After 6 days of co-culture, hematopoietic progenitars were de-
tected only on the A54 cells. These results suggest that only
A54 cells have the ability to support hematopoietic cell growth
among these three cell lines, consistent with the previous re-
port. Hematopoietic cell proliferation was not observed on
the layer of the terminally differentiated A54 adipocytes, sug-
gesting that A54 cells lose the ability for hematopoietic cell
support after adipocyte differentiation. To understand the mo-
lecular mechanisms of this observation, we examined the ex-
pression levels of SCF, SDF-1, and Ang-1 during adipocyte
differentiation by RT real-time PCR. The expression levels
of Ang-1 and SCF decreased immediately after the induction
of adipocyte differentiation, and that of SDF-1 decreased grad-
uvally. In contrast to this, the level of adipocyte differentiation
marker, CEBP-8, was unchanged.

‘The analysis of functionally unknown molecules is currently
underway. In addition, cell-to-cell contact is also believed to be
crucial in the interaction between hematopoietic stem cells and
MSCs. We are currently investigating the cellular and molecu-
lar events in the interactive communication between hemato-
poietic stem cells and MSCs.

3. Nitric oxide (NO) plays a critical role in suppression
of T-cell proliferation by mesenchymal stem cells

There is a case report of severe steroid-resistant GVHD after
bone marrow transplantation, in which intravenous infusion of
MSCs greatly improved clinical manifestations [3]. Moreover,
multi-institutional clinical trial of MSC-treatment of severe
grade ITI—IV acute GVHD in Europe revealed very high overall
response rate (about 70%) (Le Blanc et al., ASH meeting
2006). The molecular mechanisms by which MSCs suppress
T-cell proliferation are complicated, and whether a soluble fac-
tor plays a major role remains controversial. Transforming
growth factor-p (TGF-f), hepatocyte growth factor (HGF), in-
doleamine 2,3-dioxygenase (IDO), and prostaglandin E;
(PGE;) have been reporied to mediate T-cell suppression by
MSCs [15—17]. In addition, some reports have shown that a sol-
uble factor is the major mediator of suppression, whereas some
reports have demonstrated that T-cell-MSC contact is required
for this suppression.

We also investigated the molecular mechanisms using pri-
mary murine MSCs, and focused on nitric oxide (NO), because
it is known to inhibit T-cell proliferation. NO is produced by
NO synthases (NOSs), of which there are 3 subtypes; i.e. in-
ducible NOS (iNOS), endothelial NOS, and neuronal NOS. Tt
has been known that macrophages suppress T-cell prolifera-
tion, and that this suppression is caused by NO-mediated inhi-
bition of Stat5 phosphorylation [18]. We investigated whether
MSCs can also produce NO and whether NO is involved in
their ability to suppress T-cell proliferation [19].

T cells proliferated in response to PMA and ionomycin,
which act downstream of the T-cell-receptor complex by acti-
vating protein kinase C and inducing Ca”" influx, respectively.
Such T-cell proliferation was suppressed by the presence of
MSC, suggesting that MSCs influence signals downstream
of protein kinase C and Ca** influx. The expression of the
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activation markers CD25 and CD69 on CD4 or CD8 T cells
did not change even in the presence of MSCs. MSCs sup-
pressed the production of IFN-y but not IL-2,

Although T cells from Stat5~'~ mice do not proliferate upon
stimulation with anti-CD3, they up-regulate CD25. Because
this phenotype is similar to the status of activated T cells in
the presence of MSCs, we hypothesized that MSCs suppress
Stat5 phosphorylation. Indeed, Stat5 phosphorylation in acti-
vated T cells was diminished in the presence of MSCs. We
found that MSCs caused a significant and cell-dose-dependent
production of NO only when co-cultured with activated T cells.
The induction of INOS was readily detected in MSCs but not in
T cells. RT-PCR and Western blot analysis detected iNOS ex-
pression in MSCs cocultured with activated splenocytes but not
in MSCs or splenocytes when cultured alone. The immunofiu-
orescence studies showed that iNOS was exclusively expressed
in CD45~ adherent cells, which correspond to MSCs, but notin
CD45*T cells. Next, we investigated the effects of N-nitro-L-
arginine methyl ester (L-NAME), a specific inhibitor of
NOS. As expected, L-NAME dose-dependently inhibited the
production of NO by MSCs in the presence of activated T cells.
Importantly, L-NAME restored T-cell proliferation and Stat5
phosphorylation, indicating that NO is involved in the inhibi-
tion of T-cell proliferation and Stat5 phosphorylation. More-
over, MSCs from inducible NOS™'* mice had a reduced
ability to suppress T-cell proliferation.

In the presence of direct interaction between T cells and
MSCs, there was a high level of NO production accompanied
by a strong suppression of T-cell proliferation. In contrast,
both NO production and T-cell suppression were reduced in
a transwell system, in which T cells were separated from
MSCs by a 1-um-pore membrane. There are two possible ex-
planations for the difference in T-cell suppression between the
presence and absence of the transwell system. First, the
amount of NO produced in the transwell system was lower
than that in the presence of direct interaction. This finding sug-
gests that direct interaction is critical for efficient production
of NO as well as for strong suppression of T-cell proliferation.
A second possible explanation is that, because NO is highly
unstable, it can lose its activity before it reaches T cells in
the transwell system.

Because TGF-B, IDO, and PGE; were reported as media-
tors of T-cell suppression by MSCs, we compared the effects
of L-NAME with inhibitors of each mediator. Indomethacin
(inhibitor of PGE; production) but not 1-methyl-pL-tryptophan
{(1-MT: inhibitor of IDO) or an anti-TGF-B-neutralizing anti-
body restored T-cell proliferation as effectively as L-NAME;
however, the effects of L-NAME and indomethacin were not
additive, suggesting that the NO and PGE, share signaling
pathways leading to T-cell suppression.

In summary, our hypothesis that NO is produced by MSCs
and that it suppresses T-cell proliferation in part through in-
hibition of Stat5 phosphorylation was supported by the fol-
lowing facts: (1) NO was readily detected in the medium
in the co-culture of MSCs and activated T cells; (2)
L-NAME restored T-cell proliferation as well as Stat5 phos-
phorylation; and (3) MSCs from iNOS = mice had markedly
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reduced ability to suppress T-cell proliferation. This hypoth-
esis was further confirmed by the finding that iNOS expres-
sion was detected only in MSCs co-cultured with activated
T cells.

In our scenario (Fig. 2), when MSCs are administered to the
patients with severe acute GVHD, MSCs are considered to ac-
cumulate at the site of inflammation. Upon interaction with
activated T cells, MSCs express iNOS and produce NO, which
suppresses T-cell proliferation via inhibition of STATS phos-
phorylation. Systemic adverse effects of NO do not occur
due 1o local production of NO with very shornt half-life. This
1s & very important point, because conventional treatment of
acute GVHD causes severe systemic immunosuppression,
which sometimes leads to life-threatening infections. Since
MSC weatment causes just local immunosuppression, it should
be much safer.

4. Interferon-y and NF-xB mediate nitric oxide
production by mesenchymal stem cells

Human MSCs were reported to suppress Thl differentia-
tion and augment Th2 differentiation. Therefore, we investi-
gated whether mouse bone-marrow-derived MSCs and the
10T1/2 cell lines have the same effect on Thl and Th2. We
found a reverse correlation between NO production and T
cell proliferation in Th1/Th2 conditions, where NO production
was highly induced in the presence of MSCs in Thl but it was
only minimally induced in Th2. In particular, primary MSCs
and the A54 preadipocyte cell line, which induce strong T
cell suppression in Thl, produce high levels of NO in Thl
condition. These results suggest that NO also plays a major

©
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activation

MSCs

role in the preferential suppression of Thl proliferation by
MSCs.

To determine what inhibits the production of NO in Th2
condition, the two differentiation factors that support Th2
differentiation, anti-IFN-y antibody and IL-4, were investi-
gated. As a result, anti-IFN-y antibody clearly inhibited the
production of NO, whereas suppression by IL-4 was less evi-
dent. These results suggest that [IFN-v is a key regulator of NO
production by MSCs.

Interestingly, cell supernatant collected from activated T
cells had the ability to induce NO production by MSCs.
IFN-y is critical for NO production; however, in a T cell-
free environment, IFN-y alone does not induce NO produc-
tion from primary MSCs. IFN-y in combination with LPS,
but not IL-2, stimulates NO secretion from primary MSCs,
suggesting that both the IFN-y and the signal from Toll-like
receptor-4 (TLR4) are required for NO induction by MSCs.
The addition of flagellin induced NO production in combina-
tion with IFN-y. While, synthetic double strand RNA,
poly(1:C), and CpG-oligonucleotide did not induce NO. Fla-
gellin is a protein component of bacteria known to induce
NO production from macrophages via TLRS in the presence
of either a TLR4 or IFN-vy signal. In addition to these factors,
IL-1f and TNF-2 induce NO when provided in combination
with IFN-y. As NF-kB is a downstream target of the signaling
cascades activated by LPS, flagellin, IL-1B, and TNF-a, we
hypothesized that activation of NF-kB is required for NO in-
duction by MSCs. Bay-11-7085, a specific inhibitor of NF-
kB, suppressed induction of iINOS in MSCs, thus suggesting
that NF-xB is involved in NO production by MSCs as well
as IFN-y [20].

Fig. 2. MSC treatment of acute GVHD and the molecular mechanisms of T-cell suppression. MSCs are considered to accumulate at the site of inflammation and
systemic adverse effects may not appear due to the local production of NO, which has very short half-life
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5. Retroviral vector-producing mesenchymal stem cells
for tumor tracking and therapeutic gene amplification
in suicide cancer gene therapy

MSCs are known to have a tendency to accumulate at the
site of umors, and therefore can be utilized as a platform
for targeted delivery of anti-cancer agents [21—23]. The
MSC-based targeted cancer gene therapy can enhance the ther-
apeutic efficacy, because MSCs are considered to reach tumors
including metastatic lesions and to deliver therapeutic mole-
cules in a concentrated fashion, This targeted therapy can
also reduce systemic adverse side effects, because the anti-
cancer agents act locally at the site of tumors without elevating
their systemic concentrations. We developed genetically-
modified MSCs that produce retroviral vectors encoding
HSVik aiming at augmenting therapeutic efficacy of systemic
suicide cancer gene therapy (Fig. 3). The tumor tropism and
anti-tumor effects of vector-producing MSCs (VP-MSCs)
were examined by intravascular injection in tumor-bearing
nude mice, MSCs isolated from the bone marrow of SD rats
were transfected with plasmid DNA expressing luciferase
alone (=non-VP-MSCs) or whole retroviral vector compo-
nents (LTR-Luc or LTR-HSVrk with Gag-pol and VSV-G)
(=VP-MSCs) by nucleofection. To assess tumor tropism of
MSCs, nude mice were subcutaneously inoculated with 9L
rat glioma cells or Rat-1 fibroblasts, and were subsequently in-
jected with luciferase-expressing MSCs through the left ven-
tricular cavity. The transgene expression was periodically
traced by using an in vive imaging system. As a result, the
transgene expression accumulated at the site of subcutaneous
9 L tumors, but undetectable at the site of Rat-1 fibroblasts.
In addition, the injection of luciferase-expressing VP-MSCs
caused much stronger signal of bioluminescence at the site
of 9 L tumors compared with luciferease-expressing non-VP-
MSCs. Immunostaining study showed that luciferase-positive
cells (injected MSCs and transduced glioma cells) were de-
tected at the periphery of tumors. To evaluate the therapeutic
cfficacy, tumor-bearing nude mice were treated with non-
VP-MSCs or VP-MSCs combined with HSVIK/GCV system
and then the size of subcutaneous tumors was periodically
measured. In this model experiments, tumor growth was

Non-vector-producing
MSCs (non-VP-MSCs)

.
=
S

@.

more efficiently suppressed by injecting VP-MSCs compared
with non-VP-MSCs (Uchibori R, et al.: manuscript in prepara-
tion). This study suggests the effectiveness of VP-MSCs in
suicide cancer gene therapy. The therapeutic benefit of this
strategy should be further examined in orthotopic and meta-
static tumor models.

6. Site-specific insertion of a therapeutic gene into the
AAVSI1 locus (19q13.4) in human mesenchymal stem cells
by using adeno-associated virus integration machinery

Hematopoietic stem cells, ES cells, and MSCs are attractive
targets for gene therapy and regenerative medicine, since they
replicate themselves and differentiate into various cell line-
ages. To introduce genes in these stem cells, it is especially
important to utilize a system that results in a minimal risk of
insertional mutagenesis. To date, only one animal virus, the
adeno-associated virus (AAV), is able to integrate into a de-
fined site in human chromosome, AAVSI (19q13.4), which
is mediated by the activity of specific replicase/integrase pro-
tein, Rep. The Rep78 or Rep68 protein recognizes the GAGC
motif on the viral inverted terminal repeat (ITR) sequence and
a similar motif in AAVS]1, leading to the site-specific integra-
tion of the AAV genome.

We and others have reported that a plasmid transfection
system utilizing AAV derived components, the rep gene and
ITR, could integrate the gene of interest preferentially into
AAVSI in epithelial or adherent cells (e.g., 293, Hel.a, Huh-
7 cells) [24—26]. Our system uses two plasmids, one harboring
the transgene cassette flanked by the ITR sequences, and the
other for rep expression, allowing only plasmid DNA harbor-
ing the ITR to integrate into the AAVS]1 locus. In addition, this
system can deliver DNA segments larger than the 4.5-kb pack-
aging limit of AAV. As a first step toward establishing
a method capable of integrating therapeutic DNA into the
AAVS! locus in MSCs, we tested this strategy in KM-102
cells, a cell line derived from human marrow stromal cells.
KM-102 cells were co-transfected with a bicistronic plasmid
containing a humanized GFP gene and a blasticidin S resis-
tance gene (bsr) between the ITRs and a Rep68 plasmid. After
transfection, single cell clones were grown in the presence of

Vector-producing MSCs
(VP-MSCs)

Retrovirus progeny

Fig. 3. Developmen! of vector-producing tumor-tracking MSCs to augment suicide cancer gene therapy,
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blasticidin S. Southern blot analysis of their genomic DNA re-
vealed that three out of eight blasticidin S resistant clones
showed site-specific integration of transgene into the AAVSI
site and that these clones had the GFP gene only at AAVSI.
These results indicated that foreign DNA linked with ITR se-
quence could be targeted specifically into AAVS] in KM-102
cells,

It is reported that the genome of myosin binding subunit 85
(MBS85) overlaps with the AAVS] site [27]. To identify the
junction between the transgene plasmid and the AAVSI site,
PCR was conducted using a transgene- and an AAVS1-specific
primers. In two of the three clones the integration site was
identified. In one clone the GFP gene was inserted at the first
intron of MBS85 gene. The other clone had insertion of the
GFP gene upstream of the first exon. Quantification of
mRNA for MBS85 by real time PCR showed that the
mRNA level decreased in these two KM-102 clones. The
MBS85 is involved in the assembly of actin cytoskeleton.
Although the outcome of allelic disruption of the MBS85 ge-
nome should be carefully evaluated, the system for AAVSI-
specific integration of therapeutic DNA using AAV integration
machinery is particularly valuable for ex vivo gene therapy ap-
plications for stem cells, such as ES cells and MSCs. For ad-
ditional readings on the use of bone marmrow cells for the
treatment of autoimmunity, the reader is referred to companion
papers published herein in this special issue of the Journal of
Autoimmunity [28—38].
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Bortezomib overcomes cell adhesion-mediated drug resistance
through downregulation of VLLA-4 expression in multiple myeloma
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Multiple myeloma (MM) is incurable, mainly because of
cell adhesion-mediated drug resistance (CAM-DR). In
this study, we performed functional screening using short
hairpin RNA (shRNA) to define the molecule(s) respon-
sible for CAM-DR of MM. Using four bona fide myeloma
cell lines (KHM-1B, KMS12-BM, RPMI8226 and U266)
and primary myeloma cells, we identified CD29 (p1-
integrin), CD44, CD49d (ad-integrin, a subunit of VLA-
4), CD54 (intercellular adhesion molecule-1 (ICAM-1)),
CD138 (syndecan-1) and CDI84 (CXC chemokine
receptor-4 (CXCR4)) as major adhesion molecules
expressed on MM. shRNA-mediated knockdown of
CD49d but not CD44, CD54, CD138 and CDI184
significantly reversed CAM-DR of myeloma cells to
bortezomib, vincristine, doxorubicin and dexamethasone.
Experiments using blocking antibodies yielded almost
identical results, Bortezomib was relatively resistant to
CAM-DR because of its ability to specifically down-
regulate CD49d expression. This property was unique to
bortezomib and was not observed in other anti-myeloma
Pretreatment with bortezomib was able to amelio-
rate CAM-DR of myeloma cells to vincristine and
dexamethasone. These results suggest that VLA-4 plays
a critical role in CAM-DR of MM cells. The combination
of bortezomib with conventional anti-myeloma drugs may
be effective in overcoming CAM-DR of MM.
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Introduction

Despite recent advances in treatment strategies using
dose-intensified regimens and new molecular-targeted
compounds, multiple myeloma (MM) remains incurable
(Kyle er al., 2003). Most patients with MM eventually
become resistant to the treatment and die of disease
progression within 10 years. To improve the prognosis
of myeloma patients, it is essential to overcome drug
resistance (DR).

MM is characterized by the infiltration and growth of
malignant plasma cells in the bone marrow (BM)
microenvironment. MM cells localize within the BM
through the interaction of adhesion receptors with their
ligands on BM stromal cells and extracellular matrix
proteins (Hideshima er al., 2007). It has been demon-
strated that MM cells in the BM microenvironment are
much less sensitive to chemotherapeutic agents (Damia-
no er al., 1999; Nefedova et al., 2003). This type of DR
has been termed cell adhesion-mediated DR (CAM-
DR), which is believed to play a crucial role in both de
novo and acquired DR in MM patients (Damiano er al.,
1999). Despite extensive investigations, the adhesion
molecules critical for CAM-DR in MM have not been
identified yet.

The proteasome inhibitor bortezomib (Velcade, for-
merly known as PS-341) has shown a clinical activity in
patients with relapsed MM (Richardson er al., 2003,
2005), and will be applied for the treatment of other
hematologic malignancies and solid tumors in the
near future (Fisher et al,, 2006; Davies et al., 2007).
Bortezomib is a reversible inhibitor of the 268 protea-
some complex, which catalyses ubiquitin-dependent
protein degradation. Inhibition of this complex ulti-
mately leads to modulation of the abundance and
functions of many intracellular proteins in bortezomib-
treated cells (Hideshima et al., 2001). Among them, the
multifunctional transcription factor nuclear factor-
kappa B (NF-xB) is considered the most relevant target
in MM, because recent genome-wide approaches re-
vealed that this factor is frequently activated in MM
cells by mutations of the components of the NF-xB
signaling cascade (Annunziata et al., 2007; Keats ef al.,
2007). Given the wide spectrum of transcriptional
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targets of NF-kB including adhesion molecules and the
IAP family of apoplosis inhibitors (Dolcet et al., 2005),
it i1s reasonable to speculate that CAM-DR of MM is
mediated by NF-xB and could be overcome by
bortezomib. To date, however, such possibilities have
not been investigated.

In this study, we first attempted to identify the
adhesion molecules responsible for CAM-DR in MM.
By functional screening using the lentiviral short hair-
pin/small interfering RNA (shRNA/siRNA) system, we
identified VILA-4 as a critical molecule for the induction
of CAM-DR in MM cells. Furthermore, we found a
novel and unique property of bortezomib to overcome
CAM-DR by downregulating the expression of CD49d,
a subunit of VLA-4. These results suggest that
bortezomib enhances the effects of conventional
anti-myeloma agents by overcoming VLA-4-mediated
CAM-DR, and bortezomib-based combination chemo-
therapy can improve the treatment outcome of patients
with MM.

Results

Surface expression of adhesion molecules on MM cells

In an initial effort to identify the molecules responsible
for CAM-DR, we screened for the expression of
adhesion molecules on MM cells using flow cytometry.
By referring to previous studies (Tatsumi et al., 1996;
Cook et al, 1997), we selected the molecules to be
checked as follows: CDlla (lymphocyte function-
associated antigen-1 (LFA-1)), CDI8 (p2-integrin),
CD22, CD29 (pl-integrin), CD40, CD44 (homing-
associated cell adhesion molecule (HCAM)), CD49d
(ad-integrin, a subunit of VLA-4), CD49¢ (x5-integrin, a
subunit of VLA-5), CD54 (intercellular adhesion mole-
cule-1 (ICAM-1)), CD56 (neural cell adhesion molecule
(NCAM)), CDI38 (syndecan-1) and CDI184 (CXC
chemokine receptor-4 (CXCR4)). We examined the
expression of these molecules in four bona fide human
MM cell lines (KHM-1B, KMS12-BM, RPMI8226 and
U266) and normal plasma cells from healthy volunteers.
As shown in Figure la, MM cell lines readily expressed
CD29, CD44, CD49d, CD54, CDI138 and CDI184,
whereas CD22 was barely detectable. The expression
of CDIla, CDI18, CD40, CD49¢ and CD56 was highly
variable among cell lines. Normal plasma cells expressed
the same set of molecules as MM cell lines except CD22,

but their expression levels were generally lower than
those of MM cells. It is of note that RPMI8226 showed
a slightly different pattern from other cell lines: it
expressed CD29, CD44 and CD49d lower but CD4%
higher. Overall, we identified CD29, CD44, CD49d,
CDS54, CD138 and CD184 as major adhesion molecules
expressed on MM cell lines.

To further elucidate the expression pattern of adhe-
sion molecules in MM, we screened for their expression
on primary MM cells. As CD138 is commonly used as a
specific marker for myeloma cells in BM specimens, we
detected the expression of CD44, CD49d and CD54
in CD138-positive fractions in BM-mononuclear cells
(MNCs) from 18 patients with MM by dual staining on
flow cytometry. As shown in Figure 1b, CD44, CD49d
and CD354 were moderately to markedly expressed in all
patients involved in this study. The proportions of
positive cells were 52.8 +37.7% for CD44, 57.0 £ 31.6%
for CD49d and 56.8 +30.9% for CD54 in the CDI138-
positive fractions (CD138 positivity was 60.0 +31.0% in
the entire fraction). This pattern closely resembled that
of the cell lines. On the basis of these results, we focused
on CD29 (Bl-integrin), CD44 (HCAM), CD49d (xd-
integrin), CD54 (ICAM-1), CDI138 (syndecan-1) and
CD184 (CXCR4) to determine the functional adhesion
molecules in MM in further studies.

Establishment of the in vitro culrure system

for the assessment of CAM-DR of MM cells

To investigate the involvement of these adhesion
molecules in CAM-DR of MM cells, we established a
culture system recapitulating CAM-DR in vitro. As
described in Materials and methods, green fluorescent
protein (GFP)-expressing MM cells were added into
culture dishes with (co-culture) or without (stroma free)
a presceded UBE6T-7 stromal cell line, and cultured for
2 days in the absence or presence of four anti-myeloma
drugs. We determined the cytotoxic effects of the drugs
on MM cells specifically by measuring annexin-V
positivity in GFP-positive fractions on flow cytometry.
Figure 2a shows the representative results of KMS-
12BM cells treated with suboptimal doses of each drug
determined in pilot experiments: borlezomib 5nM,
vincristine 1 nM, doxorubicin 100nM and dexametha-
sone 50 nM (Supplementary Figure S1). All of them are
lower than clinically achievable concentrations in vivo
according to recent clinical trials (Fisher et al., 2006;
Davies et al, 2007)., These drugs were capable of

»
»

Figure 1 Surface expression of adhesion molecules on multiple myeloma (MM) cells. (a) We screened for surface expression of
adhesion molecules on MM cells using four myeloma cell lines (KHM-1B, KMS-12BM, RPMI8226 and U266) and normal plasma
cells. Cells were stained with phycoerythrin (PE)-conjugated antibodies against CD11a (LFA-1), CD18 (B2-integrin), CD22, CD29 (-
integrin), CD40, CD44 (HCAM), CD49d (x4-integrin), CD49% (a5-integrin), CD54 (ICAM-1), CD56 (NCAM), CD138 (syndecan-1),
and CDI184 (CXCR4), and subjected to flow cytometry. To analyse normal plasma cells, BM-MNCs were triple-stained with

allophycocyanine (APC)-conjugated anti-CD38, PE-Cy7-conjugated anti-CD45 and PE-conjugated

each adhesi

molecule, Cells in the CD38* /CD45*# fraction were gated as normal plasma cells. The means £s.d. (bars) of three independent
experiments are shown. (b) The expression of adhesion molecules was detected m primary MM cells. BM-MNCs were double-stained

with an FITC-conjugated anti-CD138 antibody and PE-conjugal

CD44, CD49d and CD54. Each circle represents

1 antibodies ag;

the positivity (%) of CD44, CD49d, and CD34 in the CD138-positive fractions, and that of CD138 in the entire fraction of BM-MNCs

of individual pati (N'=samj bers). Bars indi

the average values of each molecule.




inducing apoptosis in more than 20% of KMS-12BM
cells under stroma-free condition. In addition, we

stained cells with propidium iodide to estimate the
to the
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cytotoxicity of these drugs. The percentages of dead
cells obtained with propidium iodide staining were
almost equal to or slightly higher than those obtained
with annexin-V staining, implying that the major form
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Figure 2 Establishment of the in vifre culture system for the assessment of cell adhesion-mediated drug resistance (CAM-DR) of
multiple myeloma (MM) cells. (a) Green fluorescent protein (GFP)-transduced KMS-12BM cells were treated with either Snm
bortezomib (Bort), 1 nM vineristine (VCR), 100 nM doxorubicin (Doxo) or 50 nM dexamethasone (Dexa) in the presence {co-culture) or
ahsence (stroma free) of UBE6T-7 stromal cells for 48 h. Cell death/apoptosis was determined by reactivity with phycoerythrin (PE}-
conjugated annexin-V (annexin-V/PE) in GFP-positive fractions on flow cytometry. Representative histogram plots are shown
Annexin-V positivity is indicated as a percentage in each histogram. (b) The ¥ axis shows the proportion of annexin-V-positive cells
under co-culture condition with that under stroma-free condition setting at 100% in KMS-12BM cells treated with each drug. The
means +s.d. (bars) of three independent experiments are shown. The sume experiments were carried out in RPMI8226 (c) and U266
(d). Drug concentrations were 2nM for bortezomib, 1nM for vincristine, 100 and 70nM for doxorubicin, and 50 and 20nM for
dexamethasone in RPMI8226 and U266 cells, respectively. The P-values were calculated by Student's r-test. *P<0.05.

of cell death is apoptosis (Supplementary Figure S2A).
The cytotoxic effects were markedly diminished under
the co-culture condition, suggesting that CAM-DR was
successfully reproduced in our system (Figure 2a;
Supplementary Figure S2). DR was not acquired in
KMS-12BM cells cultured with stroma cells in trans-
wells, which preclude direct cell-to-cell interactions,
indicating that direct contact is indispensable for

Oncogene

CAM-DR of MM (data not shown). As shown in
Figures 2b-d and Supplementary Table S1, CAM-DR
was similarly observed in all three myeloma cell lines
treated with all four drugs tested, although the extent of
CAM-DR was relatively low for bortezomib (discussed
later). Furthermore, CAM-DR was reproduced with
different concentrations of the drugs (Supplementary
Figure S2b). Using this system, we attempted to




determine which adhesion molecule(s) is important for
CAM-DR in MM cells.

Reversal of CAM-DR by shRNA|[siRNA- and blocking
antibody-mediated knockdown of VLA-4 in MM cells
To investigate which adhesion molecule(s) is critical for
the acquisition of CAM-DR in MM cells, we performed
loss-of-function analyses for CD44 (HCAM), CD49d
(x4-integrin), CD54 (ICAM-1), CDI138 (syndecan-1)
and CD184 (CXCR4) using the shRNA/siRNA lenti-
virus system (Kikuchi et al., 2007). Because CD29 (fil-
integrin) is heterodimerized with CD49d and functions
as VLA-4 (xd4pl-integrin) on MM cells, we could
achieve loss of function of VLA-4 by solely targeting
CD49d. As shown in Figure 3a, shRNA/siRNA
expression vectors were constructed by inserting chemi-
cally synthesized oligonucleotides containing target
sequences (Supplementary Table §2) into pLL3.7 vector,
and their inhibitory activities were checked in KMS-
12BM cells (data not shown). Constructs with the
strongest activities were transfected into three MM cell
lines along with sh controls, and a specific reduction of
target expression was confirmed (Figure 3b; Supple-
mentary Figure S3). Overall, we established 15 sublines
in which the expression of individual adhesion molecules
was markedly downregulated, and examined the levels
of CAM-DR to four anti-myeloma drugs. To quantita-
tively assess the contribution of each molecule to CAM-
DR, we defined the ratio of annexin-V reactivity of
GFP-positive cells under the co-culture condition to that
under the stroma-free condition as a reversal of CAM-
DR. The reversal of CAM-DR to bortezomib was
detectable in €CD49d-knockdown sublines of all three
cell lines, whereas no reversal was observed in sublines
carrying shRNA/sIRNA against other four adhesion
molecules and inactive sh controls (Figure 3c; Supple-
mentary Table S3). In addition, we performed the same
experiments using vincristine and dexamethasone in
KMS-12BM sublines. The CAM-DR to vincristine and
dexamethasone was also reversed by knockdown of
CD49d but not other four molecules (Figure 3d;
Supplementary Table 84). It is of note that the reversal
of CAM-DR to either vincristine or dexamethasone was
at the almost equal level to that to bortezomib in
CD49d-knockdown sublines (compare Figures 3¢ and
d). In view of the fact that bortezomib is relatively
resistant to CAM-DR (see Figure 2 and Supplementary
Table S1), this implies that bortezomib modulates the
expression of CD49d in MM cells (discussed later).
Furthermore, we confirmed the importance of CD49d
in CAM-DR using adhesion-blocking antibodies instead
of shRNA/siRNA introduction. We used specific anti-
bodies against CD44, CD49d, CD54 and CDI84 to
revert CAM-DR, but were not able to test an anti-
CDI138 antibody because it is not commercially avail-
able. MM cells were pretreated with these antibodies,
cultured with or without stromal cells in the presence of
bortezomib, and subjected to flow cytometric analysis
for annexin-V reactivity. As shown in Figure 4 and
Supplementary Table S5, significant reversal of CAM-
DR was achieved by treatment with anti-CD49d

overcomes drug resistance in myeloma

Bortezomib
K Noborio-Hatano et al

(x4-integrin) and anti-CD34 (ICAM-1) antibodies in
KMS-12BM and U266 cells, albeit the effect of the
former was much stronger. The effectiveness of anti-
CD54 may stem from its effects on stromal cells, because
previous studies revealed that CD354 was expressed on
BM stromal cells (Corso ef al., 2005). In contrast, the
other antibodies failed to revert CAM-DR in KMS-
12BM and U266 cells, Unexpectedly, CAM-DR was not
affected by any antibodies in RPMI8226 cells, probably
due to the relatively low expression of CD49d. Although
there was slight discrepancy between the results
obtained with shRNA/siIRNA and adhesion-blocking
antibodies, our data clearly indicate that VLA-4, a
heterodimer of CD49d and CD29, is the most important
adhesion molecule for CAM-DR in MM cells.

Downregulation of CD49d expression by bortezomib

It is tempting to speculate that bortezomib modulates
the expression of CD49d in MM cells from our two
findings: the relative resistance of bortezomib to CAM-
DR (see Figure 2) and equal reversal of CAM-DR to all
three drugs on disruption of VLA-4 signaling (see
Figure 3). In support of this view, Duechler er al. (2005)
reported that bortezomib decreased the surface expres-
sion of CD23 in chronic lymphocytic leukemia. There-
fore, we investigated the effect of bortezomib and other
anti-myeloma drugs on the expression of adhesion
molecules on MM cell lines. Figure 5a and Supplemen-
tary Figure S4 show the representative data of flow
cytometric analysis of viable KMS-12BM cells before
and after treatment with bortezomib. Untreated KMS-
12BM cells strongly expressed CD29, CD44, CD49d,
CD54, CD138 and CD184. Bortezomib did not affect
the expression levels of CD29, CD44, CD54, CD138 and
CDI184, but decreased the expression of CD49d from
99.4+0.1 to 345+ 0.9% (n=3, P<0.05). Bortezomib-
induced downregulation of CD49d expression was
similarly observed in RPMI8226 and U266 cells: from
332406 to 124+1.9% in RPMIB226 cells (n=3,
P<0.05) and from 99.4+0.04 to 74.3+£4.1% in U266
cells (n=3, P<0.05). Furthermore, we confirmed
bortezomib-mediated reduction of CD49d expression
by immunoblotting using whole-cell lysates (Figure 5b),
semiquantitative reverse transcription (RT)-PCR
(Figure 5c) and real-time quantitative RT-PCR
(Figure S5d), suggesting that this phenomenon takes
place at mRNA levels. In striking contrast, other anti-
myeloma drugs, such as vincristine, doxorubicin and
dexamethasone, did not alTect the expression of CD49d
(Figure Se; Supplementary Figure S4) and other
adhesion molecules (Supplementary Figure S5) in any
cell lines examined. The specific reduction of CD49d
expression by bortezomib may underlie the relative
resistance of the drug to CAM-DR in MM cells.

Next, we investigated the mechanisms by which
bortezomib suppresses the expression of CD49d
mRNA. For this purpose, we directly inhibited NF-xB
activity in KMS-12BM cells using SN-50 peptide, which
interferes with nuclear translocation of p50 by binding
to its nuclear localization sequence (Lin er al., 1995).
Surface expression of CD49d was not affected by the
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Figure 4 Effects of blocking ibodies against adh

molecules on adhesion-mediated drug resistance (CAM-DR) in multiple

myeloma (MM) cells. MM cell lines were treated with cither antibodies against CD44, CD49d, CD54 and CD184 or isotype-matched
controls (1so. cont.) at 10pug/ml at 37°C for 1 h. After treatment, cells were cultured with 2 nM bortezomib in the presence (co-culture)
or absence (stroma free) of stromal cells for 48 h. The reversal of CAM-DR was determined as described in the legend of Figure 3. The
means £ s.d, (bars) of three independent experiments are shown. The P-values were calculated by Student’s t-test. *P<0.05 against

isotype-matched controls.

p50 inhibitory peptide, suggesting that bortezomib-
mediated downregulation of CD49d is not a direct
consequence of the inhibition of NF-kB activity
(Supplementary Figure S6).

The reversal of CAM-DR 1o conventional anii-myeloma
drugs by pretreatment with bortezomib

Given that bortezomib decreases the expression of
CD49d, which plays a crucial role in CAM-DR,
pretreatment of MM cells with bortezomib could
overcome CAM-DR to conventional anti-myeloma
drugs. Finally, we tested this hypothesis using the co-
culture system for CAM-DR. MM cells were pretreated
with bortezomib for 24 h, followed by exposure to either
vincristine or dexamethasone for additional 24 h in the
presence or absence of stroma cells. Pretreatment with
bortezomib significantly reversed CAM-DR to both
vincristine and dexamethasone in all three cell lines
tested (Figure 6a), which coincided with the detachment
of myeloma cells (Figure 6b). In particular, CAM-DR to
VCR was almost completely inhibited in KMS-12BM
and RPMI8226 cells: reversal ratios were 87.4 £ 3.2 and
104.6 + 19.4%, respectively. In U266 cells, the effects of
bortezomib were moderate but significant. This may be
attributable to the relatively weak effects of bortezomib
on CD49d expression in U266 cells (see Figure 5d). It
should be emphasized that the combination of bortezo-
mib with either vincristine or dexamethasone at the
doses used in this experiment did not show additive
effects under stroma-free condition (data not shown).

Discussion

In this study, we have clearly demonstrated that VLA-4,
a heterodimer of CD49d/CD29, plays a critical role in

CAM-DR of MM using a unique strategy involving
myeloma cell lines in which individual adhesion
molecules were stably knocked down by the aid of
shRNA. In support of our finding, several studies
described the roles of VLA-4 in the pathophysiology
of MM. For example, CD29-mediated adhesion of MM
cells to fibronectin upregulated the expression of the
CDK inhibitor p27 and induced NF-kB activation, both
of which confer CAM-DR to MM (Chauhan et al.,
1996; Hazlehurst er al., 2000; Landowski et al., 2003).
Two independent groups reported that administration
of anti-CD49d antibody suppressed the growth of MM
cells in murine xenograft models (Mori er al., 2004;
Olson et al, 2005). In line with these experimental
findings, Schmidmaier er al. (2006) found that MM
patients with primary muludrug resistance showed
significantly higher concentrations of serum VLA-4
and ICAM-1 than responders. The involvement of
VLA-4 in CAM-DR was also demonstrated in AML
by the seminal study of Matsunaga er al. (2003), in
which the combination of cytosine arabinoside and anti-
CD49d antibody achieved a 100% survival rate in mice
transplanted with AML cells. These findings strongly
suggest that VLA-4-mediated signaling is important for
the development of DR in MM and AML cells both
in vitro and in vivo.

In addition, we obtained evidence indicating that
bortezomib can overcome CAM-DR by selectively
downregulating CD49d expression in myeloma cells.
This ability was specific for bortezomib and was not
observed in other commonly used anti-myeloma drugs
such as vincristine, doxorubicin and dexamethasone,
Moreover, we have found that bortezomib represses the
expression of CD49d at mRNA levels. Regarding the
mechanisms of this phenomenon, the direct involvement
of NF-xB is unlikely because the p50 inhibitory peptide
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Figure § Effects of anti-myeloma drugs on the expression of adhesion molecules in multiple myeloma (MM) cells. (a) Surface
expression of CD29, CD44, CD49d, CD54, CD138 and CD184 was detected by flow cytometry on KMS-12BM cells before and after
treatment with 5nM bortezomib for 48 h. Thin lines, bold lines and dotted lines show plots before treatment, after treatment and of
isotype-matched controls, respectively. Representative histograms of three independent experiments are shown. (b) KMS12-BM cells
were treated with either 5nM bortezomib (Bort) or 50 nM dexamethasone (Dexa) for up to 3 days. We used a KMS12-BM subline
transfected with pLL3.7-sh-CD49d (sh-CD49d) as a control. Cells were harvested at the indicated time points, and subjected to
immunoblot analysis for the expression of CD49d, CD34 and GAPDH (loading control). (c) Total cellular RNA was isolated
simultaneously at the experiments described in (b), and subjected to semiquantitative reverse transcription (RT)-PCR for the
expression of CD49d and GAPDH (loading control). (d) Total cellular RNA was isolaled simultaneously at the experiments described
in (b), and subjected to real-time T.ﬂmmimtive reverse transcription (RT)-PCR. The expression of CD49d was normalized to that of
GAPDH and quantified by the 27335 method. (¢) The expression of CD49d was detected before and after bortezomib treatment in
KMS-12BM, RPMI8226 and U266 MM cells by flow cytometry. The concentrations of bortezomib were 5, 2 and 2nM for KMS-
12BM, RPMI8226 and U266 cells, respectively. Data shown are the means +s.d. (bars) of relative CD49d expression (ratio (%) of
CD49d positivity after vs before treatment) of three independent experiments. The P-values were calculated by Student’s f-test.
*P<0.05 against the values obtained before treatment
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myeloma (MM) cells. (a) Three myeloma cell lines were treated with 2nM bortezomib for 24 h. After washing, we cultured cells with
either vincristine (Bort + VCR) or dexamethasone (Bort + Dexa) in the absence or presence of stromal cells for additional 24 h. As
controls, we carried out the same experiments without pretreatment of bortezomib (VCR and Dexa). The reversal of CAM-DR was
determined as described in the legend of Figure 3. (b) Green fluorescent protein (GFP)-transduced KMS12-BM cells were cultured in
the absence (None) or presence (Bort) of SoM bortezomib for 3 days. We used 8 KMSI12-BM subline transfected with pLL3.7-sh-
CD49d (sh-CD49d) as a control. Cells were then co-cultured with UBEGT-7 cells at 37 °C for 15min. Non-adherent cells were washed
off with phosphate-buffered saline (PBS), and resultant adherent cells were harvested with trypsin-EDTA. We determined GFP
positivity (%) in non-adherent cells using flow cytometer. The means £ s.d. (bars) of three independent experiments are shown. The

P-values were calculated by Student's r-test (*P<0.05).

did not downregulate the expression of CD49d in KMS-
12BM cells, in which NF-kB is constitutively activated
through the classical pathway (Keats er al., 2007). The
CD49d promoter contains canonical binding sites for
Spl, Ets and WT1 (Rosen er al., 1994; Zutter er al.,
1997; Kirschner et al., 2006). We are currently investi-
gating whether these factors are implicated in bortezo-
mib-mediated downregulation of CD49d mRNA
expression.

The reversal of CAM-DR by bortezomib may under-
lie its broad range of synergy with other anticancer
drugs as recently described (Horton et al., 2006;
Noborio-Hatano er al, 2007). Unfortunately, severe
pulmonary complications have been reported in Japa-
nese patients treated with bortezomib (Miyakoshi et al.,
2006). Dose reduction by drug combination is one

method to minimize side effects of bortezomib. Further-
more, it has been shown that the contact of MM cells
with BM stromal cells through VLA-4/vascular cell
adhesion molecule-1 (VCAM-1) interactions enhanced
the production of osteoclastogenesis factors and that
disruption of this cell-to-cell contact suppressed the
development of osteoclastic osteolysis associated with
MM (Michigami et al., 2000; Pearse er al., 2001). As
bortezomib can suppress CD49d expression, this drug
may also be effective for the amelioration of bone
lesions in MM.

Although our findings provide rationale for safe and
effective treatment strategies for refractory myeloma,
further investigation is required to define suitable
combinations involving not only conventional anti-
myeloma drugs but also new drugs such as lenalidomide.
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Previous studies revealed that both bortezomib and
dexamethasone induced apoptosis primarily through
caspase-9, whereas lenalidomide did so through caspase-8
{Mitsiades et al., 2002). Indeed, we found that caspase-8
was not activated in MM cells by the drugs used in this
study (data not shown). On the basis of these findings,
the combination of lenalidomide with either bortezomib
or dexamethasone is expected to trigger dual apoptotic
signaling pathways and reverse DR, which results in the
achievement of clinical responses in patients resistant to
single agents. In support of this view, we have reported
that bortezomib is effective for myeloma patients
refractory to thalidomide therapy (Takatoku et al.,
2004). The combination of bortezomib with other anti-
myeloma drugs, including thalidomide and its deriva-
tives, is effective for overcoming CAM-DR and may
improve the prognosis of MM patients.

Materials and methods

Cells and cell culture

We used four bone fide human MM cell lines, KHM-1B, KMS-
12BM, RPMI8226 and U266, in ths study (Drexler ef al., 2003).
These cell lines were purchased from the Health Science
Research Resources Bank (Osaka, Japan), and maintained in
RPMII640 medium (Sigma Co., St Louis, MO, USA)
supplemented with 10% heat-inactivated fetal calf serum (Sigma
Co.,) and antibiotics. Human BM-derived stromal cell line
UBE6T-7 (Mori er al., 2005), which was transduced with a
human telomerase catalytic protein subunit, was kindly provided
by Dr Akihiro Umezawa (National Research Institute for Child
Health and Development, Tokyo, Japan), and used as stromal
cells in co-culture experiments. Primary MM cells were isolated
from the BM of patients at the time of diagnostic procedure.
CD38-positive/CD45-low or negative (CD387 /CD45"™) cells
were purified from the BM of healthy volunteers, and used as
normal plasma cells. Informed consent was obtained in
accordance with the Declaration of Helsinki, and the protocol
was approved by the Institutional Review Board.

Drugs and adhesion-blocking antibodies

Bortezomib (Velcade) was provided by Millennium Pharma-
ceuticals (Cambridge, MA, USA). We used vincristine
(Shionogi Co. Lid., Tokyo, Japan), doxorubicin (Meiji Co.
Ltd., Tokyo, Japan) and dexamethasonc (Sigma Co.) as
conventional anti-myeloma drugs. All drugs were dissolved
in RPMI1640 medium at appropriate concentrations and
stored at —80°C until use. We used the following adhesion-
blocking antibodies in co-culture experiments: anti-CD44
(clone Hermes-1; Endogen, Rockford, IL, USA), anti-CD49d
(2B4; R&D Systems, Minneapolis, MN, USA), anti-CD354
(Ab-2; Labvision Corp., Fremont, CA, USA), anti-CD184
(44717.111; R&D Systems), and mouse or rat 1gG isotype
controls (eBioscience, San Diego, CA, USA). Blocking
experiments were performed as described earlier. In brief,
1 x 10* of MM cells were incubated with 10 pg/ml antibodies
or isotype-matched controls in 100 ul of RPM11640 medium
for 1h, then diluted to 2 x 10* cells/m! in complete medium,
and added into culture wells preseeded with stromal cells
(Matsunaga et al., 2003).

Flow cytometric analysis of adhesion molecules
Cells were stained with specific monoclonal antibodies
and analysed using BD-LSR or FACSana flow cytometer

Oncogene

(Becton Dickinson, Oxford, UK) as described earlier (Kikuchi
et al., 2005). The antibodies used were phycoerythrin (PE)-
conjugated antibodies against CD11a (clone HI 111; BioLe-
gend, San Diego, CA, USA), CD29 (4B4; Beckman Coulter,
Fullerton, CA, USA), CDI8 (6.7), CD22 (HIB22), CD29
(HUTS-21), CD49¢ (T11A1), CD56 (B159), CD138 (MI15) and
CDI184 (12G3) (all from Becton Dickinson), CD40 (5C3),
CD44 (G44-26), CD49d (9F10) and CDS4 (HASS) (all from
eBioscience), allophycocy d antibodies against
CD38 (HB7, Becton chklnsou) and PE- CyT7-conjugated
antibodies against CD45 (2D1; Becton Dickinson).

Cell proliferation assay

Cell proliferation was monitored using Cell Counting Kit-8
(Dojin Chemical, Tokyo, Japan). In brief, cells were seeded in
96-well flat-bottomed microplates at a density of 5 x 10* per
well and incubated with or without anti-myeloma drugs for
48h a1 37°C. After incubation, 10ul of WST-8 solution was
added to each well at a final concentration of | pg/ml. Cells
grown in complete medium alone were used as controls. After
incubation at 37°C for 4h, absorbance was measured at a
wavelength of 450nm using a microplate reader.

Co-culture of MM cells with stromal cells and the assessment
of cell death

For co-culture experiments, we established GFP-expressing
MM cell lines by transfecting GFP expression plasmids to
distinguish MM cells from stromal cells. UBE6T-7 stromal
cells were seeded in 48-well plates to near confluence. After
stromal cells were washed once with fresh medium, GFP-
transduced MM cells were added to the plates and cultured in
the absence or p of anti-myel drugs. Aﬂ:rd&h the
cells were ha:vusl:d by pipetting, hed with h
buffered saline, and stained with PE-conjugated “annexin-V
(annexin-V/PE) (Biovision, Mountain View, CA, USA). Cell
death/apoptosis was judged by annexin-V reactivity in GFP-
positive populations using flow cytometer (Yanamandra er al.,
2006).

Construction and production of lentiviral shRNAIsiRNA
expression veclors

We used a lentiviral shRNA/siRNA expression vector pLL3.7.
for knockdown of adhesion molecules. siRNA target se-
quences were designed to be homologous to wild-type cDNA
sequences. Oligonucleotides were chemically synthesized,
annealed, terminally phosphorylated and inserted into
pLL3.7 vector. Oligonucleotides containing siRNA target
sequences were shown in Supplementary Table S1. Ineffective
sequences were used as sh controls. These vectors were
co-transfected into 293FT cells with packaging plasmids
(purchased from Invitrogen, Carlsbad, CA, USA). Infectious
lentiviruses in culture supernatants were harvested, concen-
trated and infected as described earlier (Kikuchi et al., 2007).
Lentiviruses were then added into cell suspensions in the
presence of Sug/ml! polybrene, and transduced for 24h.
Transduction efficiencies were monitored by GFP expression
using a flow cytometer.

Immunoblotting

Immunoblotting was carried out according to the standard
method using the following antibodies: anti-CD49%d (Novus
Biologicals, Littleton, CO, USA), anti-CD54 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-caspase-8, anti-
caspase-9 (Becton Dickinson) and anti-GAPDH (Santa Cruz
Biotechnology) (Odgerel ef al., 2008).




PCR

We performed semiquantitative RT-PCR and real-time
quantitative RT-PCR to estimate the expression of CD49d
al mRNA levels. For the former, PCR amplification was
carried out with 1 pl of cDNA solution (corresponding to 50 ng
total RNA) in a 50-pl reaction mixture containing 5 U of Tag
polymerase, 10mM Tris-HCl (pH 8.5), 50mM KCI, 1.5mM
MgCl; and 100mm dNTPs in the presence of specific primer
pairs (200 nM cach) as follows; CD49d, forward: 5-GGATGT
GAACAGAAAGGCAGA-Y, reverse: 5-GCCAGTGTTGA
TAACATGGAAA-Y; GAPDH (internal control), forward:
5“CCACCCATGGCAAATTCCATGGCA-3', reverse: -
TCTAGACGGCAGGTCAGGTCCACC-3. PCR products
were resolved on 2% agarose gels, and visualized by staining
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Prediction of response to imatinib in patients with chronic myelogenous
leukemia by flow cytometric analysis of bone marrow blastic cell

phenotypes

SATOKO OKA, KAZUO MUROI, MASAKI MORI, TOMOHIRO MATSUYAMA,
SHIN-ICHIRO FUJIWARA, IEKUNI OH, KAZUYA SATO, SATORU KIKUCHI,
MASUZU UEDA, MASAKI TOSHIMA, TAKAHIRO SUZUKI, KATSUTOSHI OZAKI,

TADASHI NAGAI, & KEIYA OZAWA

Division of Hemaitology, Department of Medicine, Fichi Medical University Hospital, Shimotsuke, Tochigi, Tapan

(Recerved 6 September 2008; revised 3 November 2008; accepted 15 November 2008)

Chronic myelogeneous leukemia (CML) is charac-
terised by a specific translocaton t(9; 22)(q34; ql1),
the Philadelphia (Ph) chromosome, giving rise to the
novel BCR/ABL. fusion gene [1]. The deregulated
wyrosine kinase activity of the protein encoded by the
fusion gene has been shown to be both necessary and
sufficient for the initiation and maintenance of CML
[1]. High response rates and favourable toxicities of
imatinib in patients with newly diagnosed CML in
chronic phase have been reported [2). Imatinib
induces a complete cytogenetic response (CCyR),
i.e. disappearance of the Ph chromosome, in most
patients with CML in chronic phase after one year of
treatment with the drug [3-5]. However, some
patents with CML in chronic phase who received
treatment with imatinib show residual Ph chromo-
some after one year of treatment, and event-free
survival in such patients was worse than that n
patients showing a CCyR [3-5]. We analysed
phenotypes of the cells in the blast region of bone
marrow in CML by flow cytometry (FCM) and
determined whether the phenotypes of the cells
predict response to imatinib.

During the period from January 2005 to Apnl
2007, 32 patients in Jichi University Hospital were
diagnosed as having CML in chronic phase. The
diagnosis of CML in chronic phase was based on
peripheral blood pictures, bone marrow pictures and

existence of the Ph chromosome in bone marrow.
Three-colour FCM combined with two-colour FCM
was performed to evaluate phenotypes of the cells in
the blast region of bone marrow before the beginning
of imartinib therapy. Bone marrow mononuclear cells
were stained with fluorescein isothiocyanate-
conjugated monoclonal antibody and/or phycoery-
thrin-conjugated monoclonal antibody and pendinin
chlorophyll protein-conjugated CD45 [6,7]. Mono-
clonal antibodies used in this study were as follows:
CD5, CD7, CD2, CD19, CD20, CD10, CD13,
CDl14, CDI15, CD33, CD34, CDI117, CD4l,
CDI11b, CDl1le, CD36, CD25, CD56, CD45 and
HLA-DR. A gate was set for identifying immarure
cells characrenised by intermediate CD45 expression
and low side scatter properties [6,7]. Phenotypes of
the cells in the blast region were analysed using a flow
cytometer (FACSCalibur; BD Biosciences, San Jose,
CA). Karyotypic analysis of bone marrow cells was
performed using a standard Giemsa-banding meth-
od, and approximately 20 metaphases were analysed.
BCR-ABL transcripts in bone marrow cells were
measured using a real-time quantitative polymerase
chain reaction assay (SRL Incy; Tokyo) [8]- All
patients received treatment with imatinib only after
the diagnosis of CML in chronic phase. To compare
phenotypes of the cells in the blast region of bone
marrow, bone marrow cells from patients with
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refractory anemia of myelodysplasic syndrome
(MDS) and healthy volunteers were analysed by
FCM as described earlier. P values below 0.05 were
considered significant in the Mann-Whimey U test.

As shown in Table [, patients were divided into
two groups according to the response after one year
of treatment with imtinib: one group showing a
CCyR (Group A) and other group not showing a
CCyR (Group B). Group B was composed of five
patients with minimal cytogeneric response and one
patient with response failure [4]. There were no
differences between the two groups in peripheral
blood cell counts, peripheral blood blast percentages,
peripheral blood basophil percentages, bone marrow
blast percentages, bone marrow differentials and size
of splenomegaly. Additional chromosomal abnorm-
alities were detected in one patient of Group A.
There was a tendency for older age in patients of
Group A. The mean dose of imatinib per day was
higher in Group A than in Group B, but the
difference was not significant. There were differences
between the two groups in phenotypes of the cells in
the blast region of bone marrow. Group A showed
higher percentages of B lymphoid cells in the blast
region than did group B. There were no differences
berween the two groups in the percentages of
CD13*, CD33", CD14", CDI15', CDI1l1b",
CDl1c*, CD5*, CD2', CD7%, CD257, CD36",
CD41%, CD56", CD34", CD1177, and HLA-DR™

Table 1. Characteristics of the patients before receiving imatinib.

Group A Group B P
Patient (no) 26 6
Age (years)® 57 (19-75) 47.0 (31-55) 0.06
Gender (female/male, no) 1719 5/1
White blood cells (10%/uL)* 415 47.1 0.423
Hemoglobin (g/dL)* 13.5 12 043
Platelets (10%/L)* 64.8 64.5 0.99
PB blasts (%)* 1 25 0.229
PB basophils (%)~ 4.4 34 0.628
PB eosinophils (%)* 3 42 0.366
BM blasts (%)* 7.2 83 0.297
BM promyelocytes (%)* 8.4 5 0.224
BM myelocytes (%)* 16.5 14.3 0.489
BM memmyelocyres (%)* 4.6 54 0.724
BM bands (%)* 24.6 20.7 0.586
BM segmented 229 24.6 0.711

neutrophils (%)*

Splenomegaly (cm) ] 6 0.667
Ph chromosome (%) 100 100
Other chromosome (no) 1 0 0.812
Sokal score 0.8 0.9 0.411
Hasford score 799.1 884 0.638
Irmatinib daily dese (mg)* 349 284.4 0.051

Spleen size was evaluated by ultrasonography.

no, number; PB, peripheral blood; BM, bone marrow; Fh,
Philadelphia,

*Mean.
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cells in the blast region. There was a significant
difference between ratios of CD33™ cell percentages
to CD10" cell percentages in the two groups
(Figure 1). Significant differences were found in
CD33/CD19 ratios, CD13/CD10 ratios and CD13/
CD19 ratios between the two groups (Figure 1).
CD33/CD10, CD33/CD19, CDI13/CD10 and
CD13/CD19 ratios in the blast region distinguished
clearly between the two groups. Cell compositions in
the blast region in Group A were similar to those in
MDS and healthy volunteers (Figure 1). After one
year treatrment of imarinib, bone marrow differentials
were not different in the two groups: blasts,
promyelocytes, myelocytes, metamyleocytes, bands
and segmented neutrophils in Group A were 2.3, 2.3,
6.6, 4.2, 18.5 and 25.9%, respectively, whereas
blasts, promyelocytes, myelocyres, metamyleocytes,
bands and segmented neutrophils in Group B were
8.3, 2.3, 8.1, 2.3, 18.3 and 13.5%, respectively.
Three of the six patients in Group B progressed to an
accelerated phase. In contrast, none of the patients in
group A progressed to an accelerated phase or blastic
crisis. After six months of treatment with imatinib,
CD33/CD10, CD33/CD19, CDI13/CD10 and
CDI13/CD19 ratios in the blast region were lower
in the group showing a CCyR (24 patients) than in
the group not showing a CCyR (8 patients): 7.7 vs.
42.8 (p < 0.05), 7.5 vs. 18.7 (p < 0.01), 9.4 vs. 29.5
(p=10.06) and 6.7 vs. 19.0 (p < 0.05), respectively.
Molecular responses were evaluated after six months
of treatment with imarinib: the group showing an
undetectable number of BCR/ABL messages was
designated as Group C (17 patents), and the group
showing a detectable number of BCR/ABL messages
was designated as Group D (9 patients). There were
no differences between these two groups in periph-
eral blood cell counts, peripheral blood blast
percentages, peripheral blood basophil percentages,
bone marrow blast percentages, bone marrow differ-
entials, size of splenomegaly and imatinib doses per
day. CD33/CD10, CD33/CD19, CD13/CD10 and
CD13/CD19 ratios in the blast region were lower in
Group C than in Group D: 6.4 vs. 11.6 (p=10.05),
6.1 vs. 10.5 (p < 0.05), 8.1 vs. 13.9 (p < 0.05) and
5.7 vs. 9.4 (p < 0.05), respectively.

Prognostic factors in CML at initial presentanion
have been reported to include bone marrow fibrosis,
megakaryocyte number, bone marrow cellularity and
basophil-lineage cells [9-12]. We showed that
decrease in CD19" B lymphoid cells in the blast
region is associated with a poor response to imatinib.
Interestingly, cell compositions in the blast region in
Group A of CML were similar to those in MDS and
healthy volunteers. In our patents, neither Sokal
scores nor Hasford scores predicted responses to
imatinib. Sokal and Hasford scoring systems were




Downlosded By: [Jichi Medical University] At: 08123 16 March 2000

202 Lerter 10 the Editor

B0 Fen 001
_[ a
-
:,: :_:'\!"-_Fi
= 40 L
3.2
—i0 0.7
0 FAO " mllie
CMLAACMLB MDE  Nor
50 Fei), 0] d
E —— 331
= 25

a®
e o

.
3: “? 06
- %
0

CMI-ACML-B MDS Nor

Ratios

Ratios

CML-A CML-B MDS  Nor

50 Peil 06 d

0

5 3.
0 g o8

CML-ACML-B MDS  Nor

]

Figure 1, Ratios of antigen expression in the blast region of bone marrow. CML, chronic myelogencous leukemia; CML-A, CML group

showing a complete ) P

(CCyR) after one-year wreatment with imatinib; CML-B, CML group not showing a CCyR afier

the treatment; MDS, refractory ancmia of myelodysplastic syndrome; Nor, healthy volunteer; 8, CD33/CDI0; b, CD33/CD1Y; ¢, CD1¥

CD10; d, CD1¥CD19. The values arc means,

established on the basis of non-specific laboratory
and clinical parameters for CML patients receiving
interferon or chemotherapy, respectively [13].
Therefore, cell compositions in the blast region of
bone marrow may be directly related to the pro-
liferation of CML progenitors, leading to response to
imatinib. The FCM with a CD45/side-scatter gate
used in this study separates immarure cells including
blasts from other cells in bone marrow. This FCM is
superior to FCM with a forward scatter/side-scatter
gate to identify small populations of the immarture
cells in bone marrow [6,7). The FCM with a CD45/
side-scarter gate is widely used for determining
leukemia phenotypes as well as detecting minimal
residual disease in leukemia as a routine practice in
FCM laboratories at hospitals and laboratory com-
panies. Therefore, physicians can order the analysis
of immature cell phenotypes in the bone marrow in
CML using FCM with a CD45/side-scatter gate.
FCM has several advantages to polymerase chain
reaction: results from FCM are obtained within one
or two days and FCM data can be easily re-analysed
if needed. Our results indicate that a cut-off value 30
of CID33/CD10 ratios in the blast region evaluarted by
FCM with a CD45/side-scatter gate in CML at
diagnosis may be useful for the prediction of
response to imatinib. According to our results, it is
recommended thar patents with CML at diagnosis
showing more than this cut-off value should be
carefully followed after the start of imatinib therapy.

If Ph chromosome does not disappear by the end of
one year of treatment with imatinib in these patients,
other therapeutic options such as increased doses of
imatinib and dasatinib or nioltinib instead of imatinib
should be considered. These alternative therapies
may lead to durable a CCyR in such patients.

Recently, imatinib trough levels in plasma have
been shown to be associated with both cytogeneuc
and molecular responses 10 imatinib in patients with
CML [14,15). We did not measure imarinib rough
levels in plasma in our patients, Further studies are
needed to identify relationships between cell compo-
sitions in the blast region of bone marrow and
imatinib trough levels in plasma in the response of
CML to imatinib.
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