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the rate of proliferation or apoptosis in Bink ™' Lcp2 BMMs
was not significantly different from that in WT BMMs
(Figure SE). We found that in vitro osteoclast differentiation was
savarely abrogated in Bink ' Lcp2™’~ BMMs (Figure 5F), sug-
gesting an important role for BLNK and SLP-76 in osteoclast
differentiation. Thus, the scaffold proteins, with which the Tec
kinases form a complex, have emerged as critical mediators of
osteoclastogenic signals. These results further lend support to
the crucial role of the RANKL-stimulated formation of the ostec-
clastogenic complex: the interaction of Tec kinases and their
scatfold proteins results in the efficient phosphorylation of PLCy

Tec Kinases as Potential Therapeutic

Targets for Bone Diseases

To investigate the role of Btk and Tec in the pathological activa-
tion of osteoclastogenesis, Tec ' Btk ™'~ mice were subjected
to an ovariectomy (OVX}-induced model of postmenopausal 0s-
teaporosis (Aoki et al., 2006). The bone volume and trabecular
bone number/connectivity were significantly reduced by the es-
trogen withdrawal in WT mice, but such a reduction was ob-
served to a much lesser extent in Tec "Btk mice (Figure 6A
and Figure S4). An increase in osteoclast number induced by
OVX was also much lower in Tec ™' "Btk~'~ mice (Figure 6A and
Figure S4), suggesting a key role of Btk and Tec in the patholog-
ical activation of osteoclastogenesis.

Furthermore, Tec ™'~ Btk~'~ mice were subjected 1o a lipopoly-
saccharide (LPS}-induced model of inflammatory bone destruc-
tion (Takayanagi et al., 2000). Tec '~ Btk ™'~ mice were protected
from the activation of osteoclastogenesis and bone loss
(Figure 6B), whereas the formation of an inflammatory cell layer,
the number of infiltrated inflammatory cells, IKK activation, and se-
rum levels of TNF-z and IL-6in Tec " Btk~'~ mice werenot differ-
ant from those in WT mice (Figure 6B and Figure S5). These results
prompted us to examine the therapeutic effects of Tec kinase in-
hibitor in disease models. Local administration of the Tec kinase
inhibitor LFM-A13 had a marked therapeutic effect on the exces-
sive ostenclast formation and bone destruction induced by LPS
{Figura 6C) without affecting IKK activation or inflammatory cyto-
kine levels in the serum (Figure S5), although it has been reported
that Tec kinases are involved in the activation of immune cells, in-
cluding lymphocytes and macrophages (Horwood et al., 2003;
Mangla et al., 2004), These results suggest that the therapeutic ef-
fects of Tec kinase inhibitor in an LPS-induced model are not due
to attenuated immune responses but rather are mainly caused by
diract inhibitory effects on osteoctast precursor cells. It has been
consistently reported that Btk s not essential for LPS-induced
inflammatory cytokine production in macrophages under certain
conditions (Hata et al., 1998; Perez de Diego et al., 2006).

To determine whether the Tec kinase inhibitor has therapeutic
efficacy in a model of osteoporosis, we treated mice that were
intraperitoneally injected with GST-RANKL. GST-RANKL injec-
tion resulted in an increase in osteoclast number and serum cal
cium concentration and a decrease in trabecular bone volume,
but LFM-A13 treatment significantly ameliorated RANKL-
induced bone loss (Figure 6D). These results demonstrate the
inactivation of Tec family kinases to be a novel strategy for
suppressing osteoclastogenesis in vivo.

DISCUSSION

RANKL-Induced Formation of the Osteoclastogenic
Signaling Complex

An osteopetrotic phenotype in Tec "Btk ™'~ mice revealed
these two kinases to play a crucial role in the regulation of oste-
oclast differentiation. Btk and Tec are known to play a key role in
proximal BCR signaling (Ellmeier et al., 2000), but this study
astablishes their crucial role in the integration of the two essen
tial osteoclastogenic signals, RANK and ITAM {Figure 7). Thus,
although immune and bone celis share components of signaling
cascades, they play distinct roles in each cell type, Furthermore,
this study identified an osteoclastogenic signaling complex
composed of Tec kinases and adaptor proteins that may pro-
vide a new paradigm for the signal transduction mechanism of
osteoclast differentiation: ITAM phosphorylation results in the
recruitment of Syk, which phosphorylates adaptor proteins
such as BLNK and SLP-76, which in tumn function as scaffolds
to racruit the Tec kinases activated by RANK and PLCy to the
osteoclast signaling complex so as to induce maximal calcium
influx,

Such complexes are similar to those formed in the immunclog-
ical synapse in T cells, which are associated with membrane
rafts (Cherukuri et al., 2001). It has been reported that RANK ac-
cumulates in membrane rafts, and these specialized domains
may play an important role in the RANK signal transduction (Ha
et al, 2003). We observed that DAP12, Btk, BLNK, and PLCy,
as well as RANK, were recruited to caveolin-rich membrane do-
mains, which are the crucial signaling domains contained in lipid
rafts, after RANKL stimulation (Figure S6). Thus, it is likely that the
complex containing both the RANK and ITAM signaling path-
ways is generated by RANKL stimulation and contributes to
the facilitation of the osteoclastogenic signal transduction.

Linkage between Primary Immunodeficiency

and Bone Homeostasis

The mutation of Btk in humans causes XLA, which is character-
ized by an arrest in B cell development and immunodeaficiency

Figure 6. Tec Kinases as Potential Thmuﬂc Targets in Bone Diseases

{A) OVX-inducad bone loss in WT and Tec ™"~ Btk "

mice (evaluated in tha femurs and tibiae 3 weeks after sham operation or OVX). The trabecular thickness,

separation, and numbar were obtamed from three-dimenaionial microstructural anakysis by microcomputed tomography. Bone volume, ostecclast number, and

eroded surface were based on the bone morphometric analysis

{B) Inflammation-nduced bone destruction In WT and Tec "8tk '~ mice. Histology of the calvarial bone injected with saline fcontrol) or LPS in WT and Tec ™

Btk " mice (TRAP and hematoxyhn staining).

(C) Effect of local administration of the Tec kinase inhibitor LFM-A13 (20 mg/kg) on LPS-induced osteociast formation and bane destruction (THAP and hema-

toxylin staining). This inhibitor at this dosage had marginal etfects on B cells

(D) Effect of local administration of LFM-A13 (20 mg/kg) on RANKL-induced csteociast formation and bone loss Msrmtcemumfced 1.5 hr after the final

injaction. serum calcium leval was measured, and thres-dimensional microstructural analysis (femur) and the bone morphometric anal

ftibia) were part
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Figure 7. Integration of the RANK and ITAM Signals by Tec Kinases
RANKL binding to RANK results in activalion of classical pathways Involving
TRAFE and c-Fos. In addition, Tec kinases are phosphorylated by RANK.
ITAM phosphorylation results in the recruitment of Syk, leading to activation
of adaptor proteins such as BLNK and SLP-76, which function as scaffolds
that recruit bath Tec kinases and PLCy to form the ostecclastogenic signaling
complex. This complex is crucial for efficient activation of calcium signaling
required for the induction and activation of NFATCT, the key transcription
tactor for osteoclast differentiation

(Tsukada et al., 1993). Targeted disruption of Btk alone did not
result in an obvious bone phenotype in mice, and B cell immuno-
globulin production was also not severaly affected in this strain
(Kermer et al., 1995). Therefore, it is possible that the mouse
and human utilization of Tec family kinases is not strictly the
same. Because immunoglobulin production is completely abro-
gated in the combined deficiency of Btk and Tec (Ellmeier et al.,
2000), Tec ' Btk~'~ mice may serve as a better model of XLA.
Currently there is no report on abnormalities of bone metabolism
in the XLA patients, but it will be of great significance to analyze
bone density and quality in patients with primary immunodefi-
ciencies in the future. These studies, together with others, in-
cluding recent data on hyper-lgM syndrome (Lopez-Granados
et al., 2007), will surely shed light on unexpected aspects of
the linkage between the immune and bone systems.

Upstream and Downstream of Tec Kinases
in the Osteoclastogenic Signal Transduction
Although phosphorylation of Tec kinases is dependent on Src
family kinases in immune cells (Schmidt et al,, 2004), ¢-Src defi-
ciency or inhibition of Src family kinases by PP2 has little effect
on osteoclast differentiation (T.K. and H.T., unpublished data).
Although it is possible that other Src family members may
compensate, to date there has been no clear evidence demon-
strating an essential role for Src kinases in osteoclast differenti-
ation; therefore, the kinases that phosphorylate the Tec kinases
in ostecclasts remain to be elucidated.

Based on the in vitro data (Figure 4B}, the phosphorylation of
PLC+y by RANKL is mostly dependent on Btk and Tec. However,
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osteopetrosis in Tec * Btk * mice s less severe than that in
DAP12  FcRvy  mice, and pathological bone loss is not com-
pletely abrogated in the Tec '~ Btk~"~ mice or the Tec kinase
inhibitor-treated mice. It i1s conceivable that the loss of Btk and
Tec is partly compensated by other Tec kinases or that an alter-
native kinase{s) partially functions as a PLCy kinase during
osteoclastogenesis.

Despite the crucial role of BLNK and SLP-76 in osteoclast
differentiation in vitro, bone mineral density was not markedly
increased in Bink™’"Lcp2~" mice (M.S., T.K., and H.T., unpub-
lished data). One explanation for this discrepancy is that BLNK
and SLP-76 do play a substantially important role, but another
adaptor molecule, such as cytokine-dependent hematopoietic
cell linker (Cink), may compensate for the loss in vivo. Although
further studies are necessary to elucidate the mechanism(s), it
is likely that membrane-bound or soluble factors, which induce
or activate Cink, are compensatorily upregulated only in vivo,
In addition, as Bink ' Lcp2 ' mice develop acute leukemia at
a very high frequency (more than 90%,; D.K., unpublished
data), the onset of acute leukemia may affect bone homeostasis
by producing soluble factors that activate osteoclastogenesis or
inhibit osteoblastic bone formation.

Tec Family Kinases as Therapeutic Targets

for Bone Diseases

Tec '"Btk™'~ mice are resistant to OVX-induced bone loss, but
DAP12 " FcRy ™'~ mice, which exhibit more severe osteopet-
rosis, do lose bone after OVX in certain bones (Wu et al,
2007). These results suggest that osteoclastogenesis under
pathological conditions is dependent on a signaling mechanism
distinct from that in physiclogical bone remodeling. Whatever
the detailed mechanism, the results indicate that the Tec
kinases offer some auspicious therapeutic targets in the treat-
ment of metabolic and inflammatory bone diseases (see
Figure 6).

Considering the severe immunodeficiency in XLA, careful at-
tention would obviously have to be given to side effects on
other cell types, including B cells, if Tec kinases were system-
ically inhibited in order to treat metabolic bone diseases. In the
case of inflammatory bone diseases such as rheumatoid arthri-
tis, cenain immunosuppressants have already been success-
fully utilized in the clinic, so the inhibition of these kinases
may prove to be a potentially effective strategy for preventing
bone destruction associated with inflammation. Undoubtedly,
the suppression of molecules shared by immune and bone calls
will require a very careful evaluation in both systems prior to
any clinical application, but these efforts will be rewarded by
the provision of a molecular basis for novel drug design in
the future,

EXPERIMENTAL PROCEDURES

Mice and Analysis of Bone Phenotype

Wae previously described the generation of Tec/~Btk ™" (Elimeier et al., 2000)
and DAP127'"FcR+y™'" (Koga et al,, 2004) mice, Bink '~ (Hayashi et al., 2003)
and Lcp2™"" (Prvniouk et al., 1898) mice ware described previously, Histomor-
phometric and microradiographic examinations were performed as described
(Koga et al., 2004).
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In Vitro Osteoclast Formation, Ca®* Measuremaent,
and GeneChip Analysis

Bone mamow cells were cuttured with 10 ng/ml M-CSF (R & D Systems) for 2
days, and they were used as BMMs EMMs were culiured with 50 ng/mi
RANKL (Peprotech) and 10 ng/ml M-CSF for 3 days RANKL and M-CSF
were added at these concentrations unkess otherwise indicated. In the cocul-

RANKL-Induced Bone Loss
Seven-week-old C57BL/G female mice wers intrapentoneally injected with
20 jug of GST or GST-RANKL (Onental Yeast Co., Ltd.) three timas at intervals
of 24 hr. LFM-A13 [20 mg/kg body weight) or saline was injacted 1 hr prior

1o GST-RANKL treatmant. One and a hall hours after the final injection, all of
the mice were sacrificed and subjected to histomorphometnc and micro-
radiographi . The serum level of Ca’" was measured by

ture system, bone marmow cells were cultured with calvarial ¢ blasts with
107" M 1,25-dihydroxyvitamin D and 107 M peostaglandin Ez. TRAP-positive
MMCs (TRAP® MNGCs, more than three nuciei) were counted. Proiiferation rate
was determined 24 he after RANKL stimulation using Cedl Proliferation ELISA
Kit (Roche), Apoptosis was assayed 24 hr after RANKL stimulation using In
Sity Cell Death Detection Kit (Roche). in Figure 20, LFM-A13 (Calbiochem)
was added a1 the same time as RANKL Concantration of intraceliular calcium
wias measured and GeneChip analysis was performed as described (Takaya-
nagl et al,, 2002)

Retroviral Gene Transfer

Retroviral vectors, pMX-Tec-IRES-GFP, pMX-Bik-IRES-GFP, PMX-Btk
(RZBC)-IRES-GFP, and pMX-Btk (R5250)-IRES-GFP, were constructad by in-
serting cONA fragments of Tec, Bk, Btk (R28C), or Bk (AS25Q) (Takata and
Kurosaki, 1996 into pMX-IRES-EGFP. Retrovinus packaging was performed
by transtecting Plat-E calls with tha plasmids as described previously (Morita
&l ol 20005, After 6 hr inoculation, BMMs were stimulated with FRANKL for
1 days

Deplation of CD198" B Caells

Bone marrow cells contain CD19° cells at the ratio of about 30% in WT mice
and about 15% in Tec '~ Btk "~ mice, CD13" cells were depleted with a mag-
netic sorter and anti-CO18 micr (MACS; Mittenyi Biotec). The purity
was confirmed by FACS, and the population of CO18° B cells was less than
5% In these preparations.

and Flow Cytometry

After baing stimulated with RANKL and M-CSF, BMMs were harvested and
cell lysates wers subjected to immuncbiot or iImmunoprecipitation analyses
with specific antibodies against Tec (Mano et al, 1995), Btk NFATc1,
PLCy1, BLNK, DAP12, jl-actin (Santa Cruz), phospho-PLCy2. PLCy2, phos-
pho-ERK, ERK. phospho-p38, p38, phospho-JNK, JNK. phospho-Akt. Akt
phospho-IKKa/B, IKKa, IKKf (Call Signaling), phospho-PLCy1 (Biosource
Intemational, ik, 4G10 (Upstate), and phaspho-Btk (BD Biosciences). For
immunofluorescence staining, cells were fived with 4% paraformaldehyde,
permeabilized, and then treated with the indicated specific antibadles followed
by staining with Alexa Fluor 488- or 546-labsled se y antibody (M e
lar Prabes). For flow cytometry, bone marmow cells were incubated with the
anti-CD11b antibody (BD Biosciences) or control rat IgG for 30 min followed
by staining with PE-conjugated anti-rat ig( antibody

Ovariectomy-induced Bone Loss

Seven-week-old fernale mice were ovariectomized under anesthesia. Three or
B weaks alter surgery, all of the mice were sacrificed and subjected to histo-
marphometric and microradiographic examinations. Parameters for trabecu-
lar bone (thickness, separation, and number] were calculated on the Dasis of
data obtained from microcomputed tomography analysis as described (Aoki
et al, 2006)

LPS-Induced Bone Destruction

Seven-week-old famale mice wera administered with 8 local calvanal injec-
tion of LPS (Sigma) at 25 mg/kg body weight with a simultanecus injection
of LFM-A13 (20 mg/kg body weight) or saline and were analyred after
5 days as described (Takayanagi et al., 2000). For the detection of KK phos-
phorylation, the calvarial tissues were homogenized 15 min after LPS injec-
tion, and lysates were subjectad to immunoblot analysis The serum lavals
of TNF-a and IL-6 (30 min after LPS injection] wara measured by ELISA kits
(A & D Systams).

Cak.:h.lrn C (Wake).

Statistical Analysis

Al data are expressed as the mean + SEM (n = 5). Sttistical analysis was per-
formed by using Studant's t test or ANOVA followed by Bonferroni test when
applicable p < 0.05; “p < 0.01; *"p < 0.005; n.s_, not significant). Resufts
are represantative examples of more than four independent upenmenﬁ In
Figure 6, statistical analysis was performed between WT and Tec™ B!
mice (n = § per group) on the fold increase of each paramater

SUPPLEMENTAL DATA

Supplemantal Dala include six hgures and can be found with this article oniine
at http//www.cell.com/cgi/content/full/132/5/784/DC1/
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Abstract Allogeneic hematopoietic stem-cell transplan-
tation (HSCT) for chronic granulomatous disease (CGD)
with a reduced-intensity conditioning regimen can be
expected to lead to less therapy-related monality and late-
onset impairment, whereas it has also been reported to
increase the risk of unsustained mixed donor chimerism
and late rejection after transplantation. Herein, we report a
4-year-old boy with CGD who was successfully treated
with unrelated bone marrow transplantation with a
reduced-intensity conditioning regimen (RIC). Fludara-
bine-based RIC, 4 Gy of total body irradiation, 120 mg/kg
of cyclophosphamide, and 125 mg/m? of fludarabine, was
adopted for transplantation, followed with 8.9 = 10%/kg
mononucleated donor cells infused without T-cell deple-
tion. Although hematopoietic engraftment was rapidly
obtained by day +17, he developed unstable donor
chimerism. After tacrolimus withdrawal, the patient showed
grade III acute graft-versus-host disease (GVHD), and
subsequently reached full donor chimerism by day +61.
Twelve months post-transplant, the patient has remained
well with stable and durable engraftment, 100% donor
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chimerism, and normal superoxide production, without the
requirement of donor lymphocyte infusions (DLI).
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1 Introduction

Chronic granulomatous disease (CGD) is a primary
immunodeficiency caused by impaired phagocyte killing of
intracellular pathogens, characterized by recurrent, often
life-threatening bacterial and fungal infections and by
granuloma formation in vital organs. It results from
mutation in any one of four subunits of a nicotinamide
adenine dinucleotide phosphate oxidase of phagocytic cells
(gpO1P"°%, p47Ph°% p67P* and p22Ph%) [1]. Although the
prognosis of CGD has markedly improved due to prophy-
lactic treatment for infections, including the induction of
interferon-gamma therapy, annual mortality is still between
2 and 5% [2]. Allogeneic hematopoietc stem-cell trans-
plantation (HSCT) is an alternative to conventional
treatment for CGD, but a high transplantation-related
mortality rate [3] and high risk of graft rejection have
lowered its therapeutic efficacy [4]. We here in report a
4-year-old boy with CGD who was successfully treated
with unrelated bone marrow transplantation with a fludar-
abine-based reduced-intensity conditioning regimen (RIC).

2 Case report

A 4-year-old boy with CGD was admitted to our hospital in
August 2005. He had had recurrent bacterial and fungal
infections from early infancy, and CGD was diagnosed by
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b0

reduced NADPH oxidase (0%). confirmed by gp91Ph®*
expression analysis when he was | year old. His elder brother
was also diagnosed with CGD, and died of fungal pneumonia
atthe age of 10 years old. There was no HLA-1dentical HSCT
donor in his family. He received anti-infectious prophylaxis
consisting of itraconazole and sulfamethoxazole/trimetho-
prim. Diagnostic imaging at 3 years of age showed
intraperitonial granulation tissue formation and hyperplasia
of the intestinal tract, resulting from having intussusceptions
two times, Interferon gamma therapy had been given for
6 months before transplantation, but subsequently failed.
Thus, allogeneic bone marrow transplantation from an HLA-
matched volunteer donor was planned,

At 4 years of age, he received allogeneic bone marrow
transplantation from an HLA-matched unrelated donor in
March 2006. Donor and recipient HLA matching was con-
firmed by serotyping and molecular typing of the HLA class
Iand Il loci, respectively. We used a RIC for transplantation
with total body irradiation at a dose of 2 Gy (days —8 and
—7) without use of the gonadal shield, cyclophosphamide at
a dose of 60 mg/kg (days —3 and —2) and fludarabine at a
dose of 25 mg/m” (days —6, —5, —4, —3 and —2), because
the patient had been chronically ill, showing intermittent
fever and moderate elevation of CRP values, which was
thought to be due to chronic enterocolitis, Repeated stool
and blood cultures were negative for bacteria and fungi, Just
before transplantation, laboratory findings included
increased C-reactive protein (2.39 mg/dl) and a normal
beta-p-glucan level. Latex agglutination test for serum
Aspergillus and serum Candida antigens were negative.

A cell dose of 8.9 x 10%kg mononucleated cells was
infused to the patient without T-cell depletion. GVHD
prophylaxis consisted of tacrolimus (0.03 mg/kg/day i.v.

Fig. 1 Clinical course after
unrelated bone marrow

continuous infusion from day —1) and short-term metho-
trexate (10 mg/m® i.v. on day +1, 7.5 mg/m° i.v. on days
+3 and +6). He was also nursed in a high-efficiency, par-
ticulate-air-filtered protected environment, and underwent
oral gut decontamination, He received Peumocystis carinii
prophylaxis by sulfamethoxazole/trimethoprim, which was
interrupted after transplantation until neutrophil recovery
confirmed. Post-transplant regimen also included acyclovir,
ursodeoxycholic acid and intravenous immunoglobulin
therapy. Chimerism was studied via the analysis of infor-
mative microsatellite DNA sequences. The oxidase-
positive neutrophils were detected by flow cytometry with
the use of a dihydrorhodamine oxidation assay.

During the conditioning therapy for transplantation,
prolonged fever rapidly resolved and C-reactive protein
values also decreased to within normal ranges. A total of
300 pg/m® of granulocyte-colony stimulating factor was
commenced on day +5 post-transplant. The patient engraf-
ted rapidly. He achieved an absolute neutrophil count of
0.5 » 10°/1by day +17. Chimerism analysis revealed 62.5%
donor cell engraftment by day +21, and 39.3% donor cell
engraftment additively decreased by day +34, respectively.
To achieve complete chimerism, we stopped all immuno-
suppressants by day +39, because he had no GVHD
confirmed at that time. Subsequently, grade Il acute GVHD
of his skin and gut were clinically confirmed on day +55,
followed by full converted donor chimerism and normal
superoxidase production by day +61. He was treated again
with tacrolimus and 2 mg/kg of prednisolone for GVHD,
and all GVHD symptoms disappeared by day +80. Reacti-
vation of his Cytomegalovirus antigenemia was detected on
day +65, and treated with ganciclovir with good response.
Flow cytometric analysis with the use of a dihidrorhodamine

Donor-type cells in BM

62 .5% 39, 3% 100% 100% 100%
transplantaunon, RIST indicates (day20) (day34) (day6l) |day81) |day120)
reduced intensity stem cell
transplantation, In the upper
section of the figure, the donor-
type cells in the bone marrow
are represented as black- RIST
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oxidation assay showed that oxidase-positive neutrophils
were detected as 100% of engrafted cells since then, Twelve
months post-transplant, the patient has remained well. with
stable and durable engraftment, 100% donor chimernsm
normal superoxide production, without donor lymphocyte
infusion (DL1) requirement (Fig. 1)

3 Discussion

Allogeneic HSCT is the curative therapy for CGD, especially
in patients with no inflammatory or infectious lesions at
transplant with an excellent disease-free survival rate (DFS).
A survey of European Group for blood and marrow trans-
plantation (EBMT) has advocated myeloablative regimens,
mostly consisting of busulfan (16 mg/kg) and cyclophos-
phamide (200 mg/kg). and T-cell replete allografis from
HLA-matched related donors, which provided excellent
results in low-risk CGD patients (15 children and 1 adult)
with no overt infectious complications at transplant and a
DFS of 100% [3]. However, in the EBMT report, inade-
quately high rates of severe acute GVHD and pulmonary
infectious complication with a transplant-related mortality
of 36% (4 of 11 patients) were also observed in advanced
CGD patients with active inflammation due to granulomatous
colitis or active infectious disease. Thus, transplant-related
mortality with standard myeloablative transplantation
regimens, especially in advanced CGD, has been a major
obstacle to the more widespread use of allogeneic HSCT

Horwitz et al. recently reported promising results in the
treatment of 10 advanced CGD patients with the combi-
nation of a nonmyeloablative regimen consisting of
cyclophosphamide, fludarabine. and antithymocyte globu-
lin and the use of a T-cell depleted HLA-identical allograft
[5]. This US ial demonsirated that seven out of 10
patients were successfully cured of the disease, even
though two patients rejected their graft and DLI led to
GVHD in three patients, which was fatal in one case. There
are also several reports of successful outcomes for CDG
with fludarabine-based RIC [6-9], while most of them
consisted of transplant from HLA-matched related donors
Furthermore, T-cell depletion could be a promising
approach to reduce the incidence of GVHD, while it could
be associated with an increased risk of infectious compli-
cations and graft rejection. Thus, RIC is associated with a
lower toxity from the conditioning agents and may be an
alternative option for CGD, while it still carries a signifi-
cant risk of graft rejection and GVHD, particularly if DLI
have 1o be used to ensure engraftment.

A national survey of HSCT for CGD in Japan has shown
fairly high survival rate (22 of 28), in which the survival rate
of HSCT from HLA-matched siblings were comparable to
that of HSCT from HLA-matched unrelated donors,
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whereas that of cord blood transplantation were improperly
poor (2 of 4) [10]. Recently, nonmyeloablative conditioning
regimens, mostly consisting cyclophosphanude and Hludar-
have been preferred,
conditioning, consisted of busulfan and cyclophosphamide,
have been initially performed. However, inadequately high
rates of development of unsustained mixed chimerism with
the requirement of DLIs were also demonstrated in the
patients with RIC by cyclophosphamide and fludarabine. In
current case, we adapted fludarabine-based RIC without T-
cell deletion for transplantation, because it is not allowed to
manipulate unrelated donor allografts for DLIs, and also
increased the total body irradiation dose to 4 Gy to ensure
engraftment. Taken together. although standard regimens
for transplantation of advanced CGD have not been estab-
lished, our present case encourages the consideration of
unrelated HSCT with fudarabine-based RIC for patents
with CGD, even if they have infectious complications and
no suitable related donors.

abine, while the myeloablative
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CD16" CD56 NK cells in the peripheral blood of cord blood
transplant recipients: a unique subset of NK cells possibly
associated with graft-versus-leukemia effect
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Abstract

A marked increase in CD16* CD66 NK cells in the peripheral blood (PB) was observed in a cord blood
transplant (CBT) recipient with refractory acute myeloid leukaemia (AML) in association with attaining
molecular remission. CD16* CD56~ NK cells isolated from the patient became CD16"CDB6"NKG2D™ when
they were cultured in the presence of IL-2. Although cultured CD16*CD66  NK cells retained the killer-cell
immunoglobulin receptor (KIR)M-igand (KIR-L) specificity and the patient’s leukemic cells expressed corre-
sponding KIR ligands, they killed patient’s leukemic cells expressing ULBP2. The cytotoxicity by cultured
CD16'CD56 NK cells was abrogated by anti-ULBP2 antibodies. When leukemic cells obtained at relapse
after CBT were examined, both the ULBP2 expression and susceptibility to the cultured NK cells
decreased in comparison to leukemic cells obtained before CBT. An increase in the CD167CD56™ NK cell
count (0.5 x 10%L or more) in PB was observed in seven of 11 (64%) CBT recipients but in none of 13
bone marrow (BM) and eight peripheral blood stem cell (PBSC) transplant recipients examined during the
similar period after transplantation. These findings suggest an increase in CD16"CD56~ NK cells to be a
phenomenon unique to CBT recipients and that mature NK cells derived from this NK cell subset may con-
tribute to the killing of leukemic cells expressing NKG2D ligands in vivo.
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Cord blood transplantation (CBT) is being increasingly
used for treatment of hematologic malignancies because
its efficacy in the treatment of adult patients has been
proven based on the findings of recent studies (1-4). One
possible drawback of CBT is the less potent graft-versus-
leukemia (GVL) effect than that of bone marrow trans-
plantation (BMT) or peripheral blood stem cell trans-
plantation (PBSCT) due to the immaturity of T cells
contained in the cord blood (CB) graft (5). However, a
recent study has shown the relapse rate after CBT to be
comparable to that after BMT or PBSCT from human
leukocyte antigen (HLA) maiched sibling donors (1).
Moreover, an analysis on the outcome of CBT for adult
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patients with acute myeloid leukaemia (AML) in Japan
revealed that the rate of leukemic relapse after HLA-mis-
matched CBT was lower than that after HLA-matched
CBT despite the fact that the incidence of graft-versus-
host disease (GVHD) was similar between the two
groups (Cord Blood Bank Network of Japan; unpub-
lished observation). These clinical findings suggest that
immunocompetent cells other than T cells may mediate
the GVL eflect after CBT.

Natural killer (NK) cells play a major role in the
development of GVL effect after an HLA-mismatched
stem cell transplantation (SCT) (6. 7). The GVL
effect by NK cells depends on the presence of



CD16" CDS6 NK cells in CBT recipients

HLA-mismatches and T cell recovery after SCT (8).
Because CBT is often carried out from HLA-mis-
matched donors and is also associated with delayed T
cell recovery (9-11), NK cells may be more likely to
contribute to the development of GVL effect after
CBT than after BMT or PBSCT. Few studies., how-
ever, have previously focused on the GVL effect by
NK cells alter CBT.

CB has a unique subset of NK cells characterized
by a phenotype CDI6 CD56™ (12-14). This NK cell
subset is thought to be immature NK cells capable of
differentiating into CD16 CD56" NK cells (15). We
recently observed an apparent increase in this NK cell
subset in a patient who underwent reduced-intensity
CBT for the treatment of relapsed AML after PBSCT
from an HLA-compatible sibling donor. The patient
achieved a molecular remission of AML in association
with the NK cell increase. This observation prompted
the characterization of CD16 CD56~ NK cells of this
patient and other patients after allogeneic SCT. The
present study revealed that CDI6 CDS6 NK cells
may potentially play a role in the development of the
GVL effect in patients whose leukemic cells express
NKG2D ligands.

Materials and methods

Patients

Peripheral blood (PB) was obtained from 11 CBT, 13
BMT (10 from related and three from unrelated donors),
and eight PBSCT patients 2135 months after transplan-
tation. None of the patients had active graft-versus-host
disease requiring corticosteroids at time of sampling or
signs of infection. The original diseases of the CBT recip-
ients included AML in four, non-Hodgkin’s lymphoma
(NHL) in four, myelodysplastic syndromes (MDS) in
two and renal cell carcinoma in one. In the BMT recipi-
ents, those were AML in four, acute lymphoblastic leu-
kemia (ALL) in four, MDS in three, chronic myeloid
leukaemia (CML) in one, and aplastic anaemia (AA) in
one while in the PBSCT recipients, those were AML in
four, ALL in one, biphenotypic leukemia in two and
NHL in one. All CBT recipients received an HLA-mis-
matched graft; the number of HLA mismatches between
donor and recipient were two in seven, three in three and
four in one. No HLA mismatch was observed between
each donor and the BMT or PBSCT recipient except for
six PBSCT recipients whose mismatches with their
donors was one in two, two in one and three in one. This
study was approved by our institutional review board
and all patents gave their informed consent for the phe-
notypic and functional analyses of their peripheral blood
mononuclear cells (PBMCs).
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Phenotype analysis of PBMC after SCT and leukemia
cells

The cell surface phenotype was determined by three-
color flow cytometry. The cells were stained with various
monoclonal antibodies (mAbs) specific to cell surface
proteins including CD3, CD356, CD16, CD158a, CDIS8b
(Becton Dickinson Pharmingen), NKG2A, NKG2D,
NKp30, NKp44 and NKp46 (Beckman Coulter, Mar-
seille, France). The expression of NKG2D ligands on
leukemic cells from a CBT recipient was determined
using mAbs specific to MICA/B (Becton Dickinson
Pharmingen), ULBP1, ULBP2 and ULBP3 (R&D Sys-
tems, Minneapolis, MN),

Cell separation

PBMCs were isolated using density gradient centrifuga-
tion. NK cells were enriched by negative selection using
immunomagnetic beads (Dynal NK cell isolation kit
Dynal Biotech, Lake success, NY) according to the
manufacturer’s recommendation (16). NK cell purity
was confirmed by flow cytometry. CD16'CDS6" and
CDI6"CD56 NK cells were separated from the
enriched NK cells with anti-CD356-coated microBeads
(MACS) by passing them through two sequential large-
scale columns (Milteny Biotec, Gladbach, Germany)
according to the manufacturer's instructions. CDI158b"
and CDI58b~ NK cells were separated with anti-
CD138b-FITC Abs and anti-FITC microbeads.

NK cell culture

Isolated 2 x 10° CDI16°CD36" and CD167CD56™ sub-
sets were cultured with or without 2 x 10° irradiated
(45 Gy) K562 cells transfected with the membrane-bound
form of IL-15 and human 4-1BBL (K562-mbl15-41BBL)
kindly provided by Dr. Dario Campana of University of
Tennessee College of Medicine (17) in RPMI11640 con-
taining 10% fetal bovine serum (FBS), 50 U/mL penicil-
lin, 50 pg/mL streptomycin and 100 IU/mL IL-2 for
14d. The cultured NK cells were washed with
RPMI1640 and then were used for the cytotoxicity
assay.

Transfection of 721-221 cells with retroviral vector

An HLA class I-negative B cell line 721-221 was trans-
fected with retrovirus vectors containing HLA-C*0301
(.221-Cw3) or HLA-C*0401 (.221-Cw4) as described pre-
viously (18). Transfectants were selected in the presence
of 0.1 mg/mL neomycin and 0.1 mg/mL puromycin. The
surface expression of HLA-C molecules was confirmed
by flow cytometry using a mAb HLA-ABC (Immuno-
tech, Marseille, France). A clone exhibiting the highest
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level of HLA-C expression was used as a target in the
cytotoxicity assay.

Cytotoxicity assay

NK cell cytotoxicity was assessed using the standard
chromium release assay, as described previously (19). In
blocking expeniments, anti-ULBP Abs were added at
10 pg/mL to the *'Cr labeled target cells and target cells
were incubated at 37°C for 30 min before the addition of
NK cells. The percentage of specific lysis was calculated
using the formula: 100 x (count per minute [cpm]
released from test sample-cpm spontaneous release)/(cpm
maximum release — cpm spontaneous release).

Statistical analysis

The significance of difference in the PB CDI16 CD56
cell count between CBT recipients and recipients of BM,
PBSCT, or healthy individual was assessed by Student’s
t-test. The significance of difference in the time of sam-
pling after SCT between CBT, BMT and PBSCT was
assessed by Mann-Whitney test. P-values <0.05 were
considered to be significant.

Results

An increase in the number of CD16°CD56 NK cells in
a CBT recipient

A 56-yr-old male (Patient 1) who relapsed with AML M0
after PBSCT from a sibling donor underwent CBT follow-
ing preconditioning with fludarabin 125 mg/m’, melpha-
lan 80 mg/m”, and 4 Gy TBI. The patient’s leukemia was
refractory to chemotherapy and there were 18% leukemic
blasts in the PB at the time of preconditioning. He
achieved complete chimerism in PB on day 22 after CBT.
The WTI copy number in BM RNA decreased from
13 000 copies/pg RNA before the start of preconditioning
to 140 copies/pg RNA on day 60 (20). However, it rose to
1500 copies/uyg RNA on day 80 after CBT. Although a
molecular relapse was suspected, the WTI copy number
spontaneously decreased to 230 on day 172. Surface phe-
notype analysis of PB leukocytes on day 84 showed an
increase in the count of CD3"CDI16" CD56™ NK cells
(Fig. 1). The CD16 " CD356~ NK cell count remained as
high as 3.2-4.5 % 10°/L for the following |1 months dur-
ing which he remained in remission, The patient eventu-
ally relapsed with AML and died 16 months after CBT.
The unexpected long term remission after reduced-inten-
sity CBT associated with an increase in the CDI167 CD36
NK cell count prompted the characterization of the
CDI16"CD56 NK cells of this patient and other patients
who underwent allogeneic SCT.
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Figure 1 Phenotype of the CD16" NK cells In the peripheral blood
Representative results of flow cytometry on CD3™ lymphocytes from
SCT recipients and heaithy individuals are shown. Gates were set up
to exclude any CD3" lymphocytes as shown in (A) and (B), (C) &
healthy individual, (D) a CBT recipient (Patient 1); (E) a BMT recipient;
(F} @ PBSCT recipient

CD16*CD56 NK cells in PB of allogeneic SCT recipi-
ents

Because the presence of CDI16 CD56° NK cells has
been reported to be characteristics of CB, the proportion
of PB CD16 " CD56™ NK cells as well as their absolute
count was determined for other recipients of CB and the
other stem cell grafts. An increase in the CDI16 " CD56
NK cell count greater than 0.5 x 10°/L was seen in seven
of 11 CBT recipients but in none of 13 BMT and eight
PBSCT recipients (Figs | and 2). There was no signifi-
cant difference in the tme of sampling after SCT
between CBT recipients and BMT recipients (P = 0.772)
or CBT recipients and PBSCT recipients (P > 0.265).
Both the CDI16 CD56  NK cell proportion and the
absolute count were significantly higher in CBT recipi-
ents than in other SCT recipients or in healthy individu-
als. In contrast, there were no significant differences in
the count of other NK cell subsets including
CDS6"™CDI16 " and CDS6™MCD16™ cells among these
three SCT recipient groups (data not shown). A
CDI16"' CD56™ NK cell increase greater than 1.5 x 10%/L
was restricted to Patient 1 and another CBT recipient
with NHL (Patient 2). The CDI6 CD56~ NK cell
counts of Patient 2, 5 months and 15 months after CBT
were 1.5 % 10%/L and 1.8 x 10%/L, respectively.

Surface phenotype of CD16°CD56 NK cells and
leukemic cells

To characterize this unusual NK cell subset, the surface
phenotype was compared between CD16 CD56 and
CDI16"CD56" NK cells from Patient 1 and Patient 2
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Figure 2 The proportion (A) and the absolute count (B} of
CD3"CD16"CDSE™ in the PB of SCT recipients and healthy individuals
An increase in the proportion of CD3 CD16°CD66~ NK cells (20% or
mare) in the PB CD16" NK cells and an increase in the absolute count
of the same NK cell subset (=0.5 x 10°/L) were observed in seven of
11 CBT recipients, but in none of allogeneic 13 EM and eight PBSC
transplant recipients. The CD3"CD16°CD56 cell count was calculated
by multiplying the WBC count with the proportion (%) of this subset
among the total cell event

Table 1 Phenotype of the NK cell subsets from two CBT recipients
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(Table 1). All CDI16 CD56” cells, similarly to
CDI6 " CD56 cells. expressed CDIla, CDIS, but did
not express a B-cell marker CDI19, or the myeloid mar-
ker CD33 (data not shown). There were no differences in
the expression levels of two major inhibitory NK recep-
tors CD158a and CD158b between the two NK cell sub-
sets (data not shown). On the other hand, the
proportions of cells expressing activating NK receptors
including NKG2D in CDI16° CD56 NK cells tended to
be lower than those of CD16 " CD56 " NK cells.

The leukemic cells obtained from Patient 1 before
CBT exhibited an NKG2D ligand ULBP2 (Fig. 3).
When the leukemic cells obtained after relapse was exam-
ined, the ULBP2 expression was observed to have
decreased to levels comparable to ULBPI and ULBP3.

Phenotypic change of CD16°CD56 NK cells after
in vitro culture

CDI16 " CD56 NK cells derived from CB are reported to
undergo differentiation in vitre in the presence of IL-2
(15, 21) and are therefore thought to be precursors of
CDI6"CD56™ NK cells (15). CDI67CD356™ NK cells
were enriched from PBMCs of Patient 1 and Patient 2
and cultured in the presence of 100 IU/ml of IL-2 with
or without irradiated K562-mb15-41BBL. In accordance
with the results of previous studies, CD16 CD56  NK
cells from Patient | became CDI16 " CD356" alter in vitro
culture (Fig. 4). Cultured CDI16  CD56 NEK showed a
tendency toward an increased expression of activating
receptors including NKp30. NKp44, NKp46 and
NKG2D, but did not show any changes in the expres-
sion of inhibitory receptors including CDI158a, CD158b
and NKG2A (Table 1).

Specificity of cultured CD16°CD56 NK cells

Although attaining molecular remission in association
with an increase in the CD16 " CD56™ NK cells suggests
the involvement of these NK cells in the GVL effect,

NKp46

NKp30 NKp44 NKG2ZD

% MFI % MFI % MFI % MFI
Patient 1 CDsg*CD1&" Frash a7 11.5 4] 7.51 56.7 379 61.0 356
Cultured 431 332 71.2 889 613 481 100.0 156.0
CDs&°CD16 Fresh 0.0 8.37 0.0 7.57 176 126 46.7 126
Cuitured 14.2 10.4 51.4 3.0 542 268 99.9 268
Patient 2 CDB6"CD16" Frash 36 en 0.0 7.2 429 443 72.3 443
Cultured 14.2 394 514 48 4 642 64.4 99.6 54 4
CD56°CD16 Fresh 0.0 BE5 0.0 B.31 215 16.9 69.0 16.9
Cultured 58.1 47 6 66.3 61.4 76.2 648 98.5 64,8

CD16°CD566™ and CD16°CD56~ NK cells wera isolated from two CBT recipients and cultured with irradiated K562-mb1541BBL in the presence
of IL-2 for 14 d. Cultured NK showed increased expression of activating NK receptors including NKp30, NKp44, NKpd6 and NKG2D
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Figure 3 Expression of NKG2D ligands on 5
leukemic cells from Patient 1 (A) leukemic cells &
obtained before CBT, (B) leukemic cells g

obtained after relapse. The proportion of ULBP2
expressing leukemic cells decreased from 59%
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Figure 4 Phenotypic change of CD16'CD56 Nk cells with time
associated with in witro culture. Isolated CD16'CDEE™ cells from
Patient 1 were cultured in the presence of 100 IU/L IL-2 without (&)
or with K662-mb15-41BBL (B). CD16°CD56~ NK cells from CBT recipi-
ents became CD16°CDS6™ after the in vitro culture

there was no killer-cell immunoglobulin receptor (KIR)-
ligand (KIR-L) mismatch between Patient | and the CB
donor; Patient | and the CB donor shared C*0102 and
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Figure 5 Specificity of NK cells derived from o+ .
CD16°CDS6™ NK cells. Cultured NK cells
denved from CD16°CD56 cells of Patient 1 (A c
and B) and Patient 2 (C and D) were separated 0%
into CD1580" (A and C) and CD158b" cells (B 2
and D) and were examined for the cytotoxicity = :3: e
against 721-221 cells and 721-221 wansfected E e .
with different HLA-C alleles C*0301 (.221-Cw3) -E' 0% iy
and C*0401 (.221-Cwd), The data represaent £ 1: |
one of two expenments which produced similar 5

results.
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C*0304. To determine whether cultured NK cells derived
from CD16 CD356  NK cells retain specificity restricted
by KIR-L of target cells, cultured NK cells from Patient
1 and Patient 2 who possessed C*0102 and C*1202 were
separated into CDI58b™ and CDI58b- NK cells, and
were examined for their cytotoxicity against 721-221 cells
transfected with different HLA-C alleles (Fig. 5).
CD158b" NK cells failed to kill 721-221 cells transfect-
ed with HLA-C*0301 (.221-Cw3) while they killed both
wild-type 721-221 cells and 721-221 cells transfected
with HLA-C*0401 (.221-Cw4). Conversely, CDI158b~
NK cells not only killed 721-221 cells but they also
killed .221-Cw3 and .221-Cw4 cells, thus indicating that
the cytotoxicity due to the cultured CD158b™ NK cells
is inhibited by the KIR-L Cw3 of the target cells.

Cytotoxicity of cultured CD16°CD56 NK cells against
leukemic cells

When leukemic cells obtained from Patient | before CBT
were used as a target, both CDIS8b" and CD158b™ NK
cells showed similar cytotoxicity to that of unfraction-
ated NK cells (Fig. 6). The cytotoxicily was blocked by
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treatment of leukemia cells with anti-ULPB2 mAbs. Leu-
kemic cells obtained after relapse were relatively resistant
to killing by cultured NK cells in comparison to those
obtained before CBT.

Discussion

The present study revealed an increase in a unique NK
cell subset characterized by CDI16 CD56" in CBT
recipients. Although CD3 CDI16 CD56" cells comprise
monocytes, an increase in this subset was due to an
increase in immature NK cells because they did not
express a myeloid marker CD33 and acquired CD36
expression by in vitre culture in the presence of IL-2.
An increase in NK cells with a similar phenotype has
been shown in patients with solid tumors who were
treated with IL-2 (21) and in those with HIV infection
(22). Our CBT recipients did not receive cytokine ther-
apy nor show any signs of viral infections at sampling.
The expression of KIRs including CDI58a and

CD158b was not depressed in CDI6"CD56™ cells of

Patient | and Patient 2 in contrast to those of HIV
patients (22). An in vitro culture of CD16 CD56 NK
cells from patients with HIV viremia in the presence
IL-2 reportedly failed to induce NKp44 expression
while it did induce the NKp44 expression by
CDI16  CD56~ NK cells from the two CBT recipients.
It is therefore unlikely that the increase in the

CDI16"CD56 cell count in the CBT recipients was
secondary to viral infections.

Gaddy er al, demonstrated a novel subset of NK cells
characterized by a phenotype CDI16 CD356™ to exist in
CB (12). They hypothesized that this NK cell subset rep-
resents immature NK cells capable of differentiating into
CDI16 " CD356" NK cells (15). CDI16™ CD56™ cells of our

against leukemic cells. (A} Unseparated and
separated NK cells were tested against leuke-
mic cells obtained before CBT. (B} Leukemic
cells were incubated in the presence of ant-
ULBP1 or ULBP2 Abs before incubation with
cultured NK cells; (C) Cytotoxicity of unseparat-
ad NK cells were tested against leukemic cells
obtained before CBT or after relapse. The data
represent one of three expenments which pro-
duced similar results

patients also underwent differentiation into
CDI167CD56" cells when they were cultured in the pres-
ence of IL-2. Therefore, CDI6 CD56™ cells in PB after
CBT may be derived from immature NK cells or NK
precursor cells which existed in CB grafts. Previous stud-
ies on NK cells from SCT recipients and ex vivo engi-
neered CB NK cells did not reveal an increased
proportion of CD16CD356™ cells (23-25). Both Patient
1 and Patient 2 received an HLA-mismatched CB graft
although there was no KIR-L mismatch. Notably,
Patient | had a large leukemic burden at the time of
reduced-intensity preconditioning. It is therefore plausi-
ble that residual leukemic cells may have stimulated NK
cell precursors to recruit CD16°CD56” NK cells in
Patient |.

Patient 1's leukemic cells obtained before CBT
expressed ULBP2. The incubation of CD167CD56™ NK
cells derived from Patient | in the presence of 1L-2 and
the K562 transfectant augmented NKG2D expression
and the cultured NK cells showed cytotoxicily against
leukemic cells despite that cultured NK cells retained
KIR-L specificity and Patient 1's leukemic cells expressed
matched KIR-L HLA-C*0304/C*0102. The cytotoxicity
by the cultured NK cells decreased against leukemic cells
treated with anti-ULBP2 Abs, and also against the leuke-
mic cells obtained from Patient | after relapse which
were devoid of ULBP2 expression. These findings suggest
that mature NK cells derived from CDI6" CD5S6 NK
cells may have exerted GVL effect on Patient 1's leuke-
mic cells by way of interaction of NKG2D and ULBP2.
The aberrant expression of NKG2D ligands by leukemic
cells has been demonstrated by previous studies (26), but
its influence on the outcome of allogeneic SCT has not
yet been clarified. The results of the present study
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