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The kinase Btk negatively regulates the production
of reactive oxygen species and stimulation-induced
apoptosis in human neutrophils

Fumiko Honda!, Hirotsugu Kano?, Hirokazu Kanegane?, Shigeaki Nonoyama®, Eun-Sung Kim?, Sang-Kyou Lee®,

Masatoshi Takagi', Shuki Mizutani! & Tomohiro Morio!

The function of the kinase Btk in neutrophil activation is largely unexplored. Here we found that Btk-deficient neutrophils had
more production of reactive oxygen species (ROS) after engagement of Toll-like receptors (TLRs) or receptors for tumor-necrosis
factor (TNF), which was associated with more apoptosis and was reversed by transduction of recombinant Btk. Btk-deficient
neutrophils in the resting state showed hyperphosphorylation and activation of phosphatidylinositol-3-OH kinase (PI(3)K) and
protein tyrosine kinases (PTKs) and were in a ‘primed’ state with plasma membrane-associated GTPase Rac2. In the absence of
Btk, the adaptor Mal was associated with PI(3)K and PTKs at the plasma membrane, whereas in control resting neutrophils, Btk
interacted with and confined Mal in the cytoplasm. Our data identify Btk as a critical gatekeeper of neutrophil responses.

Among ‘professional’ phagocytes with a sophisticated arsenal of micro-
bicidal features, neutrophils are the dominant cells that mediate the
earliest innate immune responses to microbes'~3. Neutrophils migrate
to the site of infection, sense and engulf microorganisms, produce
reactive oxygen species (ROS) and kill the invading microbes via ROS
by acting together with antimicrobial proteins and peptides':2. The
enzyme responsible for the respiratory burst is NADPH oxidase, which
catalyzes the production of superoxide from oxygen and NADPH. This
enzyme is a multicomponent complex that consists of membrane-
bound flavocytochrome bssg (gp91PRo% and p22PRox), cytosolic compo-
nents (p47Pho%, p67Pho% and p40Phox) and a GTPase (Racl or Rac2)3-6,
Activation of NADPH oxidase is strictly regulated both temporally and
spatially to ensure that the reaction takes place rapidly at the appropri-
ate cellular localization. Activation of this system requires three sig-
naling triggers, including protein kinases, lipid-metabolizing enzymes
and nucleotide-exchange factors that activate the Rac GTPase3-¢.
Inadequate production of ROS is associated with various human
pathological conditions. Deficiency of any component of the NADPH
oxidase complex results in chronic granulomatous disease, in which
bacterial and fungal infections are recurrent and life-threatening®.
Abnormalities in the molecules involved in the signal-transduction
pathway initiated by the recognition of pathogen-associated molecu-
lar patterns are accompanied by less production of ROS after exposure
to specific stimuli and by susceptibility to bacterial infection. These
abnormalities include deficiency in the kinase IRAK4, the adaptor
MyD88 deficiency or the kinase NEMO (IKKY)”. In contrast, many

other human disorders are believed to be associated with or induced
by excessive production of ROS that causes DNA damage, tissue dam-
age, cellular apoptosis and neutropenia®®,

Here we focus on determining the role of the kinase Btk in produc-
tion of ROS and cellular apoptosis in human neutrophils, as 11-30%
of patients with X-linked agammaglobulinemia (XLA), a human
disease of Btk deficiency, have neutropenial®!!, and Btk is a criti-
cal signaling component of phagocytic cells'?=!4, The neutropenia
of XLA is distinct from that of common variable immunodeficiency
(CVID) in that the neutropenia is induced by infection, is usually
ameliorated after supplementation with immunoglobulin and is not
mediated by the autoimmune response!®!114, Although a few reports
have suggested that myeloid differentiation is impaired in mice
with X-linked immunodeficiency!16, the reason for the infection-
triggered neutropenia is unknown. The role of Btk in human neu-
trophils remains largely unexplored.

Btk is a member of the Tec-family kinases (TFKs) that are expressed
in hematopoietic cells such as B cells, monocytes, macrophages and
neutrophils!2. It has a crucial role in cell survival, proliferation, differ-
entiation and apoptosis, especially in cells of the B lineage. In humans
with XLA, B cells fail to reach maturity and are presumably doomed
to premature death by the BTK mutation that leads to the XLA pheno-
type!’. Both mice with X-linked immunodeficiency that have natural
mutations in Btk and mice in which Btk is targeted have B cell defects,
but these are associated with much milder effects than those seen in
XLA, which suggests species differences in the role of Btk!319,
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Btk is also an important signaling component of the innate
immune system in phagocytic cells. Btk is involved in signaling
via Toll-like receptors (TLRs) such as TLR2, TLR4, TLR7, TLR8
and TLRY, and is associated with the TLR adaptors MyD88, Mal
(TIRAP) and IRAK1 (refs. 12-14,20-22). Defective innate immune
responses have been observed in monocytes, dendritic cells, neutro-
phils and mast cells from Btk-deficient mice!?!4. Neutrophils
from mice with X-linked immunodeficiency have poor production
of ROS and nitric oxide®>.

The contribution of Btk to the human innate immune system is less
obvious. Stimulation via TLR2, TLR4, TLR7-TLR8 or TLR3 results
in impaired production of tumor-necrosis factor (TNF) by dendritic
cells from patients with XLA, whereas the TLR4-induced production
of TNF and interleukin 6 (IL-6) by monocytes from patients with XLA
remains intact?>-25. Neutrophils from control subjects and patients
with XLA show no substantial differences in their phosphorylation
of the mitogen-activated protein kinases p38, Jnk and Erk induced by
engagement of TLR4 or TLR7-TLR8 or production of ROS induced
by the same stimuli?®.

Here we evaluate the role of Btk in the production of ROS and cel-
lular apoptosis in human neutrophils through the use of Btk-deficient
neutrophils, a protein-delivery system based on a cell-permeable
peptide, and specific kinase inhibitors. Unexpectedly, and in con-
trast to published observations of mice with X-linked immunodefi-
ciency'®, the production of ROS was substantially augmented in the
absence of Btk in neutrophils stimulated via TLRs, the TNF receptor
or phorbol 12-myristate 13-acetate (PMA) but not in monocytes or
in lymphoblastoid B cell lines transformed by Epstein-Barr virus.
Excessive production of ROS was associated with neutrophil apop-
tosis, which was reversed by the transduction of wild-type Btk pro-
tein. Btk-deficient neutrophils showed activation of key signaling
molecules involved in the activation of NADPH oxidase, and this
was accompanied by targeting of Rac2 to the plasma membrane. Mal
was confined to the cytoplasm in association with Btk but was trans-
located to plasma membrane and interacted with protein tyrosine
kinases (PTKs) and phosphatidylinositol-3-OH kinase (PI(3)K) in
the absence of Btk. Here we present our findings on the mechanism
by which Btk regulates the priming of neutrophils and the amplitude
of the neutrophil response.

RESULTS

Excessive production of ROS in Btk-deficient neutrophils

To investigate the production of ROS in the absence of Btk, we
monitored ROS in neutrophils, monocytes and Epstein-Barr virus—
transformed lymphoblastoid B cell lines obtained from patients with
XLA, healthy controls and patients with CVID (disease control) by
staining with dihydrorhodamine 123 (DHR123) and a luminol chemi-
luminescence assay. PMA-driven production of ROS in Btk-deficient
neutrophils was three to four times greater than that in neutrophils
from healthy controls or patients with CVID, and we observed aug-
mented production of ROS with a suboptimal dose of PMA, whereas
the baseline production of ROS was similar (Fig. 1a-d). Similarly, and
in contrast to published reports®®, engagement of TLR2 (with its ligand
tripalmitoyl cysteinyl seryl tetralysine lipopeptide (Pam3yCSK,)), TLR4
(with its ligand lipopolysaccharide) or the TNF receptor (with TNF)
followed by stimulation with formyl-Met-Leu-Phe (fMLP), an agonist
of G protein-coupled receptors, elicited augmented ROS responses
in neutrophils from patients with XLA (Fig. 1e,f). The production of
ROS was minimal after stimulation with the TLRY agonist CpG-A
in neutrophils from patients with XLA and was not significantly dif-
ferent from that of neutrophils from healthy controls. The observed
phenomena were reproduced in Btk-deficient eosinophils but not
in monocytes or Epstein-Barr virus-transformed lymphoblastoid
B cell lines obtained from patients with XLA (Supplementary Fig. 1).
These data indicated Btk-deficient neutrophils had excessive NADPH
oxidase activity after various stimuli.

Augmented apoptosis in Btk-deficient neutrophils

Because high ROS concentrations are potentially harmful to cells, we
investigated cell death induced by various stimuli in neutrophils from
patients with XLA by staining with annexin V and the membrane-
impermeable DNA-intercalating dye 7-AAD. Stimulation with PMA,
TLR agonist plus fMLP, or TNF plus fMLP induced a significantly
higher frequency of cells positive for annexin V among neutrophils
from patients with XLA than among control neutrophils, whereas spon-
taneous cell death in the absence of stimulation was not significantly
altered at 4 h in neutrophils from healthy controls versus those from
patients with XLA (Fig. 2a,b). We observed cleavage of caspase-3, lower
mitochondrial membrane potentials and degradation of proliferating
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Figure 1 Btk-deficient neutrophils show enhanced production of ROS. (a) Flow cytometry analysis of ROS
production, assessed as DHR123 (DHR) fluorescence in purified neutrophils from healthy controls (HC) and
neutrophils purified from patients with XLA and left unstimulated (US) or stimulated with PMA (XLA). (b) DHR123
fluorescence in untreated (UT) or PMA-stimulated (PMA) neutrophils from healthy controls (n = 10), patients with
XLA (n=17) and patients with CVID (n = 5), presented as mean fluorescence intensity (MFl). *P=0.0001
(Student’s f-test). (c) Kinetics of H,0, production in PMA-stimulated neutrophils from healthy controls (n=10)
and patients with XLA (n = 7), assessed by a luminol chemiluminescence assay. *P = 0.025, **P = 0.0048 and S
**kP = (0,022 (Student’s ttest). (d) ROS production in PMA-stimulated neutrophils, assessed by DHR123 staining
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and presented as a dose-response curve (1= 5 donors per group). (e) Kinetics of H,0, production in neutrophils

stimulated with Pam3CSK, (Pam3) and fMLP, assessed by a luminol chemiluminescence assay (n = 7 donors per group). *P = 0.005 (Student’s t-test).
(f) DHR123 fluorescence in neutrophils incubated with lipopolysaccharide from Escherichia coli (EC-LPS) or Pseudomonas aeruginosa (PA-LPS),
Pam3CSK,, CpG-A or TNF, followed by stimulation with fMLP (n = 7 donors per group). Data are representative of seventeen experiments (a) or are
pooled from at least five (b,c,e,f) or four (d) independent experiments {mean and s.d. in b-f).
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Figure 2 Btk-deficient neutrophils show augmented apoptosis due to excessive d = -m . e . = *
production of ROS. (a) Frequency of annexin V-positive (AnnV*) cells among 30 60
neutrophiis obtained from healthy controls and patients with XLA (n = 11 donors 9 ?
per group) and incubated for O or 2.5 h with dimethy! sulfoxide (UT) or PMA. 5 20 2 40
*P=0.001 (Student’s i-test). (b) Frequency of apoptotic cells among neutrophils 8 *8
obtained from healthy controls (n = 10) and patients with XLA (n = 12) and incubated 2 10 g 20
for 0, 2 or 4 h in medium with dimethyl sulfoxide (UT), Pam3CSK,4 plus fMLP or < <

TNF plus fMLP, assessed by staining with annexin V and 7-AAD. *P = 0.036,
**P=0.0083 and ***P = 0.0002 (Student’s t-test). (c) Caspase-3 cleavage in
neutrophils from healthy controls (n = 3) and patients with XLA (n = 3), stimulated

UT NAC TNF TNF
+{MLP + fMLP
+ NAC

UT NAC PMA PMA
+NAC

for 4 h as in b (above lanes). Pro-caspase-3 is the uncleaved form. (d,e) Frequency of
apoptotic Btk-deficient neutrophils (n = 5 donors) stimulated for 2 h (d) or 2.5 h (e) with the antioxidant N-acetyl-cysteine (NAC). *P = 0.043 and
**P=0.036 (d) or *P=0.026 (e; Student’s i-test). Data are representative of three experiments (b) or at least five independent experiments

(a,c—e; mean and s.d. in a,b,d,e).

cell nuclear antigen; hence, cell death was caused by apoptosis (Fig. 2¢
and Supplementary Fig. 2). Apoptosis assessed by these methods was
augmented considerably for neutrophils from patients with XLA. The
observed apoptosis was most probably triggered by ROS, as coincuba-
tion of neutrophils with N-acetyl cysteine, an antioxidant, rescued the
cells from apoptosis induced by TNF plus fMLP or by PMA (Fig. 2d,e).
We detected much more ROS release and stimulation-induced apop-
tosis of neutrophils from all patients with XLA regardless of the site or
mode of their mutation (Supplementary Fig. 3). In addition, we found
no correlation between genotype and the extent of neutrophil produc-
tion of ROS. These data suggested that neutrophils from patients with
XLA are susceptible to apoptosis triggered by pathogens.

Normalization of the ROS response by transduction of Btk

We next determined whether the enhanced apoptosis noted above was
due to a defect in Btk itself or abnormal myeloid differentiation in the
absence of Btk. For this, we prepared three recombinant Btk proteins
(full-length Btk; Btk with deletion of the pleckstrin homology (PH)
domain; and Btk with deletion of the kinase domain) fused to the
cell-permeable peptide Hph-1 (Fig. 3a,b). We purified the products
and transduced the proteins into neutrophils lacking Btk. The efficacy
of transduction was more than 95%; and Hph-1-Btk expression was
stable for at least 12-24 h (ref. 27). We adjusted the expression of Btk
to that in neutrophils from healthy controls by incubating 1 x 10%
cells for 1 h with 1 M recombinant fusion protein. Transduction of
full-length Btk into neutrophils from patients with XLA restored the
production of ROS and the frequency of apoptotic cells after PMA
stimulation to that observed for neutrophils from healthy controls
(Fig. 3¢,d). Transduction of the recombinant fusion of Btk with dele-
tion of the PH domain only modestly reversed neutrophil overactiva-
tion (Fig. 3¢), which indicated that appropriate cellular localization
and interactions with other molecules were required for Btk func-
tion. Transduction of the recombinant fusion of Btk with deletion of
the kinase domain minimally corrected excessive production of ROS
(Fig. 3¢), which suggested that the kinase activity of Btk or molecules
that interacted via the kinase domain were critical for the regulation
of ROS. We also confirmed the importance of the kinase domain

NATURE IMMUNOLOGY VOLUME 13 NUMBER 4 APRIL 2012

by an experiment that showed excessive production of ROS in nor-
mal neutrophils treated with 50 uM LFM-A13, an inhibitor of the
kinase activity of Btk, but not in those treated with LFM-A11, a con-
trol compound (Fig. 3e). We also documented augmented apoptosis
in control neutrophils treated with LFM-A13 (Fig. 3f). These data
demonstrated that the enhanced production of ROS and apoptosis
was directly related to a defect in Btk.

NADPH oxidase components in Btk-deficient neutrophils

The NADPH oxidase complex consists of the transmembrane com-
ponent (gp91Pho¥ and p22Phox) 4 cytosolic component (p47phox,
p67°P9% and pa0Phox) and Rac2 (refs. 3-6). The activity of NADPH
oxidase is controlled by targeting of the cytosolic components to the
plasma membrane or phosphorylation of the cytosolic components
or both. To assess the mechanism of the excessive production of
ROS in Btk-deficient neutrophils, we investigated the abundance,
phosphorylation and subcellular localization of each component by
immunoblot analysis.

The expression of each component of the NADPH oxidase complex
was similar in neutrophils from patients with XLA and those from
healthy controls (Fig. 4a). The amount of p47Phox, p67phox and p4gphox
in the cytoplasm and the membrane was not substantially different in
neutrophils from patients with XLA and those from healthy controls
(Fig. 4b). Similarly, the amount in the membrane-targeted fraction
after stimulation with PMA was not very different in neutrophils
from patients with XLA and those from healthy controls (Fig. 4c¢).
Phosphorylation of Ser345 in p47Ph°* and of Thr154 in p40Phox are
important for translocation of the cytosolic components to the mem-
brane®>28. Those modifications were not altered in Btk-deficient
neutrophils (Fig. 4¢). In contrast, we detected Rac2 in the plasma
membrane of Btk-deficient neutrophils before stimulation with PMA.
We observed four- to fivefold higher membrane expression of Rac2
in neutrophils from patients with XLA than in those from healthy
controls in the resting state (Fig. 4b).

Typically, 10-15% of gp91P% is Jocated in the plasma membrane
of unstimulated neutrophils, whereas the majority of the molecule
resides in specific granules. Membrane expression increases after
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signaling via TLRs or G protein-coupled receptors because of trans-
location to the plasma membrane?. Immunoblot analysis with antibody
to gp91 (anti-gp91; Fig. 4b) and flow cytometry analysis of surface
flavocytochrome bssg (Fig. 4d) showed higher gp91 expression in
neutrophils from patients with XLA. Immunohistochemical analysis

Figure 4 Btk-deficient neutrophils show a b

targeting of Rac?2 to the plasma membrane,
colocalization of Rac2 with gp91Ph% and

higher membrane expression of gp91Phox,

(a) Immunoblot analysis of the components

of the NADPH oxidase complex in neutrophils
from a healthy control and a patient with XLA.
B-actin serves as a loading control throughout.
(b) Immunoblot analysis (left) of the components
of the NADPH oxidase complex in the cytoplasm
(Cyt) and plasma membrane (Mem) of
neutrophils from healthy controls and patients c

HC  XLA

gpo1P"
pzzphox
p 47phox
pe—iphox E
paPhox
Rac2

B-actin

gpoiPhex. 3
p22Phox e
pa7P
pe7Px o
p 40phox
Rac2
Flotillin i —

Figure 3 Excessive production of ROS and apoptosis in neutrophils from
patients with XLA are abrogated by transduction of Hph-1-tagged fuli-
length recombinant Btk but not by Hph-1-tagged Btk with deletion of the
kinase or PH domain. (a) Hph-1-tagged Btk constructs: full-length Btk
(FL); Btk with deletion of the kinase domain (KDA); Btk with deletion of
the PH domain (PHA). 6xHis, six-histidine tag; TH, Tec homology; SH3,
Src homology 3; SH2, Src homology 2. (b) Size of purified Hph-1-tagged
Btk proteins, confirmed by Coomassie brilliant blue staining. (c) ROS
production in neutrophils from healthy controls (n = 5) and patients with
XLA (n = 5), left untransduced (NT) or transduced with the constructs

in a or Hph-1-tagged yeast transcriptional activator Gal4 (far right;
control), presented as the MFI of DHR123 relative o that of untreated
neutrophils from healthy controls, set as 1. (d) Frequency of apoptotic
cells among neutrophils from healthy controls and patients with XLA,
left untransduced or transduced with Hph-1-tagged full-iength Btk or
Gal4 (control). (e) DHR123 fluorescence in neutrophils from healthy
controls (n = 7) left untreated or treated with PMA alone, or pretreated
with LFM-A13 (Btk inhibitor) or LFM-A11 (control) alone or followed by
stimulation with PMA (+ PMA). (f) Frequency of annexin V-positive cells
among neutrophils from healthy controls (n = 7) left untreated or treated
with PMA alone, or pretreated with LFM-A13 (50 uM, a concentration that
does not inhibit other PTKs#7+48) alone or followed by stimulation with PMA.
*P=0.0021 (c), 0.019 (d), 0.021 (e) or 0.025 (f; Student’s t-test ). Data
are representative of five experiments (b) or are pooled from six (c), three (d)
or four (e,f) independent experiments (mean and s.d. in c-f).

by confocal fluorescence microscopy showed localization of gp91 and
Rac2 together in the membranes of resting Btk-deficient neutrophils
but not in neutrophils from healthy controls (Fig. 4e). These results
suggested that NADPH oxidase complex was partially assembled and
ready to be activated in steady-state Btk-deficient neutrophils.

HC XLA

801 HC -
Cyt Mem Cyt Mem

B XLA —
6.0

by

Membrane focalization
N
(=)

HC XLA

with XLA (n = 9 per group). Right, quantification

of the membrane expression at left, presented as Time (min) 0

OHC B XLA
15 0 15

band intensity relative to that of flotillin (loading
marker for the membrane-raft fraction) in
membranes of neutrophils from healthy controls,
setas 1. *P=0.045 and **P = 0.027 (Student’s
t-test). (¢) Immunoblot analysis of total and
phosphorylated (p-) p40P"o% and p47Phox in the
cytoplasm and membrane of PMA-stimulated
neutrophils from healthy controls and patients
with XLA. Right, quantification as in b. (d) Flow d
cytometry analysis of gp91Pho% on neutrophils
from healthy controls and patients with XLA, left
unstimulated (0) or stimulated for 5 or 30 min
(above lines) with PMA, detected by staining with
mAb 7D5 to gp91. Gray lines indicate staining
with MslgG (control). Right, quantification of the
gp91 MF1 in cells treated as at left.* P= 0.0039
(Student’s t-test). (e) Confocal microscopy of
gp91Phox (green) and Rac? (red) in healthy
controls and neutrophils from patients with

XLA; nuclei are counterstained with the DNA-

p-p 4Ophox

pagPhox
p-pd7?"
p 47phox
Flotillin o

intercalating dye DAPI (blue). Original magnification, x600; scale bar, 10 um.
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Data are from one representative of nine independent experiments with

seven healthy controls and nine patients with XLA (a), are representative of nine experiments (b), are from nine independent experiments (c), are pooled
from seven independent experiments (d) or are representative of four independent experiments (e; mean and s.d. in b-d).
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Activated PTKs and PI(3)K in resting XLA neutrophils
Assembly and activation of the cytosolic components and Rac
requires the involvement of kinases such as PTKs, PI(3)K and protein
kinase C. We thus explored a potential signaling pathway that would
lead to the partial assembly of NADPH oxidase. First, we examined
the extent of tyrosine phosphorylation of cellular substrates in Btk-
deficient and Btk-sufficient neutrophils before and after stimulation
with PMA. Btk-deficient neutrophils showed hyperphosphorylation
of protein species in the range of 50-53 kilodaltons (kDa), 72 kDa,
85 kDa and 150 kDa at baseline relative to phosphorylation in neutro-
phils from healthy controls (Fig. 5a). TLR4-mediated stimulation
led to more phosphorylation of protein species 38 kDa, 50-53 kDa,
60 kDa, 72 kDa and 85 kDa in size in Btk-deficient neutrophils
(Supplementary Fig. 4a).

In contrast, the baseline PTK activity in monocytes from patients with
XLA was unaltered or slightly diminished relative to that of monocytes
from healthy controls. TLR2-stimulated activation of PTKs was largely
similar or slightly less in the absence of Btk (Supplementary Fig. 4b).

ARTICLES |

absence of Btk, as transduction of recombinant Btk into neutrophils
from patients with XLA restored baseline phosphorylation to that
seen in neutrophils from healthy controls (Fig. 5b).

We next searched for tyrosine-phosphorylated proteins in Btk-
deficient neutrophils through the use of phosphorylation-specific
antibodies. The expression and activation of Tec and Bmx, TFKs
present in neutrophils, was not upregulated in neutrophils from
patients with XLA (Fig. 5¢), which indicated that they did not
compensate for Btk function. However, we found that the tyrosine-
phosphorylated proteins 50~53 kDa, 72 kDa, 85 kDa and 150 kDa in
size were the kinases Lyn and c-Src, Syk, the p85 subunit of PI(3)K
(class IA) and FAK, respectively (Fig. 5d,e). We found that c-Src,
Syk, PI(3)K-p85 and FAK were phosphorylated at their tyrosine
residues that have a positive regulatory function. Notably, Lyn, a
kinase known to have positive as well as negative roles in the modula-
tion of myeloid function, was phosphorylated at Tyr507, a negative
regulatory site??-3L

We first focused on PI(3)K, as PI(3)K activation targets Rac2

We were able to directly ascribe the enhanced PTK activity to the to flavocytochrome bssg; this process is important for converting
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Figure 5 Btk-deficient neutrophils have higher baseline activity of PTKs and Pi(3)K, which is reversed by transduction of recombinant Btk protein.

(a) Immunoblot analysis of phosphorylated tyrosine in lysates of PMA-stimulated neutrophils from healthy controls (n = 5) and patients with XLA (n=7).
Arrows indicate hyperphosphorylated proteins in neutrophils from patients with XLA at O min. (b) Immunoblot analysis of phosphorylated tyrosine (as in a)
in lysates from unstimulated (US) neutrophils from healthy controls (n = 4) and patients with XLA (n = 5), left untransduced or transduced with Hph-1-
tagged full-length Btk or eGFP. (c,d) Immunoblot analysis (top) of whole-cell lysates of neutrophils from healthy controls (n = 5) and patients with XLA
(n=7), probed for total and phosphorylated Bmx and total Tec (c) or total and phosphorylated PI(3)K-p85 and Vav (phosphorylated at Tyr508 (PI(3)K-p85)
or Tyr174 (Vav); d). Phosphorylated Tec was not detected by immunoblot analysis of phosphorylated tyrosine in samples immunoprecipitated with anti-Tec
(data not shown). Bottom, quantification of the expression at top, presented relative to expression of B-actin in neutrophils from healthy controls, setas 1.
*P=0.038 and **P=0.0001 (Student’s t-test). (e) Immunoblot analysis (left) of neutrophils from healthy controls (n = 5) and patients with XLA

(n=7), probed for total PTKs and PTKs phosphorylated at Tyr576 and Tyr577 (FAK); Tyr524 and Tyr525 (Syk); Tyr507 (Lyn; top) or Tyr397 (Lyn; bottom);
(Tyrd 16 (c-Src); and Tyrd11 (the kinase Hck). Phosphorylated PTKs Fgr and Yes were undetectable (data not shown). Right, quantification as in ¢,d.
*P=0.033, **P=0.004, ***P=0.0007 and TP = 0.0002 (Student’s i-test). (f) H,0, production by fMLP-stimulated neutrophils from healthy controls
and patients with XLA (n =5 per group). (g) Enzyme-linked immunosorbent assay of phosphatidylinositol-(3,4,5)-trisphosphate (Ptdins(3,4,5)P3) in
unstimulated neutrophils from patients with XLA (n = 5). *P= 0.0005 (Student’s f-test). (h) Immunobiot analysis (top) of phosphorylated PI(3)K-p85 in
neutrophils from healthy controls and patients with XLA (n = 5 per group), left untransduced or transduced with Hph-1-tagged full-length Btk or eGFP.
Detection of phosphorylated PI{3)K-p85 in neutrophils from healthy controls required longer exposure. Below, quantification of results above, presented
relative to the expression of phosphorylated PI(3)K-p85 relative to that of B-actin in neutrophils from patients with XLA, set as 1. (i) Production of ROS
in neutrophils from patients with XLA, treated with dimethyl sulfoxide (DMSO) or preincubated with Ly294002 (universal PI(3)K inhibitor; 50 uM)32 or
1C87114 (PI(3)K& inhibitor; 1 uM (a concentration that does not inhibit P1(3)Ka, PI(3)KB or PI(3)Ky)33) and stimulated with fMLP. *P = 0.006 and
**P=0.003 {Student’s t-test). Data are representative of or pooled from six (a,f), seven (b—e), four (g), eight (h) or five (i) independent experiments
(mean and s.d. in c-e,g~i).
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Figure 6 Mal in neutrophils from healthy controls associates with Btk in the resting state and translocates to the plasma membrane after stimulation,
whereas Mal associates with PI(3)K at the plasma membrane in Btk-deficient neutrophils. (a,b} Coimmunoprecipitation analysis of Btk and Mal in the
cytoplasmic fraction of neutrophils from healthy controls, left unstimulated (O (a), b) or stimulated for 5 min with PMA (5 (a)). IP, immunoprecipitation;
1gG, control antibody. *, immunoglobulin light chain (a) or heavy chain (b). (¢) Confocal microscopy of neutrophils from healthy controls, left
unstimulated (0) or stimulated for 15 min with PMA (15), then stained with anti-Mal (red) and anti-Btk (green) and counterstained with DAPI. Original
maghnification, x600; scale bar, 10 um. (d) Coprecipitation analysis of PI(3)K-p85 and Mal in membrane fraction of neutrophils from healthy controls

and patients with XLA. *, immunoglobulin heavy chain. (e) Confocal microscopy of neutrophils from healthy controls and patients with XLA, left
unstimulated or stimulated for 15 min with PMA, then stained with anti-Mal (red) and anti-PI1(3)K-p85 (green) and counterstained with DAPI. Scale
bar, 10 um. (f) Immunoblot analysis (above) of PI(3)K-p85 and Mal in the cytoplasm and plasma membrane of unstimulated neutrophils from healthy
controls and patients with XLA. Below, quantification of results above, presented relative to the expression of flotillin in neutrophils from healthy
controls, set as 1. *P=0.0035 and **P = 0.0021 (Student’s t-test). Data are representative of three (a,b), four (c,e), six (d) or seven (f) independent

experiments (mean and s.d. in f).

neutrophils into a ‘primed’ state in which they are ready for complete
activation of NADPH oxidase triggered by stimuli such as fMLP.
Indeed, Btk-deficient neutrophils were in a primed state, as {MLP alone
elicited excessive production of ROS (Fig. 5f). Greater phosphory-
lation of PI(3)K-p85 was accompanied by more enzymatic activity,
as shown by more baseline production of phosphatidylinositol-
(3,4,5)-trisphosphate and by phosphorylation of the adaptor Vav
(Fig. 5d,g). Furthermore, augmented PI(3)K activation was normal-
ized, although only partially, by transduction of full-length Btk linked
to Hph-1 (Fig. 5h).

The importance of PI(3)K in inducing the primed state was supported
by data showing inhibition of fMLP-driven production of ROS by prein-
cubation of Btk-deficient neutrophils with the universal PI(3)K inhibi-
tor LY294002 at a concentration of 50 UM (refs. 32,33). We observed
this inhibition in cells incubated with the PI(3)K&-specific inhibitor
IC87114 at a concentration of 1 tM (ref. 33) but not in those incubated
with the PI(3)Ky-specific inhibitor AS605240 at a concentration of 8 nM

B MG e

P &L
5. kDa) — PR PRA G s O &

(ref. 34; Fig. 5i and Supplementary Fig. 5a). These findings suggested
PI(3)K3 activation was involved in the excessive ROS response.

Interaction of membrane-targeted Mal with PI(3)K
We next sought the reason for the PI(3)K activation in the absence
of Btk. For this, we first focused on a molecule that interacts with
both Btk and PI(3)K. Evidence obtained with monocytes indicates
that Mal is a critical component of TLR2-TLR4 signaling and is a
target of Btk!3142021 The TLR signal triggers activation of Btk,
which in turn phosphorylates Mal. Phosphorylated Mal translocates
to the plasma membrane via phosphatidylinositol-(4,5)-bisphosphate
(PtdIns(4,5)P,) and then interacts with and activates P1(3)K3>,
Unexpectedly, coimmunoprecipitation assays of neutrophils from
human controls demonstrated that Mal was associated with Btk in the
resting state (Fig. 6a,b). We observed colocalization of Mal and Btk in the
cytoplasm and, after activation of cells with PMA, we detected the Mal-
Btk complex at the membrane by immunofluorescence staining (Fig. 6¢).
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Mal 25-  # RSB - 20
— 75— R
wis 907 - <
- =
25 - =
3
c \»‘549 = os
O X\?*
PH4TH+SH3 P &
: B: -‘M‘\ R \@@ 0 PR OO0 R
SH3+8H2+KD iB: (kDa) ~ Q\ Q Q /\ RS &
& X «\;&x Te
Q‘\%&

Figure 7 Btk associates with Mal at the PH and kinase domains. (a) Hph-1-tagged Btk constructs: full-length Btk (FL); Btk mutants with deletion of the
PH domain (PHA), Tec homology (THA), SH3 domain (SH34), SH2 domain (SH2A) or kinase domain (KDA); and Btk mutants with truncation retaining
(+) only some domains (bottom six). (b,c) Immunoblot analysis (I1B) of Mal (top) in extracts of cytoplasm of neutrophils from healthy controls, incubated
with nickel beads bound to Hph-1-tagged recombinant full-length Btk or the deletion mutants (b) or truncation mutants (¢) in a, or to Hph-1-tagged
eGFP (negative control). Below, immunoblot analysis after rebinding to nickel beads, probed with anti-histidine (His). To make these as equimolar as
possible, more beads were added for the +PH, PH+TH+SH3, SH3+SH2+KD and +KD constructs. Input, cytoplasmic extracts without precipitation.

(d) Quantification of Mal bound to the recombinant Btk proteins based on the results in b,c (n = 4 donors), presented to results for full-length Btk, set as 1.
Data are representative of four experiments (b,c) or are a summary of four independent experiments (d; mean and s.d.).
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We did not detect the association of Mal with PI(3)K-p85 in unstimu-
lated neutrophils from healthy controls; however, we did observe this
association in Btk-deficient neutrophils before stimulation with PMA
(Fig. 6d). Moreover, confocal fluorescence microscopy showed target-
ing of the PI(3)K-p85-Mal complex to the membrane in the absence of
Btk, whereas we observed the complex at the membrane after stimula-
tion with PMA in the presence of Btk (Fig. 6e). In addition, most of the
PI(3)K-p85 and Mal was present in the membrane fraction in neutrophils
from patients with XLA (Fig. 6f). These data suggested that Btk in resting
neutrophils was involved in confining Mal to the cytoplasm.

The mode of the Btk-Mal association

Btk phosphorylates Mal at Tyr86, Tyr106 and Tyr187, and the Btk-Mal
interaction requires Pro125, Tyr86, Tyr106 and Tyr159 in Mal, whereas
the critical site in Btk for this association remains unknown?"?2, To
clarify the region of Btk required for the cytoplasmic Btk-Mal associa-
tion, we generated various Btk deletion mutants fused to histidine-
tagged Hph-1 (Fig. 7a) and assessed their binding to Mal (Fig. 7).

MCLEs

We incubated nickel bead-bound recombinant proteins with the cyto-
plasmic fraction of control neutrophils and evaluated the associations
by immunoblot analysis with anti-Mal. Full-length Btk effectively
bound to cytoplasmic Mal prepared from control neutrophils, but
a control fusion of histidine-tagged Hph-1 and enhanced green
fluorescent protein (eGFP) did not. Btk with deletion of the kinase
domain almost completely lost the ability to interact with Mal, and
Btk with deletion of the PH domain showed less binding to Mal. In
contrast, recombinant proteins lacking the Tec homology domain, the
Src homology 3 domain or the Src homology 2 domain had slightly
greater capacity to associate with Mal (Fig. 7b,d). Other truncated Btk
recombinant proteins without either the PH domain or kinase domain
failed to bind to Mal (Fig. 7¢,d), which suggested that both the PH
domain and kinase domain are critical for the Btk-Mal interaction.

PTKs associate with Mal and regulate PI(3)K activation
The precise mechanism of PI(3)K activation triggered by membrane-
associated Mal islargely unknown. As several PTKs were phosphorylated
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Figure 8 SFKs and Syk are involved in PI(3)K activation and the augmented production of ROS, CIHC B XLA

whereas SFKs are involved in the membrane localization of Mal, in Btk-deficient neutrophils.

(a) Immunoblot analysis (left of each pair) of total and phosphorylated PI(3)K-p85 in neutrophils
from healthy controls and patients with XLA (n= 4 per group), treated with dasatinib (Das; at

10 nM, to inhibit the activity of c-Src, Lyn and Ber-Abl but not FAK or Syk directly36) or a Syk
inhibitor {Syk inh). Right (of each pair), densitometry of PI(3)K-p85 phosphorylated at Tyr508,
presented as band intensity relative to that in untreated neutrophils from healthy controls, set as 1.
(b) H,0, production in neutrophils (n = 4 donors per group) left untreated (UT) or pretreated with
dasatinib (10 nM), Syk inhibitor (15 nM) or FAK inhibitor (4 nM), and then stimulated with PMA,
assessed by luminol assay and presented in relative light units (RLU). (c) Immunoassay of cytosolic
fractions (Cyt) and detergent-resistant membrane fractions (DRM) of neutrophils from healthy
controls and patients with XLA, left untreated (0) or treated for 5 min with PMA (5), followed by

uT Sykinh

]

uTt Das

:

uT Syk inh

immunoprecipitation with anti-Mal and immunoblot analysis with anti-Syk, anti-Lyn, anti-c-Src or anti-Mal. *, immunoglobulin heavy chain;
**_immunoglobulin light chain. (d) Confocal microscopy of neutrophils from healthy controls and patients with XLA (n = 3 per group), stained with
anti-Mal (red) and anti-c-Src (blue) and counterstained with DAPI. Original magnification, x600; scale bar, 10 um. (e) immunoblot analysis (left) of Mal
in the cytoplasm (C) and membrane (M) of neutrophils from healthy controls and patients with XLA (n =5 per group), left untreated or treated as in a.
Right, quantification of results for Mal (left), presented relative to that of flotillin in the membrane fraction of neutrophils from healthy controls, set as 1.
*P=0.0024 (Student’s f-test). (f) Immunoblot analysis of total Syk and Syk phosphorylated at Tyr524 and Tyr525 (top left) and of total ¢-Src and ¢-Src
phosphorylated at Tyr416 (bottom left) in neutrophils from healthy controls and patients with XLA, left untreated or treated with dasatinib (top left) or
Syk inhibitor (bottom left). Right, quantification of band intensity relative to that of B-actin in untreated neutrophils from healthy controls, set as 1.
*P=0.013 (Student’s t-test). Data are from four (a) or five (f) independent experiments, are from one representative of four independent experiments (c)

or are representative of four experiments (b,e) or three experiments (c; mean and s.d. in a,b,e,f).
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in resting neutrophils from patients with XLA, we first used PTK
inhibitors to investigate whether PTKs were involved in the PI(3)K
activation. Inhibition of the activity of Src-family kinases (SFKs) by
dasatinib (at a concentration of 10 nM)3¢ led to normalized phosphor-
ylation of PI(3)K-p85 in neutrophils derived from patients with XLA.
Similarly, a Syk inhibitor (at a concentration of 15 nM)* but not a
FAK inhibitor (at a concentration of 10 nM)38 abrogated the hyper-
phosphorylation of PI(3)K (Fig. 8a and data not shown). The lower
PI(3)K phosphorylation produced by dasatinib or the Syk inhibi-
tor was accompanied by normalized production of ROS (Fig. 8b),
which indicated that SFKs and Syk were involved in the augmented
production of ROS in neutrophils from patients with XLA.

The findings noted above prompted us to determine whether
the activated PTKs associated with Mal. SFKs are recruited to lipid
rafts when activated for the assembly of signal components3*.
Coprecipitation assays showed that Lyn, c-Src and Syk interacted
with Mal at the rafts of Btk-deficient neutrophils before stimulation
(Fig. 8c). We also observed the colocalization of Mal and c¢-Src at
the membrane by confocal fluorescence microscopy (Fig. 8d). We
observed the interaction at the rafts of control neutrophils only after
stimulation with PMA (Fig. 8¢ and Supplementary Fig. 6).

SEKs are cytoplasmic kinases and are anchored to the plasma mem-
brane through myristoylation and palmitoylation®>40: Coprecipitation
assays showed that Lyn, c-Src and Syk were associated with Mal in the
cytosol of neutrophils from healthy controls but not in Btk-deficient
neutrophils (Fig. 8c). We also confirmed by immunofluorescence
staining the presence of c-Src associated with Mal in the cytoplasm
but not in the membrane of normal resting neutrophils (Fig. 8d).

We next studied whether the membrane localization of Mal was
regulated by SEKs or by Syk. The localization of Mal to the membrane
in Btk-deficient neutrophils was diminished to normal amounts in
cells treated with dasatinib but not those treated with the Syk inhibitor
(Fig. 8e), which suggested that kinase activity of SFKs was required
for membrane recruitment or maintenance of membrane-anchoring
of Mal. Treatment of neutrophils from patients with XLA with dasat-
inib resulted in less baseline Syk phosphorylation, whereas incubation
with the Syk inhibitor did not abrogate the hyperphosphorylation of
c-Src (Fig. 8f), which indicated that Syk was downstream of SFKs in
the steady-state signaling cascade of Btk-deficient neutrophils.

Collectively, the data reported above indicated that at Jeast some
PTKSs associated with Mal together with Btk in the cytoplasm; in
the absence of Btk, SFKs and Mal translocated to the membrane.
The membrane-recruited PTKs formed a complex with and
phosphorylated PI(3)K-p85 (Supplementary Fig. 7). It is still
unclear which neutrophil SFK contributes to PI(3)K activation.
Our findings may indicate that c-Src (or other SFKs) but not Lyn
is (are) directly involved in the PI(3)K activation in Btk-deficient
neutrophils; however, the possibility of an indirect contribution of
Lyn to the phosphorylation of PI(3)K-p85 cannot be excluded solely
by the inhibitor assay.

DISCUSSION

So far, most data have posited Btk as an essential molecule in innate
immune responses?~152325, Here we have shown that Btk is a negative
regulator of signal transduction that leads to activation of NADPH
oxidase and a molecule that prevents excessive neutrophil responses.
Neutropenia in patients with XLA is usually induced by infection
and is observed less often after immunoglobulin supplementation.
This phenomenon can most probably be explained by ROS-mediated
apoptosis of neutrophils triggered by the engagement of innate recep-
tors and not by abnormal myeloid differentiation.
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Our study suggested that Btk serves as a cytosolic component that
interacts with Mal to prevent its translocation to the membrane and its
interactions with PI(3)K until the appropriate stimulation is received.
Both the PH and kinase domains of Btk were necessary for association
with cytoplasmic Mal and were important for proper and coordinated
initiation of the TLR and TNF receptor responses in human neutro-
phils. A similar mode of interaction has been demonstrated for the
association of Btk with the cell-surface death receptor Fas (CD95) in
B cells. Btk associates with Fas via its PH and kinase domains and pre-
vents the interaction of Fas with the Fas-associated death domain and
thus serves as a negative regulator of the Fas death-inducing signaling
complex?!. Notably, Btk serves as a negative regulator of apoptosis in
both signaling systems.

SFKs were also involved in the baseline activation of PI(3)K in Btk-
deficient neutrophils. We detected the association of c-Src, Lyn and
Syk with Mal in the membrane raft in the absence of Btk. In addition,
localization of Mal to the membrane in Btk-defective neutrophils was
dependent on SFKs. These findings may indicate that SFKs serve as
a substitute for the function of Btk in guiding the localization of Mal,
albeit in an unregulated way. In neutrophils from control subjects,
SFKs and Mal were associated in the cytoplasm and localized to the
raft after stimulation. The mode of the SFK-Mal interaction remains
unclear; however, we speculate that the kinase domain is involved,
as SFKs lack a PH domain and the kinase domains of SFKs and Btk
share 40-45% homology. Precise mapping of the Mal-binding site in
the Btk kinase domain would help to clarify the SFK-Mal associa-
tion site. Notably, neutrophils had more abundant expression of Mal
than did monocytes (data not shown). Our data suggest that Mal is a
critical coordinator of the priming signal and that its localization is
tightly controlled by Btk.

Limited data indicate a role for PTKs in the production of ROS in
neutrophils, particularly in humans. Lyn is reported to be a signal-
ing component of the immunoglobulin receptors FcyRI and FcyRIT
or the receptor for the hematopoietic cytokine G-CSF, as well as an
activator of PI(3)K3%42, but is also noted for its ability to negatively
regulate myeloid-cell signaling through phosphorylation of inhibitory
receptors and recruitment of phosphatases?, Lyn-deficient neutro-
phils produce less ROS than Lyn-sufficient neutrophils do after
stimulation with G-CSF3? but show an enhanced respiratory burst
after integrin-mediated signaling-3!. ROS responses triggered by
Aspergillus species are totally dependent on Syk in mouse neutro-
phils®3. The phosphorylation at different regulatory sites in Lyn versus
c-Src in Btk-deficient neutrophils is notable. However, overall, PTKs
in unstimulated neutrophils from patients with XLA seem to function
as positive signal regulators. These data, along with our observations,
suggest a potential contribution of SFKs and Syk to the early phase of
NADPH oxidase activation in human neutrophils.

Activation of TFKs occurs downstream of SFKs in signaling path-
ways*0. However, in neutrophils, Btk regulates baseline SFK activation.
There are several possible mechanisms to explain how defective Btk
is connected to SFK activation. We first speculated that Btk controls
SFKs through the activation of negative SFK regulators. We investi-
gated the Src kinase Csk and its regulatory molecule Cbp*4, but found
no difference in the expression, localization or phosphorylation of
Csk or Cbp (data not shown). As a second possible mechanism, SFKs
but not TFKs may have been activated to compensate for Btk func-
tion in neutrophils. It is noteworthy that Btk regulates PtdIns(4,5)P,
synthesis, acting as a shuttle to bring type I phosphatidylinositol-
4-phosphate 5-kinases to the plasma membrane in B cells*S. Although
the role of Btk in PtdIns(4,5)P, production in human neutrophils
has not been addressed, the generation of PtdIns(4,5)P, is a critical
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step in the activation of NADPH oxidase. SFKs may have directly or
indirectly served as a substitute for the function of Btk in neutrophils
from patients with XLA. Finally, the cytoplasmic association of SFKs
with Mal but without Btk may have resulted in SFK activation and
Lyn inhibition. The phosphorylation of SFKs and subsequent modi-
fication of Mal by SFKs may have led to the translocation of Mal in
the absence of Btk.

Neutrophils from patients with XLA show excessive produc-
tion of ROS, but neutrophils from mice with X-linked immuno-
deficiency show poor ROS induction!®. One possibility that could
explain this discrepancy is the difference between mice and humans
in the involvement of Btk in the NADPH oxidase pathway. Another
possibility is the difference in the contributions of various members of
the PI(3)K family to neutrophil activation. The primed production of
ROS requires sequential activation of PI(3)Kyand PI(3)K8 in humans,
whereas the production of ROS is largely dependent on PI(3)Ky
alone in mice®. A third possibility is differences in the methods of
neutrophil collection from mice and in our study. Neutrophils
collected from the peritoneum after treatment with thioglycolate
broth may have been stimulated by that treatment!®, The produc-
tion of ROS was not augmented or compromised in neutrophils
from patients with XLA in one study?S. That may also have resulted
from a relatively harsh isolation technique of hypotonic shock or from
non-endotoxin-free conditions (for example, lipopolysaccharide in
FBS) at any point of the experiment.

In this study, we have reported that Btk serves as a critical gate-
keeper of neutrophil response. Our study suggests that the regula-
tion of neutrophil activation and apoptosis in various human diseases
could be achieved by manipulation of Btk. Puture studies should
explore the role of Btk in controlling the production of ROS and apop-
tosis of basophils, mast cells and eosinophils. Finally, ROS-mediated
induction of apoptosis after suboptimal or optimal stimuli may be
worth investigating in immature and precursor cells of the immune
reponse to determine the role of Btk in their survival, proliferation
and differentiation.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/natureimmunology/.

Note: Supplementary information is available on the Nature Immunology website.
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ONLINE METHODS

Reagents and antibodies. The following reagents were used: lipopolysac-
charide derived from Escherichia coli or Pseudomonas aeruginosa, fMLP,
PMA, DHR123, luminol, N-acetyl cysteine, aprotinin, leupeptin, pepstatin
and phenylmethyl sulfonyl fluoride (all from Sigma-Aldrich); recombinant
human TNF (R&D Systems); Pam;CSK,, LEM-A13, LEM-Al1, Syk inhibitor,
FAK inhibitor and Ly294002 (all from Calbiochem); and dasatinib, IC87114
and AS-605240 (all from Biovision). Oligodeoxynucleotide CpG-A (5’-GGT
GCATCGATGCAGGGGGG-3") was from Operon Biotechnologies.

The antibodies used were as follows: goat polyclonal antibody to PI(3)K-
p850a. phosphorylated at Tyr508 (sc-12929), Hck phosphorylated at Tyr411
(s¢c-12928), rabbit polyclonal antibody to Hck (N-30), anti-PTEN (FL-403),
anti-PTP-PEST (H130), anti-FAK (A-17), anti-Vav (C-14), anti-Syk (C-20),
anti-SHP2 (C-18) and anti-SHP 1 (C-19), as well as mouse monoclonal anti-
body (mAb) to p47Phox (D-10), p40Phos (D-8) or p22phox (CS-9; all from Santa
Cruz). Rabbit polyclonal antibody to p101-PI(3)K (07-281) and to gp9lph°-“
(07-024) and anti-Rac2 (07-604), biotin-labeled mouse mAb to phosphorylated
tyrosine (4G10), as well as horseradish peroxidase-conjugated antibody to
goat IgG (AP-180P) were from Upstate; fluorescein isothiocyanate~conjugated
mouse mAb to gp91 (7D5) or goat antibody to mouse IgG (238) were from
MBL; and mouse mAb to flotillin-1(18), p67Ph"-‘ (29) or PI(3)K-p85 (U15), and
fluorescein isothiocyanate—conjugate mouse isotype-matched IgG antibody
(MOPC-21) was from BD Pharmingen. Rabbit polyclonal antibody to PI(3)K-
p85 (4292), to Lyn (2732), to Lyn phosphorylated at Tyr507 (2731), to Syk
phosphorylated Tyr525-Tyr526 (2711), to Src phosphorylated Tyr416 (2101),
to FAK phosphorylated Tyr576-Tyr577 (3281), to p40PP** phosphorylated at
Thr154 (4311) and to caspase-3 (9662), as well as mouse mAb to proliferating
cell nuclear antigen (PC-19), were from Cell Signaling. Rabbit mAb to SOD1
(epl727y), Mal (ep1231y) and catalase (ep1929), as well as rabbit polyclonal
antibody to SOD2 (NB100-1992) and to Yes (NBP1-85369), were from Novus
Biologicals. Rabbit polyclonal antibody to Bmx (ab73887), to Bmx phosphor-
ylated at Tyr566 (ab59409), to Lyn phosphorylated at Tyr396 (EP503Y), to Vav
phosphorylated at Tyr160 (ab4763) and to Prx1 (ab15571), and mouse mAb to
Prx2 (12B1), as well as rabbit mAb to Btk (Y440), to CSK (CSK-04), to SHIP
(EP378Y) and to Tec (Y398), were from Abcam. Rat mAb to Mal (TIRAP;
sebi-1) was from ENZO Life Sciences. Goat polyclonal antibody to CBP (LS-
C14699) was from LIFESPAN; anti-B-actin (Ab1) was from Calbiochem; and
horseradish peroxidase-conjugated antibody to mouse IgG (NA931), to rabbit
IgG (NA934) or to rat IgG (NA9350) was from GE Healthcare. Alexa Flour
546-anti-rabbit IgG (A11035), Alexa Flour 680-anti-rabbit IgG (A10043),
Alexa Flour 594-anti-rat IgG (A21209) and Alexa Flour 488-anti-mouse
IgG (A21202) were from Invitrogen. Mouse IgG (015-000-003) and rabbit
IgG (011-00000-3) were from Jackson ImmunoResearch. Rat IgG2a (eBR2a)
was from eBioscience. Horseradish peroxidase-conjugated streptavidin was
from Cell Signaling.

The 482H mAb to Btk has been described®’. Polyclonal antibody to
human Btk was raised in rabbits with a Btk peptide of amino acids 169-187
(ENRNGSLKPGSSHRKTKKPC) conjugated to ovalubumin. The antibody
collected was further affinity-purified with that same Btk peptide conjugated to
thiol-Sepharose 4B (Pharmacia) and was used for immunoprecipitation in some
experiments. The specificity of the antibody was confirmed by immunoblot
analysis of lysates of Btk-deficient mononuclear cells. Antibody to phosphor-
ylated Ser345 was generated in rabbits by injection of ovalbumin conjugated
to a peptide of p47Pho* phosphorylated at Ser345 (QARPGPQSpPGSPLEEE,
where ‘Sp’ indicates phosphorylated Ser345 (p-Ser345-pep)). The antibody
raised was positively affinity-purified with activated thiol-Sepharose 4B
adsorbed with p-Ser345-pep. The antibody was further purified by elimination
of the fraction that bound to the same peptide of p47P" without phosphory-
lation at Ser345 (QARPGPQSPGSPLEEE (Ser345-pep)) by passage through
thiol-Sepharose 4B conjugated to Ser345-pep; then, the antibody was used for
immunoblot analysis. The specificity of the antibody was confirmed by direct
enzyme-linked immunosorbent assay with plates coated with Ser345-pep or
p-Ser345-pep and by immunoblot analysis experiments showing blockade of
the p-p47Pho* signal by p-Ser345pep but not by Ser345-pep.

Subjects. Patients with XLA (1 = 17) with stable health were studied (ages
and Btk mutations, Supplementary Fig. 3). Healthy volunteers (1 = 18) and

doi:10.1038/ni.2234

patients with CVID (#n = 5) were enrolled as healthy controls and disease con-
trol, respectively. Written informed consent was obtained from all subjects (or
their parents). The study protocol was approved by the ethics committee of the
Faculty of Medicine, Tokyo Medical and Dental University.

Isolation of neutrophils, monocytes and lymphocytes. Neutrophils were
purified from heparinized peripheral blood by a standard technique. All sam-
ples were processed within 12 h of blood collection. Peripheral blood diluted in
PBS was layered onto a MonoPoly mixture (Flow Laboratories) and centrifuged
at 400g for 20 min. Layers with enrichment for neutrophils were collected and
further purified to a purity of >97% by immunomagnetic negative selection
(StemCell Technologies). Sterile and endotoxin-free conditions were used for
all procedures. Monocytes were purified from the mononuclear cell-rich frac-
tion with a human monocyte enrichment kit (StemCell Technologies), and
lymphocytes were prepared as described’.

Measurement of production of ROS. Purified neutrophils were loaded for
5 minat 37 °C with DHR123 (5 pg/ml). Cells were washed and then stimulated
for 30 min at 37 °C with PMA (100 ng/ml), and the production of ROS was
quantified via flow cytometry by measurement of intracellular rhodamine
(FACSCalibur; Becton Dickinson). DHR123-loaded neutrophils were also
stimulated for 60 min at 37 °C with a TLR ligand (lipopolysaccharide from
E. coli or P. aeruginosa; 100 ng/ml), CpG-A (100 ng/ml) or TNF ( 1 pug/ml).
After incubation, treated and untreated neutrophils were incubated for 5 min
at 37 °C with or without fMLP (1 M), followed by flow cytometry. Results
are presented as MFI of treated cells - MFI of untreated cells.

Production of ROS was quantified by standard chemiluminescence.
Neutrophils (1.0 x 10°) were suspended in 0.5 ml PBS containing luminol
(10 uM) preheated to 37 °C. After a baseline measurement was obtained, cells
were stimulated with a TLR agonist and then with fMLP (1 uM) or with PMA
(100 ng/ml); luminescence signals were monitored throughout the reaction.

Detection of apoptosis. Apoptotic cells were identified by staining with
annexin V-fluorescein isothiocyanate and 7-AAD (7-amino-actinomycin D;
BD Biosciences). Apoptosis was also identified by immunoblot analysis
through the detection of cleaved caspase-3 or degraded proliferating cell
nuclear antigen.

Flow cytometry. A FACSCalibur (Beckton Dickenson) was used for all flow
cytometry analyzing surface expression of gp91, DHRI123 staining, annexin
V-7-AAD staining, and JC-1 mitochondrial membrane detection as
described®. All analyses were undertaken after calibration of the fluorescence
intensity with CaliBRITE Beads (BD Biosciences).

Subcellular fractionation of neutrophils. Isolated neutrophils were resus-
pended at a density of 5 x 107 cells per ml in ice-cold sonication buffer (HEPES
(10 mM), pH 7.2, sucrose (0.15 M), EGTA (1 mM), EDTA (1 mM), NaF
(25 mM), leupeptin (10 pig/ml), pepstatin (10 Lg/ml), aprotinin (1 pg/ml) and
PMSEF (1 mM)). After sonication and pelleting on ice, 200 pul supernatant was
layered on a discontinuous sucrose gradient consisting of 200 pl of 52% (wt/vol)
sucrose, 200 ul of 40% (wt/vol) sucrose and 200 pl of 15% (wt/vol) sucrose.
After centrifugation (100,000¢ for 60 min), 160 ul supernatant {cytosol source)
and 120 pl interface of the 15%-40% sucrose layers (plasma-membrane source)
were collected.

Immunoprecipitation and immunoblot analysis. Lysates were prepared from
monocytes and lymphocytes as described®!. For the preparation of Iysates from
neutrophils, cells were resuspended in lysis buffer (Tris-HCI (50 mM), pH 7.5,
NaCl (150 mM), sucrose (0.25 M), EGTA (5 mM), EDTA (5 mM), leupep-
tin (15 pg/ml), pepstatin (10 [1g/ml), aprotinin (10 pg/ml), PMSF (2.5 mM),
1.0% Nonidet-P40, 0.25% sodium deoxycholate, sodium pyrophosphate (10 mM),
NaF (25 mM), Na;VO, (5 mM), B-glycerophosphate (25 mM) and DNase I
(1 pg/ml)), incubated for 30 min on ice and centrifuged at 15,000g for 30 min
at 4 °C, then supernatants were collected. For extraction of the membrane-
raft fraction, 1% n-dodecyl-B-D-maltoside was added to the lysis buffer.
Immunoprecipitation and immunoblot analysis were done as described®2. For
immunoprecipitation of cytosolic proteins from neutrophils, cytosolic proteins
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obtained as described above were diluted in four volumes of immunoprecipi-
tation buffer (Tris-HCl (20 mM), pH 7.5, NaCl (150 mM), sucrose (0.25 M),
EGTA (5 mM), EDTA (5 mM), leupeptin (15 pug/ml), pepstatin (10 pg/ml),
aprotinin (10 prg/ml), PMSF (2.5 mM), 0.5% Triton-X, sodium pyrophosphate
(10 mM), NaF (25 mM), Na;VO, (5 mM), B-glycerophosphate (50 mM) and
levamisole (1 mM)); supernatants were used for immunoprecipitation.

Measurement of  phosphatidylinositol-(3,4,5)-trisphosphate.
Phosphatidylinositol-(3,4,5)-trisphosphate in unstimulated neutrophils
prepared from healthy controls and patients with XLA was measured
with an enzyme-linked immunosorbent assay kit in accordance with the
manufacturer’s instructions (K-2500; Echelon).

Immunofluorescence staining. Cytospin preparations of neutrophils were
air-dried and fixed for 10 min with paraformaldehyde in PBS, pH 7.4, then
were made permeable for 20 min at =20 °C with acetone, washed, and incu-
bated with the appropriate antibodies. After labeling and washing with 0.2%
BSA in PBS, coverslips were mounted with Fluoromount G and the pre-
pared specimens. Nuclei were counterstained with DAPI (4,6-diamidino-2-
phenylindole). Slides were analyzed with a fluorescence microscope (FV10i;
Olympus) equipped with Fluoview viewer and review station (Olympus).
At least 100 cells were inspected for each slide.

Generation of Hph-1-Btk, Hph-1-Btk mutants, and transduction of recom-
binant protein into cells. Hph-1-tagged Btk constructs were generated by
amplification of a full-length Btk cDNA fragment with the appropriate primers
(Supplementary Table 1a). After the sequence of each PCR product was veri-
fied by DNA sequencing, the fragment was ligated into sites of a pET28b vector
(Merck) cleaved by Xmal and Sall; the vector has a six-histidine site for
protein purification and two tandem Hph-1 sequences for protein transduc-
tion. Constructs with deletion of the Tec homology domain, SH3 domain or
SH2 domain were generated by mutagenesis with the QuikChange SiteDirected
Mutagenesis Kit (Stratagene) and the appropriate primers (Supplementary
Table 1b). The Hph-1-Gal4 construct has been described®2. Proteins were
induced in BL21 Star competent cells (Novagen) as described’?. Proteins were
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treated with Detoxi-Gel Endotoxin Removing Gel (Takara Bio) for elimina-
tion of endotoxins and were frozen at —80 °C until further use. Neutrophils
(1 x 10% per ml) were incubated for 1 h with 1 uM Hph-1-tagged proteins
(80 ug recombinant Hph-1-tagged full-length-Btk was used for 1 x 10 neu-
trophils for transduction at a concentration of 1 uM) and washed, then ROS
production was assayed.

Btk-precipitation assay. Lysates of neutrophils from healthy controls were pre-
pared on ice for 30 min with immunoprecipitation lysis buffer. Supernatants
were then treated with protein G beads (GE Health Care) for removal of
immunoglobulin G from the neutrophil lysate. For the Btk-precipitation assay,
purified Btk recombinant proteins or control recombinant protein were eluted
and proteins were measured by BCA protein assay (Pierce). Bacterial superna-
tants were bound to nickel-nitrilotriacetic acid Sepharose beads (Qiagen) and
bound recombinant proteins were eluted, then equimolar amounts of recom-
binant proteins were rebound to the nickel beads; afterward, samples were
washed and then incubated overnight at 4 °C with the cell lysates. Beads were
washed four times with lysis buffer and assessed by immunoblot analysis with
anti-Mal. Before incubation with cell lysates, the amount of the recombinant
protein rebound to nickel beads was assessed by immunoblot analysis with
anti-histidine, and the ‘dose’ was readjusted for further precipitation assays.

Statistical analysis. Student’s ¢-test was used for statistical analysis.
The software GraphPad Prism 4 was used for these analyses.

49. Futatani, T. et al. Deficient expression of Bruton's tyrosine kinase in monocytes
from X-linked agammaglobulinemia as evaluated by a flow cytometric analysis and
Its clinical application to carrier detection. Blood 91, 595-602 (1998).

50. Takahashi, N. et al. Impaired CD4 and CD8 effector function and decreased memory
T cell populations in 1COS-deficient patients. J. Immunoi. 182, 5515-5527
(2009).

51. Morio, T. et al. Ku in the cytoplasm associates with CD40 in human B cells and
translocates into the nucleus following incubation with IL-4 and anti-CD40 mAb.
Immunity 11, 339-348 (1999).

52.Choi, J.M. et al. Intranasal delivery of the cytoplasmic domain of CTLA-4 using a
novel protein transduction domain prevents allergic inflammation. Nat. Med. 12,
574-579 (2006).
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detect
dysplasia

A rapid screening method to
autosomal-dominant ectodermal
with immune deficiency syndrome

To the Editor:

A patient presented to us with autosomal-dominant anhidrotic
ectodermal dysplasia with immune deficiency syndrome (EDA-
ID). By using a rapid flow cytometric screening system, we
detected a novel mutation of the JKBA gene in the patient.

Toll-like receptors are one of the major groups of pathogen-
associated molecular pattern recognition receptors in the innate
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FIG 1. A, External abnormalities of the AD-EDA-ID patient at the age of 16 months. B and C, Flow cytometric
analysis of intracellular TNF-a production in CD14" cells in response to LPS stimulation. D, Genetic analysis
of the IKBA. E and F, Western blot analyses of expressions of wild-type and mutant types IkBa proteins. G,

NF-«B reporter gene activities.
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immune system. Following Toll-like receptor activation, intracel-
lular signaling components such as interleukin-1 receptor—
associated kinase 4 (JRAK4) and NF-kappa-B essential modulator
(NEMO) are sequentially activated. This leads to the degradation
of inhibitor of kB (IkB), which causes the activation of nuclear
factor-«B (NF-kB) and expression of inflammatory cytokines.'
Recently, defects in various components of this signaling pathway
have been reported; IRAK4 deficiency was seen to cause high
susceptibility to bacterial infections such as Streprococcus
pneumoniae,” and NEMO deficiency was observed to lead to
X-linked recessive anhidrotic ectodermal dysplasia with immune
deficiency syndrome.’ In 2003, a hypermorphic mutation of the
IkBa gene was reported as another causative gene defect for
EDA-ID." As the hereditary form of this disease is autosomal dom-
inant, it is termed AD-EDA-ID.

The patient we assessed was a 5-month-old male infant with
some dysmorphisms (Fig 1, A). His umbilical separation date was
18 days after his birth. The patient’s body temperature regulation
was poor because of his anhidrosis. He suffered recurrent infec-
tions from his first month, including hepatitis with Cytomegalovi-
rus infection, enteritis with Rotavirus, bronchiolitis with
respiratory syncytial virus, bacterial pneumonia, urinary tract in-
fection, and acute otitis media. His family has no history of
primary immunodeficiency. The results of a blood examination
at the age of 5 months are shown in Table I. Serum immunoglob-
ulin values were normal for his age. It should be noted that his se-
rum IgA levels, but not IgM levels, increased with age (IgA, 751
mg/dL, and IgM 125, mg/dL at 9 months; normal ranges of IgA
and IgM in Japanese infants are 10-56 and 55-200 mg/dL,
respectively).

We used a previously described rapid screening method for
IRAK4 deficiency syndrome using the patient’s blood cells.’
Flow cytometric analysis of intracellular TNF-a production in
CD14" cells in response to 4 hours of LPS stimulation (1.0 g/
mL) showed a substantially lower proportion of CD14 and
TNF-a double-positive cells in the patient than in age-matched
healthy subjects (mean, 95.7%; SD, 2.78; n = 10) (Fig 1, B).
The histogram of LPS-stimulated TNF-a positive monocytes
(blue) of this patient showed a twin peak pattern (mean fluores-
cence intensity of the peaks, 0.878 and 56.6) compared with the
histogram of nonstimulated TNF-o monocytes (red). Monocytes
from healthy subjects displayed a single right-shifted peak pattern
(mean fluorescence intensity of the peaks, 73.0; SD, 40.2; n = 10)
(Fig 1, O).

We next analyzed the IRAK4, MyD88, NEMO, and IKBA genes
and found a novel mutation (c. 25C>T) (p. Q9X) in the IKBA gene
(Fig 1, D). The IRAK4, MyD88, and NEMO genes were normal.
Other IKBA gene mutations have been previously reported in
AD-EDA-ID, namely, $32I, W11X, and E14X.**’ The serine
residues of the N terminus of IkBa, S32 and S36, are functionally
important phosphorylation sites. Phosphorylation leads to degra-
dation of this protein and release of active NF-kB. If these resi-
dues are substituted or deleted, NF-kB cannot be inactivated by
IkBa. Interestingly, a mechanism by which disease onset is
caused by gene substitution at the stop codon near the 5’ end of
the gene sequence has been reported, and this causes a hypermor-
phic effect of N terminus—truncated IkBa protein.®

We confirmed the functional effect of the Q9X mutation in the
IxBa gene in our patient by analyzing for endogenous Ik Ba pro-
tein in his lysed blood cells. Western blots using an anti-IkBa
antibody (C-21, Santa Cruz) showed 2 shorter bands for the
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TABLE I. Immunological findings of the AD-EDA-ID patient at the
age of 5 months

Patient Normal values
Number of blood cells (/L)
Leukocytes 21,190 6,000-17,500
Lymphocytes 11,230 4,000-13,500
Monocytes 1,270 Unknown
Lymphocytes subsets (%)
CD3 59.0 58-84
CD4 31.9 25-54
CD8 234 23-56
CD19 33.9 5-24
CD20 34.1 3-20
Serum immunoglobulin levels (mg/dL)
IeG 930 290-960
IgA 91 7-44
IsM 101 41-161
1gG subclass (%)
IgGl 60.4 39.3-89.0
G2 30.0 7.4-504
1eG3 9.1 1.3-12.6
1G4 0.5 0.1-7.8
Lymphocyte proliferation assay (cpm)*
First time
No stimulus 151 70-700
PHA 8,660 26,000-53,000
Con A 1,260 20,000-48,000
Second time
No stimulus 123
PHA 24,600
Con A 11,200

Con A, Concanavalin A; PHA, phytohemagglutinin.
*Lymphocyte proliferation assay was performed at the age of 10 and 11 months.

patient than for a control subject (Fig 1, E). A subsequent
in vitro protein expression study on HEK293 cells of C-terminal
FLAG-tagged IkBa Q9X and W11X showed 2 shorter bands
compared with wild-type IkBa, while IkBa. E14X showed a sin-
gle shorter band. We believe that the 2 bands are likely to be N
terminus—truncated IkBa proteins that are translated from M13
(IxBa A1-12) or M37 (IkBa A1-36) (Fig 1, F). If this is correct,
the N terminus-truncated IkBo Al-36 should have no serine
phosphorylation site. An NF-«kB reporter gene activity assay
showed a significant dose-dependent inhibitory effect of IkBa
Q9X compared with wild-type IkBa on LPS-stimulated Toll-
like receptor 4-MD2-CD14 coexpressed HEK293 cells (Fig 1,
G). On the basis of these results, we diagnosed this patient as
having AD-EDA-ID.

Because NF-«B is an essential component of immune responses,
some EDA-ID patients have combined T-cell dysfunction.” There
are also reports of EDA-ID patients dying from complications of
mycobacterial disease. In addition, NEMO deficiency was recently
reported to be one of the candidate deficiencies of Mendelian sus-
ceptibility to mycobacterial disease syndrome.® We therefore eval-
vated the patient’s T-cell response by using lymphocyte
proliferation assays. Lymphocytes stimulated with phytohemag-
glutinin and concanavalin A proliferated only to low levels (Table
I). As an additional feature, inflammatory bowel disease has also of-
ten been reported in XL-EDA-ID patients. The mechanism of the
onset of inflammatory bowel disease with EDA-ID remains un-
known, but our AD-EDA-ID patient also showed symptoms of in-
flammatory bowel disease.
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This is the first report of an AD-EDA-ID patient with a novel
Q9X mutation of the IJKBA gene. This case also demonstrates that
the screening method using LPS-stimulated intracellular TNF-
a—producing CD14 cells is an effective method for the rapid
diagnosis of innate immune defects, not only in IRAK4-
deficient patients but also in EDA-ID patients.
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Effect of Lactobacillus GG on tolerance acqui-
sition in infants with cow’'s milk allergy:
A randomized trial

To the Editor:

The possible effect of probiotics on tolerance acquisition in
patients with cow’s milk allergy (CMA) is a largely unexplored
research area. The only previous study of the effect of probiotic
strains (not including Lactobacillus GG [LGG]) on tolerance ac-
quisition in children with CMA yielded negative results.' Despite
this finding and earlier conflicting results on probiotic use
in patients with allergic disorders,” we asked, given the
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TABLE 1. Baseline main demographic and clinical characteristics
of the study population

Group 1 Group 2 P value
No. 28 27
Male sex, no. (%) 21 (75.0) 16 (59.3) 214

Age, mo (95% CI)
Body weight, kg (95% CI)

32(2.1-43) 392552 421
5.7 (5.1-6.4) 58 (4.9-6.7) .899

IgE-mediated CMA, no. (%)* 12 (42.9) 9 (33.3) 467
Breast-feeding, no. (%) 23 (82.1) 22 (81.5) 1.0
<2 mo 20 (71.4) 21 (77.7) .608
Gastrointestinal symptoms, no. (%) 17 (60.7) 19 (70.4) 452
Vomiting, no. (%) 12 (42.9) 7 (25.9) 187
Diarrhea, no. (%) 5(17.9) 11 (40.7) .062
Cutaneous symptoms, no. (%) 12 (42.9) 12 (44.4) .906
Atopic dermatitis, no. (%) 12 (42.9) 8 (29.6) .308
Urticaria, no. (%) 1 (3.6) 4 (14.8) 193
Respiratory symptoms, no. (%) 6 (21.4) 4 (14.8) 729

*IgE-mediated CMA was defined by the presence of a clinical history suggestive of
IgE-mediated mechanisms (acute onset of symptoms after the ingestion of CMPs),
DBPCFC resuits (occurrence of typical symptoms within 2 hours after the
administration of the last dose), occurrence of typical symptors of IgE-mediated food
allergy (vomiting, urticaria, asthma, and rhinitis) during the challenge, and positivity
of SPT responses.

well-documented link between LGG and the immune systemf"5
whether supplementation of an extensively hydrolyzed casein for-
mula (EHCF) with LGG could affect tolerance acquisition to
cow’s milk protein (CMP).

Infants (age, 1-12 months) consecutively referred for strongly
suspected CMA but still receiving CMP were invited to partic-
ipate in the study. Subjects were randomly allocated to one of the
2 groups of dietary interventions: group 1 received EHCF
(Nutramigen; Mead Johnson, Rome, Italy), and group 2 received
EHCF containing LGG (at least 1.4 X 107 colony-forming units
[CFU}/100 mL; Nutramigen LGG, Mead Johnson). When com-
plete and stable remission of CMA was achieved (ie, after 3-4
weeks of exclusion diet), a double-blind, placebo-controlled
food challenge (DBPCFC) was planned. Only infants with
DBPCFC-proved CMA continued the investigation. After 6 and
12 months, full clinical evaluation, skin prick tests (SPTs), atopy
patch tests (APTs), and DBPCFCs were planned, as described in
the Methods section and Figs E1 and E2 in this article’s Online
Repository at www.jacionline.org. Occurrence of adverse events
elicited by study formulas was monitored throughout the study.
On the first visit, 153 infants were evaluated. Sixty-nine were ex-
cluded because of the presence of at least 1 exclusion criterion.
CMA was highly suspected in 84 infants; all were invited to par-
ticipate in the study, 4 refused, and 80 were enrolled and randomly
assigned to either group 1 (EHCF) or group 2 (EHCF plus LGG).
At the second visit, DBPCFCs were performed in 73 patients (36
in group I and 37 in group 2), and a diagnosis of CMA was con-
firmed in 55 patients. The patients (28 in group 1 and and 27 in
group 2) were invited to continue the investigation, and all agreed.
The demographic and clinical characteristics of the 2 groups were
similar (Table I).

After 6 months of an exclusion diet, a DBPCFC was performed
in 55 patients: 22 of 28 patients of group 1 and 11 of 27 patients of
group 2 resulted positive. At this time, the rate of full clinical
tolerance acquisition was higher in group 2 than in group 1 (Fig 1,
A). Infants with persisting CMA (22 in group 1 and and 11 in
group 2) were rechallenged at 12 months: 13 of 22 patients in
group 1 and 5 of 11 patients in group 2 had positive DBPCFC
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Induced pluripotent stem cells from CINCA syndrome patients as a model for
dissecting somatic mosaicism and drug discovery

Takayuki Tanaka,' Kazutoshi Takahashi,” Mayu Yamane,' Shota Tomida,! Saori Nakamura, Koichi Oshima,’ Akira Niwa,’
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Chronic infantile neurologic cutaneous
and articular (CINCA) syndrome is an
IL-1-driven autoinflammatory disorder
caused mainly by NLRP3 mutations. The
pathogenesis of CINCA syndrome pa-
tients who carry NLRP3 mutations as
somatic mosaicism has not been pre-
cisely described because of the difficulty
in separating individual cells based on
the presence or absence of the mutation.

mutant and nonmutant-induced pluripo-
tent stem cell (iPSC) lines from 2 CINCA
syndrome patients with somatic mosa-
icism, and describe their differentiation
into macrophages (iPS-MPs). We found
that mutant cells are predominantly re-
sponsible for the pathogenesis in these
mosaic patients because only mutant iPS-
MPs showed the disease relevant pheno-
type of abnormal IL-1B secretion. We
also confirmed that the existing anti-

inflammatory compounds inhibited the
abnormal IL-1§ secretion, indicating that
mutant iPS-MPs are applicable for drug
screening for CINCA syndrome and other
NLRP3-related inflammatory conditions.
Our results illustrate that patient-derived
iPSCs are useful for dissecting somatic
mosaicism and that NLRP3-mutant iPSCs
can provide a valuable platform for drug
discovery for multiple NLRP3-related dis-
orders. (Blood. 2012;120(6):1299-1308)

Here we report the generation of NLRP3-

Introduction

Chronic infantile neurologic cutaneous and articular syndrome
(CINCA syndrome; MIM #607715) is a dominantly inherited
autoinflammatory disease characterized by systemic inflammation
with an urticaria-like rash, neurologic manifestations, and arthrop-
athy.! NLRP3 mutation is the first and so far the only identified
mutation that is responsible for CINCA syndrome.>® NLRP3 is
expressed mainly in myelomonocytic lineage cells and chondro-
cytes® and acts as an intracellular sensor of danger signals from
various cellular insults. In normal macrophages, a first stimulus,
such as lipopolysaccharide (LPS), induces the synthesis of NLRP3
and the biologically inactive prolL-1B.* A second stimulus, such as
ATP, enhances the assembly of a protein complex called the
NLRP3-inflammasome.’ The inflammasome contains caspasel,
which executes the proteolytic maturation and secretion of IL-1f.
Although normal monocytes/macrophages show no or limited
’IL-IB secretion in response to LPS stimulation alone, CINCA
patients’ cells exhibit robust IL-1f secretion because the mutant
NLRP3-inflammasome is autoactivated without the need for any
second stimulus.® It is therefore thought that the manifestations of
CINCA syndrome are predominantly caused by the excessive
secretion of the proinflammatory cytokine, IL-1f3, and this concept
is supported by the efficacy of an IL-1 receptor antagonist (IL-1Ra)
for decreasing most of the symptoms.” However, because IL-1Ra
treatment does not seem to ameliorate the characteristic arthropa-
thy of cartilage overgrowth and joint contraction,® a more specific

therapeutic approach that directly modulates the NLRP3-
inflammasome is desired.

Although approximately half of CINCA patients carry heterozy-
gous gain-of-function mutations of the NLRP3 gene,>? 30% to 40%
of all patients have mutations in NLRP3 in only a small number of
somatic cells.”!% Because the population of mutant cells is rela-
tively small (4.2%-35.8% in blood cells), it remains controversial
whether the small fraction of NLRP3-mutated cells actually causes
the strong autoinflammation observed in CINCA patients, or
whether the NLRP3 mutations found in mosaic patients are just a
bystander, with all cells carrying an unknown mutation of another
gene that causes the disease.!!

Somatic mosaicism refers to the presence of more than
1 genetically distinct cell population in a single person, and has
been identified in patients with various diseases.'?!3 The relevance
of somatic mosaicism to the onset of diseases has been suggested
mainly through sequence-based approaches. However, direct evidence
that a cell population with a distinct genetic property shows disease-
specific characteristics is lacking because it has been impossible to
separately extract individual live cells from affected tissues to assess
their biologic characteristics. Regarding hematopoietic disorders in
which mutant cells show decreased expression of a certain protein,
genetic heterogeneity caused by somatic mutations was detected by flow
cytometry after intracellular staining,'*'¢ but sorting out alive mutant
and nonmutant cells for evaluating biologic property has been impossible.
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Induced pluripotent stem cells (iPSCs) are pluripotent cell lines
directly reprogrammed from somatic cells.!” Patient-derived iPSCs
can provide somatic cells, which cannot be directly obtained from
patients, and this discovery has led to the development of a new
field of disease modeling (reviewed by Grskovic et al'$). In
addition, iPSC technology has another interesting characteristic
that each iPSC clone originates from a single cell,!” which may
make it possible to obtain genetically different iPSC clones from a
person.

In this study, we established mutant and nonmutant iPSC lines
from the same patients by deriving iPSCs from patients carrying a
mutation of an autosomal gene as somatic mosaicism. By analyzing
the disease-relevant characteristic of IL-18 secretion, we demon-
strated that mutant macrophages are mainly responsible for the
disease phenotype in the mosaic patients. Moreover, using a robust
differentiation protocol to generate macrophages and purifying
them by their surface marker expression, we showed that drug
candidates inhibit the IL-1B secretion from mutant macrophages.
Our data prove the usefulness of iPSC technology both for
dissecting somatic mosaicism and as a platform for drug discovery
of multiple NLRP3-related inflammatory diseases.

Methods

Human iPSC generation

‘We obtained skin biopsy specimens from 2 independent patients (patient 1,
CIRA188AI; and patient 2, CIRAO86Ai). This study was approved by
Ethics Committee of Kyoto University, and informed consent was obtained
from both the patients and their guardians in accordance with the
Declaration of Helsinki. We expanded the fibroblasts in DMEM (Nacalai
Tesque) containing 10% FBS (Invitrogen) and 0.5% penicillin and strepto-
mycin (Invitrogen). Generation of iPS cells was performed as described
previously.!? In brief, we introduced OCT3/4, SOX2, KLF4, and ¢-MYC
using ecotropic retroviral transduction into fibroblasts expressing the mouse
Slc7al gene. Six days after transduction, the cells were harvested and
replated onto mitotically inactivated SNL feeder cells. The next day, we
replaced the medium with Primate ES cell medium (ReproCELL) supple-
mented with 4 ng/mL bFGF (Wako). Three weeks after this period,
individual colonies were isolated and expanded. Cell culture was performed
under 37°C, with 5% CO, and 21% O, unless otherwise stated. Cells were
examined using Olympus CKX41 inverted microscope equipped with
Nikon Digital Sight DS-L2 camera. A UPlan FLN 4X/0.13 objective
(Nikon) was used for image acquisition.

Genetic analysis

Genomic DNA from either fibroblasts or iPSCs was isolated. The PCR
product of exon 3 of NLRP3 was sequenced directly or after subcloning
with a TOPO TA cloning kit (Invitrogen), using an ABI 3100 sequencer
(Applied Biosystems). For pyrosequencing, the PCR product of exon 3 of
NLRP3 was analyzed by PyroMarkQ96ID (QIAGEN).

RNA isolation and quantitative PCR for NANOG and the
transgene

Total RNA was purified with the Trizol reagent (Invitrogen) and treated
with a Turbo DNA-free kit (Ambion) to remove genomic DNA contamina-
tion. A total of 1 pg of total RNA was used for a reverse transcription
reaction with ReverTraAce-a (Toyobo) and the dT primer, according to
the manufacturer’s instructions. Quantitative PCR was performed on the
7900HT Fast Real-Time PCR System (Applied Biosystems) with SYBR
Premix ExTaqlI (Takara). The primer sequences are described in supplemen-
tal Table 4 (available on the Blood Web site; see the Supplemental Materials
link at the top of the online article).
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Southern blotting

Genomic DNA (5 pg) was digested with Bglll and Scal overnight. The
digested DNA fragments were separated on 1% agarose gels and were
transferred to a nylon membrane (GE Healthcare). The membrane was
incubated with a digoxigenin (DIG)~labeled human ¢MYC DNA probe in
DIG Easy Hyb buffer (Roche Diagnostics) at 42°C overnight with constant
agitation. After washing, an alkaline phosphatase-conjugated anti-DIG
antibody (1:10 000; Roche Diagnostics) was added to a membrane. Signals
were obtained using CDP-star (Roche Diagnostics) and detected by an
LAS4000 imaging system.

Teratoma formation

Approximately 2 X 10° cells were injected subcutaneously into the dorsal
flank of immunocompromised NOD/scid/yc™! mice (Central Institute for
Experimental Animals). Masses were excised 8 to 10 weeks after injection
and fixed with PBS containing 4% paraformaldehyde. Paraffin-embedded
tissues were sliced and stained with hematoxylin and eosin. Slides were
examined using BIOREVO BZ-9000 (KEYENCE). A PlanApo 20X/0.75
objective (Nikon) and BZ-II Viewer software (KEYENCE) were used for
image acquisition.

In vitro differentiation into macrophages

Undifferentiated human embryonic stem cell (ESC) and iPSC lines were
cultured on mitotically inactivated SNL feeder cells with Primate ES cell
medium supplemented with 4 ng/mL bFGFE. During the differentiation of
the cells into macrophages, cells were cultured under 37°C, with 5% CO,
and 5% O,. On day 0, the iPSCs were plated at a ratio of 1:15 onto a
mitotically inactivated OP9 feeder layer on 100-mm cell culture plates in
«-MEM (Invitrogen) containing 10% FBS and 1% Antibiotic-Antimycotic
(Invitrogen) supplemented with 50 ng/mL VEGFa (R&D Systems). On day
5, the medium was changed. On day 10, the differentiating iPSCs were collected
by trypsinization, and Tra-1-85* CD34* and KDR* hematopoietic progenitors
were sorted on a FACSAria II instrument (BD Biosciences). The progenitors
were plated at 2 X 10* cells on another mitotically inactivated OP9 feeder layer
on 100-mm cell culture plates orat 3 X 103 cells/well in 6-well cell culture plates
in a-MEM containing 10% FBS and 1% Antibiotic-Antimycotic supplemented
with 50 ng/mL IL-3, 50 ng/mL stem cell factor, 10 ng/mL thrombopoietin,
50 ng/mL Flt-3 ligand, and 50 ng/mL M-CSF (all R&D Systems). On day 18, the
medium was changed. On day 26, differentiating cells were collected with
Accumax (Innovative Cell Technologies), and CD14+ iPSC-derived macro-
phages were purified on an autoMACSpro instrument (Miltenyi Biotec).

Peripheral blood mononuclear cells (PBs) were obtained from healthy
volunteers, and CD14* monocytes were purified on the autoMACSpro
instrument. For macrophage differentiation, 5 X 10° monocytes were
plated in 6-well cell culture plates in RPMI 1640 (Sigma-Aldrich)
containing 10% FBS and 1% Antibiotic-Antimycotic supplemented with
50 ng/mL M-CSE. On day 5, the adherent cells were collected with
Accumax, and CD14* blood-derived macrophages (B-MPs) were purified
on the autoMACSpro instrument. May-Giemsa—stained slides were exam-
ined using BIOREVO BZ-9000. A PlanApo 40X/0.95 objective (Nikon)
and BZ-II Viewer software were used for image acquisition.

FACS analysis

Hematopoietic marker expression was evaluated on a MACSQuant Ana-
lyzer (Miltenyi Biotec). Primary antibodies Tra-1-85-FITC (R&D Sys-
tems), CD34-PE (Beckman Coulter), KDR-AlexaFluor-647 (BioLegend),
CD45-PE (BD Biosciences PharMingen), and CD14-APC (Beckman
Coulter) were used.

Immunocytochemistry

For immunocytochemistry, cells were fixed with PBS containing 4% para-
formaldehyde for 5 minutes, permeabilized in PBS containing 0.1% Tween
20 for 5 minutes, and blocked in PBS containing 3% BSA for 10 minutes,
all at room temperature. The primary antibody was for CD68 (1:50; Santa
Cruz Biotechnology), and the secondary antibody was Cy3-conjugated
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AffiniPure Donkey Anti-Mouse IgG (1:100; Jackson ImmunoResearch
Laboratories). Nuclei were stained with 1 pg/mL Hoechst 33342 (Invitro-
gen). Cells were examined using BIOREVO BZ-9000. A Plan Fluor DL
10%/0.30 Phl objective (Nikon) and BZ-II Viewer software were used for
image acquisition.

Electron microscopy

The 5 X 10* macrophages in 20 pL suspension were placed on the
poly-L-lysine treated, carbon-coated sapphire disks (3 mm in diameter) and
incubated for 30 minutes at 37°C with 5% CO-. The cell-adsorbed disk was
then subjected to chemical fixation with 2.5% glutaraldehyde in NaHCa
buffer (100mM NaCl, 30mM HEPES, 2mM CaCl,, adjusted at pH 7.4 with
NaOH). These specimens were postfixed with 1% osmium and
1.5% K4Fe(CN)g in 0.1M PBS buffer, washed, dehydrated with a series of
ethanol, and embedded in Epoxy resin (TAAB EPON812). After the
polymerization at 70°C, the ultra-sections (70 nm) obtained by Ultrami-
crotome (Leica FC6) were mounted in EM grids, stained with uranyl
acetate/lead citrate, and then observed by conventional TEM (JEOL
JEM1400).

PCR and microarray analysis of macrophages

Total RNA was column-purified with the RNeasy kit (QIAGEN) and treated
with RNase-free DNase (QIAGEN). A total of 20 ng of total RNA was
reverse transcribed into cDNA using random primers and the Sensiscript RT
Kit (QIAGEN). Quantitative PCR was performed on a StepOne Plus
Real-Time PCR System (Applied Biosystems) with TagMan Gene Expres-
sion Master Mix (Applied Biosystems). The primer sequences are described
in supplemental Table 4. For the microarray analysis, RNA probes were
hybridized to SurePrint G3 Human GE § X 60K Microarrays (Agilent
Technologies) according to the manufacturer’s protocols. Microarrays were
scanned, and the data were analyzed using the GeneSpring GX Version 11
software program (Agilent Technologies). The complete dataset from this
analysis is available at the NCBI Gene Expression Omnibus using
accession no. GSE38626.

LM infection

Listeria monocytogenes EGD (LM) were grown in brain heart infusion
broth (Eieken Chemical), washed, suspended in PBS supplemented with
10% glycerol, and stored in aliquots at —80°C. Macrophages were seeded
into an 8-well chamber slide at 2 X 105 cells/well in RPMI containing
10% FBS and then infected with bacteria at a multiplicity of infection of
10 for 60 minutes at 37°C. Cells were cultured for further 1 or 5 hours in the
presence of 5 pg/mL gentamicin. The cells were fixed in 4% paraformalde-
hyde and incubated with PBS containing 10% Blocking One (Nacalai
Tesque) and 0.1% saponin. F-actin and nuclei were visualized by staining
with Alexa-488-phalloidin (Invitrogen) and 4',6-diamidino-2-phenylindole
(Dojindo), respectively. The bacteria were stained by treatment with a goat
anti-Listeria polyclonal antibody (Kirkegaard & Perry Laboratories) and
then with the Alexa 546 anti-goat IgG antibody (Invitrogen). Slides were
examined using BIOREVO BZ-9000. A PlanApo_VC 100XH/1.40 objec-
tive (Nikon) and BZ-1I Viewer software were used for image acquisition,
and BZ-1I Analyzer (KEYENCE) was used for image processing. Immuno-
fluorescence was evaluated with the IN Cell Analyzer 2000, and samples
were analyzed with the IN Cell Developer Toolbox Version 1.8 software
program (GE Healthcare).

Cytokine secretion from macrophages

Purified iPS-MPs or B-MPs were seeded at the indicated counts per well or
5 X 10* celis/well unless otherwise stated in 96-well cell culture plates in
RPMI 1640 containing 10% FBS and 1% Antibiotic-Antimycotic. Cells
were cultured for 2 hours in the presence or absence of inhibitors. The plates
were centrifuged at 300g for 10 minutes; then the medium was changed.
Cells were cultured for 4 hours in the presence of LPS or recombinant
human IL-1B. LPS concentration was 1 pg/mL unless otherwise stated.
After the 30 minute or 1-hour culture after the addition of ImM ATP
(Sigma-Aldrich), we collected the supernatants and cell lysates. As second
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signal stimulants, we also used 500 pg/mL silica crystals (U.S. silica) for
1 hour, or 100 pg/mL monosodium urate crystals (Sigma-Aldrich) for
3 hours. For the supernatant transfer experiments, we harvested the
supernatant from the wells of mutant or wild-type iPS-MPs, which were
stimulated with LPS for 4 hours. After centrifugation, we transferred the
supernatants to the wells of other iPS-MPs and cultured them for another
4 hours. The cytokine concentration of the supernatants was determined
using a Th1/Th2 11plex FlowCytomix Kit (Bender MedSystems) following
the manufacturer’s instructions. Reagents were purchased as follows:
CA074Me (Calbiochem), IL-1Ra (R&D Systems), oxidized ATP (0ATP;
Sigma-Aldrich), pyridoxalphosphate-6-azophenyl-2',4'-disulphonic acid
(PPADS; Sigma-Aldrich), cycloheximide (Sigma-Aldrich), MG132 (Calbio-
chem), Bay11-7082 (Sigma-Aldrich), and Ac-YVAD-CHO (Calbiochem).

LDH secretion assay

The lactate dehydrogenase (LDH) concentration of the supernatants of
iPS-MPs after a 4-hour culture with LPS was determined with an LDH
Cytotoxicity Detection kit (Takara) following the manufacturer’s instructions.

Statistical analysis

The data were processed using the SPSS Statistics Version 18 software
package. The values are reported as the mean * SEM. Comparisons
between groups were performed using the unpaired Student ¢ test. P < .05
was considered statistically significant.

Results
Establishment and characterization of iPSCs

Dermal fibroblasts were obtained from 2 male CINCA patients who
had mutations of NLRP3 as somatic mosaicism. Both patients had
nonsynonymous point mutations in the NLRP3 coding region. The
fibroblasts from patients 1 and 2 contained 34% and 9.8% mutant
cells, respectively (Figure 1A; supplemental Figure 1A). These
fibroblasts were reprogrammed to iPSCs after transduction with
retroviral vectors encoding OCT3/4, SOX2, KLF4, and cMYC.V7
Twelve of the 28 isolated clones from patient 1, and 3 of 30 clones
from patient 2 had a heterozygous mutation of the NLRP3 gene,
whereas the rest of the clones were wild-type (Figure 1A;
supplemental Figure 1B-C). The frequency of mutants was compa-
rable among blood cells,>? fibroblasts, and iPSCs (Table 1). We
randomly selected 3 mutant (M1-M3) and 3 wild-type clones
(W1-W3) from patient 1 and 3 mutant (m1-m3) and 3 wild-type
clones (w1-w3) from patient 2 for the propagation and subsequent
analyses.

All iPSC clones showed a characteristic human ESC-like
morphology (Figure 1B), the reactivation of endogenous pluripo-
tency genes (OCT3/4, SOX2, NANOG; Figure 1C-D; supplemental
Figure 1D) and the demethylation of the OCT3/4 promoter regions
(supplemental Figure 1E). Transgene expression was rarely de-
tected (Figure 1D; supplemental Figure 1D), and the retroviral
integration patterns were confirmed by a Southern blot analysis
(Figure 1E; supplemental Figure 1F). All of the iPSC clones
maintained a normal karyotype (data not shown). There were
neither proviral integration nor copy number changes observed
in any of the genes that might affect the function of the NLRP3
inflammasome (supplemental Tables 1 and 2). Genetic identity
was proven by a short tandem repeat analysis (supplemental
Table 3), and the pluripotency of the iPSC clones was confirmed
by the presence of cell derivatives of all 3 germ layers by
teratoma formation after injection of undifferentiated iPSCs into
immunocompromised NOD/scid/yc™! mice (Figure 1F; supple-
mental Figure 1G).
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Figure 1. Establishment and characterization of iPSCs. (A) Sequencing of the
NLRP3 1709 A > G mutation (Y570C) in fibroblasts (FIBRO), mutant iPSCs (M1),
and wild-type iPSCs (W1) in patient 1. (B) The morphology of the mutant and
wild-type iPSCs. (C) NANOG expression in CINCAiPSCs, control iPSCs (B7), control
ESCs (khES3), fibroblasts (FIBRO), and fibroblasts transduced with 4 factors
(FIBRO4F) normalized to GAPDH. n = 3. (D) A quantitative RT-PCR assay for the
expression of OCT3/4, SOX2, KLF4, and ¢cMYC in iPSCs. One primer set detects
only the transgene (in black), and the other primer set detects both the transgene and
endogenous gene (in white). n
Southern blot analyses were performed with DIG-labeled DNA probes against
¢c-MYC. The parental fibroblasts carried a band in common with alf of the iPSC lines
(arrow). (F) A teratoma derived from a mutant iPSC clone, M1. Scale bars represent
100 pm. Data are mean = SEM.

= 3. (E) Retroviral transgene integration analyses. -
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Differentiation and characterization of iPSC-derived
macrophages

To compare the most prominent features of the disease, we
differentiated the patient-derived iPSCs into the monocyte/
macrophage lineage using a murine stromal cell line, OP9.2! After
culturing the iPSCs on an OP9 feeder layer for 10 days, we
collected KDR* CD34" hemangioblasts (Figure 2A). All of the
iPSC clones, whether they carried an NLRP3 mutation or not,
differentiated into KDR* CD34" progenitors as efficiently as the
control ESC or iPSC clones (Figure 2B; supplemental Figure 2A).
Adherent CD68* macrophages emerged after culturing the KDR*
CD34* cells on another OP9 feeder layer for 16 days (Figure 2C;
supplemental Figure 2B). Approximately 80% of the differentiated
cells expressed CD14, and magnetic-activated cell sorting in-
creased the purity to almost 100% (Figure 2D). All of the clones we
used efficiently produced comparable amounts of iPSC-derived
macrophages (iPS-MPs; Figure 2E; supplemental Figure 2C). The
iPS-MPs visualized by light and electron microscopy showed a
typical morphology, with a high cytoplasm-to-nucleus ratio and
cytoplasmic vacuoles (Figure 2F; supplemental Figure 2D). The
iPS-MPs showed a global gene expression pattern closer to that of
blood-derived macrophages than to the parental iPSC clone
(supplemental Figure 2E-F). Both mutant and wild-type iPS-MPs
phagocytosed bacteria to the same extent when we infected the
cells with Gram-positive LM, an intracellular bacterium that
escapes into the cytosol (Figure 2G-H). These data indicate that
both the mutant and wild-type iPS-MPs derived from mosaic
CINCA patients are indistinguishable based on their gene expres-
sion and their phagocytic function.

Elucidation of the pathogenesis of somatic mosaic CINCA
syndrome

Monocytes derived from CINCA syndrome patients usually do not
spontaneously secrete IL-1f and become active after LPS stimula-
tion.® Monocytes or mononuclear cells from untreated CINCA
syndrome patients, however, sometimes show an increased synthe-
sis of prolL-1B% and secretion of mature IL-1B,7 even in the
absence of LPS stimulation, because they can be activated by
persistent inflammation or by the purification procedure. As
spontaneous activation complicates the functional analysis, we
herein evaluated the IL-13 activation status both before and after
the stimulation. We observed that the mRNA expression of ILIB
was low in unstimulated iPS-MPs and increased to comparable
levels in mutant and wild-type iPS-MPs in response to LPS
stimulation (supplemental Figure 3A). Similarly, the mRNA level
of NLRP3 was relatively low before LPS stimulation (supplemental
Figure 3A). Mature IL-1P was not detectable in the supernatant of
the cell culture medium (data not shown). Collectively, these data
indicate that the unstimulated iPS-MPs were in an “inactive” state
before stimulation.

To identify which iPS-MP clones showed the specific features
compatible to patients’ monocytes, we evaluated their IL-18
secretion. Although LPS stimulation alone led to IL-13 secretion

Table 1. Mutation frequency among different cell types

Frequency (%) of mutant cells

Whole
Patient no. Site of mutation biood* Fibroblasts iPSCs
1 1709A > G(Y570C) 33.3 34.3 42.9
2 919G > A(G307S) 8.5 9.8 10.0

*The frequency in whole blood was reported previously.820

=161 -



