regulated through c-Fos. NFATc1 activation was partially sup-
pressed, meaning that Jdp2 may also positively regulate its
activity. However, we did not detect a direct association
between Jdp2 and NFATc1 (data not shown), and Jdp2 had no
effect on NFATc1 binding to its promoter region. Thus, indirect
mechanisms are likely to modulate the NFATc1 activity.

The defect in osteoclastogenesis in Jdp2™”~ mice in vivo was
relatively mild compared with its effect on in vitro osteoclasto-
genesis. It has been reported that calcium signaling is important
for NFATc1 activation and that such costimulatory signaling is
supported by ITAM-harboring adaptors, such as FcRy and
DNAX-activation protein 12 (DAP12) (Koga et al., 2004). Because
RANKL-induced calcium oscillation was normal in Jdp2™" cells
in this study, signaling through ITAM-harboring molecules is
likely to be normal. These findings further suggest that another
unknown costimulatory signaling pathway may be compen-
sating for the Jdp2 deficiency in vivo. Further studies are needed
to explore the role.of Jdp2 in osteoclasts, but our data provide
insights into c-Fos-Jdp2 axis-mediated osteoclastogenesis
and suggest a basis for the possibility of Jdp2-targeted thera-
peutic approaches to treat osteoporosis.

Our present data clearly revealed an unexpected and strict
requirement for Jdp2 in proper differentiation of neutrophils.
Jdp2™ neutrophils were morphologically normal but had
impaired surface expression of Ly6G, apoptosis, and bactericidal
function. Furthermore, C/EBP« activation and expression of Bcl-
2 and primary granule genes were increased. Our data also

. suggest that Jdp2 suppresses C/EBP« by directly binding to it.
Notably, Jdp2™" neutrophils showed normal primary granule
protein levels but increased mRNA levels. Similar discrepancies
have been reported in several knockout mice. For example,
Gfi1-deficient neutrophils exhibit immature morphology and
significant increases in mRNAs, such as primary granule genes
and C/EBPa, but lack granules (Hock et al., 2003). Meanwhile,
Ikaros-deficient neutrophils have impaired LyB6G levels but
normal granule and nuclear morphology, whereas secondary
granule mRNAs seem to be increased (Dumortier et al., 2003).
Thus, increased mRNA levels of granule genes can be consid-
ered a leading indicator for obstruction of differentiation. Unfortu-
nately, we cannot explain why the granule mRNA and protein
levels are dissociated in neutrophils. One hypothetical explana-
tion is that there are insufficient amounts of translational compo-
nents for granule synthesis in Jadp2™~ neutrophils.

Jdp2 is homologous to ATF3, a negative regulator of TLR
signaling, and ATF3 expression is suppressed by Jdp2 in fibro-
blasts (Weidenfeld-Baranboim et al., 2009). Our genome-wide
analysis revealed that the ATF3 promoter region was highly acet-
ylated in Jdp2™~ neutrophils. Furthermore, we discovered that
Jdp2 directly binds to the ATF3 promoter in neutrophils. Impor-
tantly, ATF3 may function as a novel negative regulator of Ly6G.
We also revealed that Jdp2™ mice are highly susceptible to
infection. The impaired NET formation and ROS production in
Jdp2™7" neutrophils may be responsible for the increased
susceptibility to infection in Jdp2‘/‘ mice. Intriguingly, this defect
in the in vitro bactericidal function of Jdp2”~ neutrophils was
mild compared with the highly impaired resistance to S. aureus
infection. We cannot completely exclude the possibility of
defects in other immune cells. Thus, our data suggest the impor-
tance of Jdp2 in host defense and also enhance curiosity to
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clarify the importance of Jdp2 in a wide range of hematopoietic
cell functions.

Taken together, we have identified Jdp2 as a critical “osteo-
innate-immunological” regulator both in vivo and in vitro. Thus,
Jdp2-mediated gene regulation may be a critical target for the
development of therapeutics to control abnormal neutrophil-
and osteoclast-associated diseases.

EXPERIMENTAL PROCEDURES

Mice, Cells, and Reagents

The generation of Jdp2™~ mice is described in the Supplemental Experimental
Procedures. Mice were housed in specific-pathogen-free conditions and
all animal experiments were carried out with the approval of the
animal research committee of the Research Institute for Microbial Diseases
(Osaka University). Peritoneal neutrophils were prepared as described
(Bertram et al., 2012). B and T cells were isolated from splenocytes with
anti-B220 and anti-Thy-1.2 magnetic beads (Miltenyi Biotec), respedtively.
Splenic dendritic cells (DCs) were isolated with anti-CD11c magnetic
beads (Miltenyi Biotec). Primary osteoclasts are prepared as described (Take-
gahara et al., 2008). Splenic- or bone marrow-derived CD11b*F4/80* macro-
phages and CD11b*Ly6C°Ly6G* neutrophils were sorted with a FACSAria
(BD Biosciences). Conventional dendritic cells (cDCs) were prepared as
described (Kato et al., 2005). S. aureus 834 was kindly provided by A. Nakane
(Hirosaki University, School of Medicine, Aomori, Japan). This strain was
cultured on tryptic soy broth agar plates at 37°C for 24 hr before use.
C. albicans THK519 was obtained from a patient admitted to Tohoku University
Hospital (Sendai, Japan). These cells were cultured on potato dextrose agar
(PDA) plates (Eiken) at 30°C for 72 hr before use. The pathogen-associated
molecular patterns (PAMPs), Abs, and ELISA kits listed in the Supplemental
Experimental Procedures were purchased. Phagocytosis was quantified
with a phagocytosis assay kit (500290; Cayman Chemical Company).
Superoxide and apoptosis levels were measured with a Diogenes Cellular
Luminescence Enhancement System (National Diagnostics) and annexin
V-indocarbocyanine (BioVision), respectively.

Analysis of Osteocl: g is and Bone Phenoiype

For in vitro osteoclast culture, MDMs were generated as described (Maruyama
et al., 2006). MDMs were induced to differentiate into osteoclasts in the
presence of 25 ng/ml M-CSF and various concentrations of RANKL (R&D
Systems). After 3 days, TRAP staining was performed as described (Zhao
et al., 20086). For pit assays, MDMs were cultured on bone resorption assay
plates (Iwai Chemical Company) with 50 ng/ml RANKL. After 5 days, the plates
were immersed in 1 M NH,OH for 3 hr, and the resorption pits were counted.
The in vivo bone phenotype was analyzed as described in the Supplemental
Experimental Procedures.

Bone Marrow Transfer
Bone marrow transplantation was performed as described in the Supple-
mental Experimental Procedures.

gPCR

RNA was extracted from cells with TRizol (Invitrogen Life Science Technolo-
gies), and reverse transcription was performed with ReverTra Ace (Toyobo
Co. Ltd.). gPCR was performed in an ABI PRISM 7500 with TagMan Assay-
on-demand primers (Applied Biosystems).

Viral Gene Transfer and RNA Interference

Retroviral or lentiviral gene transfer was performed as described in the
Supplemental Experimental Procedures. A siRNA for c-Fos (Stealth RNAI
siRNA, MSS247212; Invitrogen) and a control oligo (Stealth RNAI siRNA,
negative control Med GC; Invitrogen) were introduced into MDMs with Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s protocols.

Immunocblotting and Immunoprecipitation
Immunoblotting and immunoprecipitation were performed as described
(Kawagoe et al., 2009).
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Luciferase Reporter Assay

A C/EBP reporter kit (CCS-001L; QIAGEN) and NFAT reporter kit (CCS-015L;
QIAGEN) were used for transient transfection into HEK293 cells with Lipofect-
amine 2000. Luciferase activities were measured with a Dual-Luciferase
Reporter Assay System (Promega), as described (lwasaki et al., 2011).

intraceliular Calcium lmaging

MDMs were plated on poly-L-lysine-coated glass-bottom dishes and loaded
with 5 pM Fura-2/AM for 30 min in loading solution (115 mM NaCl, 5.4 mM
KCI, 1 mM MgCl,, 2 mM CaCl,, 20 mM HEPES, 10 mM glucose [pH 7.42]).
Fura-2 fluorescent images were analyzed as described (Kuroda et al., 2008).

Immunostaining, FACS, and TEM

Immunostaining of in vitro cultured peritoneal neutrophils was performed
essentially as described (Li et al., 2010). Peritoneal neutrophiis were stimulated
by S. aureus or C. albicans for 2 hr (MOl = 50) and stained with Hoechst and
anti-histone H3 Cit3 Ab (Abcam). Abs for FACS were purchased from BD
Biosciences and used for cell staining. Data were acquired in a FACSCalibur
(BD Biosciences) and analyzed with FlowdJo {Ashland). TEM was performed
as described in the Supplemental Experimental Procedures.

Colony Assay

Bone marrow cells were cultured with MethoCult (GFM3434; Stem Cell
Technologies) with or without G-CSF (50 ng/ml) supplementation, according
to the manufacturer's protocol, After 7 days, the numbers of CFU-G, CFU-
M, and CFU-GM were counted.

Microarray, ChiP, and ChiP-seq Analyses
The microarray, ChiP, and ChiP-seq protocols and data analyses are
described in the Supplemental Experimental Procedures.

In Vitro and In Vivo Infection

In vitro bacterial killing assays were performed as described in the Supple-
mental Experimental Procedures. For in vivo infection, S. aureus was cultured
in tryptic soy broth for 15 hr at 37°C. Cells were collected and suspended in
PBS. Mice were infected intravenously with 0.2 ml of solution containing 3 x
107 8. aureus cells. C. albicans were collected from PDA plates and suspended
in PBS. Mice were infected intravenously with 0.2 mi of solution containing
2.5 x 10% C. albicans cells. The numbers of viable bacteria in various organs
were determined as described (Maruyama et al., 2007).

Statistical Analysis

Student's t test was used to evaluate the significance of differences, with
significance set at p < 0.05. For survival curves, two groups were compared
with a log-rank test.

ACCESSION NUMBERS

The microarray data are available in the Gene Expression Omnibus (GEQ)
database (http://www.ncbi.nim.nih.gov/gds) under the accession number
GSE42063.
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Supplemental Information includes Supplemental Experimental Procedures,
six figures, and one table and can be found with this article online at http://
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Background: Osteoclasts and osteoblasts are major players in bone metabolism.
Results: TRAF family member-associated NF-«B activator (TANK) is induced during osteoclastogenesis and osteoblastogen-
esis. RANKL-induced osteoclastogenesis was increased in TANK-deficient cells. Osteoblastogenesis was also increased in

TANK-deficient mice.

Conclusion: TANK is a negative feedback regulator of osteoclastogenesis and osteoblastogenesis.
Significance: TANK is a novel suppressor of bone degradation and formation.

The differentiation of bone-resorbing osteoclasts is induced
by RANKL signaling, and leads to the activation of NF-«B via
TRAF6 activation. TRAF family member-associated NF-xB
activator (TANK) acts as a negative regulator of Toll-like recep-
tors (TLRs) and B-cell receptor (BCR) signaling by inhibiting
TRAF6 activation. Tank™'~ mice spontaneously develop auto-
immune glomerular nephritis in an IL-6-dependent manner.
Despite its importance in the TCRs and BCR-activated TRAF6
inhibition, the involvement of TANK in RANKL signaling is
poorly understood. Here, we report that TANK is a negative
regulator of osteoclast differentiation. The expression levels of
TANK mRNA and protein were up-regulated during RANKL-
induced osteoclastogenesis, and overexpression of TANK in
vitro led to a decrease in osteoclast formation. The in vitro oste-
oclastogenesis of Tank™'~ cells was significantly increased,

accompanied by increased ubiquitination of TRAF6 and .

enhanced canonical NF-«B activation in response to RANKL
stimulation. Tank™/'~ mice showed severe trabecular bone loss,
but increased cortical bone mineral density, because of
enhanced bone erosion and formation. TANK mRNA expres-
sion was induced during osteoblast differentiation and Tank™'~
osteoblasts exhibited enhaced NF-«B activation, IL-11 expres-
sion, and bone nodule formation than wild-type control cells.
Finally, wild-type mice transplanted with bone marrow cells
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from Tank™'~ mice showed trabecular bone loss analogous to
thatin Tank™'~ mice. These findings demonstrate that TANK is
critical for osteoclastogenesis by regulating NF-«B, and is also
important for proper bone remodeling.

Bone mass and structure are strictly regulated by the delicate
balance between bone resorption and formation. Bone-forming
osteoblasts are derived from mesenchymal cells and express
M-CSF and receptor activator of NF-«xB (RANK)® ligand
(RANKL). Runt-related transcription factor 2 (Runx2) is known
to a key transcription factor for osteoblast differentiation. On
the other hand, bone-resorbing osteoclasts are giant, multinu-
cleated, tartrate-resistant acid phosphatase (TRAP)-positive
cells derived from the monocyte/macrophage lineage (1).
When M-CSF and RANKL stimulate their receptors c-fms and
RANK on osteoclast precursors, respectively, transcription fac-
tors such as NFATc1 (2), c-Fos (3), and NE-«B (4) are activated
in the cells. NFATc1 is the master regulator of osteoclasts, and
NF-«B has been implicated in the induction of NFATc1 (5).
The RANKL-induced NF-«B pathways include both canonical
and non-canonical pathways. The canonical NF-«B pathway
activates heterodimers of RelA/p65 and p50, which is generated
from the NF-«kB1/pl05 fragment, while the non-canonical
pathway induces processing of the NF-«B2/p100 fragment into
active p52. Following the activation of such transcription fac-
tors, osteoclast differentiation is induced by the induction
of osteoclastic genes, such as TRAP, calcitonin R, and
DC-STAMP. Among these osteoclastic genes, DC-STAMP is
known to be involved in cell-cell fusion, because osteoclast and
IL-3 plus IL-4-induced multinucleated giant cell formation by

3 The abbreviations used are: RANK, receptor activator of NF-«B; OPG, osteo-
protegerin; MDMs, M-CSF-derived macrophages; wCT, microcomputed
tomography; TRAP, tartrate-resistant acid phosphatase; BMD, bone min-
eral density; ALP, alkaline phosphatase; Runx2, runt-related transcription
factor 2; TANK, TRAF family-associated NF-«B activator; SHIP, Src homology
2-containing inositol-5-phosphatase.
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macrophage cell fusion is abrogated in DC-STAMP-deficient
mice (6, 7). Mice lacking both NF-«B1 and NF-«B2 develop
typical osteopetrosis through defective development of oste-
oclasts (8), thereby confirming the importance of NF-«B signal-
ing in controlling bone homeostasis.

RANKL is a major NF-«B activator in osteoclastogenesis.
RANKL binds to its receptor RANK, which belongs to the TNF
receptor superfamily. Upon activation, RANK recruits TRAF
family E3 ubiquitin ligases, such as TRAF2, TRAF5, and TRAF6
(9). Among the TRAF family members, TRAF6 plays a critical
role in RANK signaling toward NF-«B, because its deficiency
leads to severe osteopetrosis similar to that in RANKL- and
RANK-deficient mice (10~12). Collectively, it has been pro-
posed that RANKL-RANK interactions and the subsequent sig-
naling via TRAF6 are important for the differentiation of
osteoclasts.

Various cytokines and cellular stresses are known to activate
intracellular signaling pathways leading to NF-«B activation.
This transcription factor is well known to control the expres-
sions of proinflammatory cytokines downstream of Toll-like
receptors (TLRs) and IL-1 receptor (IL-1R). TLRs directly sense
the presence of microbial components and trigger intracellular
signaling pathways that evoke innate immune responses
against pathogens. Activation of TLRs leads to the recruitment
of the adaptor molecule MyD88, which in turn activates IL-1R-
associated kinases (IRAKs). TRAF6 is ubiquitinated down-
stream of IRAK-1/-2, and activates NF-«xB by generating
unconjugated polyubiquitin chains and activating TAK1 (13,
14). Theimportance of TRAF6in TLR/IL-1R signaling has been
established by the observation that NF-«xB activation in
response to LPS and IL-1 fails in TRAF6-deficient mice (11). In
acquired immunity, the antigen receptor signaling pathways
emanating from TCR and BCR are known to activate NF-«B via
TRAF proteins.

TRAF family member-associated NF-«B activator (TANK;
also known as TRAF-interacting protein) binds to TRAF1,
TRAF2, TRAF3, TRAF5, and TRAF6 (15-18), and acts as a
regulator of TRAF-mediated signaling. Macrophages and B
cells from TANK-deficient (Tank™'~) mice exhibit more
enhanced NF-«B and AP-1 activation in response to stimula-
tion of TLRs and B-cell receptor (BCR) (19). TLR and BCR-
induced ubiquitination of TRAF6 is up-regulated in Tank™’~
macrophages, suggesting that TANK inhibits TRAF6 activation
downstream of TLRs (19). While TANK has been implicated in
the type I IFN responses against virus infection by binding to
TANK-binding kinase 1 (20), type I IFNs are produced nor-
mally in Tank™'™ cells in response to RNA virus infection (19).
Furthermore, Tank™’~ mice spontaneously develop lupus-like
autoimmune nephritis through IL-6 expression (19). MyD88
and the intestinal flora contribute to the development of
autoantibody production in Tank™~ mice (19), suggesting that
spontaneous activation of TLRs by intestinal bacteria leads to
IL-6 production that causes autoimmunity.

Despite the importance of TRAF6 in the RANKL signaling,
the involvement of TANKin RANKL-induced osteoclast differ-
entiation and bone homeostasis is poorly understood. In this
study, we found that TANK was induced during RANKL-me-
diated osteoclastogenesis, and overexpression of TANK led to a

REEVIB
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decrease in osteoclast formation. Tamk™’~ macrophages
underwent increased osteoclastogenesis mediated by enhanced
ubiquitination of TRAF6, the canonical NF-kB pathway, and
c-Fos and NFATc] activation. Tank™'~ mice showed trabecu-
lar bone loss, but increased cortical bone mineral density
(BMD) and resistance to bone fracture, because of enhanced
bone erosion and formation. Interestingly, TANK was also
induced in osteoblasts and Tank™'~ osteoblasts formed more
bone nodules. These findings provide unexpected insights into
the roles of TANK in bone remodeling.

EXPERIMENTAL PROCEDURES

Mice—Tank™'~ mice ona C57BL/6 background were gener-
ated as previously described (19) and maintained under specific
pathogen-free conditions. All animal experiments were carried
out under approval from the Animal Research Committee of
the Research Institute for Microbial Diseases (Osaka Univer-
sity, Osaka, Japan). ‘

In Vitro Osteoclast Culture and Functional Evaluation—For
stromal cell-free in vitro osteoclast cultures, M-CSF-derived
macrophages (MDMs) were used as osteoclast precursors.
Bone marrow cells were flushed from femurs or tibias and cul-
tured for 6 h in a-MEM containing 10% FCS. Non-adherent
cells were collected and plated in 48-well plates at a density of
1.2 X 10° cells/well with 25 ng/ml M-CSF (PeproTech, Rocky
Hill, NJ). After 3 days, the cultures were washed with PBS and
adherent cells were used as MDMs. The MDMs were induced
to differentiate into osteoclasts in the presence of 25 ng/ml
M-CSF and various concentrations of RANKL (R&D Systems,
Minneapolis, MN). After 3 days, the adherent cells were fixed
with 4% paraformaldehyde, treated with ethanol/acetone (50:
50, v/v), and stained for TRAP using a TRAP/ALP staining kit
(Wako, Tokyo, Japan). The numbers of TRAP-positive multi-

nucleated cells were counted. The osteoclast area (percentage -

of TRAP-positive multinucleated cells relative to the total area)
was measured using the software Image] (software from NIH).
For pit assays, ivory dentine slices (Wako, Tokyo, Japan) were
placed in 48-well plates. MDMs were cultured on the dentine
slices, and then cultured in 25 ng/ml M-CSF and 50 ng/ml
RANKL to induce osteoclast differentiation. After 5 days, the
dentine slices were immersed in 1 M NH,OH for 3 h and soni-
cated to remove the cells. The resorption pits were observed by
scanning electron microscopy (MiniScope TM-1000; Hitachi,
Tokyo, Japan). Quantitative analyses of the resorption pits were
performed using Image].

Retroviral Gene Transfer—A murine TANK cDNA was
cloned into the pLZR-IRES/GFP retroviral vector (21). The
construct was transfected into the packaging cell line PlatE, and
viral supernatants were collected. Bone marrow cells from
C57BL/6 mice were cultured for 6 h in a-MEM. Subsequently,
non-adherent cells were collected and plated in 24-well plates
at a density of 1 X 106 cells/well with 25 ng/ml M-CSF. After
24 h, the cells were transduced with a retroviral supernatant in
the presence of 8 ug/ml polybrene for 8 h. Following culture for
48 h in the presence of 25 ng/ml M-CSF, the cells were cultured
with 25 ng/ml M-CSF and 50 ng/ml RANKL. After 3 days, the
numbers of TRAP-positive multinucleated cells were counted.
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Immunoblotting, Immunoprecipitation, and Ubiquitination
Assays—MDMs (5 X 10°) were stimulated with 50 ng/ml LPS,
TNF-a, or RANKL for various times. The cells were then lysed
in a lysis buffer comprising 20 mm Tris-HCl, 1 mMm EDTA, 1.0%
Nonidet P40, 150 mm NaCl, and a protease inhibitor mixture
(Roche Diagnostics, Mannheim, Germany). The cell lysates
were separated by SDS-PAGE and transferred onto polyvinyl-
fluoride membranes. The membranes were incubated with
anti-TANK (H-300; Santa Cruz Biotechnology, Santa Cruz,
CA), anti-p100/p52 (#4882; Cell Signaling), anti-TRAF6 (sc-
7221; Santa Cruz Biotechnology), anti-Ub (P4D1; Santa Cruz
Biotechnology), and anti-actin (C-11; Santa Cruz Biotechnol-
ogy) antibodies. After the incubation, membranes were washed
and incubated with HRP-linked anti-rabbit IgG (NA934V; GE
Healthcare) or HRP-linked anti-mouse IgG (NA931V; GE
Healthcare). For chemiluminescence, membranes were incu-
bated with fresh Western lightning Plus-ECL reagents (Perkin
Elmer). TRAF6 immunoprecipitation and detection of its ubig-
nitination were performed as described previously (19).

Proliferation and Apoptosis Assays—Cells from wild-type
and Tank™'~ mice were stained with trypan blue, and the num-
bers of viable cells were counted under a light microscope. Apo-
ptotic cells were determined using a Poly Caspase Assay Kit,
Green FLICA (ImmunoChemistry Technologies, Blooming-
ton, MN).

DNA Binding Activity of NF-«B p65—MDMs (1 X 10°) were
stimulated with 350 ng/ml RANKL for 30 min. Nuclear extracts
were purified from the cells and the DNA binding activity of
NF-«B p65 was analyzed using a TransAM Transcription Fac-
tor Assay Kit (Active Motive, Carlsbad, CA).

Osteoblast Culture and Functional Assays—Primary osteo-
blasts were isolated from the calvariae of 2-day-old mice. The
calvariae were digested in a-MEM containing 0.1% collagenase
and 0.2% dispase at 37 °C for 10 min. The cells were then
expanded in a-MEM containing 10% FCS. For induction of
osteoblastogenesis, primary osteoblasts were plated in 48-well
plates at a density of 3 X 10* cells/well. After 1 day, the me-
dium was supplemented with an Osteoblast-Inducer Reagent
(Takara, Tokyo, Japan) containing ascorbic acid, hydrocorti-
sone, and glycerophosphate. In some experiment, 10 pg/ml
neutralizing antibodies to IL-6 or IL-11 (R&D) were added to
the medium. The medium was changed every 3 days. After 9
days, calcified nodules and ALP were stained using a Calcified
nodule Staining kit (AK-21; Primary Cell, Hokkaido, Japan) and
TRAP/ALP staining kit (Wako, Tokyo, Japan), respectively. In
some experiments, 5 mm NF-«B inhibitor BAY117085 (Sigma)
was added at day 9 for 24 h, and mRNA was harvested.

Osteoclast and Osteoblast Coculture—Bone marrow cells
(3 X 10%) and primary calvarial osteoblasts (5 X 10°) were iso-
lated and cultured in 24-well plates containing a-MEM supple-
mented with 10% FCS for 10 days in the presence of 10 nm
1a,25(0H),D,. After the culture, the cells were fixed and
stained for TRAP to evaluate the numbers of osteoclasts.

Quantitative PCR Analysis—RNA was extracted from cul-
tured cells using TRIzol (Invitrogen, Carlsbad, CA) and sub-
jected to reverse transcription using ReverTra Ace (Toyobo,
Tokyo, Japan). Quantitative PCR was performed with an ABI
PRISM 7500 using TagMan Assays-on-Demand primers and
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probes (Applied Biosystems) for TANK, TRAP, calcitonin R,
c-Fos, NFATcl, DC-STAMP, RANK, Runx2, IL-11, Oncostat-
inM, IL-6, RANKL, and osteoprotegerin (OPG). 18S control
reagents were used for normalization of the cDNAs.

Bone Phenotype Analyses—Double calcein labeling was car-
ried out to measure bone formation. Ten-week-old Tank™’~
and age-matched control wild-type female mice were adminis-
tered calcein intraperitoneally at 16 mg/kg body weight at 4and
1 days before euthanasia. After euthanasia, the femurs are
removed, fixed with 70% ethanol, and subjected to histomor-
phometric analyses. Three-dimensional wCT analysis of the
femurs was conducted using Scan-Xmate RB080SS110 (Com-
scan Techno Co. Ltd.,, Kanagawa, Japan) and TRI/3D-Bon
(Ratoc System Engineering Co. Ltd., Tokyo, Japan) software.
The cortical BMD and cortical area were measured by Dual
Energy x-ray Absorptiometry DCS-600EX-IIIR (Aloka, Tokyo,
Japan). To evaluate the cortical bone mechanical properties, the
right femoral mid-shaft was tested by three-point bending
using a mechanical testing machine (MZ-500S; Maruto, Tokyo,
Japan). To test the bone mechanical properties, each femur was
placed on two lower supports that were 6 mm apart and tested
with a displacement rate of 2 mm/min until failure. The whole
bone mechanical properties of maximum load (N), stiffness
(N/mm), post-yield deflection (mm), and work to failure
(N.mm) were measured. The bone microarchitectural parame-
ters were analyzed in the trabecular regions from 0.1 to 1.5 mm
away from the chondro-osseous junction. For bone histomor-
phometric analyses, the tibias or femurs were fixed with 70%
ethanol, subjected to Villanueva bone staining, and embedded
in methyl methacrylate. Serial longitudinal sections (6 mm in
thickness) of proximal tibias and cross sections of proximal
one-third of the right shaft of femurs were prepared using an
RM2255 microtome (Leica, Jena, Germany). Metaphysis areas
of tibias and endosteum/periosteum areas of femurs were ana-
lyzed using a Histometry RT Camera (System Supply Co. Ltd,,
Nagano, Japan).

Generation of Bone Marrow Chimeric Mice—Donor bone
marrow cells were collected from 6-week-old Tank™'~ and
age-matched control wild-type female mice. After suspension

in PBS, 1 X 107 cells were intravenously injected into lethally .

irradiated 4-week-old wild-type recipient mice (C57BL/6 back-
ground). The chimeric mice were given neomycin and ampicil-
lin in their drinking water for 4 weeks. The mice were analyzed
at 7 weeks after the bone marrow transplantation.

ALP Activity Assay—Cultured calvarial osteoblasts were
homogenized with 0.1% Triton X-100, and the alkaline phos-
phatase (ALP) activity was measured using a kit (LabAssay;
Wako). The serum ALP levels were also measured using the
same kit.

ELISA—The serum levels of TRACP5b were measured using
a TRACPS5b ELISA Kit (Immunodiagnostic Systems, Bolden,
UK). Serum levels of Cross Linked C-Telopeptide of Type I
collagen (CTX-I) were measured by ELISA Kit (USCN Life Sci-
ence, Wuhan, China). All assays were performed according to
the corresponding manufacturer’s protocols.

Statistical Analysis—The significance of differences between
values was analyzed by Student’s ¢ test. Values of p < 0.05 were
accepted as statistically significant.
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FIGURE 1. TANK is induced by RANKL. A, MDMs from wild-type mice were
treated with M-CSF plus 25 ng/ml RANKL for O, 6, 12, 24, 48, and 72 h. The
mRNA levels of TANK and osteoclastogenic markers such as TRAP, Calcitonin
receptor (Calcitonin R), and c-Fos were measured by quantitative PCR. Error
bars: S.E. (n = 3).% p < 0.05,**, p < 0.01, versus 0 h. B, MDMs from wild-type
and Tank™~ mice were treated with M-CSF alone (0 h) or 50 ng/mi RANKL
plus M-CSF (24 and 72 h) and the levels of TANK expression were analyzed by
Western blotting. The relative band intensities of wild-type MDMs were
measured using ImageJ and normalized by actin expression. C, MDMs from

wild-type and Tank™ ™ mice were treated with M-CSF alone (M-CSF), 50 ng/ml
LPS plus M-CSF (LPS), or 50 ng/ml| TNF-a plus M-CSF for 24 h and the levels of
TANK expression was analyzed by Western blotting. The data shown are rep-
resentative of three independent experiments.

RESULTS

TANK Expression Is Induced by RANKL Stimulation—First,
we examined the expression pattern of TANK during the
course of RANKL-induced osteoclastogenesis. TANK mRNA
expression was markedly increased after 24 h of RANKL stim-
ulation in MDMs, and then decreased to the pre-stimulation
level by 48 h of RANKL treatment (Fig. 14). TANK protein
expression gradually increased during osteoclastogenesis, and
its expression level reached nearly 5-fold after 72 h of RANKL
stimulation (Fig. 1B). Furthermore, not only RANKL but also
LPS and TNF induced TANK expression in MDMs (Fig. 1C).
These findings prompted us to explore the role of TANK during
osteoclastogenesis.

Increased Osteoclast Differentiation and Bone Resorption
Activity in Tank™~ MDMs—To investigate the role of TANK
deficiency in osteoclastogenesis, we analyzed in vitro osteoclas-
togenesis using wild-type and Tank™'~ MDMs. We treated the
MDMs with increasing concentrations-of RANKL, and TRAP-
positive multinucleated cells were identified as mature oste-
oclasts after 3 days. RANKL-induced osteoclastogenesis was
augmented in Tank™’ ™ cells compared with wild-type cells, and
the number of osteoclasts was increased by ~60%. Further-
more, Tank™ ™ osteoclasts had increased numbers of nuclei
and were larger in size (Fig. 2, A-D). TANK deficiency did not
alter the proliferation or apoptosis of MDMs (Fig. 2, Fand G).

Next, we compared the bone resorption activities of oste-
oclasts from wild-type and Tank™'~ MDMs using pit assays.
When wild-type and Tank™'~ MDMs were cultured on dentine
slices with RANKL for 5 days, they formed resorption pits.
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However, the total bone resorption pit area for Tank™ ™ oste-
oclasts normalized by osteoclast number was greater than that
for wild-type MDMs (Fig. 2E), indicating that TANK inhib-
its the bone resorption activity of bone marrow-derived
osteoclasts.

To further substantiate the effect of TANK deficiency on |

osteoclastogenesis, we examined the expression levels of
mRNAs encoding osteoclast-related genes after 0, 24, and 72 h
of RANKL stimulation. Consistent with the findings for oste-
oclastogenesis, the expression profiles revealed that osteoclast-
associated genes, including NFATc1, c-Fos, TRAP, calcitonin
R, and DC-STAMP, were significantly increased in Tank™'~
cells compared with wild-type cells (Fig. 3, A—E). Collectively,
these findings suggest that TANK negatively regulates oste-
oclast differentiation in cultured bone marrow cells.

TANK Negatively Regulates RANKL Signaling—To explore
the effect of gain of function of TANK in osteoclastogenesis, we
overexpressed TANK in MDMs using a retroviral vector. As
shown in Fig. 44, wild-type MDMs overexpressing TANK did
not sufficiently differentiate into osteoclasts, and the number of
TRAP-positive multinucleated cells (Fig. 4, A and B). Further,
retrovirus reconstitution of TANK in Tank™’~ MDMs sup-
pressed RANKL induced osteoclastogenesis to the same level as
wild-type (Fig. 4, A and B). These findings indicate that the level
of TANK expression is negatively correlated with osteoclasto-
genesis induced by RANKL treatment.

To rule out the possibility that differential RANK expression
is responsible for the augmented osteoclastogenesis under
TANK deficiency, we examined the levels of RANK in MDM:s.
As shown in Fig. 4C, the RANK mRNA levels were comparable
between wild-type and Tank™/~ MDMs. FACS analyses
revealed that the RANK*CD11b™ osteoclast precursor cell
populations in the spleen were also comparable between wild-
type and Tank™'~ mice (supplemental Fig. S1). Next, we
checked whether the loss of TANK promoted TRAF6 ubiquiti-
nation and NF-«B pathway activation in response to RANKL
stimulation. TRAF6 ubiquitination in response to RANKL
stimulation was increased in Tank™/'~ MDMs compared with
wild-type controls (Fig. 4D). Furthermore, RANKL-induced
DNA binding of the NF-kB p65 subunit was significantly ele-
vated in Tank™'~ MDM:s (Fig. 4E). In contrast, p100 cleavage to
p52, which indicates activation of the non-canonical NF-«B
pathway, did not differ between wild-type and Tank '~ MDMs

- (Fig. 4F). These findings indicate that TANK negatively affects

the RANKL-mediated canonical NF-kB pathway by suppress-
ing TRAF6 activation. TANK may act as a negative feedback
regulator of osteoclastogenesis.

Tank™~ Mice Exhibit Increased Cortical BMD and Severe
Trabecular Bone Loss—Next, we analyzed the in vivo bone phe-
notypes. of wild-type and Tamk™~ mice by wCT. First, we
investigated the proximal femurs, and found no differences in
the bone structures (Fig. 54). However, the cortical area in the
mid-shaft of the femurs was slightly increased in Tank™~ mice
(Fig. 5B). This finding was further supported by increased BMD
in the proximal end to mid-shaft in the femurs from Tank™'~
mice (Fig. 5C). To determine whether the differences in BMD
influenced the mechanical strength of the femur, we performed
a three-point bending test on the shaft of the femurs from wild-
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FIGURE 2. Osteoclast differentiation is increased in Tank™/~ MDMs. A, MDMs from wild-type and Tank™/~ mice were cultured in the presence of 100 ng/ml
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MDMs. Caspases were stained using a Poly Caspase Assay Kit, and the numbers of caspase-positive cells were counted under a fluorescence microscope. The
data shown are representative of three (4, B, D, F, and G) and two (C and F) independent experiments.
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type and Tank™'~ mice. As expected, the maximum load and
stiffness showed slight, but not significant, increases in the
femurs from Tank™’~ mice. Furthermore, the femurs from
Tank™'~ mice showed 2-fold increases in the post-yield deflec-
tion and work to failure compared with the femurs from wild-
type mice (Fig. 5D). These findings indicate that the femurs of
Tank™'~ mice are more ductile than those of wild-type mice.
- Next, we cut the proximal one-third of the right shaft of femurs
and cross sections were made. We performed the histomorpho-
metric analysis and detected dramatically increased eroded sur-

29118 JOURNAL OF BIOLOGICAL CHEMISTRY

face/bone surface in endosteum (Fig. 5E). Furthermore, bone
forming rate in periosteum was increased, but not significant
(Fig. 5F). Additionally, endosteum surface was comparable (this
means bone marrow cavity perimeter was comparable) but cor-
tical thickness was significantly increased in TANK-deficient
mice (supplemental Fig. S2).

In contrast to the increased BMD and cortical area in the
proximal to mid-shaft portion, the distal portion of the femurs
from Tank™'~ mice exhibited severe trabecular bone loss, as
observed in three-dimensional images (Fig. 5F). Morphometric
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FIGURE 4. TANK negatively regulates TRAF6 ubiquitination and NF-«B
p65 activation, and its overexpression attenuates osteoclast differenti-
ation. A, MDMs from wild-type Tank™~ mice were retrovirally transfected
with empty vector (LZR-CMV-IRES-GFP) or vector expressing TANK (TANK-
LZR-CMV-IRES-GFP). After 3 days of culture with 25 ng/ml M-CSF plus 50
ng/ml RANKL, GFP-positive cells were identified by fluorescence microscopy
(GFP) and the cells were stained for TRAP (DIC). C, mRNA levels of RANK in
MDMs were measured by quantitative PCR (n = 3). D, immunoblotting anal-
ysis of anti-TRAF6 antibody immunoprecipitates from MDMs stimulated with
RANKL (350 ng/ml) for indicated times probed with an anti-Ub antibody. As a
loading control, immunoblotting analysis of TRAF6 was performed (bottom).
E, DNA binding activity of NF-«B p65 in response to RANKL was measured
using a TransAM Transcription Factor Assay Kit. Error bars: S.E. (n = 3). ¥, p <
0.05. F, MDMs were treated with RANKL for the indicated time and analyzed
by Western blotting using anti-p100/p52 antibodies. Actin was evaluated as a
loading control. The data shown are representative of three independent
experiments.

analyses of the distal femurs from Tank™'~ mice revealed pro-
nounced reductions in the trabecular bone volume per tissue
volume and trabecular bone number (Fig. 5G). Analyses of the
proximal tibias from Tank™'~ mice also indicated a decrease in
the trabecular bone number, but no significant decrease in the
trabecular bone thickness, compared with wild-type mice (Fig.
5, H and I). Histomorphometric analyses revealed that the
eroded surface per bone surface and bone formation rate of
the proximal tibias from Tank™/~ mice were significantly
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increased. Furthermore, comparable numbers of osteoclasts
and osteoblasts were observed for wild-type and Tank™'~ mice
(Fig. 5J), suggesting enhancement of the osteoclast function in
Tank™'~ mice. Consistent with the increased bone eroded sur-
face and bone formation, the serum levels of the bone resorp-
tion marker TRACPS5, cross-linked C-Telopeptide of Type I
collagen (CTX-I), and bone formation marker ALP were higher
in Tank™'~ mice than in wild-type mice (Fig. 5K). In contrast,
serum RANKL and OPG levels were comparable (Fig. 5L).
These findings suggest that Tank™’~ mice exhibit increased
cortical BMD in the proximal to mid-shaft femur, but severe
trabecular bone loss in the distal femur and proximal tibia.
Increased Bone Nodule Formation in Tank™™ Osteoblasts—
Because the increased osteoclastogenesis contradicted the
increased BMD, we examined the function of calvarial osteo-
blasts from Tank™'~ mice. The expression of TANK mRNA
was up-regulated during in vitro osteoblast differentiation (Fig.
6A). During the differentiation, there were no significant differ-
ences in the cell numbers between wild-type and Tank ™/~
osteoblasts (Fig. 6B). Next, to analyze the bone nodule forma-
tion by osteoblasts, the cultured cells were stained with alizarin
red. Interestingly, Tank ™'~ osteoblasts showed increased bone
nodule formation (Fig. 6, C and D). The ALP activity, as a phe-
notypic marker of osteoblasts, was also elevated in Tank ™/~
osteoblasts (Fig. 6, E and F). To search for the osteoblastic factor
responsible for the osteoclastogenesis, we examined the
expression levels of Runx2, RANKL, and OPG in osteoblasts,
and found that the expression levels of Runx2 and RANKL, but
not OPG, were significantly up-regulated in Tank™'~ cells (Fig.
6G). Osteoclast-osteoblast coculture assays indicated that the
increased RANKL expression in Tank™'~ osteoblasts potenti-
ate osteoclastogenesis in vitro (Fig. 6H). To reveal the mecha-
nisms of increased osteoblast functions in Tank '~ mice, we
checked the activation of DNA binding activity of NE-«B p65 in
osteoblasts, and observed the 2-fold increase of NF-«B activa-
tion in TANK-deficient osteoblast compared with wild-type
control (Fig. 6]). It has been known that increased NF-«B acti-
vation leads to induce IL-6-type cytokines such as IL-6, IL-11
and OncostatinM. Importantly, previous reports have estab-
lished that IL-6-type cytokines play a pivotal role in bone
metabolism (22). Thus, we next checked the expression levels of
IL-6-type cytokines in TANK-deficient osteoblasts (Fig. 6)).
Intriguingly, mRNA levels of IL-6 and IL-11 (especially IL-11)
are significantly increased in TANK-deficient osteoblasts com-
pared with wild-type controls (Fig. 6/). When we cultured
osteoblasts with NF-«B inhibitor BAY117085, IL-11 mRNA
level was significantly inhibited in TANK-deficient osteoblast
(Fig. 6K). IL-6-type cytokines are potent stimulators of the
development of osteoblastogenesis. Thus, our findings above
prompted us to explore the effect of IL-6 and IL-11 neutralizing
antibodies on i vitro bone nodule formation in TANK-defi-
cient osteoblasts (Fig. 6, L and M). IL-6 neutralizing antibody
had no effect to bone nodule formation in TANK-deficient
osteoblasts (Fig. 6L). In contrast, IL-11 neutralizing antibody
significantly suppressed the bone nodule formation in TANK-
deficient osteobalsts to the same level as wild-type controls (Fig.
6, L and M). These findings suggest thatincreased IL-11 expres-
sion is at least partially attributed to increased NF-«B activation
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wild-type and Tank™~ mice (upper: longitudinal view; fower: axial view of the region of the third trochanter). 8, cortical areas of the mid-shaft section in the
fernurs. Error bars: S.E. (n = 3). %, p < 0.05. C, BMDs in 20 longitudinal divisions of the femurs. Error bars: S.E. (n = 3). %, p < 0.05. D, mechanical properties of the
femur shafts were measured by a three-point bending test. The whole bone mechanical properties of maximum load (N), stiffness (N/mm), post-yield deflection
(mm), and work to failure (N.mm) were measured. Error bars: S.E. (n = 3). *, p < 0.05. E, bone histomorphometric analyses of the endosteum portion of cross
section from proximal one-third of femur. Es.ES/Es.BS, endosteum eroded surface per endosteum bone surface; Es.BFR/Es.BS, endosteum bone formation rate
per endosteum bone surface. Error bars: S.E. (n = 3). ¥, p < 0.05. F, bone histomorphometric analyses of the periosteum portion of cross section from proximal
one-third of femur. Ps.BFR/Ps.BS, periosteum bone formation rate per periosteum bone surface. Error bars: S.E. (n = 3).*, p < 0.05. G, representative images of
distal femurs from 10-week-old wild-type and Tank™'~ mice (upper: longitudinal view; lower: axial view of the metaphyseal region). H, bone morphometric
analyses of distal femurs from wild-type and Tank™ ™ mice using w.CT. Error bars: S.E. (n = 4). ¥, p < 0.05. /, representative images of the metaphyseal portion
of tibias from wild-type and Tank™~ mice (Villanueva bone staining). J and K, bone histomorphometric analyses of the metaphyseal portion of tibias from
wild-type and Tank™"~ mice. Error bars: S.E. (n = 4). %, p < 0.05,**, p < 0.01. L, serum concentrations of TRACP5b, CTX-l and ALP in wild-type and Tank™'~ mice.
Error bars: S.E. (n = 4) *, p < 0.05. M, serum concentrations of RANKL and OPG. Error bars: S.E. (n = 4) ¥, p < 0.05. BY/TV, bone volume per tissue volume; Tb.Th,
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0S/BS, osteoid surface per bone surface; ES/BS, eroded surface per bone surface; BFR, bone formation rate.

and such enhanced IL-11 production promotes the bone for-
mation in TANK-deficient osteoblasts. Collectively, these find-
ings suggest that TANK is a negative regulator of osteoblast
bone formation and IL-11 ‘is a critical target of TANK in
osteoblasts.

Trabecular Bone Loss in Tank™'~ Mice Is Dependent on
Hematopoietic Cells—To examine whether the severe trabecu-
lar bone loss in Tank '~ mice could be explained by TANK
deficiency in osteoclasts, we generated bone marrow chimeric
mice. TANK expression in splenocytes and protein in bone
marrow cells from wild-type mice engrafted with bone marrow
from Tank™'™ mice (—/— — WT mice) was scarcely detected
(Fig. 7, A and D). CD11b-+RANK+ osteoclast precursor popu-

29120 JOURNAL OF BIOLOGICAL CHEMISTRY

lations in splenocytes were comparable between —/— — WT
and +/+ — WT mice (supplemental Fig. S3). MDMs from
—/— — WT mice efficiently differentiated into osteoclasts in
vitro (Fig. 7B) rather than MDMs from wild-type mice
engrafted with bone marrow from wild-type mice (+/+ —>WT
mice). Consistent with the Tank™™ mice, —/— — WT mice
exhibited severe trabecular bone loss in their femurs and tibias
compared with +/+ > WT mice (Fig. 7, C and F). Morpho-
metric analyses of the femurs from —/— — WT mice revealed
severe reductions in the trabecular bone volume per tissue vol-
ume and trabecular bone number (Fig. 7E). Analyses of the
proximal tibias from —/— ~>WT mice also indicated decreases
in the trabecular bone volume per tissue volume and trabecular
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bone number compared with +/+ — WT mice (Fig. 7G). The
osteoblast numbers were comparable between both types of
chimeric mice, although the number was slightly, but not
significantly, increased in the proximal end of the tibias from
—/— —WT mice (Fig. 7H). Additionally, cortical thickness was
decreased (Fig. 7/) and eroded surface/bone surface was drasti-
cally increased in endosteum from —/— — WT mice (Fig. 7)).
Further, the serum levels of the bone resorption marker
TRACP5b were higher in —/— ->WT mice thanin +/+ —>WT
mice but ALP levels were comparable (Fig. 7K). The trabecular
bone structural analogy between Tank™'~ mice and —/— —
WT mice demonstrates that the trabecular bone loss in
Tank™ ™~ mice is caused by hematopoietic cells including
osteoclasts.

DISCUSSION

In the present study, we have shown that TANK is a novel
regulator of osteoclastogenesis and bone formation. TANK
deficiency caused significant trabecular bone loss in the femur
and tibia. In vitro osteoclastogenesis of Tank™/~ bone marrow

cells was enhanced because of increased RANK signaling. Con--

sistently, iz vivo bone erosion by osteoclasts was significantly
increased, which may explain the trabecular bone loss pheno-
type under TANK deficiency. However, we also found that lack
of TANK led to increased bone formation and BMD in the
proximal cortical portion of the femur. Bone nodule formation
by in vitro cultured calvarial osteoblasts from TANK-deficient
mice was also up-regulated. Collectively, these findings suggest

that TANK negatively controls the functions of bone formation *

and erosion.

We have shown that osteoclasts lacking TANK exhibit
increased bone-resorbing function both in vitro and in vivo.
Expression of TANK was significantly increased during
RANKL-induced osteoclastogenesis, while overexpression of
TANK led to suppressed osteoclastogenesis. These observa-
tions support the idea that TANK acts as a negative regulator of
osteoclastogenesis. Our previous report clarified that macro-
phages and B cells from Tank™ mice exhibit enhanced
canonical NF-«B and AP-1 activation in response to stimula-
tion of TLRs and BCR (19). The RANKL-induced NF-«B path-
ways include canonical and non-canonical pathways involving
the NF-«B precursor proteins p105 and p100, respectively. Pre-
vious reports have suggested that mice lacking both NF-«B sub-
units p50 and p52 develop osteopetrosis, accompanied by a
reduction in osteoclastogenesis (4) (8). In these mice, both the
canonical and non-canonical NF-«kB pathways are inhibited.
Alymphoplasia mice, in which processing of p100 to p52 does

wild-type. H, bone marrow cells (OC) and calvariae (OB) were cocultured in the
presence of 1a,25(0H),D; for 10 days. The numbers of TRAP-positive multi-
nucleated cells were counted. Error bars: S.E. (n = 3). %, p < 0.05. /, DNA bind-
ing activity of NF-«B p65 in osteoblasts (after a 9-day culture of calvariae) was
measured using a TransAM Transcription Factor Assay Kit. Error bars: S.E. (n =
3). %, p < 0.05.J, quantitative PCR analyses OncostatinM (OsM), IL-6, and IL-11
in osteobalsts. Error bars: S.E. (n = 3). ¥, p < 0.05. K, 5 mm NF-«B inhibitor
BAY117085 was added to the osteoblast culture for 24 hand IL-11 mRNA level
was quantified. Error bars: S.E. (n = 3).*, p < 0.05. L, calvarial osteoblasts were
cultured with neutralizing antibodies of IL-6 and IL-11. After a 9-day culture,
cells were stained with a calcified nodule staining kit, and the numbers of
bone nodules were counted. Error bars: S.E. (n = 3). %, p < 0.05, M, represent-
ative images of bone nodules formed by Tank™™ calvarial osteoblasts in L.
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not occur owing to an inactive form of NIK (23), show mild that canonical NF-«B pathway activation was significantly ele-
osteopetrosis caused by significantly reduced osteoclastogen- vated in Tank™'~ macrophages. In contrast, the non-canonical
esis (24). These reports strongly suggest that both the canonical ~NF-«B pathway was not altered, suggesting that TANK nega-
and non-canonical NF-«B pathways are important for efficient  tively regulates canonical NF-«B pathway activation in
osteoclastogenesis. NFATcl is a master regulator of osteoclas-  response to RANKL, synonymous with TLR and BCR stimula-
togenesis, and we found that the level of NFATcl expression tion. These findings suggest that augmentation of canonical
during osteoclastogenesis was increased in Tank ™'~ cells.Since  NF-B activation alone is sufficient for controlling osteoclasto-
NF-«B has been implicated in the induction of NFATcl in  genesis. Several molecules have been characterized to play
RANKL signaling, we examined whether theloss of TANK also  inhibitory roles in osteoclastogenesis. IRAK-M, a negative reg-
promoted NF-«B activation in response to RANKL, and found  ulator of TLR/IL-1R signaling, acts as an inhibitor of osteoclast
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differentiation and activation, probably by suppressing IL-1R
signaling in inflammation (25). Another example is Src homol-
ogy 2-containing inositol-5-phosphatase (SHIP), which limits
osteoclast precursor survival and differentiation by suppressing
PI3-kinase (26). On the other hand, the regulation of RANKL-
mediated signaling is less well characterized, except for CYLD.
This moleculeis a deubiquitinating enzyme induced by RANKL
that suppresses RANK signaling by inhibiting TRAF6 ubiquiti-
nation (27). In this study, we found that TANK specifically
inhibited RANKL-induced osteoclastogenesis under physio-
logical conditions, synonymous with CYLD, and suggest a
model whereby negative feedback regulation of RANKL signal-
ing by TANK contributes to proper osteoclast differentiation.
Information on the relationship between TANK and CYLD
would be important for the future study. Although we observed
enhanced TRAF6 ubiquitination in TANK ™/~ cells in response
to RANKL stimulation, the effect of TANK deficiency was rel-
atively modest. Thus, it is possible that a mechanism other than
TRAF6 polyubiquitination also contribute to TANK-mediated
control of osteoclastogenesis. Further detailed studies are
needed to explore the role of TANK in osteoclasts.

Abnormal bone turnover is observed in several human dis-
eases. Rheumatoid arthritis is a major high-bone turnover
osteoporotic disease (28). Paget disease is also characterized by
accelerated bone resorption by IL-6-producing giant oste-
oclasts and enhanced bone formation by osteoblasts, resulting

‘in increased BMD and bone fragility (29). Schnitzler’s syn-
drome is another high-bone turnover disorder, and is charac-
terized by osteosclerosis, chronic urticaria, lymphadenopathy,
IgM gammopathy, and joint pain (30, 31). Our previous report
indicated that lymphadenopathy and increased basal serum
concentrations of IgM were the major features in Tank '~
mice (19). Since TANK deficiency closely resembles some of
the traits of the human high-bone turnover diseases described
above, the involvement of TANK in these disorders must be
clarified in the future.

As observed in the in vivo bone analyses, TANK suppresses
both osteoclasts and osteoblasts. Bone formation and degrada-
tion are often manipulated simultaneously in the same direc-
tion, which is termed coupling (32). Such coupling events are
crucial for the maintenance of bone quality. Understanding of
coupling is important, but its molecular mechanisms are largely
unknown. As TANK has a dual suppressive effect on both cell

types, it may play a role, at least in part, in supporting the speed

of such coupling. Intriguingly, Tank '~ mice seem to suffer
from osteosclerosis and osteoporosis in the cortical and trabe-
cular bone areas, respectively. In other words, Tank™’~ bone
has an abnormal morphology. Our detailed cellular studies in
both osteoclasts and osteoblasts in vitro, Tank™'~ mice have
intrinsic abnormalities in the functions of both cell types. It is
still unclear how TANK inhibits bone formation in osteoblasts.

The ALP activity and expression level of Runx2, an essential

transcription factor for the regulation of osteoblast differentia-
tion (33), were slightly increased, suggesting that TANK may
partially regulate osteoblast differentiation. Our data also indi-
cated that increased IL-11 expression is at least partially attrib-
uted to increased NF-«B activation and such enhanced IL-11
production promotes the bone formation in TANK-deficient

BSHE\
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osteoblasts. Further detailed studies are needed to explore the
role of TANK in osteoblast function, but our observations sug-
gest for the first time that IL-11 is a critical target of TANK in
osteoblasts.

Finally, considering the Tank™/~ bone phenotype and sup-
pressive functions of TANK toward both osteoclasts and osteo-
blasts, modulation of TANK will potentially result in distinct
prophylactic effects, depending on the trabecular and cortical
portions. Further, generation of methods for the inhibition and
stimulation of TANK in osteoblasts and osteoclasts, respec-
tively, may be a reasonable strategy to manipulate bone-de-
structive diseases.
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Abstract

Background For the treatment of chronic hepatitis C, a
combination of pegylated interferon-o (PEG-IFN«) and
ribavirin has been widely used as a standard of care.
Enhancement of immune response against hepatitis C virus
(HCV) is known to be involved in the efficacy of the
combination therapy. Our aim was to elucidate whether or
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not the frequency or function of blood cells is related to the
outcome of the therapy.

Methods Sixty-seven chronic hepatitis C patients with
high viral load of HCV genotype 1 infection who under-
went 48 weeks of PEG-IFN«2b and ribavirin therapy were
examined. During the treatment, frequencies of myeloid or
plasmacytoid dendritic cells, Th1, Th2 cells, NX cells, and
regulatory T cells were phenotypically determined.
Results Among the patients enrolled, 29 showed a sus-
tained virological response (SVR), 18 a transient response
(TR) and 17 no response (NR). The clinical and immuno-
logical markers were compared between the SVR and non-
SVR patients, including TR and NR. Based on clinical,
histological, immunological parameters, and cumulative
dosage of PEG-IFN«2b and ribavirin, multivariate analyses
revealed that higher platelet counts and higher regulatory T
cell frequency at week 12 are indicative of SVR. Even in
patients who attained complete early virological response
at week 12, multivariate analyses disclosed that higher
platelet counts and higher plasmacytoid dendritic cell fre-
quency are indicative of SVR.

Conclusions In PEG-IFNa and ribavirin combination
therapy for chronic hepatitis C patients, the increments of
regulatory T cells’ and plasmacytoid dendritic cell fre-
quency are independently related to favorable virological
response to the therapy.

Keywords Early virological response - Plasmacytoid
dendritic cells - Regulatory T cells
Introduction

Hepatitis C virus (HCV) is one of the major causative
agents of chronic liver diseases and hepatocellular
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carcinoma (HCC) in the world [1, 2]. In order to prevent
the development of HCV-induced liver diseases, eradica-
tion of HCV from infected patients may be required. For
the treatment of chronic hepatitis C, a combination of
pegylated interferon-o (PEG-IFNo) and ribavirin treatment
has been used as a standard of care (SOC) [3, 4]. However,
in patients with HCV genotype 1 and high viral load,
approximately 50% of them are able to clear the virus by
48 weeks of SOC [5, 6]. In addition to HCV genotype and
quantity, several demographic factors have been reported
as therapeutic determinants in PEG-IFN« and ribavirin
therapy, such as age, gender, ethnicity, and liver fibrosis
[5, 6]. In addition, it is accepted that initial changes of serum
HCV RNA titer from the beginning of the therapy, i.e.,
early virological response (EVR), correlate well with the
clinical outcomes of the treated patients [5, 7]. It has been
reported that the patients who fail to clear HCV at week 24
are not likely to attain SVR after 48 weeks of the therapy,
suggesting that non-EVR can serve as a negative predictor
of SVR [8]. Even in patients who attained EVR, 30% of
them eventually relapse during the 48 weeks of therapy.
Prolongation of the duration of PEG-IFNa and ribavirin
therapy from 48 to 72 weeks is recommended to improve
the SVR rate by decreasing relapsers [9]. Thus, identifying
potential relapsers during therapy and providing additional
weeks of treatment may be clinically important, because it
can offer them a better chance of attaining SVR.

In chronic hepatitis C, multifaceted immune dysfunction
may be implicated in the persistence of HCV including den-
dritic cells (DC), NK cells, and T cells [10, 11]. Some inves-
tigators have reported that the dynamics of immune cells
throughout the therapy are involved in the efficacy of PEG-
IFNo and ribavirin. In chronic HCV infection, the enhance-
ment of HCV-specific Thl response or DC function has been
reported to be involved in therapeutic HCV eradication [12,
13]. We have previously demonstrated that plasmacytoid
dendritic cell (PDC) frequency and DC function are involved
in HCV eradication in patients who underwent 48 weeks of
PEG-IFNw« and ribavirin therapy [14]. These reports have
supported the possibility that the enhancement of certain
immune responses is a prerequisite for therapeutic HCV
clearance. However, one of the limitations of these studies is
that the conclusions were drawn from relatively small num-
bers of patients and evaluated by univariate analysis. There-
fore, multivariate analyses are arguably required in order to
validate the significance or independence of immune cell
markers in the therapeutic efficacy.

In this study, we have extended our investigation to
elucidate whether or not the dynamics of immune cells are
involved in therapeutic outcomes. Consequently, the
independent significance of regulatory T cell or plasma-
cytoid DC frequency is revisited in the efficacy of PEG-
IFN« and ribavirin therapy for chronic hepatitis C patients.
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Materials and methods
Subjects

Among chronic hepatitis C patients who had been followed
at Osaka University Hospital, Osaka Kosei-nenkin Hospi-
tal, Higashi Osaka Municipal Hospital, and Osaka National
Hospital, 67 patients who received PEG-IFN«2b and
ribavirin combination therapy for 48 weeks were enrolled
in the present study. The study was approved by the ethics
committee of the Osaka University Graduate School of
Medicine and all the hospitals listed above (approval no.
08156). Written informed consent was obtained from all
patients. At enrollment, the patients were confirmed to be
positive for both serum anti-HCV antibody (Ab) and HCV
RNA, but were negative for hepatitis B virus and human
immunodeficiency virus. All of them were infected with
HCYV genotype 1b with serum HCV RNA quantity of more
than 100 kilo international units (KIU)/ml, as determined
by methods described elsewhere [15]. All patients had
shown persistent or fluctuating serum alanine aminotrans-
ferase (ALT) abnormalities at enrollment. The presence of
other causes of liver disease, such as autoimmune, alco-
holic, and metabolic disorders was excluded by laboratory
and imaging analyses. A combination of biochemical
markers and ultrasonography (US) or computed tomogra-
phy scan analyses ruled out the presence of cirrhosis and
tumors in the liver in all patients. Histological analyses of
liver disease were performed with liver tissue obtained by
US-guided biopsy. The activity and stage of the disease
were assessed by two independent pathologists according
to the METAVIR scoring system [16].

Treatment

All patients were treated with PEG-IFNo2b subcutaneously-
at a dose of 75 pg/week (body weight >40 and <60 kg),
105 pg/week (body weight >60 and <80 kg), or 135 pg/
week (body weight >80 and <100 kg) and oral ribavirin at
a dose of 600 mg/day (body weight >40 and <60 kg),
800 mg/day (body weight >60 and <80 kg), or 1000 mg/
day (body weight >80 and <100 kg). Ribavirin was
administered divided into two doses per day. All patients
were treated for 48 weeks and followed for 24 weeks after
the cessation of therapy. '

Dose reduction of PEG-IFN« and ribavirin

Dose modification followed, as a rule, the manufacturer’s
drug information according to the intensity of the hema-
tological adverse effects. The dose of PEG-IFNua2b was
reduced to 50% of the assigned dose if the white blood
cell (WBC) count declined to less than 1500/mm?, the
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neutrophil count to less than 750/mm>, or the platelet (P1t)
count to less than 8 x 10*mm?, and was discontinued if
the WBC count declined to less than 1000/mm?, the neu-
trophil count to less than 500/mm?, or the Plat count to less
than 5 x 10*mm®. Ribavirin was also reduced from 1000
to 600 mg, or 800 to 600 mg, or 600 to 400 mg if the
hemoglobin (Hb) level decreased to less than 10 g/dl, and
was discontinued if the Hb level decreased to less than
8.5 g/dl. Both PEG-IFNo2b and ribavirin had to be dis-
continued if there was a need to. discontinue one of the
drugs. During the therapy, ferric medicine or hematopoietic
growth factors, such as erythropoietin alpha or granulo-
cyte-macrophage colony-stimulating factor were not
administered.

Quantification of HCV RNA and assessment
of virological response

Serum HCV RNA titers were quantified using the COBAS
AMPLICOR HCV MONITOR Test, version 2.0 (detection
range 6-5000 KIU/ml; Roche Diagnostics, Branchburg,
NJ, USA) and qualitatively analyzed by the COBAS
AMPLICOR HCV Test, version 2.0 (detection threshold
50 TU/ml).

Virological response during and after the therapy was
determined according to the American Association for the
Study of Liver Diseases (AASLD) practice guideline [17].
The complete early virological responders (c-EVR) were
defined as those who showed a reduction in serum HCV
RNA quantity to an undetectable, level by qualitative PCR
at week 12 of the therapy. Virological response was esti-
mated at 24 weeks after cessation of the treatment. Sus-
tained virological response (SVR) was defined as the
maintenance of negative serum HCV RNA by PCR for
more than 6 months after completion of the therapy.
Transient response (TR) was defined as the reappearance of
serum HCV RNA within 6 months after cessation of
therapy in patients who had achieved negative serum HCV
RNA at the end of the treatment. No response (NR) meant
that there was persistently positive serum HCV. RNA
throughout the therapy period. The non-SVR group com-
prised TR and NR patients.

Assessment of drug exposure

The amounts of PEG-IFNua2b and ribavirin actually taken
by patients during the first 12 weeks of the treatment were
evaluated by reviewing the medical records as reported
previously [18, 19]. The mean doses of both drugs were
calculated individually as averages on the basis of body
weight at baseline. The dose of PEG-IFN«2b and ribavirin
was expressed as micrograms per kilogram per week and
milligrams per kilogram per day, respectively.
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Analysis of DC subsets, helper T cells, NK cells,
and regulatory T cells

For the numerical analyses of blood DC, helper T cells, NK
cells, and regulatory T cells (Tregs), venous blood was
drawn from patients before treatment and at weeks 8, 12,
24, and 48 during the therapy. Blood samples taken from
patients in relevant hospitals were transferred to Osaka
University within 6 h and were processed on the same day.
Peripheral blood mononuclear cells (PBMCs) were col-
lected by density-gradient centrifugation on a Ficoll-Hyp-
aque cushion. After viable PBMCs had been counted, the
cells were stained with combinations of various Abs for
phenotypic markers. All immunological assays were per-
formed in Osaka University.

The following monoclonal antibodies were purchased
from BD Biosciences (San Jose, CA, USA): anti-Lineage
marker [Lin; CD3 (clone SK7), CD14 (clone MqP9),

- CD16 (clone 3GS8), CD19 (clone SJ25C1), CD20 (clone

127), and CD56 (clone NCAMI16.2)], anti-CD4 (clone
RPA-T4), anti-CD11c (clone B-1y6), anti-CD123 (clone 7G3),
anti-CD3 (clone UCHT1), anti-CD45RO (clone UCHL1),
anti-CD56 (clone B159), anti-HLA-DR (clone 1.243), anti-
CCR4 (clone 1G1). The antibodies for CD25 (clone B1.49.9)
and CD4 (clone 1 3B8.2) were purchased from Beckman
Coulter (Fullerton, CA, USA). Anti-CXCR3 (clone 49801)
monoclonal antibodies were purchased from R&D Systems -
(Minneapolis, MN, USA). Staining was performed with FITC,
PE, PerCP, and APC conjugated antibodies as described pre-
viously [14]. The acquisitions and analyses of data were per-
formed with FACS Calibur (BD Biosciences) and CellQuest
software.

Blood DCs were defined as Lin~ and HLA-DR™ cells.
Myeloid DCs (MDC) are Lin~, HLA-DR™, CD11c*, and
CD123"" cells, and plasmacytoid DCs (PDC) are Lin~,
HLA-DR*, CD11c™, and CD123"" cells. Helper T cell
subpopulations were defined by the pattern of CXCR3 and
CCR4; Thl cells are CD4™, CD45RO™, and CXCR3™", and
Th2 cells are CD4", CD45RO™, and CCR4". NK cells
were defined as CD3~ and CD56™ cells. Regulatory T cells
(Tregs) were defined as CD4™, CD25™&* cells as reported
previously [20]. The percentages of DC subsets and NK
cells in PBMCs or Thil, Th2 cells and Tregs in CD4* T
cells were determined by FACS. In order to examine the
dynamics of immune cells after initiation of the treatment,
we used the ratio of frequencies at each time point to those
before the therapy [14].

Allogeneic mixed leukocyte reaction with DC

In some patients, we examined whether the allostimulatory
ability of DCs was related to the clinical outcomes. Before,
at the end of treatment, and at week 4 after completion of
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the treatment, monocyte-derived DCs were generated from
PBMC obtained from the patients according to methods
reported previously [21]. As controls, monocyte-derived
DCs were simultaneously generated from healthy donors.
As responder cells in mixed lymphocyte reactions (MLR),
naive CD4™" T cells were isolated from PBMC of irrelevant
healthy donors by using a naive CD4™ T cell enrichment
kit (Stemcell Technologies, Vancouver, BC). Allogeneic
MLR with DC was performed as reported previously [21].
In order to compare the ability of DC among patients, we
determined the MLR ratio between patients and controls as
counts per minute (cpm) of [3H]thymidine incorporated
into CD4 T cells at the T cell/DC ratio of 10:1.

Statistical analyses

To analyze the relationship between clinical and immu-
nological data at the baseline and virological response,
univariate analysis using the Mann—-Whitney U test or chi-
squared test and multivariate analysis using logistic
regression analysis were performed. The significance of
trends in values was determined with the Mantel-Haenszel
chi-square test. Differences of continuous variables
between groups were compared by two-way analysis of
variance (ANOVA). A two-railed P value less than 0.05
was considered significant. These statistical analyses were
performed with SPSS version 15.0 (SPSS Inc. Chicago, IL,
USA).

Results
Outcome of the PEG-IFNa2b and ribavirin therapy

In 67 patients who had been treated for 48 weeks, 29 (43%)
achieved SVR, 18 (27%) were TR, 17 (25%) were NR, and
3 (4%) were unknown (Fig. 1). The clinical backgrounds of
these patients are summarized in Table 1. Among these
cohorts, 32 patients were c-EVR and were further catego-
rized into 24 SVR (EVR-SVR group) and 8 TR (EVR-TR
group). Of the other 35 patients who were not c-EVR, 5
were SVR, 10 were TR, 17 were NR and 3 were unknown.
Details of the therapeutic response in the current study are
shown in Fig. 1.

Higher platelet counts and Treg increase are involved
in SVR in patients who underwent PEG-IFN«2b
and ribavirin therapy

In order to clarify whether the frequency and function of
immune cells are involved in the outcomes of the combi-
nation therapy, we first compared these parameters
between SVR and non-SVR groups. Representative dot
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Fig. 1 Detailed outcomes of chronic hepatitis C patients treated with
48-week PEG-IFN«2b and ribavirin combination therapy. In 67
patients who had been treated for 48 weeks, 29 achieved SVR, 18
were TR, 17 were NR, and 3 were unknown. The complete early
virological responders (c-EVR) were defined as those who show a
reduction in HCV RNA quantity to an undetectable level by
qualitative PCR at week 12 of the therapy. According to this
criterion, 32 patients were c-EVR and were further categorized into
24 SVR (EVR-SVR) and 8 TR (EVR-TR). Of the other 35 patients
who were not c-EVR, 5 were SVR, 10 were TR, 17 were NR, and 3
were unknown. SVR sustained virological responder, TR transient
responder, NR non-responder

Table 1 Demographics and clinical backgrounds of the subjects

Factors Value Range
Number 67

Age (years) 51.0 £ 103 (24-67)
Gender (M/F) 44/23

HCV RNA (KIU)* 2415

Activity: A0/1/2/3° 0/35/30/1

Fibrosis: F0/1/2/3/4° 2/27/27/9/1

WBC (/ml) 5229 =+ 1299 (2960-9400)
Neutro (/ml) 2663 + 826 (1077-4516)
Hb (g/dl) 14.6 1.2 (12.0-18.0)
Platelets (x 10%/mm?) 16.6 + 4.6 (5.0~31.0)
ALT (IU/L) 83.1 & 53.9 (14-269)

T. chol (mg/dl) 172 + 29 (118-238)
Cr (mg/ml) 0.8 402 (04-1.3)

All results are expressed as mean =+ SD and range
T. chol total serum cholesterol, Cr creatinine

* Amplicore HCV monitor

® Ishak’s histological scores

plots of the immune cell populations are shown in Fig. 2.
The identification and enumeration of immune cells were
determined by FACS. The pretreatment percentages of DC
in SVR were higher than those in the non-SVR group.
However, those of PDC, NK cells, Thl, Th2, Treg, and DC
function as judged by MLR were not different between
them (Fig. 3).

As for the changes of DC subsets during the therapy, in
the SVR group, the frequencies of PDC increased after the
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- Fig. 3 Comparison of pretreatment frequency of blood cells and
allostimulatory capacity of monocyte-derived dendritic cells between
SVR and non-SVR patients who had been treated with 48-week PEG-
IFNo2b and ribavirin therapy. The frequencies of MDC, PDC, Thl
and Th2 cells, Th1/Th2 ratio, NK cells, regulatory T cells, and

beginning of therapy and showed a peak at week 12 of
therapy (T12W), which subsided to the end-of-treatment
(EOT). Such a PDC increase at the early phase was not
observed in the non-SVR group (Fig. 4a). In contrast, the

allogeneic MLR were compared between SVR and non-SVR patients.
The MLR ratio between patients and controls was determined from
the counts per minute (cpm) of [*H]thymidine incorporated into
CD4T T cells at T cell/DC ratio of 10:1. *P < 0.05 by Mann—
Whitney U test

MDC frequency remained at a similar level throughout the
therapy, regardless of viral response (data not shown).
Alternatively, in the SVR group, the percentages of Treg
(CD4+CD25M€" cells) increased through the therapy,
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Fig. 4 Changes in frequencies of plasmacytoid dendritic cells and
regulatory T cells during and after 48-week PEG-IFNu2b and
ribavirin therapy in SVR and non-SVR patients. The ratios of
frequencies of PDC (a) and Tregs (b) at each time point to the
pretreatment values were compared between SVR and non-SVR

with cell levels being higher than those in the non-SVR
group (Fig. 4b). The other cells, including Thl, Th2, and
NK cells, did not differ between the groups (data not
shown). Univariate and multivariate analyses were per-
formed to assess the significance of various factors,
including demographic, biochemical, virological, immu-
nological parameters, and drug adherence. The allostimu-
latory capacity of DC after the completion of therapy,
whose significance was demonstrated in the previous paper
[21], was not included in this study because the numbers of
patients examined for it were limited. In univariate analy-
ses, platelet counts, histological activity and fibrosis, dose
of PEG-IFNu2b, and attainment of c-EVR were found to be
significant in SVR (Table 2). As for immunological
markers, pretreatment DC frequency, PDC frequency, their
ratio at T12W, and Treg frequency ratio at T12W are
significant (Table 3). Based on these parameters, multi-
variate analysis revealed that platelet counts and Treg
frequency at T12W were independent factors involved in
SVR (Table 4). These results show that higher platelet
counts and Treg increment may be related to SVR in
48 weeks of PEG-IFNa and ribavirin treatment.

Higher platelet counts and PDC increase are
independent factors involved in SVR after attainment
of c-EVR

Next, we examined the above-mentioned immunological
parameters in patients who attained c-EVR, as they were
considered to be comparable with respect to the virological
response to the therapy. Among 32 patients in the c-EVR
group, 24 developed to SVR (EVR-SVR) and the remain-
ing 8 to TR (EVR-TR) (Fig. 1). Univariate analysis dis-
closed that lower age is a characteristic of the EVR-SVR

@_ Springer

patients. Boxes represent lower and upper quartiles, solid line within
each box the median value, whiskers the minimum and maximum
values. *P < 0.05 by Mann-Whitney U test. EOT end-of-treatment
(at 48 weeks of the therapy), +24W 24 weeks after the completion of
therapy '

Table 2 Univariate analyses of clinical factors involved in SVR

Factors SVR Non-SVR
.N 29 38
Age (years) 48.0 +£11.8 533 £ 8.6
Gender (M/F) 20/9 24/14
WBC (/mm®) 5361 + 1314 5127 £ 1295
Neutro (/mm?) 2969 + 861 2461 £ 753
Hb (g/dl) 146 £ 12 14512
Platelets (x10*/mm?) 18.2 & 4.4%* 152 + 44
ALT U/l 72 + 54 92 £ 53
HCV RNA (XIU/ml) 2103 2654
Activity: 0-1/2-3/n.d. 29/0/0% 27/10/1
Fibrosis: 0-2/3-4/n.d. 20/9/0* 15/22/1
PEG-IEN dose (pgrkg/day) 1.43 == 0.14% 131 £0.22
Ribavirin dose (mg/kg/day) 10.6 £ 1.5 99+ 14
¢-EVR: +/~ 24/5% 8/27

Mann~Whitney U test, chi-square test
n.d. not determined
#P < 0.05, *P < 0.01

patients compared with those in the EVR-TR group
(Table 5). As for immunological markers, pretreatment DC
frequency, PDC frequency, and PDC ratio at T12W were
higher in EVR-SVR patients than those in EVR-TR
(Table 6). The pretreatment percentages of MDC, PDC, .
Th1, Th2, NK cells, and Tregs and those at any all points
during the therapy did not differ between EVR-SVR and
EVR-TR patients' (data not shown). Multivariate analyses
revealed that higher platelet counts and PDC increase at
T12W were independent factors involved in EVR-SVR
(Table 7). These results indicate that the dynamics of PDC
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