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The limited success of dendritic cell (DC)-based immuno-
therapy in multiple myeloma is partly due to hepatocyte growth
factor (HGF)-induced DC dysfunction. From a therapeutic
standpoint, it is important to understand the molecular events
involved in inhibition of DC activation/maturation by HGF.
Because Bruton’s tyrosine kinase (Btk) negatively regulates mat-
uration and immunostimulatory function of DCs, a role for Btk
in HGF-induced inhibition of both murine and human DCs was
investigated. We demonstrate that Btk is a novel proximal com-
ponent of HGF-induced c-MET (HGF receptor) signaling. Fol-
lowing HGF treatment, Btk binds to ¢c-MET and becomes acti-
vated. Btk activation in turn blocks the NF-kB pathway and
subsequent DC activation via the c-Src-PI3K-AKT-mammalian
target of rapamycin (mTOR) pathway. Notably, Btk activation is
necessary for HGF-induced association of c-Src and PI3K with
c-MET. Furthermore, we provide the first evidence that HGF
inhibits DC activation by inducing autocrine interleukin (IL)-10
secretion, which requires activation of Btk. Blocking activation
of Btk and its downstream the c-Src-PI3K-AKT-mTOR pathway
prevents HGF-induced IL-10 secretion by DCs. In addition,
neutralization of IL-10 secretion from DCs impaired the inhib-
itory effect of HGF on DCs. Thus, our study identifies a novel
role for Btk in HGF-induced DC inhibition.

Hepatocyte growth factor (HGF)? has been shown to influ-
ence various cellular functions in addition to its role in growth
of hepatocytes (1-6). Some studies have further demonstrated
an immunoregulatory role for HGF (4, 7). Indeed, HGF regu-
lates activation and function of many immune cells including
dendritic cells (DCs) (8 —10). DCs are the most potent antigen-
presenting cells of the immune system (APCs) exhibiting the
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unique ability to activate naive T cells (11). Upon HGF treat-
ment, DCs exhibit a tolerogenic phenotype characterized by a
reduced capacity to secrete proinflammatory cytokines and
mediate APC function (10). Consequently, HGF-tolerized DCs
induce expansion of regulatory T (T,.,) cells (10). A similar
impairment of activation and APC function of HGF-treated
DCs has been demonstrated by the Dohi and co-workers (12).
Notably, this HGF-induced inhibition of DCs is thought to be
an important reason for the reduced anti-tumor efficacy of DC-
based immunotherapy in multiple myeloma (MM) (13). How-
ever, the molecular basis for HGF-induced inhibition of DCs
remains ill-defined.

The pleiotropic protein HGF acts by binding to the tyrosine
kinase receptor c-MET (14). In addition to DCs; B cells, mono-
cytes, T cells, and neutrophils either express c-MET and/or
exhibit cellular responses to HGF (15-19). c-MET is a 190 kDa
heterodimer composed of a 45 kDa extracellular a-chain and a
disulfide-linked 145 kDa 3-chain (20). Both « and B chains are
produced from a single-chain precursor upon proteolysis. The
B subunit contains an extracellular region involved in ligand
binding, a transmembrane region and an intracellular region
containing a multifunctional docking site YVHVNATYVNV
that binds SH2-containing proteins c-Src, Grb2-SOS complex,
phospholipase C (PLC)-v, and PI3K (21, 22). Among these sig-
naling molecules PI3K plays a critical role in HGF-induced
monocyte invasion, B cell adhesion and neutrophil migration
(16,17, 19).

Recently our group demonstrated a pivotal role for PI3K in
HGF-induced inhibition of DCs. If activation of the PI3K/AKT
pathway is blocked, HGF fails to suppress DC activation (23). In
DCs, the inhibitory effect of HGF-induced PI3K/AKT signaling
is primarily mediated via mammalian target of rapamycin
(mTOR)-induced blockade of the nuclear factor-«B (NF-«B)
pathway (23). The transcription factor NF-«B is a primary reg-
ulator of gene expression associated with activation, matura-
tion and APC function of DCs (24 —26). In addition, activation
of c-Src via ¢c-MET is essential for HGF-induced activation of
the PI3K/AKT pathway and consequent inhibition of NF-kB
signaling in DCs (23). Nevertheless, the proximal signaling
events triggered in DCs due to ¢-MET binding of HGF are
poorly defined.

A recent report indicated that Bruton’s tyrosine kinase (Btk),
amember of Tec nonreceptor tyrosine kinase family, negatively
regulates maturation and APC function of DCs (27). However,
the role of Btk in HGF-induced signaling is currently unknown.
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Accordingly, whether Btk plays any role in HGF-induced DC
inhibition was investigated. Here we demonstrate that Btk par-
ticipates in proximal signaling events transduced by c-MET in
DCs after HGF binding and that activation of Btk is required for
HGEF-induced inhibition of DCs. Our findings reveal a novel
role for Btk in DC immunoregulation by HGF.

EXPERIMENTAL PROCEDURES

Mice—BALB/c and C57/BL6 (B6) mice were maintained and
bred under specific pathogen-free conditions. The use of mice
was approved by the Institutional Animal Ethics Committee of
the Institute of Microbial Technology, India. All animal exper-
imentations were performed according to the National Regula-
tory Guidelines issued by CPSEA (Committee for the Purpose
of Supervision of Experiments on Animals), Ministry of Envi-
ronment and Forest, Govt. of India.

Preparation of Primary DCs—Bone marrow-derived DCs
(BMDCs) and splenic DCs (sDCs) were prepared from male or
female BALB/c and B6 mice between 8 -12 weeks of age as
described previously (24, 28). Flow cytometric analyses indi-
cated ~90% purity of both BMDCs and sDCs, based on CD11c
expression.

To prepare human monocyte-derived DCs (huMoDCs),
human peripheral blood mononuclear cells (PBMCs) were iso-
lated from buffy coats of healthy donors provided from the
Department of Transfusion Medicine, Fortis Hospital, Mohali,
India, using Ficoll gradient. CD14" monocytes were purified
from PBMCs with a«CD14 antibody (Ab)-magnetic microbeads
(Miltenyi Biotec, Bergisch Gladbach, Germany). DCs were pre-
pared from monocytes as described (29).

Pretreatment of DCs with HGE, ac-MET Ab, or Signaling
Molecule Inhibitors—DCs (5 X 10°/well) were pretreated with
60 ng/ml of recombinant human HGF (Sigma-Aldrich) for
indicated times in RPMI 1640 supplemented with 10% heat-
inactivated FBS, 100 units/ml penicillin, 100 wg/ml streptomy-
cin, 2 mMm L-glutamine, 1 mM sodium pyruvate, 1 X non-essen-
tial amino acids, and 50 uM 2-mercaptoethanol (complete
RPMI medium). Subsequently, DCs were washed twice, resus-
pended in complete medium, and stimulated with LPS (500
ng/ml) (Sigma-Aldrich) for specified times. In some experi-
ments, DCs were treated with Btk inhibitor LFM-A13 (100 pm;
Calbiochem, Gibbstown, NJ), c-Src inhibitor E804 (10 nm; Cal-
biochem), PI3K inhibitors wortmannin (Wort) (200 nm; Cell
Signaling Technology, Danvers, MA) or Ly294002 (Ly) (50 pnm;
Cell Signaling Technology), mTOR inhibitor rapamycin (100
ny; Calbiochem), or 10 ug/ml blocking ac-MET Ab (23) or
isotype control Ab (R&D Systems, Minneapolis, MN) for 1 h
before HGF treatment. Alternatively, DCs were treated with
HGF for 6 h. At the 2nd h of HGF treatment, 10 ug/ml neutral-
izing aIL-10 monoclonal Ab (30) or isotype control rat IgG2,
Ab (BD Biosciences, Franklin Lakes, NJ) were added to the DC
culture. After HGF treatment, DCs were washed and stimu-
lated with LPS for specified times.

EMSA and Western Blotting—Nuclear and cytoplasmic
extracts were prepared from DCs as described previously (31).
EMSA was performed using >’P-labeled DNA probe containing
NE-«B binding sites derived from MHC-I H2K promoter: 5'-
CAGGGCTGGGGATTCCCCATCTCCACAGTTTCACTTC-
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3’ (30). A double-stranded OCT-1 DNA probe, 5'-TGTCGA-
ATGCAAATCACTAGAA-3' was used as control (30). Bands
were visualized using a phosphorimager (Bio-Rad Molecular
Imager FX).

Western blotting was performed as described (28). Mem-
branes were probed with Abs specific for: [kBa, IkBS, IkBe,
IKK1, Btk, c-Src, and PI3K p1106 (Santa Cruz Biotechnology,
Santa Cruz, CA); phospho-IkBe, phospho-IKK1/phospho-
IKK2 (Ser-180/Ser-181), IKK2, phospho-AKT (Ser-473), AKT,
phospho-Btk (Tyr-223), phospho-c-Src (Tyr-416), phospho-
p70S6 kinase (phospho-p70S6K) (Thr-389), p70S6K, phospho-
eukaryotic initiation factor 4E binding protein 1 (phospho-4E-
BP1) (Thr-37/46), 4E-BP1, PI3K p110«, and PI3K p85« (Cell
Signaling Technology); c-Met (Millipore, Billerica, MA); phos-
photyrosine (phospho-Tyr) (BD Biosciences); and B-actin (Sig-
ma-Aldrich). Binding of secondary HRP-labeled goat-arabbit
(Santa Cruz Biotechnology) or goat-amouse (Sigma-Aldrich)
Abs was determined by using SuperSignal West Pico or West
Dura Chemiluminescent Substrate (Pierce). Densitometric
analysis was performed using Image]J software (National Insti-
tutes of Health).

DC Transfection with siRNAs—Transfection of DCs with 60
nM scrambled control siRNA (Santa Cruz Biotechnology), or
siRNAs specific for mouse Btk (Dharmacon, Chicago, IL),
human Btk (Sigma-Aldrich) or mouse c-Src (Santa Cruz Bio-
technology) was carried out using Lipofectamine LTX (Invitro-
gen, Carlsbad, CA) following the manufacturer’s instructions.
The efficiency of DC transfection with siRNA was determined
by transfecting DCs with fluorescein isothiocyanate (FITC)-
conjugated control siRNA, and determining the frequency of
FITC-positive DCs by flow cytometry. Approximately, >80% of
DCs were transfected under the conditions used. DCs were
then subjected to different treatments as specified.

Immunoprecipitation of cc: MET—DCs (5 X 10°) were incu-
bated with HGF for indicated times, and whole cell lysates pre-
pared. Lysates were precleared with protein A/G PLUS-Aga-
rose beads (Santa Cruz Biotechnology) and c¢-MET was
immunoprecipitated using protein A/G PLUS-agarose beads
precoated with ac-MET Ab. Phosphorylation of ¢c-MET was
determined via Western blot using aphospho-Tyr Ab. For
“pull-down” experiments, DCs were treated with HGF for var-
ious times, chilled on ice, resuspended in 1 ml of cell-permeable
protein crosslinker dimethyl 3,3-dithiopropionimidate dihy-
drochloride (Sigma-Aldrich) in PBS (2 mg/ml) and incubated at
room temperature for 20 min. Immunoprecipitation of c-MET
from whole BMDC lysates was performed as above. In some
experiments, DCs were treated with LFM-A13, or transfected
with scrambled control siRNA or Btk-specific siRNA before
HGEF treatment. Western blots were probed with Abs specific
for Btk, c-Src, and the PI3K subunits p85«, p110«, and p1104.

IKK Assay—Immunoprecipitation of IKK complex from 700
png of whole DC lysates was carried out using protein A/G
PLUS-Agarose beads and rabbit polyclonal alKK1Ab. In vitro
kinase reaction was performed by incubating IKK signalosome-
bead complex with the IkBa-GST substrate for 1 h at 30 °C in
kinase buffer containing 20 ul of magnesium/ATP mixture
(Millipore). Supernatants were collected and IKK activity was
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analyzed by measuring phosphorylation of the IkBa-GST sub-
strate via immunoblot probed with aphospho-IkBa Ab.

Flow Cytometry—The following monoclonal Abs used for
staining were purchased from BD Biosciences: PE-amouse
CDl11c¢, FITC-amouse CD40, FITC-amouse CD80, and FITC-
amouse CD86. Stained cells were analyzed on FACSCalibur
(BD Biosciences) using Cell Quest Pro software.

Measurement of Cytokine Production from DCs—BMDCs or
huMoDCs (5 X 10°/ml) were pretreated (or not) with HGF for
6 h, washed, and stimulated with LPS for additional 24 h. Super-
natants were analyzed for interleukin (IL)-12p70 and TNF«
secretion in triplicate using enzyme-linked immunosorbent
assay (ELISA) kits specific for mouse IL-12p70 and mouse
TNFa (BD Biosciences); and human IL-12p70 and human
TNFa (eBioScience, San Diego, CA) following the manufactur-
er’s instructions. In some experiments, BMDCs or huMoDCs
(5 X 10°/ml) were treated with HGF for specified times or left
untreated. Supernatants were assayed for IL-10 and transform-
ing growth factor 81 (TGEB1) secretion in triplicate using
mouse IL-10 (BD Biosciences), human IL-10 (eBioscience), and
mouse TGFpB1 (eBioscience) ELISA kits.

Statistical Analysis—All statistical analyses were conducted
by one-way ANOVA using the SigmaPlot 11.0 program. A
probability level of = 0.05 was considered significant. Data are
represented as means * S.E.

RESULTS

HGF Treatment Induces Binding of Btk to c-MET and Con-
comitant Btk Activation in DCs—Studies demonstrated that
HGF inhibits activation and maturation of DCs (10, 12). Fur-
thermore, HGF-induced ¢c-MET is known to form complexes
with many SH2-containing signaling molecules (21). Because
Btk contains SH2 domain and inhibits LPS-induced DC matu-
ration (27, 32), a role for Btk in HGF-induced inhibition of DCs
was investigated. Initially, whether HGF treatment induces
Btk activation in DCs was examined. Immature BMDCs
(CD11c*CD8a ™) prepared from BALB/c mice were treated
with HGF for varying times and Btk activation was determined
by measuring Tyr phosphorylation of Btk as described (33).
Treatment of BMDCs with HGF induced a transient increase in
Tyr phosphorylation of Btk, which peaked within 5 min and
returned to basal levels by 10 min after HGF treatment (Fig.
1A). The level of Btk protein, however, remained unchanged
(Fig. 1A). A similar result was obtained when Btk activation in
HGF-stimulated BMDCs, sDCs, and huMoDCs was recon-
firmed by measuring phosphorylation of Btk Tyr-223 (Fig. 1,
B-D). The latter is an indicator of in vivo Btk kinase activity
(34), and therefore was analyzed to determine Btk activation in
all subsequent experiments. Pretreatment of BMDCs with
LFM-A13, a Btk-specific inhibitor (35), however, blocked HGF-
stimulated Tyr-223 phosphorylation of Btk (Fig. 1E). Similarly,
HGEF-induced Btk Tyr-223 phosphorylation was significantly
reduced upon BMDC pretreatment with blocking ac-MET Ab
but not isotype control Ab (Fig. 1F). This data indicates that
HGF-induced Btk activation is dependent on activation of
¢-MET. In contrast, Btk activation was not required for c-MET
phosphorylation induced by HGF. As demonstrated in Fig. 1, E
and G; HGF continued to promote ¢c-MET phosphorylation
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regardless of whether Btk activation was inhibited by LFM-A13
treatment. Notably, immunoprecipitation of c¢-MET from
whole BMDC lysates demonstrated formation of a Btk/c-MET
complex in BMDCs treated with HGF for 5 min but not in
untreated BMDCs (Fig. 1H). However, no significant difference
in the level of c-MET protein was observed in untreated versus
HGEF-treated BMDC lysates (Fig. 1H). Together, these results
demonstrate that HGF treatment induces recruitment of Btk to
¢-MET and concomitant Btk activation in DCs.

Btk Functions Upstream of the c-Src-PI3K-AKT-mTOR
Pathway—W e previously demonstrated that HGF induces acti-
vation of c¢-Src in DCs (23). In addition, a number of studies
indicate that Src family kinases including c-Src regulate Btk
activation (36 —38). Therefore, activation of Btk was expected
to be a consequence of c-Src activation in HGF-treated DCs. To
test this possibility, a temporal analysis of c-Src activation was
performed in BMDCs treated with HGF. Activation of c-Src
was assessed by c-Src Tyr-416 phosphorylation as described
(23). An increased Tyr-416 phosphorylation was initially
detected by 10 min after HGF treatment and persisted up to 1 h
(Fig. 2A). On the other hand, Btk activation, as demonstrated in
Fig. 1, A-D; was observed within 5 min after HGF treatment.
This early activation of Btk compared with c-Src suggested that
Btk might function upstream of ¢-Src in the HGF-induced sig-
naling pathway in DCs. To confirm this possibility, the effect of
BMDC pretreatment with Btk inhibitor LFM-A13 and c-Src
inhibitor E804 on HGF-stimulated activation of Btk and c-Src
was investigated. Interestingly, HGF-treated BMDCs contin-
ued to promote Tyr-223 phosphorylation of Btk despite inhibi-
tion of c-Src by E804 incubation (Fig. 2, B and C). In contrast,
pretreatment of BMDCs with LEM-A13 blocked HGF-induced
c-Src phosphorylation (Fig. 2D). To rule out the nonspecific
effects of pharmacological inhibitors of Btk and c-Src, the effect
of siRNA-mediated blockade of Btk and c-Src expression on
HGEF-induced activation of c-Src and Btk, respectively, was ana-
lyzed. Transfection of BMDCs with Btk- or c-Src-specific
siRNA reduced Btk and c-Src expression by ~80% (Fig. 2, E and
F). Interestingly, BMDC transfection with Btk-specific but not
scrambled control siRNA blocked HGF-induced phosphoryla-
tion of c-Src (Fig. 2G). In contrast, HGF-induced Tyr-223 phos-
phorylation of Btk was not affected by BMDC transfection with
c-Src-specific siRNA (Fig. 2H). These data therefore suggest
that c-Src acts downstream of Btk in the signaling cascade
induced in DCs by HGF. Furthermore, immunoprecipitation
experiments demonstrated that pretreatment of BMDCs with
LFM-A13, or BMDC transfection with Btk-specific but not
control siRNA prevented HGF-induced c-Src/c-MET complex
formation without affecting the level of c-MET (Fig. 2, I and ).
Finally, the effect of blocking Btk activation with LFM-A13 on
activation of PI3K and mTOR, which function downstream of
c-Src in HGF-induced signaling in DCs (23), was tested. Acti-
vation of PI3K and mTOR was determined by measuring phos-
phorylation of PI3K effector AKT, and mTOR effectors p70S6K
and 4E-BP1, respectively. Pretreatment with LFM-A13 pre-
vented HGF-induced phosphorylation of AKT, p70S6K, and
4E-BP1 (Fig. 2, K—M). Phosphorylation of p70S6K and 4E-BP1
induced by HGF was similarly inhibited in BMDCs transfected
with Btk-specific but not control siRNA (Fig. 2, N and O). In
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10

experiments.

addition, immunoprecipitation of ¢-MET from HGF-treated
BMDC lysates demonstrated that association of PI3K subunits
p85a, pl10«, and p1108 with c-MET was markedly reduced
when Btk activation was inhibited by LEM-A13 incubation (Fig.
2P). These data indicate that Btk activation induced by HGF is
responsible for subsequent activation of the c-Src-PI3K-AKT-
mTOR pathway, and binding of c-Src and PI3K to c-MET.
HGF-induced DC Inhibition Requires Btk Activation—Previ-
ously our work demonstrated that HGF-induced activation of
the c-Src-PI3BK-AKT-mTOR pathway inhibits DC activation by
blocking NF-«B signaling (23). Because, Btk has been demon-
strated above as an upstream regulator of the c-Src-PI3K-AKT-
mTOR pathway, a role for Btk in HGF-induced inhibition of
NE-«B signaling was determined. BMDCs were pretreated with
Btk inhibitor LFM-A13, incubated with HGF and then stimu-
lated with LPS. As expected, LPS-induced NF-«B DNA binding
as determined by EMSA was inhibited upon HGF treatment of
BMDC:s (Fig. 3A). This inhibitory effect of HGF, however, was
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blocked by pretreating BMDCs with LFM-A13 (Fig. 34). In
agreement with EMSA data, the upstream signaling events
leading to NF-«B activation such as degradation of inhibitory
IkB proteins and IkB kinase (IKK) activity were induced by LPS
stimulation in BMDCs preincubated with LFM-A13, despite
HGF treatment (Fig. 3, B and C). Similar to BMDCs, LPS-in-
duced NF-kB DNA binding, and IKK activation as measured by
phosphorylation of IKK1 and IKK2 were not inhibited by HGF
in both sDCs and huMoDCs pretreated with LEM-A13 (Fig. 3,
D-@G). Furthermore, HGF no longer inhibited LPS-induced
IKK activity and NF-«kB DNA binding in BMDCs transfected
with Btk-specific but not control siRNA (Fig. 3, H and /). The
role of Btk in HGF-induced inhibition of NF-kB signaling in
DCs is not intrinsic to BALB/c genotype. For instance, inhibi-
tion of Btk with LFM-A13 effectively blocked the inhibitory
effects of HGF on LPS-induced NF-«B DNA binding and IKK
activity in BMDCs derived from B6 mice also (supplemental
Fig. S1). These findings suggest that Btk plays a pivotal role in
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mediating HGF-induced inhibition of NF-kB activation inde-
pendently of the genotype of DCs.

Next, whether Btk contributes to HGF-induced inhibition of
DC activation at the cellular level was investigated. For this
purpose, the effect of BMDC pretreatment with Btk inhibitor
LFM-A13 on the capacity of HGF to inhibit LPS-stimulated
up-regulation of costimulatory molecule (CD40, CD80, and
CD86) expression and secretion of proinflammatory cytokines
IL-12p70 and TNF«a was determined. Pretreatment of BMDCs
with HGF for 6 h completely inhibited LPS-stimulated secre-
tion of IL-12p70 and TNF« (Fig. 4, A and B). LPS-induced up-
regulation of CD40, CD80, and CD86 expression was also
inhibited by HGF pretreatment of BMDCs (Fig. 4C). However,
the inhibitory effect of HGF on the induction of costimulatory
molecule expression and secretion of proinflammatory cyto-
kines by LPS was blocked in BMDCs pretreated with LFM-A13
(Fig. 4, A-C). HGF also failed to inhibit LPS-stimulated secre-
tion of IL-12p70 and TNFa by BMDCs transfected with Btk-
specific but not control siRNA (Fig. 4, D and E). Similar to
results obtained with murine BMDCs, huMoDC transfection
with Btk-specific siRNA successfully silenced Btk expression
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(Fig. 4F), and markedly reduced the inhibitory effect of HGF on
LPS-stimulated secretion of IL-12p70 and TNF« (Fig. 4, G and
H). Collectively, these data demonstrate that HGF-induced
inhibition of DCs is dependent on Btk activation.

Btk Activation Mediates HGF-induced Inhibition of DCs in
an IL-10-dependent Manner—The anti-inflammatory cytokine
IL-10 is known to exhibit inhibitory effect on DCs in an auto-
crine manner (39). Accordingly, whether DC inhibition by HGF
is IL-10-dependent was investigated. At first, the ability of HGF,
if any, to stimulate IL-10 secretion by DC was tested. Temporal
analysis demonstrated that IL-10 secretion by BMDCs was ini-
tially detected at 6 h after HGF treatment and increased with
time (Fig. 5A4). In contrast to IL-10, secretion of another anti-
inflammatory cytokine TGFB1 by BMDCs was not induced
despite HGF treatment (supplemental Fig. S2). Given that Btk is
activated following HGF binding to c-MET (Fig. 1), and that
LPS stimulation of DCs requires Btk activity for maximum pro-
duction of IL-10, which inhibits DC APC function in an auto-
crine manner (27); the role for Btk in HGF-induced IL-10 pro-
duction by DCs was examined. Pretreatment of BMDCs with
Btk inhibitor LFM-A13 or BMDC transfection with Btk-spe-
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FIGURE 3. Activation of Btk is necessary for HGF-induced inhibition of NF-kB signaling in DCs. BMDCs (A-C), sDCs (D and E), or huMoDCs (F and G) were
treated or not with Btk inhibitor LFM-A13. Alternatively, in some experiments (H and /), BMDCs were transfected with scrambled control siRNA (Cont siRNA) or
Btk-specific siRNA. DCs were then incubated with HGF for 6 h or left untreated, and stimulated with LPS for 30 min. A, D, F, and I, nuclear NF-«B or OCT-1 DNA
binding activity was determined via EMSA. B, cytoplasmic IkBe, |kBp, IkBe, and B-actin were detected via Western blot using the same blot. Cand H, in vitro IKK
activity was determined by measuring phosphorylation of an [kBa-GST substrate. IKK1 and IKK2 protein expression in immunoprecipitated samples were
analyzed via Western blot. £ and G, IKK phosphorylation was detected via Western blot and the same blot reprobed for IKK1 and IKK2 protein. Data are

representative of three independent experiments.

cific siRNA effectively blocked HGF-induced IL-10 secretion
by BMDCs (Fig. 5, B and C). Similarly, transfection of
huMoDCs with Btk-specific siRNA but not control siRNA pre-
vented HGF-induced IL-10 secretion (Fig. 5D). HGF also failed
to induce secretion of IL-10 when activation of signaling mole-
cules downstream of Btk such as c¢-Src, PI3K, and mTOR was
inhibited by incubation with E-804, Wort or Ly, and rapamycin,
respectively (Fig. 5, E-G). These data suggest that HGF stimu-
lates IL-10 secretion from DCs by inducing activation of Btk
and downstream the c-Src-PI3K-AKT-mTOR pathway.

To test a functional role for IL-10 in HGF-induced inhibition
of DCs, the effect of neutralization of IL-10 with aIL-10 Ab was
investigated. Whereas HGF treatment inhibited LPS-induced
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NF-kB DNA binding, IkB degradation, and IKK activity in
BMDC:s treated with isotype control Ab, IL-10 neutralization with
aIL-10 Ab blocked this effect (Fig. 6, A—C). Additionally, LPS-
stimulated BMDCs treated with aIL-10 Ab but not isotype control
AD continued to secrete IL-12p70 and TNF« despite HGF treat-
ment (Fig. 6, D and E). These findings demonstrate that IL-10 plays
akey role in DC inhibition by HGF. Furthermore, activation of Btk
and its downstream the c-Src-PI3K-AKT-mTOR pathway is
required for HGF-induced IL-10 secretion by DCs.

DISCUSSION

Impairment of DC function by HGF is believed to be an
important reason for the limited anti-tumor efficacy of DC-
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FIGURE 4. HGF-induced inhibition of DCs requires Btk activation. A-C, BMDCs were incubated with or without Btk inhibitor LFM-A13, treated with HGF for
6 h, and stimulated with LPS for 24 (A and B) or 48 h (C). Secretion of IL-12p70 (A) and TNF« (B) was measured via ELISA, and costimulatory molecule expression
assessed via FACS (C). D, E, G,and H,BMDCs (D and E) or huMoDCs (G and H) were transfected with scrambled control (Cont siRNA) or Btk-specific siRNA, treated
with HGF for 6 h and then stimulated with LPS for 24 h. IL-12p70 (D and G) and TNF« (E and H) secretion was measured by ELISA. F, huMoDCs were transfected
with scrambled control (Cont siRNA) or Btk-specific siRNA. Expression of Btk and B-actin in whole cell lysates was detected via Western blot using the same blot.
Data are the representative of three independent experiments and were analyzed using one-way ANOVA. *, p < 0.001 DC+LFM-A13+HGF+LPS versus
DC+HGF+LPS; **, p < 0.001 DCs transfected with Btk-specific sSiRNA+HGF+LPS versus mock-transfected DCs+HGF+LPS or DCs transfected with control
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based immunotherapy in MM (13). To achieve the desired opment and function (40). A lack of Btk function results in
effectiveness for this therapeutic strategy in MM, a thorough immunodeficiency in both mice (X-linked immunodeficiency
understanding of the molecular basis for HGF-induced DC  (Xid)) and humans (X-linked agammaglobulinemia (XLA)) due
suppression is necessary. In this study, we provide a new insight  to defective B cell signaling (40, 41). Additionally, Btk activity is
into the early HGF-stimulated c-MET signaling events by required for effector function of mast cells (42). On the con-
establishing Btk as a novel proximal signaling effector. Further-  trary, evidence depicting the role of Btk in DC immunobiology
more, we show that Btk plays a pivotal role in immunoregula- is very limiting and contradictory. Whereas Btk defect was ini-
tion of DCs by HGF. tially reported to have no effect on DC maturation (43), a recent

Our finding that HGF treatment results in Btk activation in  study using btk~’~ DCs demonstrates an inhibitory role for Btk
DCs (Fig. 1) reveals new information about the c-MET signal-  in LPS-induced DC maturation (27). In agreement with the
ing events induced by HGF. Notably, Btk was found physically later report, our study indicates that HGF-induced Btk activa-
associated with ¢-MET following HGF treatment (Fig. 1H). tion prevents DC activation/maturation. Indeed, the inhibitory
However, it is currently unknown whether Btk directly binds to  effect of HGF on LPS-stimulated up-regulation of costimula-
¢-MET or associates with any adaptor protein. Furthermore, tory molecule expression and secretion of proinflammatory
the need of Btk activation for HGF-induced inhibition of DCs  cytokines was blocked by treating DCs with pharmacological
(Fig. 4) establishes a novel role for Btk in DC immunoregulation inhibitors or siRNA specific for Btk (Fig. 4). Importantly, Btk
by HGF. Btk is widely known for its crucial role in B cell devel- caused HGF-induced inhibition of DCs by blocking activation
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secretion was determined by ELISA. Data are the representative of three independent experiments and were analyzed using one-way ANOVA. #, p = 0.121 DC
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transfected with control siRNA (Cont siRNA)+HGF. Findings were considered significant with p values <0.05.

of IKK and downstream NF-«B (Figs. 3 and 4). Our data differ
from earlier reports demonstrating that Btk positively regulates
NE-«B activation in B cells and a monocytic cell line upon stim-
ulation with B cell-activating factor (BAFF) and LPS, respec-
tively (44, 45). The inhibitory effect of Btk activation on NF-«B
signaling therefore seems to be DC-specific and is established
in the context of HGF-induced c-MET signaling.

We further analyzed how HGF-induced Btk blocks the
NE-kB pathway and subsequent activation/maturation of DCs.
Surprisingly, c-Src activation was observed as a downstream
event of Btk activation in HGF-stimulated DCs (Fig. 2). Until
now, Src family kinases including c-Src are considered as
upstream regulators of Btk activity (36-38). However, our
observations that c-Src exhibits delayed activation compared
with that of Btk in response to HGF treatment, and the inhibitor
of Btk and silencing of Btk expression block HGF-induced c-Src
activation (Figs. 1 and 2) suggest that Btk is an upstream regu-
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lator of c-Src activity in HGF-induced signaling pathway. In
addition, Btk activation was found necessary for establishing
the c-MET/c-Src complex upon HGF treatment (Fig. 2, 7and )).
Recently, we have reported that c-Src mediates HGF-induced
inhibition of DCs by activating the PI3K-AKT-mTOR pathway
(23). In the current study, we demonstrate that activation of the
PI3SK/AKT pathway and mTOR by HGF requires activation of
c-Src by Btk (Fig. 2). Furthermore, HGF-induced binding of
PI3K complexes p85a/p110a and p85a/pl106 to c-MET is
dependent on Btk activation (Fig. 2P). Our findings therefore
establish an essential role for Btk in HGF-induced DC suppres-
sion and demonstrate that this effect of Btk is mediated through
the c-Src-PI3K-AKT-mTOR pathway.

A recent study has reported that HGF promotes monocyte
differentiation to IL-10-producing cells exhibiting DC like fea-
tures (13). In addition, HGF-treated DCs induce differentiation
of IL-10-producing T, cells (10). However, the ability of HGF
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as described under “Experimental Procedures,” and incubated with HGF for 6 h. BMDCs were then stimulated with LPS for 30 min. Nuclear NF-«B or OCT-1 DNA
binding activity was determined via EMSA (A), cytoplasmic IkBe, kB, IkBe, and B-actin protein expression was detected by Western blot using the same blot
(B), and in vitro IKK activity and IKK1 and IKK2 protein expression was determined as described in the Fig. 3 legend (C). D and E, BMDCs were either left untreated
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(D) and TNFa (E) secretion was measured via ELISA. Data are the representative of three independent experiments and were analyzed using one-way ANOVA.
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to induce IL-10 secretion by DCs has yet to be determined. The
current study provides first evidence that HGF treatment
induces secretion of anti-inflammatory cytokine IL-10 by DCs
(Fig. 5). In addition, Btk activation is necessary for this effect of
HGE. For instance, the capacity of DCs to secrete IL-10 follow-
ing HGF treatment was significantly impaired by blocking Btk
activation via siRNA and pharmacological inhibitor (Fig. 5).
This finding is consistent with a recent report demonstrating an
essential role for Btk in LPS-induced IL-10 secretion by DCs
(27). Our results further suggest that Btk mediates HGF-in-
duced IL-10 secretion by DCs via the c-Src-PI3K-AKT-mTOR
pathway. This conclusion is supported by results demonstrat-
ing that HGF-induced IL-10 secretion is impaired in DCs pre-
treated with c-Src, PI3K and mTOR inhibitors (Fig. 5). The
mechanism by which the c-Src-PI3K-AKT-mTOR pathway
induces IL-10 secretion by DCs is not yet clear and currently
under investigation. Nevertheless, our findings demonstrate a
direct role for Btk and its downstream the c-Src-PI3K-AKT-
mTOR pathway in HGF-stimulated secretion of IL-10 by DCs.

Because of the capacity of IL-10 to suppress DC activation
(28, 39), the increased IL-10 production by DCs following HGF
treatment would be expected to contribute to HGF-induced
inhibition of DCs. This possibility was further spurred by the
observation that IL-10 secretion by DCs was initially detected at
6 h of HGF treatment (Fig. 54), which coincided with our pre-
vious finding that NF-«B activation in DCs is also inhibited
after 6 h of HGF pretreatment (23). Indeed, the inhibitory effect
of HGF on proinflammatory cytokine production by DCs is
blocked by in vitro neutralization of IL-10 secreted by the same
DCs (Fig. 6). Furthermore, HGF failed to inhibit activation of
the NF-«kB pathway in DCs if IL-10 secreted by DCs is neutral-
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ized (Fig. 6). These findings therefore suggest that autocrine
IL-10 is necessary to mediate HGF-induced inhibition of
NF-«B signaling and subsequent DC activation.

Overall, the current study for the first time demonstrates an
involvement of Btk in proximal signaling events induced by
HGF and that Btk via the c-Src-PI3K-AKT-mTOR pathway
serves a novel and major role in HGF-induced inhibition of DC
activation by blocking NF-«B signaling in an IL-10-dependent
manner. Furthermore, Btk has been demonstrated here to play
an essential role in induction of p85a/p110« and p85a/p1106
PI3K complexes by HGF. We have previously reported that
these two PI3K complexes are required for HGF-induced inhi-
bition of DCs (23). Our findings are noteworthy in view of the
fact that suppression of DCs by HGF weakens the anti-tumor
efficacy of DC-based immunotherapy in MM, and a very recent
report suggesting PI3K/p1108 as a novel therapeutic target for
MM (13, 46). Notably, an increased Btk expression in a human
MM cell line resistant to dexamethasone, a drug commonly
used for MM treatment, has also been demonstrated (47).
Based on the evidences provided in the current study that Btk is
an upstream regulator of PI3K activity and required for DC
inhibition by HGF, Btk can be considered as a potential novel
target for preventing HGF-induced DC dysfunction. In this
way, breakdown of HGF-mediated DC suppression may pro-
vide a strategy to restore the efficacy of DC-based anti-tumor
immunotherapy in MM.
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