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a b s t r a c t

Wiskott-Aldrich syndrome protein (WASP) is an adaptor molecule in immune cells. Recently, we showed
that the WASP N-terminal domain interacted with the SH3 domain of Bruton's tyrosine kinase (Btk), and
that the complex formed by WASP and Btk was important for TLR2 and TLR4 signaling in macrophages.
Several other studies have shown that Btk played important roles in modulating innate immune
responses through TLRs in immune cells. Here, we evaluated the significance of the interaction between
WASP and Btk in TLR3, TLR7, and TLR9 signaling. We established bone marrowederived macrophage cell
lines from transgenic (Tg) mice that expressed intracellular antibodies (intrabodies) that specifically
targeted the WASP N-terminal domain. One intrabody comprised the single-chain variable fragment and
the other comprised the light-chain variable region single domain of an anti-WASP N-terminal
monoclonal antibody. Both intrabodies inhibited the specific interaction between WASP and Btk, which
impaired the expression of TNF-a, IL-6, and IL-1b in response to TLR3, TLR7, or TLR9 stimulation.
Furthermore, the intrabodies inhibited the phosphorylation of both nuclear factor (NF)-kB and WASP in
response to TLR3, TLR7, or TLR9 stimulation, in the Tg bone marrow-derived macrophages. These results
suggested that WASP plays important roles in TLR3, TLR7, and TLR9 signaling by associating with Btk in
macrophages.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Wiskott-Aldrich syndrome (WAS) protein (WASP) is the gene
product responsible for X-linked immunodeficiency [1]. WASP is
mainly expressed in the cytosol of hematopoietic cells and acts as
an adaptor protein that regulates immune responses such as actin
filament reorganization and intracellular signal transduction. Pa-
tients with WAS have macrophages, dendritic cells, and monocytes
that show impaired responses to inflammatory chemokines,
including defects in polarization, migration, and formation of the
actin-rich phagocytic cup [2e4].

The majority of gene mutations in patients with WAS have been
mapped to the WASP N-terminal region, including the EVH1
.

domain [5], which suggested that this domain is important for
WASP functions. To elucidate the functions of theWASP N-terminal
domain in innate immune responses, we developed transgenic (Tg)
mice that overexpressed exon 1e5 of theWASP gene, which encode
the N-terminus (amino acids 1e171, designated WASP15) [6]. Bone
marrowederived macrophages (BMDMs) from WASP15 Tg mice
showed impaired in lipopolysaccharide (LPS)-induced inflamma-
tory responses, including nuclear factor (NF)-kB activation and
subsequent gene expression of TNF-a, IL-6, and IL-1b. Thus, the
overexpressed WASP15 construct showed dominant-negative ef-
fects [7]. The functions of the WASP N-terminal domain were
confirmed in two types of Tg mice that expressed an intracellular
antibody (intrabody) that targeted the WASP-N-terminus; one
intrabody comprised the single-chain variable fragment (scFv), and
the other intrabody comprised only the light-chain variable region
(VL), single-domain (SD), of an anti-WASP-N-terminus monoclonal
antibody. Both intrabodies could specifically bind to the WASP-N-
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Fig. 1. Expression of WASP, Btk, TLR3, TLR7, and TLR9 in bone marrow-derived mac-
rophages (BMDMs). Cell lysates of wild-type, scFv Tg, and VL SD Tg BMDMs were
analyzed on Western blots probed with the following specific antibodies: anti-WASP,
anti-Btk, anti-TLR3, anti-TLR7, anti-TLR9, and anti-b-actin. The immunoblots are
representative of three independent experiments.
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terminus domain. BMDMs derived from scFv Tg mice and VL SD Tg
mice were impaired in inflammatory cytokine gene expression
upon LPS stimulation [8,9].

We previously found that the WASP N-terminal domain could
associate with the Src homology (SH) 3 domain of Bruton's tyrosine
kinase (Btk). This association was strongly inhibited by over-
expression of WASP15, scFv intrabodies, and VL SD intrabodies, in
the respective Tg BMDM cell lines [7e9]. Furthermore, the
inflammatory responses induced by Toll-like receptor-2 (TLR2)
ligands, Pam3CSK4 and heat-killed Listeria monocytogenes, were
impaired in BMDMs isolated from scFv Tg mice and VL SD Tg mice
[9]. These observations strongly suggested that the interaction
between the WASP N-terminal domain and Btk played an impor-
tant role in the TLR2- and TLR4-signaling cascades in macrophages.

It has been shown that TLR3, TLR7, and TLR9 recognize double-
stranded RNA, single-stranded RNA, and CpG-DNA, respectively
[14]. Moreover, Btk was shown to play important roles in TLR3,
TLR7, and TLR9 signaling in innate immune cells [10e12]. However,
it remains unknown how the association of WASP with Btk might
be involved in TLR3, TLR7, and TLR9 signaling pathways.

Here, we investigated the possible roles of the WASP-Btk com-
plex in TLR3, TLR7, and TLR9 signaling by evaluating inflammatory
responses to TLR stimulation in BMDMs isolated from Tg mice that
expressed scFv and VL SD anti-WASP intrabodies. We stimulated
these BMDMs with the TLR3 ligand, poly(I:C): the TLR7 ligand,
imiquimod: and the TLR9 ligand, CpG ODN. We found that the
expression of scFv and VL SD intrabodies interfered with the spe-
cific interaction betweenWASP and Btk, which resulted in impaired
inflammatory responses to TLR3, TLR7, and TLR9 stimulation.

2. Materials and methods

2.1. Establishment of bone marrowederived macrophage cell lines

We established cell lines from BMDM cells derived from wild-
type mice and from Tg mice that expressed either scFv or VL SD
anti-WASP intrabodies. Cells were cultured as described previously
[7e9].

2.2. Western blot analysis

BMDMs were activated with poly(I:C) (10 mg/mL), imiquimod
R837 (1 mg/mL), or CpG ODN (1 mM) (all obtained from InvivoGen,
San Diego, CA, USA) at 37 �C for different time intervals. The acti-
vated cells were washed with PBS, lysed with SDS sample buffer,
and boiled for 10 min. The cell lysates were separated on 12%
SDS-PAGE gels and the separated proteins were transferred to a
polyvinylidene difluoride membrane (Bio-Rad, Hercules, CA, USA).
The membrane was blocked with Blocking One (Nacalai Tesque,
Kyoto, Japan) and probed with the following primary antibodies:
anti-TLR7, anti-TLR9, anti-phospho-NF-kB p65 (Ser-536), anti-NF-
kB p65 (Cell Signaling Technology, Danvers, MA, USA), anti-TLR3,
anti-phospho-WASP (Abcam, Cambridge, UK), anti-WASP (Up-
state, Lake Placid, NY, USA), anti-phospho-Btk (Cell Signaling
Technology), anti-Btk (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), and anti-b-actin (Cell Signaling Technology). The secondary
antibody was HRP-conjugated anti-rabbit IgG (Dakocytomation,
Glostrup, Denmark). Immunoreactive proteins were detected with
Chemi-Lumi One L or Chemi-Lumi One Super (Nacalai Tesque).

2.3. Quantitative real-time PCR

BMDMs were cultured in the absence (controls) or presence of
poly(I:C) (10 mg/mL), imiquimod R837 (1 mg/mL), or CpG ODN
(1 mM), for 5 h at 37 �C. BMDMs were lysed with the RealTime
Ready Cell Lysis Kit (Roche Diagnostics, Basel, Switzerland), and
total RNA was isolated. RNA was reverse-transcribed to produce
cDNA with the Transcriptor Universal cDNA Master (Roche Di-
agnostics), according to the manufacturer's instructions. The cDNA
served as template in quantitative real-time PCR assays to deter-
mine gene expression levels. The primer sequences and procedure
for real-time PCR are described in Supplementary Table 1.

2.4. Statistical analysis

Statistical significance was assessed with GraphPad Prism 6
(GraphPad Software, La Jolla, CA, USA). Sample pairs were analyzed
with the Student's t-test. Multiple samples were evaluated with
one-way ANOVA. Differences were considered significant when
p < 0.05.

3. Results

3.1. Expression of TLR3, TLR7, and TLR9 in BMDMs isolated from
wild-type, scFv Tg, and VL SD Tg mice

Cell lines were established fromBMDMs isolated fromwild-type
mice and from Tg mice that expressed either scFv or VL SD anti-
WASP intrabodies. All mice had a C57BL/6 strain background
[7e9]. Western blot analysis showed that both WASP and Btk
proteins were equivalently expressed in wild-type, scFv Tg, and VL
SD Tg BMDMs (Fig. 1). Our previous study demonstrated that
expression of anti-WASP scFv and VL SD intrabodies diminished the
specific binding between WASP and Btk in BMDMs isolated from
scFv Tg and VL SD Tg mice [9].

TLR3, TLR7, and TLR9 recognize poly(I:C), imiquimod, and CpG
ODN, respectively. The binding of these ligands to their cognate
TLRs on BMDMs leads to innate immune responses, such as the
production of inflammatory cytokines [13,14]. To compare the
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expression levels of TLR3, TR7, and TLR9 among wild-type, scFv Tg,
and VL SD Tg BMDMs, we performed a Western blot analysis with
anti-TLR3, TLR7, and TLR9 antibodies. Similar levels of TLR3, TLR7,
and TLR9 proteins were detected in all three types of BMDMs
(Fig. 1). The protein loaded in each lane was evaluated by probing
the blot with anti-b-actin antibody (Fig. 1). These results suggested
that the anti-WASP intrabodies did not affect expression of TLR3,
TR7, and TLR9 in BMDMs.

3.2. Impairment of cytokine production in scFv Tg and VL SD Tg
BMDMs upon stimulation with poly(I:C), imiquimod, or CpG ODN

Macrophages stimulatedwith poly(I:C), imiquimod, or CpG ODN
produce a variety of inflammatory cytokines [15e17]. We created
two independent BMDM clones (#1 and #2) from each mouse
studies: wild-type, scFv Tg, and VL SD Tg mice. To assess the effects
of anti-WASP intrabodies on TLR3, TLR7, or TLR9 signaling, we
stimulated the BMDM clones with poly(I:C), imiquimod, or CpG
ODN. Then, we isolated the RNA and performed quantitative real-
time PCR to evaluate the levels of mRNA that encoded inflamma-
tory cytokines. In wild-type BMDMs, poly(I:C), imiquimod, or CpG
ODN stimulation caused marked transcription of TNF-a, IL-b, and
Fig. 2. Impaired cytokine expression upon stimulation of BMDM cell lines with TLR-specific
and VL SD Tg mice were stimulated with (A) poly(I:C), (B) imiquimod, or (C) CpG ODN. The
were calculated relative to expression of the control gene HPRT. Clones #1 and #2 were ind
mean ± standard error of the mean (SEs) of triplicate assays. The profiles are typical exa
biological samples. *p < 0.05; **p < 0.01; ***p < 0.001.
IL-6 cytokines. In contrast, the scFv Tg and VL SD Tg BMDMs
expressed significantly lower levels of these inflammatory cyto-
kines (Fig. 2). In the absence of TLR stimulation, no basal gene
transcription of these cytokines was detectable in any of the BMDM
lines (unpublished data). These results suggested that the WASP N-
terminal regionwas important forWASP function in the production
of inflammatory cytokines following stimulation with poly(I:C),
imiquimod, and CpG ODN in BMDMs.

In a previous study, we investigated the effect of anti-WASP scFv
and VL SD intrabodies on the NOD1-signaling pathway, which was
not associated with Btk. NOD1 is an intracellular sensor for mi-
crobial components derived from bacterial peptidoglycans. When
bacterial g-D-glutamyl-meso- diaminopimelic acid (iE-DAP) acti-
vates NOD1, it results in NF-kB activation and the production of
inflammatory cytokines [18]. We found that the inflammatory
cytokine expression profiles in response to C12-iE-DAP stimulation
were similar among wild-type, scFv Tg, and VL SD Tg BMDMs [9].

Taken together, the results suggested that anti-WASP scFv and
VL SD intrabodies could specifically inhibit TLR2, TLR3, TLR4, TLR7,
and TLR9 signaling. Moreover, this inhibition was achieved by
blocking the specific interaction between the WASP N-terminal
domain and Btk.
agonists, poly(I:C), imiquimod, or CpG ODN. BMDMs derived from wild-type, scFv Tg,
n, RNA was isolated, and quantitative real-time PCR was performed. Expression levels
ependently isolated from wild-type, scFv Tg, and VL SD Tg mice. Values represent the
mples of at least three independent experiments performed with three independent
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3.3. Activation of NF-kB induced in BMDMs by poly(I:C),
imiquimod, or CpG ODN

In macrophages, NF-kB activation is essential for the production
of inflammatory cytokines upon stimulation of TLR3, TLR7, or TLR9
[17,19,20]. We next assessed the effects of anti-WASP scFv or VL SD
intrabodies on TLR3, TLR7, or TLR9-induced activation of the NF-
kBesignaling pathway. We determined the extent of NF-kB phos-
phorylation upon stimulation with poly(I:C), imiquimod, or CpG
ODN inwild-type, BMDMs compared to that in scFv Tg and VL SD Tg
BMDMs. Western blot analysis showed that phosphorylation of NF-
kB p65 (Ser-536) was rapidly induced after poly(I:C), imiquimod, or
CpG ODN stimulation in wild-type BMDMs (Fig. 3). In contrast,
lower levels of NF-kB p65 phosphorylation were observed in scFv
Tg and VL SD Tg BMDMs (Fig. 3). The expression levels of total NF-kB
p65 protein were comparable among wild-type, scFv Tg, and VL SD
Tg BMDMs (Fig. 3) and similar amounts of total cellular protein
were loaded in each lane (b-actin; Fig. 3). These results suggested
that anti-WASP scFv and VL SD intrabodies inhibited NF-kB acti-
vation mediated by TLR3, TLR7, and TLR9 stimulation.

In addition, stimulation of TLR3, TLR7, or TLR9 induced the phos-
phorylation of MAPK family members, including p38 MAPK
[15,21,22]. However, we found that the p38 MAPK phosphorylation
profiles upon poly(I:C), imiquimod, or CpG ODN stimulation were
similar among wild-type, scFv Tg, and VL SD Tg BMDMs
(Supplementary Fig. 1). These findings suggested that anti-WASP
Fig. 3. Phosphorylation of NF-kB induced by stimulation with poly(I:C), imiquimod, or CpG
stimulated with (A) poly(I:C), (B) imiquimod, or (C) CpG ODN for the times indicated. C
transferred to immunoblot membranes. Immunoblots were probed with anti-phospho-NK-k
scFv Tg, and VL SD Tg BMDMs. Anti-b-actin signals demonstrate equal protein loading. Imm
intrabodies affected the activation of NF-kB, but not p38 MAPK, in
response topoly(I:C), imiquimod, orCpGODNstimulation inBMDMs.

3.4. Impaired WASP phosphorylation upon poly(I:C), imiquimod, or
CpG ODN stimulation in scFv Tg and VL SD Tg BMDMs

We next assessed the effects of scFv and VL SD intrabody
expression on WASP tyrosine phosphorylation in response to
stimulation with poly(I:C), imiquimod, or CpG ODN. Western blot
analysis clearly showed WASP tyrosine phosphorylation in wild-
type BMDMs upon poly(I:C), imiquimod, or CpG ODN stimulation.
In contrast, WASP phosphorylation it was dramatically reduced in
scFv Tg and VL SD Tg BMDMs (Fig. 4). In contrast, Btk tyrosine
phosphorylation in response to TLR stimulation was equivalent
among all three BMDM cell lines (Fig. 4). Also, the total amounts of
WASP and Btk proteins were equivalent among all three BMDM cell
lines (Fig. 4). These results suggested that anti-WASP scFv and VL SD
intrabodies inhibited tyrosine phosphorylation of WASP by inter-
fering with Btk binding to the WASP N-terminus. However, these
intrabodies did not affect the activation of Btk upon stimulation
with poly(I:C), imiquimod, or CpG ODN in macrophages.

4. Discussion

Our finding showed that BMDMs that expressed anti-WASP
intrabodies exhibited impaired phosphorylation of WASP and NF-
ODN. Wild-type (clone #1), scFv Tg (clone #1), and VL SD Tg (clone #1) BMDMs were
ells were lysed, proteins were separated by SDS-PAGE, and separated proteins were
B antibodies. Equivalent expression of total NK-kB protein was observed in wild-type,
unoblots are representative of three independent experiments.



Fig. 4. Phosphorylation of WASP and Btk when BMDMs were stimulated with poly(I:C), imiquimod, or CpG ODN. BMDMs isolated fromwild-type (clone #1), scFv Tg (clone #1), and
VL SD Tg (clone #1) were stimulated with poly(I:C), imiquimod, or CpG ODN. The lysate proteins were separated by SDS-PAGE, transferred to immunoblots, and probed with anti-
phospho-WASP and anti-phospho-Btk antibodies. Equivalent expression of total WASP and Btk protein was observed in all three BMDM cultures. Anti-b-actin antibody demon-
strated equal protein loading. Immunoblots are representative of three independent experiments.
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kB which resulted in reduced expression of inflammatory cyto-
kines. These results strongly suggested that WASP and Btk played
important roles in TLR3, TLR7, and TLR9 signaling cascades.

Btk, a non-receptor tyrosine kinase, is a member of the Tec ki-
nase family [23]. Recent studies have shown that Btk functions
downstream of multiple TLRs to regulate inflammatory responses
in innate immune cells. Upon TLR2 or TLR4 stimulation, Btk phos-
phorylates the Toll/IL-1 receptor domain-containing adaptor pro-
tein (TIRAP), an adaptor molecule required for recruitment of
MyD88 to TLR2 and TLR4 [24e26]. This recruitment leads to the
activation of TLR2e and TLR4esignaling pathways in THP-1
monocytic cells [27]. The TLR3 cytoplasmic domain is tyrosine
phosphorylated by Btk upon ligand binding, which leads to
downstream signaling in BMDMs [10].

Furthermore, the production of inflammatory cytokines induced
by TLR7 stimulation was reduced in BMDMs derived from Btk-
deficient mice [11]. In THP1 monocytic cells, Btk was activated by
TLR7 and TLR9 stimulation, and this activationwas required for NF-
kB activation [12]. Although studies have shown that Btk was
involved in the NF-kB signaling pathway through the TLR3, TLR7,
and TLR9 activation, the mechanism of Btk activation of NF-kB is
not fully understood. Based on our previous study, which demon-
strated that the WASP-Btk interaction played an important role in
TLR4 and TLR2 signaling in macrophages [7e9], we hypothesized
that the WASP-Btk interaction may also be involved in modulating
TLR3, TLR7, and TLR9 signal transduction. Indeed, the present study
showed that the expression of scFv and VL SD intrabodies reduced
WASP phosphorylation, impaired inflammatory cytokine expres-
sion, and reduced NF-kB phosphorylation in response toTLR3, TLR7,
or TLR9 stimulation. Thus, theWASP-Btk complex played important
roles downstream of TLR3, TLR7, and TLR9 to modulate inflam-
matory responses in macrophages.

TIRAP is an adaptor molecule that bridges TLR2 or TLR4
signaling to MyD88 [24,25]. In response to TLR2 and TLR4 activa-
tion, Btk phosphorylates the TIRAP tyrosine, which ultimately leads
to NF-kB activation [27,28]. Previously, we demonstrated that the
formation of the WASP-Btk complex was important for TLR2- or
TLR4-mediated TIRAP phosphorylation. However, TIRAP did not
participate in TLR3, TLR7, or TLR9 signaling. Thus, the molecular
mechanisms that link the WASP-Btk complex to the induction of
TLR3, TLR7, and TLR9 signaling require clarification.

Lorenzi et al. observed reduced phagocytosis in WASP-deficient
monocytes and impaired actin-rich phagocytic cups formation in
WASP-deficient macrophages [4]. In contrast, BMDMs from scFv Tg
and VL SD Tg mice showed normal phagocytic activity [9]. There-
fore, knocking down the WASP N-terminal domain function by
expressing anti-WASP intrabodies did not affect the phagocytic
activity of macrophages, or the associated actin cytoskeletal
rearrangement.

The results of the current investigation have clarified the details
of signaling through TLRs. These findings represent great progress
in understanding innate immune activation. TLRs recognize
pathogen-associated molecules and products derived from
damaged tissues, and they are linked to multiple diseases associ-
ated with inflammation, including atherosclerosis, asthma, rheu-
matoid arthritis, and inflammatory bowel disease [29]. Thus,
targeting TLRs might be an important approach for treating several
diseases. Other achievements that resulted from TLRs studies have
been the clinical applications that utilize TLR ligands as vaccine
adjuvants. Because TLR signaling represents a significant link be-
tween innate and adaptive immunity, an important aspect of vac-
cine adjuvants is the ability to activate TLRs [14,29]. Further
identification of signaling molecules involved in TLR signaling will
contribute to creating alternative strategies for curing multiple
diseases, including infectious diseases and inflammatory diseases.
The present study demonstrated that anti-WASP intrabodies could
inhibit the innate immune responses induced by TLR stimulation in
macrophages. Thus, future structural analyses of the intrabody
binding sites may facilitate the design of new anti-inflammatory or
immunosuppressive agents.
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