage at the complementary region of sgRNA
was altered so that the transduced Cyba cDNA 1is not mutagenized
by CRISPR/Cas9. After confirming the restoration of p22PM°*
expression by Western blotting (Fig. 6E), we examined ROS
production at 4 h after BCR ligation. ROS production at this time
point was restored in all the clones in which Cyba expression was
restored (Fig. 6F, 6G). Thus, the loss of prolonged ROS produc-
tion in Cyba™’~ BALI17 cells is a consequence of the loss of Cyba
but not off-target effects of CRISPR/Cas9.
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FIGURE 5. DUOXI, DUOX2, and NOX2 are dispensable for BCR
ligation—induced ROS production in the late phase and B cell proliferation.
(A and B) RT-PCR assay (A) and Western blotting (B) for the expression of
various NOX isoforms and their regulators in spleen B cells and BAL17
cells. The following tissues were used as control tissues in RT-PCR assay:
colon for NOX1, NOXOI, and NOXALI; testis for NOX3; kidney for
NOX4; and thyroid gland for DUOX1, DUOX2, DUOXA1, and DUOXAZ2.
(C and D) Either CFSE-labeled (D) or unlabeled (C) spleen B cells from
wild-type (WT), NOX2~'~ and NOX2~'~ DUOXA™'~ mice were stimu-
lated with 10 pwg/ml anti-IgM Ab for the indicated times (C) or 72 h (D).
Fluorescence of DCFDA (C) or CFSE (D) were measured by flow
cytometry. Fold changes in mean fluorescence intensity of DCFDA fluo-
rescence compared with untreated cells were calculated (C). Alternatively,
percentages of proliferated cells are indicated (D).

To address the role of Cyba in B cell development, we gen-
erated Cyba~'~ mice by CRISPR-mediated genome editing us-
ing cloning-free CRISPR/Cas system (45), including crRNAs for
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FIGURE 6. CRISPR/Cas9-mediated deletion of the Cyba gene coding for the NOX regulator p22P"* abrogates BCR ligation—induced prolonged ROS
production in BAL17 cells. (A) Schematic representation of sgRNA-targeting exon 3 of the Cyba gene. (B) Generation of Cyba™'~ BAL17 cells using the

lentivirus vector lentiCRISPR containing sgRNA shown in (A). Cyba-targeted cells were enriched by puromycin selection. Western blot analysis for p22P"°*

in puromycin-resistant clones is shown. (C and D) Indicated Cyba '~ BAL17 clones were stimulated with anti-IgM for 4 h. Cells were loaded with
DCFDA, and DCFDA fluorescence was measured by flow cytometry (C). Fold changes in mean fluorescence intensity (MFI) of DCFDA fluorescence
compared with untreated cells were calculated. Mean * SD of triplicate is shown (D). *p < 0.05, **p < 0.01; ns, not significant (Student 7 test). (E)
Restoration of p22P™* expression in indicated Cyba™'~ BALI17 clones by retrovirus transduction of the Cyba cDNA. After the sorting of RFP* cells, cells
were analyzed by Western blotting for p22P" expression. (F and G) Cyba-restored Cyba '~ BAL17 cells were stimulated with anti-IgM for 4 h. Cells were
loaded with DCFDA, and DCFDA fluorescence was measured by flow cytometry (F). Fold changes in MFI of DCFDA fluorescence compared with un-

treated cells were calculated. Mean = SD of triplicate is shown (G). *p < 0.05, **p < 0.01 (Student ¢ test).

Cyba (Supplemental Fig. 2A). We obtained five independent
mouse lines and confirmed the lack of p22P"°* expression in all
these five lines by Western blot (Supplemental Fig. 2B). Analysis
of bone marrow, spleen, and peritoneal cells showed that devel-
opment of pro-B/pre-B cells and immature and transitional B cells
in bone marrow; transitional B cells, follicular B cells, and mar-
ginal zone B cells in spleen; and B-1a and B-1b cells in peritoneal
cells in Cyba '~ mice are comparable to those in wild-type mice
(Supplemental Fig. 2C-E). This result indicates that Cyba does
not regulate B cell development and suggests that tonic BCR
signaling does not involve Cyba-mediated ROS production.
Among the NOXes regulated by p22P"°*, NOX4 is not expressed
in B cells, and NOX2 deficiency does not cause reduction in ROS

production, suggesting that NOX1, NOX3, or both are involved
in BCR ligation—induced prolonged ROS production. To ad-
dress the role of NOX1 and NOX3, we deleted these genes by a
CRISPR/Cas9 system in BAL17 cells (Fig. 7A, 7B). After con-
firming the deletion of NOX1 and NOX3 in three independent
clones, each by Western blotting (Fig. 7C, 7D), we stimulated
NOX1™'~ and NOX3™~'~ BALI17 cells with anti-IgM. NOX1 ™'~
clones showed prolonged ROS production comparable to that in
parent BAL17 cells (Fig. 7E, 7G). In contrast, prolonged ROS
production was markedly reduced or undetectable in NOX3 -
clones (Fig. 7F, 7H). The basal ROS level in unstimulated
NOX3~'~ clones were also reduced compared with that in parent
BAL17 cells. These results suggest that NOX3 but not NOX1
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FIGURE 7. CRISPR/Cas9-mediated deletion of NOX3 but not NOX1
suppresses BCR ligation—induced prolonged ROS production in BAL17
cells. (A and B) Schematic representation of sgRNA-targeting NOX! exon
10 and NOX3 exon 1. (C and D) Generation of NOX1~'~ (C) and NOX3~'~
(D) BAL17 cells using the lentivirus vector lentiCRISPR containing
sgRNA shown in (A) and (B), respectively. Western blot analysis for NOX1
(C) and NOX3 (D) in NOX1™'~ and NOX3™'~ clones, respectively, are
shown. (E-H) NOX1~'~ (E and G) and NOX3~'~ (F and H) BAL17 clones
were stimulated with anti-IgM for 4 h. Cells were loaded with DCFDA,
and DCFDA fluorescence was measured by flow cytometry (E and F). Fold
changes in mean fluorescence intensity (MFI) of DCFDA fluorescence
compared with untreated cells were calculated. Mean = SD of triplicate is
shown (G and H). *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant
(Student 7 test).

plays a crucial role in BCR ligation—induced prolonged ROS
production.

Prolonged ROS production augments activation of NF-kB
and AKT

To address how prolonged ROS production enhances B cell acti-
vation, we examined activation of the NF-kB and PI3K pathways
because these pathways are regulated by ROS (17, 19, 35)and
plays a role in B cell survival and proliferation (48-50). We
stimulated BAL17 cells and mouse spleen B cells with anti-IgM
Ab in the presence or absence of NAC for various times up to 8 h.
NAC reduced phosphorylation of NF-kB p65 and various signaling
molecules involved in BCR ligation—-induced NF-«kB activation,

such as IkB, IKK, and CARDI11 at 6 and 8 h after BCR ligation
(Fig. 8). We addressed the PI3K pathway by analyzing the
phosphorylation of AKT in the presence or absence of NAC in
mouse spleen B cells. NAC reduced the phosphorylation of AKT
at 4-8 h after BCR ligation (Fig. 8). These results suggest that
prolonged ROS production augments prolonged activation of both
NF-kB and PI3K pathways.

Discussion

In this study, we demonstrate that BCR ligation induces ROS
production in two phases in both mouse spleen B cells and BAL17
cells. ROS are produced transiently within 1 h in the early phase. In
contrast, ROS production in the late phase is sustained from 2 h to
more than 6 h after BCR ligation, and the level of ROS was much
higher than that in the early phase. Because scavenging ROS by
NAC from 3 h after BCR ligation completely inhibited the pro-
liferation of spleen B cells and reduced cell survival, ROS pro-
duction in the late phase appears to be crucial in B cell activation.
This notion is also supported by the finding in NOX2~'~ spleen
B cells. In agreement with the previous finding (32, 35), BCR-
ligated NOX2~'~ spleen B cells show ROS-dependent prolifera-
tion in the absence of ROS production at the early phase. In
contrast, the scavenging of ROS by NAC from 3 h after BCR li-
gation delays the differentiation of B cells to Ab-secreting cells.
Previously, plasma cell differentiation was shown to be inhibited
in mice deficient in the CDK inhibitor p18™¥4° (51), suggesting
that cell cycle inhibition enhances plasma cell differentiation.
Thus, prolonged ROS production may delay plasma cell differ-
entiation by augmenting the proliferation of activated B cells.
BCR ligation—induced ROS production in the early phase is
transient, and its magnitude is much less than that in the late
phase. As a consequence, ROS produced in the early phase may
not be able to effectively regulate B cell activation.

In this study, we demonstrate that BCR ligation—-induced ROS
production in both the early and the late phase is inhibited by
NOX inhibitors in both spleen B cells and BAL17 cells. BCR
ligation—induced ROS production is also inhibited by CRISPR/
Cas9-mediated deletion of either the Cyba gene encoding
p22Ph°% "3 common regulator of NOX1-4 (21, 30), or the NOX3
gene in BAL17 cells. These results indicate that NOXes are in-
volved in BCR ligation—induced early and prolonged ROS pro-
duction. In contrast, we demonstrate that Cyba '~ mice show
normal B cell development, suggesting that NOXes are involved
in BCR ligation—induced signaling but not tonic signaling. We
used three distinct NOX inhibitors (i.e., apocynin, DPI, and
VAS2870) to address the role of NOXes in BCR ligation—-induced
ROS production. These three inhibitors almost completely abol-
ished the ROS production. B cell proliferation was also almost
completely blocked by apocynin and VAS2870, although we have
not tested DPI. DPI and apocynin are classical NOX inhibitors
and are less specific. DPI is a general flavoprotein inhibitor and
therefore inhibits endothelial NO synthase, xanthine oxidase, and
proteins involved in mitochondrial respiration, whereas apocynin
carries an ROS-scavenging activity (46). However, VAS2870 is a
selective NOX inhibitor without carrying ROS-scavenging activity
(47). Thus, the inhibition of ROS production and B cell prolifer-
ation by NOX inhibitors including VAS2870 appears to be me-
diated by NOX inhibition but not off-target effects. BAL17 cells
show ROS production in two phases with a similar time course
and magnitude with spleen B cells, suggesting ROS production in
BAL17 cells represents that in spleen B cells. Thus, abrogation of
prolonged ROS production by CRISPR/Cas9-mediated deletion of
either Cyba that encodes p22P"* required for the activation
of NOX1-4 (21, 30) or NOX3 in BAL17 cells and restoration of
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prolonged ROS production by expression of Cyba in Cyba '~
BAL17 cells strongly support the notion that BCR ligation—
induced prolonged ROS production is mediated by NOXes.

Previously, Wheeler and DeFranco reported that BCR ligation—
induced ROS production in the late phase involves mitochondria
(35). They detected ROS production in mitochondria using the
mitochondria-targeted ROS indicator MitoSOX in the late phase
and failed to detect expression of NOXes except for NOX2 by RT-
PCR. In this study, we demonstrated that mitochondrial ROS
production was not detected in either spleen B cells or BAL17
cells. The cause of the difference between our results and the
results by Wheeler and DeFranco is not clear but might be a
difference in the culture condition of B cells as mitochondrial
ROS production is induced by various stresses. Moreover, we
clearly detected the expression of various NOXes, such as NOX1,
NOX3, and DUOX2 and their regulators NOXA1, NOXOI1, and
DUOXA2 by RT-PCR in both BAL17 and spleen B cells. NOXes
are expressed highly in specific tissues depending on the NOX
isoforms. NOX1, NOX3, NOX4, and DUOX2 are highly expressed
in colon, cochlea, kidney, and thyroid gland, respectively (19).
However, NOXes are less abundantly expressed in various tissues
but play a crucial role in various biological phenomena. For ex-
ample, mice deficient in NOX1 shows various changes in cardio-
vascular system (52). Probably because of the low-level expression
of various NOXes in B cells, expression of these NOXes were not
detected in the study by Wheeler and DeFranco, but this does not
exclude the expression of these NOXes or their functional activ-
ities in B cells.

In this study, we demonstrate that BCR ligation—induced ROS
production in the late phase involves NOX3, whereas NOX2 is
responsible for the ROS production in the early phase. Each NOX
isoform shows distinct activation mechanisms (21, 30). NOX2
activation requires the recruitment of cytosolic regulators, such
as p47P"°*, p67P"°* and p40P"**, which is initiated by the phos-
phorylation of p47°"°*. In contrast, NOX3 activation requires the
recruitment of NOXA1 and NOXOI1, in which NOXO1 phos-
phorylation plays a crucial role (53, 54). NOX2 requires Racl
activation, whereas NOX1 depends less on Racl activation. Racl
is not required for NOX3 activation at least in overexpression
system (55, 56). Probably because of distinct requirement for
activation in each NOX isoform, BCR ligation initially activates
NOX2 and later activates NOX3 without activating NOX1. Future
studies on the activation of different NOX isoforms may elucidate
the detailed molecular mechanisms for the switch from NOX2 to
NOX3 in BCR ligation—induced ROS production.

In this study, we demonstrate that NOX-dependent sustained ROS
production is essential for BCR ligation-induced B cell prolifera-
tion. We also demonstrate that ROS generated by NOXes augment
sustained NF-kB and AKT after BCR ligation (Fig. 8). ROS-
dependent sustained activation of the PI3K pathway is consis-
tent with the previous finding (35). Because NF-kB and PI3K
pathways regulate lymphocyte proliferation and survival (48-50),
enhanced activation of NF-kB and AKT may be involved in ROS-
dependent B cell proliferation and survival in BCR-ligated B cells.
Thus, BCR ligation induces NOX-dependent sustained ROS pro-
duction, thereby inducing B cell proliferation and enhancing B cell
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survival by augmenting signaling pathways, including the NF-«kB
and PI3K pathways. Enhanced receptor signaling by NOXes is
consistent with the previous findings that ROS generated by NOXes
play a role in signal transduction through cytokine receptors, in-
cluding IL-1a, TNF-(, and platelet-derived growth factor (PDGF)
by augmenting the activation of signaling molecules, such as
MAPK and NF-kB (27-29). Although ROS produced by cyto-
kines enhance signaling within 30 min, BCR ligation—-induced
ROS augment activation of NF-kB and AKT at 2-8 and 6 h af-
ter BCR ligation, respectively (Fig. 8), probably because of strong
and sustained ROS production during this period. The duration of
signaling depends on receptors. In dendritic cells, NF-«kB activation
induced by cytokines such as TNF-a attenuates in 6 h, whereas
CD40 ligation—-induced NF-«kB activation sustains over 24 h (57).
Thus, NOXes enhance BCR signaling as well as cytokine signaling,
but enhance sustained but not early BCR signaling because of a
distinct time course of NOX activation to that in cytokine signaling.

A role of sustained NOX activation in B cell proliferation
suggests a crucial role of sustained BCR signaling in B cell ac-
tivation. In T cells, sustained TCR signaling is required for T cell
responses to Ag stimulation through T cell proliferation and IL-2
production (10, 11, 14). Thus, sustained Ag receptor signaling is
required for proliferation of both B and T cells. Studies on sus-
tained TCR signaling revealed a distinct requirement of signaling
molecules between early and sustained TCR signaling. Kidins220/
ankyrin repeat-rich membrane spanning is shown to be required
for TCR ligation—induced sustained but not early ERK activation
(13, 15), and hnRNP-K is shown to be a target of ERK during late
but not early TCR signaling (12). Moreover, endocytosis is shown
to be involved in TCR ligation—induced sustained signaling (14).
Although signaling events in late BCR signaling and their roles in
B cell activation are poorly understood, our results clearly dem-
onstrate that NOXes, especially NOX3, are specifically involved
in late BCR signaling and are required for B cell proliferation.

Both B cells and T cells require sustained Ag receptor signaling
for activation but appear to use distinct mechanisms for sustained
signaling. In B cells, sustained ROS production maintains sustained
activation of signaling molecules, including NF-kB and AKT. To
further understand the molecular mechanisms for sustained BCR
signaling, mechanisms for sustained NOX activation need to be
elucidated.
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