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Figure 2. FR167653 inhibits TRAP-positive osteoclast forma-
tion in PTHrP-treated bone marrow cells. A. Bone marrow cells
were treated with PTHrP (45 ng/ml) and FR167653 for six days. TRAP-
positive MNCs with three or more nuclei were counted as osteoclasts.
n=9, * p<0,001 versus the group treated only with PTHrP. B. TRAP
staining for bone marrow cells stimulated with PTHrP (45 ng/ml). a: no
treatment. b: FR167653 (0.1 uM). ¢ FR167653 (1 uM). d: FR167653
(10 uM). TRAP-positive MNCs appear as red cells with clear peripheries.
doi:10.1371/journal.pone.0023199.g002

Bone marrow stromal cells were obtained by culturing primary
bone marrow cells for ten days. Almost all non-adherent or
loosely attached hematopoietic cells in the primary bone marrow
cell cultures were removed by pipetting each time when the
medium was changed. Expression of RANKL and OPG mRINA
in bone marrow stromal cells was increased or decreased,
respectively, within three days of PTHrP treatment. The
increased expression even lasted 6 days post-treatment. Even at
a dose of 10 uM, FR167653 has no detectable effect on the
PTHrP-mediated expression of RANKL and OPG mRNA
(Figure 4). Taken together, these results further suggest that
FR167653 acts directly on osteoclast precursors (rather than on
stromal cells or osteoblasts) in its role as an inhibitor of osteoclast
formation.

Expression of c-Fos and NFATc1 in osteoclast precursors
(MDBMMs) were inhibited by FR167653

In order to investigate the mechanism of FRI167653 on
osteoclast formation in osteocalst precursor cells, we detected the
expression of c-Fos and NFATcl in bone marrow macrophage
cells by western blotting and RT-PCR following the FR167653

3. PLoS ONE | www.plosone.org

Figure 3. Effects of FR167653 on osteoclast formation in M-
CSF-dependent bone marrow macrophages treated with
sRANKL. A. Osteoclast formation assay using M-CSF-dependent bone
marrow macrophages (MDBMMs) prepared as described in the
Materials and Methods section. TRAP-positive MNCs with three or
more nuclei were counted as osteoclasts. n=6. *' p<0.001 versus the
group treated only with sRANKL. B. TRAP staining for MDBMMs
stimulated by sRANKL (100 ng/ml). a: No treatment. b: FR167653
(0.7 uM). ¢: FR167653 (1 uM). d: FR167653 (10 pM).
doi:10.1371/journal.pone.0023199.g003

treatments. As shown in Figure 5, the mRNA expression levels of
c-fos and NFATcl were dramatically increased when treated with
sRANKL and these effects were inhibited by FR167653 in a dose-
dependent manner(p<<0.05; Figure 5A). Simiarly, c-Fos and
NFATcl protein levels were decreased in the presence of
FR167653 dose-dependently (Figure 5B).

FR167653 reduces PTHrP-induced bone resorption in
vivo

We next examined the effects of FR167653 on PTHrP-induced
bone resorption i zize. Animal models of bone resorption were
established by direct injection of PTHrP onto the dorsal surface of
mice calvaria. Radiographic evidence of bone resorption com-
prises zones of increased radiolucency in the calvaria. Histolog-
ically, these changes are associated with significant periosteal bone
resorption on the dorsal calvarial surface and increased marrow
spaces, accompanied with increased numbers of osteoclasts.
FR 167653 significantly reduced the radiographic bone resorption
areas (p<<0.05; Figure 6) and osteoclast number (as determined on
histological sections) (p<<0.005, Figure 7).
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Figure 4. FR167653 does not affect OPG or RANKL expression by PTHrP-treated stromal cells. Bone marrow stromal cells were seeded
into six-well plates and treated with PTHrP (90 ng/mi) and FR167653 at various concentrations for three and six days. Real-time PCR was used to
determine the OPG or RANKL gene expression levels. The results are shown as mean *S.D. of three independent experiments. Expression of RANKL
and OPG mRNA was increased or decreased, respectively, within three days of PTHrP treatment, and lasted 6 days post-treatment. The expression

level of RANKL and OPG did not changed by adding 1 uM or 10 uM FR167653 (P>0.05).
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Treatment with FR167653 has the effect on the cotnrol of
PTHrP-induced systemic hypercalcemia

PTH:P is one of the causative factors of the hypercalcemia that
is associated with malignancy, since PTHrP can induce systemic
bone resorption. Furthermore, extensive local bone resorption is to
some extent a contributory cause of hypercalcemia. For this
reason, we monitored whole-blood ionized calcium levels in our
experimental system. The level of whole-blood ionized calcium
was increased at three hours after PI'HrP injection on days 3 and
5 compared to day 1. When additionally treated with FR167653,
the whole-blood ionized calcium concentration was significantly
decreased at day 3, but not day 5. This suggest the functional
involvement of p38 MAPK in PTHrP-induced systemic hyper-
calcemia (Figure 8).
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Discussion

There are several reports about p38 MAPK inhibitor,
SB203580, inhibits osteoclast differentiation in RAW264 induced
by RANKL [28] or in bone marrow cells induced by le, 25-
(OH), D; and prostaglandin E, (PGEg) [14]. Previously, we
reported that M-CSF-dependent sSRANKL- and TNFo-induced
osteoclast formation in primary bone marrow cells, and collagen-
induced arthritis in rats were inhibited by FR167653 [23]. Here
we further show that FR167653, a selective inhibitor of p38
MAPK, strongly inhibits osteoclast differentiation in PTHrP-
treated bone marrow cell cultures.

We also investigated the mechanism of FR167653 involved in
the inhibition of osteoclast formation. Most osteoclastgenesis
inducers are thought to stimulate osteoclast formation via up-

Figure 5. The effects of FR167653 on sRANKL-induced c-Fos and NFATc1 expression level in M-CSF-dependent bone marrow
macrophages (MDBMM:s). Bone marrow macrophages were treated with 100 ng/mi M-CSF and 100 ng/mi sRANKL without or with FR67653 at the

indicated concentration. After 24 h incubation, cells were harvested and subjected to RT-PCR (A). For western blot analysis (B), the cells were
incubated for 48 h. Expression of c-Fos and NFATc1 in both mRNA and protein levels were increased following the sRANKL treatment. This
enhancement was inhibited by FR167653 in a dose dependent manner. The results are shown as mean *=S5.D. of three independent experiments, *:
p<0.05 versus the group treated only with sRANKL. .

doi:10.1371/journal.pone.0023199.g005
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Figure 6. The effect of FR167653 on PTHrP-induced bone
resorption. The calvarial bone resorption was measured radiograph-
ically on the left side (area marked by yellow line) where treated by
direct subcutaneous injection of PTHrP. A. Treatment by FR167653
reduced the bone resorption area (*: P<0.005). DW.distilled water. B.
Representative X-rays of mouse calvaria with PTHrP-induced bone
resorption. a: control group (treated with DW). b: FR167653 treatment
group.

doi:10.1371/journal.pone.0023199.g006

regulation of RANKIL and down-regulation of OPG gene
expression as mediated by osteoblast or bone marrow stromal
cells [25,29]. In our study, however, even the highest concentra-
tion of FR167653 that was tested (10 pM) has no effect on
RANKL and OPG expression by PTHrP-stimulated primary
bone marrow stromal cells. These data suggest that p38 MAPK is
not involved in the regulation of PTHrP-mediated bone
resorption-related functions of osteoblasts, including regulation
of RANKL and OPG expression. This is consistent with previous
results that SB203580 has no effect on RANKL and OPG
expression by primary osteoblast stimulated with lo, 25- (OH)yDs
and PGE, [14]. Together, the data suggest that p38 MAPK is
involved in the differentiation of osteoclast precursors, rather than
in the function of supporting cell such as osteoblasts or bone
marrow stromal cells.

However, the current study found that the up-regulation of c-
Fos and NFATclexpression treated with RANKL in osteoclast
precursor cells (MDBMMs) were inhibited by FR167653 in a
dose-dependent manner in both mRNA and protein levels. This
strongly suggested the inhibition of osteoclast differentiation by
FR167653 is involved in regulating c-Fos and NFAT ¢l expression
in osteoclast precursor cells. The similar results were reported by

PLoS ONE | www.plosone.org
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Figure 7. The effects of FR167653 on osteoclast number in
calvaria from PTHrP-treated animals. A. Osteoclast number per
unit bone area (OcN-BTA) was measured histologically as described in
the Materials and Methods section. Treatment of FR167653 reduces the
number of osteoclasts (*: P<0.005). B. TRAP staining and counterstain
with hematoxylin on calvaria sections. a: Histological section of animals
treated with DW. b: Histological section of animals treated with
FR167653. Osteoclasts are indicated by arrowheads.
doi:10.1371/journal.pone.0023199.g007

using SB203580 [30]. These findings, together with the present
study, suggest that p38 MAPK-mediated signal propagation down
to c-Fos and NFATcl are of fundamental importance for the
differentiation of osteoclast precursors into osteoclasts.

In our animal experiments, local injection of PTHrP on calvaria
caused significant bone resorption and systemic hypercalcemia,
and increased osteoclast number. Treatment with FR167653
successfully reduced bone resorption and osteoclast number in
calvaria, and eventually protected the calvaria from serious
osteoclastic dystruction induced by locally administered PTHrP.
However, some relieving effect on hypercalcemia was observed. In
our hands, inhibition of p38 MAPK by FR167653 significantly
decreased the whole-blood calcium level on day 3. However, there
is no difference in blood calcium level between the FR167653
treatment group and the control group at day 5.

It was reported that recombinant human OPG is effective in
inhibiting bone resorption and hypercalcemia induced by PTHrP
in vivo [27]. Treatment with chimeric form of OPG in combination
with PTHrP (20 pg/day) maintained whole blood ionized calcium
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Figure 8. The effect of FR167653 on whole-blood ionized
calcium levels in PTHrP-treated mice. PTHrP induces a significant
elevation of whole-blood ionized calcium levels in mice within three
hours of injection with PTHrP (at day three and five). The whole-blood
ionized calcium levels are lower in the FR167653-treated group than in
the DW-treated group (control group) at day three (*: P<<0.05). By day
five, however, there was no significant difference between two groups.
doi:10.1371/journal.pone.0023199.g008

levels within the normal range (~1.20 mmol/l). Even though
FR167653 was given subcutaneously, it should have act
systemically. The concentration of calcium in extracellular fluids
is under control by a complex homeostatic system strictly that
includes the parathyroid glands, kidneys, bones, and intestines
[31,32). An increase of extraccllular calcium concentration is
sensed by a calcium-sensing receptor (CaR) in the plasma
membrane of parathyroid gland cells and the kidney which in
turn affects parathyroid hormone, calcitonin, and 1, 25 (OH) ,Ds
secretion. Although intracellular signaling systems regulated by the
CaR are still in obscurity, recent evidence suggests that MAPK
pathways are activated by CaR [33,34]. For example, calcium
homeostasis by angiotensin II in adrenal glomerulosa cells is
mediated by activation of p38 MAPK pathways [35]. These
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observations may help us to understand the surprisingly small
effect of p38 MAPK pathway blockade on regulating hypercalce-
mia induced by PTHrP because the inhibition of p38 MAPK
pathway may block CaR signaling pathway as well, which in turn
causes reduced reaction to extracellular Ca®" in tissues that express
CaR. The detailed mechanism for why inhibition of p38 MAPK
partially prevents hypercalcemia even though it is effective in
reducing bone resorption merits further studies.

FR167653 has been used in several inflammatory disease
models and no cbvious adverse events were observed [15-19]. In
our previous in ive study [23], we found no significant side effects
with daily treatments of 32 mg/kg, a dose found to be safe and
effective in other inflammation models as well {36]. In the present
study, we also found that there is no significant side effects when
twice daily treatment with 30 mg/kg FR167653 for about 1 week.
Long-term injection of FR167653 may lead to toxic events;
indeed, one study demonstrated that FR167653 treatment
increased plasma creatine and lactate dehydrogenase levels in
rats [37]. Clearly, the potentially adverse effects of FR167653,
including its modulation of calcium homeostasis, need to be
studied extensively.

In conclusion, our data indicate that a potent p38 MAPK
inhibitor, FR 167653, blocks PTHrP-induced osteoclastogenesis in
vitio, and bone resorption and hypercalcemia in vivo. Our results
indicate that the responses of other tissues or organs to the p38
MAPK inhibitor may affect calcium homeostasis. This study
provides a plausible explanation and target for PTHrP-induced
osteoclastogenesis, which will help us to understand the mecha-
nism of bone resorption-related diseases.
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Abstract

Tissue-engineered medical products (TEMPs) should be evaluated before implantation. Therefore, it is
indispensable to establish evaluation protocols in regenerative medicine. Whether or not such
evaluation protocols are reasonable is generally verified through a round robin test. However, the
round robin test for TEMPs intrinsically includes a deficiency, because identical specimens can not be
prepared for TEMPs. The aim of the study was to assess the feasibility and limitations of the round
robin test for TEMPs by using a prepared evaluation protocol. We adopted tissue-engineered cartilage
constructs as delivered specimens and a protocol of measuring sGAG content as an evaluation protocol
proposed to ISO TC150/SC7, which is an invasive, but usually applied, method, although non-invasive
methods are keenly required in evaluating TEMPs. The results showed that: (a) the coefficient of
variation (CV) of the measured sGAG contents in intralaboratory tests was ~5% at most; (b) the CV of
sGAG content in the scheme where each participating laboratory measured different constructs was
comparable with that in the scheme where each participating laboratory measured one half of a
construct along with the organizing laboratory; (c) the CV caused by factors other than the specimen
was ~15%, comparable to that in reproducible experiments in biomedical fields. Based on these
results, the study concludes that a round robin test for a TEMP could be valuable, under the condition
that the delivered TEMPs are sufficiently reproducible so that the CV of the measured values is <5% in
the organizing laboratory. Copyright © 2011 John Wiley & Sons, Ltd.
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1. Introduction production but are those tailor-made, whether their cell
sources are autologous or allogenic. This feature means
that regenerated tissues are not uniform in their
specifications, such as the degree of tissue regeneration,
and biochemical and mechanical properties. Therefore, it

_— ) is necessary to develop specific protocols for evaluating
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Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan. The International Organization for Standardization
E-mail: ushida@m.u-tokyo.ac.jp (ISO) is a well-known non-governmental organization

Regenerated tissues in vitro have a specific feature as a
product, ie. that the tissues are not made by mass
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that sets standards. ISO is composed of more than 200
Technical Committees (TCs) to cover a wide range of
diverse industrial fields. However, there is no specific
TC for tissue-engineered medical products. In 2007, the
first subcommittee, SC7, was established in TC 150,
Implants for Surgery, which discusses standards for tissue-
engineered medical products. In September 2007, we
submitted to SC7 of TC150 a tentative protocol for
Quantification of sulphated glycosaminoglycans (sGAG)
for evaluation of chondrogenesis (see Appendix 1). This
protocol is an invasive one, although non-invasive
methods are keenly required in evaluating TEMPs,
However, we adopted this invasive protocol as the
protocol in this round robin test because the principal
protocols composing this protocol are considered suffi-
ciently reproducible according to a number of published
articles.

Whether or not the proposed protocol is reasonable is
to be verified through a round robin test. Generally, the
round robin test is performed by multiple independent
units, using equivalent specimens under the same
protocol. However, the same specimens can not be
prepared in tissue-engineered medical products (TEMPs).
Therefore, the round robin test for TEMPs intrinsically
includes a deficiency in this regard.

The present study is the first in which a round robin
test for a tissue-engineered medical product has been
carried out. Seven independent laboratories participat-
ed in the round robin test, using not same but
equivalent tissue-engineered cartilage constructs under
the above-mentioned protocol. All constructs were
prepared by the organizing laboratory. Then we set
the following two schemes to deliver the constructs to
the participating laboratories. The first scheme was to
deliver a whole construct to each participating labora-
tory; the other was to deliver a cut half-construct to
each laboratory - the other half-constructs were
measured in the organizing laboratory in the latter
case. The present study was designed to assess the
feasibility and limitations of the round robin tests of
TEMPs through statistical analysis of the sGAG data of
all participating laboratories.

2. Materials and methods
2.1. Scheme for protocol evaluation

Tissue-engineered cartilage constructs were prepared at
the organizing laboratory (Laboratory of Regenerative
Medical Engineering, Centre for Disease Biology and
Integrative Medicine, Graduate School of Medicine,
University of Tokyo, Japan). The organizing laboratory
prepared two types of constructs, the first one using
300pl collagen gel and the other using 1000pl collagen
gel, which were divided into two halves and delivered
to each participating laboratory without any informa-
tion about sGAG contents. The contents were also

Copyright € 2011 John Wiley & Sons, Ltd.

M. Yokoi et al.

measured by the organizing laboratory for each
construct (Figures la, b, 2a, b). The participating
laboratories included: (1) The Centre for Disease Biology
and Integrative Medicine (CDBIM), Graduate School of
Medicine, University of Tokyo, Japan (organizing laborato-
ry); (2) Department of Orthopaedic Surgery, Nara Medical
University, Nara, Japan; (3) Health Research Institute,
National Institute of Advanced Industrial Science and
Technology, Hyogo, Japan; (4) Division of Tissue Engineer-
ing, University of Tokyo Hospital, Japan; (5) Medical Centre
for Translational Research, Osaka University Hospital,
Japan; (6) Department of Dental and Medical Biochemistry,
Graduate School of Biomedical Sciences, Hiroshima
University, Japan; (7) Japan Tissue Engineering Co. Ltd,
Aichi, Japan.

The sGAGs of the constructs were quantified at each
participating laboratory using the protocol Quantification
of sulphated glycosaminoglycans (sGAG) for evaluation of
chondrogenesis (ISO/TC 150/SC 7/WG3; Appendix 1).
The reagents used in the protocol were prepared in each
laboratory. All data obtained at each laboratory were
reported to the organizing laboratory and statistically
analysed in the organizing laboratory.

2.2. Chondrocyte isolation and preparation of
tissue-engineered cartilage constructs

Slices of the articular cartilage were harvested under
sterile conditions from the knees and shoulder joints of
calves (4-8weeks old), washed twice in Dulbeccos
phosphate-buffered saline (PBS) supplemented with
4% antibiotics—antimycotics (10 000 U/ml penicillin, 10
mg/ml streptomycin, and 25pg/ml amphotericin B;
Invitrogen, Grand Island, NY, USA) and minced. The
minced cartilage tissue pieces were digested overnight
at 37°C in Dulbeccos modified Eagles medium
(DMEM; Invitrogen) supplemented with 10% fetal
bovine serum >(FBS; Invitrogen), 0.2% collagenase
(CLS 1I; Worthington, NJ, USA) and 2% antibiotics—
antimycotics (Miyata et al., 2004, 2006). The digested
solution was filtered through a sterile 70 pm nylon mesh
(Cell Strainer, Becton Dickinson Labware, Franklin
Lakes, NJ, USA) to remove the debris. The chondrocytes
were isolated from the digestion solution by centri-
fugation and resuspended in the feed medium (DMEM
supplemented with 10% FBS, 30ug/ml L-ascorbic acid
and 1% antibiotics—antimycotics). The number of
isolated chondrocytes was then counted using a
haemocytometer.

Each chondrocyte suspension was mixed with a four-
fold volume of 3% atelocollagen solution (Koken, Tokyo),
so that the final cell density in the gel was 2.0 x 10° cells/
ml (Katsube et al., 2000; Kino-Oka et al., 2005, 2008). A
300ul or a 1000l aliquot of the mixture was placed in a
100mm diameter culture dish and allowed to gel in a CO,
incubator for 1h at 37°C.

The gels were overlaid with 20ml culture medium contain-
ing 30 ug/ml L-ascorbic acid and 1% antibiotics-antimycotics,
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Figure 1. (a) 300l gel; (b) 1000pl gel

and cultured in a 5% CO» incubator at 37°C for 2weeks,
with the medium replaced every 3-4days. Those gels
cultured for 2weeks were delivered to the laboratories
as tissue-engineered cartilage constructs for the round
robin test.

2.3. Quantification of sGAG in
tissue-engineered cartilage constructs

For the constructs of 300l gels, each participating laboratory
quantified sGAG contents in one whole construct, while the
organizing laboratory quantified that in four whole constructs.
For the constructs of 1000ul gels, eight constructs were
divided into two halves. In six of these, SGAG content was
quantified in each half by the organizing laboratory and in the
other half by the other participating laboratories. The sGAG
contents of the four halves from the remaining two constructs
of 1000 pl gels were quantified by the organizing laboratory.
The constructs (the whole 300pl gel batch and half of
the 1 000p1 gel batch) were placed in 35mm diameter

a)

Lab.

culture dishes sealed with parafilm, and sent to the
participating laboratories under cold conditions. Each
participating laboratory measured the sGAG content of
both constructs according to the protocol, selecting the
dissection method among the options for pretreatment of
tissue-engineered cartilage constructs and the papain
digestion method among the options for extraction of
sGAG from the constructs throughout this round robin
test. Every participating laboratory selected either micro-
titre plates or cuvettes, according to the equipment
available in the 1, 9-dimethylmethylene blue (DMMB)
measurement step.

2.4. Statistical analysis

Values were expressed as mean=+SD. Differences between
groups were examined for statistical significance using the
unequal variance or equal variance t-test as a parametric
test and Mann-Whitneys U-test as a non-parametric test,
p<0.05 was considered statistically significant.

Lab1

LabZ Lab.3 Lab.4 Lab.5 Labb Lab7

Figure 2. (a) A whole construct of 300l gel was delivered to each participating laboratory. (b) 10001 gel was divided into two
halves, which were delivered to each participating laboratory and organizing laboratory

Copyright © 2011 John Wiley & Sons, Ltd.
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Figure 3. Intra- and interlaboratory variations of sGAG quanti-
fication for 300l gel. Of 10 300l gels, four were quantified for
SGAG contents in laboratory 1 and six gels in laboratories 2~7.
Circles represent data from laboratories 1-7

3. Results

3.1. Quantification of sGAG contents and
intra- and interlaboratory variations in the
300l gel constructs

The organizing laboratory quantified the sGAG contents
of four 300l gel constructs, while the other participating
laboratories also quantified the sGAG of one 300pl gel
construct. Figure 3 shows all data of sGAG contents, the
mean (M) and standard deviation (SD) values for sGAG
contents of the constructs of 300ul gels determined by
the organizing laboratory and participating laboratories.
The intralaboratory (organizing laboratory) and inter-
laboratory coefficients of variation (CVs), which were
defined as the ratio of the standard deviation (SD) to the
mean (M), were 4.8% and 30%, respectively. Table 1
shows the equipment used to measure the absorbance of
the sGAG dye reaction and the correlation coefficients for
each standard curve. As the F-test between Lab. 1 and
Labs 1-7 showed that the variance in Lab. 1 was not equal
to that in Labs 1-7, the unequal variance t-test between
Lab. 1 and Labs 1-7 was done as a parametric test. The
result showed that no significant difference was found
between the means in Lab. 1 and Labs 1-7, under the
condition that the statistical analysis was done with the
limited number of experiments. In the case of biochemical
experiments using equivalent samples under the same

M. Yokoi et al.

protocol, normal distribution is generally supposed. How-
ever, as the sample numbers were relatively small in this
round robin test, we also adopted the Mann-Whitney U-test
as a non-parametric test for testing whether two population
means are equal or not, because it does not make any
assumptions related to the distribution. The result also
showed that no significant difference was found between
the means in Lab. 1 and Labs 1-7.

3.2. Quantification of sGAG contents and
intra- and interlaboratory variations in 1000l
gel constructs

The organizing laboratory quantified the sGAG contents
of 10 halves of the 1000l gel constructs, and the other
participating laboratories also each quantified the sGAG
of a half of a 10001 gel construct. Figure 4 shows all the
data of sGAG contents, the mean and SD values of the
sGAG contents of the 1000ul gel half-constructs mea-
sured by the organizing laboratory and the participating
laboratories. The intralaboratory (organizing laboratory)
and interlaboratory CVs were 4.4% and 18%, respectively.
Table 2 shows equipment used to measure the absorbance
of the sGAG dye reaction and the correlation coefficients
for the standard curves. As the F-test between Lab. 1 and
Labs 1-7 showed that the variance in Lab. 1 was not equal
to that in Labs 1-7, the unequal variance t-test between
Lab. 1 and Labs 1-7 was done as a parametric test. The
result showed that no significant difference was found
between the means in Lab. 1 and Labs 1-7, under the
condition that the statistical analysis was done with
the limited number of experiments. We also adopted the
Mann-Whitney U-test as a non-parametric test for the
1000ul gel constructs. This result also showed that no
significant difference was found between the means in
Lab. 1 and Labs 1-7. Figure 5 shows all data, mean and
SD values of the ratios of sGAG contents. Each ratio
was calculated by dividing the sGAG content of half of
the construct measured at the participating laboratory
by that of the other half of the identical construct in
the organizing laboratory. The CV of the ratios was
20%. One participating laboratory (Lab. 7) quantified
the sGAG contents of the 300 and 1000ul gel con-
structs using the Blyscan kit, which is a commercially
available kit, based on the same measurement principles as
the protocol used in this round robin test, using the
spectroscopical shift of DMMB by binding sGAG. The
measured values (0.86 and 0.71pg/mg, respectively) were
comparable to those measured by the protocol adopted in

Table 1. Quantification of sGAG contents in the laboratories for 300 pl gel

Quantification laboratory no. 1 (organizing laboratory) 2 3 4 5 6 7
Equipment® M M M M C C @ M C M
R?® 0.99 0.99 0.99 0.99 0.93 0.99 0.97 0.98 0.99 0.98

#Equipment used to measure absorbance of SGAG dye-reaction. M, microtitre plate reader; C, spectrophotometer using cuvette.

bCorrelation coefficient for the standard curve.

Copyright «» 2011 John Wiley & Sons, Ltd.

J Tissue Eng Regen Med (2011).
DOI: 10.1002/term

- 170 -



Feasibility and limitations of the round robin test in a TEMP

é/
1.5+
. 10-
QE 11
L) K ’
= 054
0

Lab.1 Lab.1-7

Figure 4. Intra- and interlaboratory variations of sGAG quanti-
fication for 1000l gel. Each of 10 1000l gels was divided into
two halves. Each half was quantified by the organizing
laboratory (laboratory 1) and the other half was quantified by
the participating laboratories (laboratories 1-7). Circles repre-
sent data from laboratories 1-7

this round robin test. However, the kit contains solutions all
contents of which are not disclosed. Therefore, it does not
seem adequate for the standard protocol to include the
usage of such kinds of kit. Three laboratories used a
microtitre plate reader (M), while four laboratories used
spectrophotometers with cuvettes (C). As F-tests between
M and C in both the 300 and 1000pl gel constructs
showed that the variance in M was equal to that in C, the
equal variance t-tests between M and C in both constructs
were done as a parametric test. The results showed that
no significant difference was found between the means
in M and C. The same results were obtained using a
Mann-Whitney U-test as a non-parametric (one-sided) test.

4. Discussion
4.1. Reliability of the proposed protocol

The protocol used in our round robin test was composed of
three major steps, pretreatment, extraction of sGAG and
measurement of sGAG content. In the first step, the protocol
presents three options, pulverization, lyophilization and
dissection. We selected dissection for the pretreatment of
the tissue-engineered cartilage constructs throughout this

sGAG in Lab.2-7 / Lab.1

1.57 o
@
@
o 8
O
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0.5=
0

Lab.2-7/ Lab.1

Figure 5. Interlaboratory variation of quantification of the same
gels. Circles represent data from laboratories 2-7. For inter-
laboratory 2-7 variation of the ratio, the data for sGAG contents
by laboratory 1 were not used

round robin test, because the dissection was a simple and
realistic method for pretreating a soft tissue such as the
construct used in this round robin test. In the second step, the
protocol presents three options, papain digestion, collagenase
digestion and guanidine salt extraction, We selected papain
digestion for extraction of sGAG from the constructs
throughout this round robin test. The papain digestion is a
well-known and established method for the digestion of
tissue-engineered cartilages (Grande et al., 1997; Hoemann et
al., 2002; Kim et al., 1988) and was selected as the most
adequate digestion method in this study. We also noted that
all constructs prepared in the present study could be digested
overnight at 60°C without any debris. The sGAG measure-
ment method in the last step is based on the DMMB assay,
which measures the shift in the absorbance profile of the
DMMB by binding sGAG. The DMMB assay is widely used for
the measurement of sGAG contents (Dey et al., 1992;
Farndale et al., 1982, 1986; Stone et al., 1994). Therefore,
we concluded that the data generated from the protocol used
in our round robin test are reproducible, besides the
uniformity of constructs and manipulation errors, because
the protocol was designed to conjugate the above-mentioned
three methods. This is the reason why we used this protocol to
assess the feasibility and limitations of the round robin tests of
TEMPs. On the other hand, it is clear that more reasonable
and efficient methods, including non-invasive ones, in terms
of cost and routine working should be further investigated for
evaluating chondrogenesis.

Table 2. Quantification of sSGAG content in the laboratories for 1000l gel

Gel 1000-1 1000-8 1000-2 1000-3 1000-4 1000-5 1000-6 1000-7
Quantification laboratory no. 1 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1
Equipment® M M C M C M C M M M C M M M
R*® 0.99 0.99 0.99 0.99 0.93 0.99 0.99 099 0.97 0.99 098 099 0.99 099 098 0.99

3Equipment used to measure absorbance of SGAG dye reaction. M, microtitre plate reader; C, spectrophotometer using cuvette.

Correlation coefficient for the standard curve.
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4.2. Uniformity of constructs prepared and
delivered in the round robin test

All constructs were generated by one researcher in the
organizing laboratory, by mixing suspended bovine chon-
drocytes with collagen solution as homogeneously as pos-
sible. The CVs of sGAG contents of the 300 and 10001 gels
were 4.8% and 4.4%, respectively, in the organizing
laboratory. These CVs correspond with those originated by
the protocol and the construct. Then, the CVs of sGAG
contents of both gels could be evaluated to be about 5%, if
the CV related to the protocol is negligibly low. The results
emphasize that the round robin tests of TEMPs intrinsically
contain a variance in uniformity of the delivered products,
which corresponded to about 5% in this test.

4.3. Interlaboratory variations of measured
sGAG contents of the constructs

The interlaboratory CV of sGAG contents of the constructs
of 300l gels was 30%, although the intralaboratory one
was 4.8%. The former CV could be considered relatively
large, taking into account that the CVs in reproducible
experiments in the biomedical field are generally<15%
(Food and Drug Administration, 2001). Since the
intralaboratory CV was 4.8%, the interlaboratory CV
could be mainly due to variations of manipulation rather
than those of constructs. The same discussion could be
developed in the case of the constructs of 1000pl gels,
where the intra- and interlaboratory CVs of sGAG content
were 4.4% and 18%, respectively.

The round robin test was conducted with the partic-
ipation of seven laboratories experienced in measuring
SGAG contents. However, it is unlikely that any laboratory
could measure sGAG contents of the delivered samples
without manipulation errors. It is found that the OD value
of Opg/ml in the standard curve of Lab 2 was extremely
high (0.88 in the raw data). The CVs in 300ul, 1000l and
the ratio were recalculated by eliminating the data of Lab
2, resulting in 18%, 19% and 21%, respectively. As far as
the recalculated CVs are considered, the CVs in this round
robin test were comparable with those in the ordinary
round robin tests.

4.4. Estimation of reliability and feasibility of
the protocol deduced by the results of the round
robin test

The aim of the study was to assess the feasibility and
limitations of the round robin tests of TEMPs through two
kinds of statistical analysis of the sGAG data obtained by all
participating laboratories. The variations in the measured
sGAG contents by the round robin test could be due to
the following four factors, (a) protocol; (b) specimen;
(¢) manipulation; (d) equipment, where the second factor
is specific to the round robin test for a TEMP. In this
round robin test, we adopted tissue-engineered cartilage

Copyright ) 2011 John Wiley & Sons, Ltd.

M. Yokoi et al.

constructs as the delivered specimens, which were thought
to be relatively uniform among TEMPs. The intralaboratory
CV was about 5%, which could be caused by the protocol
and specimens. Therefore, the CV caused by specimen in
this test could be estimated as ~5% at most. On the other
hand, we used two schemes for the delivery of the
constructs to the participating laboratories. To reduce the
variation caused by specimen, it is reasonable to measure
the sGAG contents of each half-cut of an identical construct
at the organizing laboratory and participating laboratories,
and calculate the ratio of the sGAG data. However, a
preference in the delivery schemes was not found, based on
the comparison between the recalculated CVs in the 300p
1 constructs and the ratios (1000ul). As far as this round
robin test is concerned, the estimated CV in the 300l and
10001 constructs and the ratio caused by factors other than
specimen is ~15%, if one simply subtracts the CV caused by
the specimen (~5% at most) from the recalculated CVs,
This means that the reliability and feasibility of a protocol
could be assessed under the above-mentioned limited
conditions. We therefore conclude, from the results of this
first round robin test, that a round robin test for assessing an
evaluation protocol of a TEMP could be valuable under the
condition that the delivered TEMPs are to be reproducible
such that the CV of the measured values among the
delivered TEMPs is< 5% in the organizing laboratory.
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APPENDIX 1: Quantification of
sulphated glycosaminoglycans
(sGAG) for evaluation of
chondrogenesis

‘Scope

This proposal aims to quantify sulphated glycosamino-
glycans (sGAG), one of the major matrices in articular
cartilage, extracted from tissue-engineered -cartilage
constructs. The quantification of sGAG as well as
collagen is ranked as one of the first steps in evaluating
chondrogenesis of the constructs. 1,9-Dimethylmethylene
blue (DMMB) dye is selected for quantifying sGAG,
which is used for that purpose in a worldwide manner.
The procedure to quantify sGAG in the constructs
comprises the following steps: 1, pretreatment of the
constructs; 2, extraction of sGAG using enzymes or
extraction medium; 3, preparation of DMMB reagent; 4,
DMMB assay.
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Intended performance

1. Preparation of sample solutions from
tissue-engineered cartilage

1.1. Pretreatment of tissue-engineered cartilage
constructs

Select one of the following three options:

Pulverization

1. Weigh the tissue-engineered cartilage constructs.

2. Dissect the constructs into pieces.

3. Freeze and immediately grind the dissected constructs
in liquid nitrogen, and store them at —80°C until
extraction.

Lyophilization

Weigh the tissue-engineered cartilage constructs.
Dissect the constructs into pieces.

Freeze-dry the dissected constructs.

Transfer the dried constructs into a tube each and add
1-2ml cold distilled water.

5. Incubate them at 4°C overnight, then store them at
—80°C until extraction.

sl

Dissection

=

Weigh the tissue-engineered cartilage constructs.

2. Dissect the constructs into enough small pieces to be
digested in extraction solutions.

3. Transfer the dissected constructs immediately to the

extraction steps.

1.2. Extraction of sGAG from pre-treated samples

Select one of the following three options:

Papain digestion

1. Prepare the papain solution [prepare phosphate-
buffered saline (PBS) containing 5mm cysteine-HCI
and 5mm EDTA-2Na, pH 6.0; store the reagent at 4°C;
add papain (125ug/ml) just before use].

2. Digest pretreated constructs in the papain solution at
60°C overnight. Volume of solution should be deter-
mined so that sGAG concentration is measurable in
this assay.

Collagenase digestion

1. Prepare collagenase solution (culture medium contain-
ing 2.5mg/ml collagenase, 3mmM CaCl, and 0.25%
trypsin).

2. Incubate the pretreated constructs with nine times the
volume of the collagenase solution at 37°C overnight.

Copyright ¢y 2011 John Wiley & Sons, Ltd.

Guanidine salt extraction

1. Prepare 100ml GuCl extraction buffer (4M GuCl, 50mm
Tris~HCl, pH 7.5, 1mm EDTA) according to the follow-
ing procedure: add 38.2g guanidine HCl with 80ml
distilled water, 5ml 1M Tris~HCl, pH 7.5, and 200pl
500mM EDTA. Stir them until completely dissolved.
Top up the reagent to 100ml with distilled water.

2. Extract pretreated constructs with the GuCl extraction
buffer at 4°C overnight.

2. Measurement of sGAG content of extracted
solutions

2.1. Preparation of 1,9-dimethylmethylene blue
(DMMB) reagent

1. Add 16mg 1,9-dimethylmethylene blue dye to 5Sml
ethanol, and stir the reagent in a clean dry beaker
wrapped with aluminium foil.

2. Add 3.04g glycine, 2.37¢g NaCl and 95ml 0.1 N HCl to

the above reagent.

Adjust pH of the reagent to 3.0 with 0.1 N HCL

. Top up the reagent to 1000ml with distilled water.

Stir the reagent with a magnetic stir bar for 2-16h

under shading conditions.

6. Filtrate the reagent with adequate filter paper to
removing the debris.

7. Store the reagent in a brown bottle at room tempera-
ture, and prepare the reagent freshly every 3months.

I

2.2. DMMB assay

1. Prepare chondroitin 6-sulphate standard by dissolving
10.0mg chondroitin 6-sulphate with 20ml PBS to
make 0.5mg/ml chondroitin 6-sulphate solution, and
mix them for several minutes to fully dissolve.

2. Generate a series of chondroitin 6-sulphate solutions
in PBS so that the chondroitin 6-sulphate concentra-
tions are 6.25, 12.5, 25, 50 and 100 pg/ml, to make a
standard curve.

3. Mix 0.1ml each extract or standard solution with 1ml
DMMB reagent in a cuvette assay, or mix 0.02ml each
extract or standard solution with 0.2ml DMMB
reagent in a microtitre plate assay.

4. Measure immediately (within 3min after mixing) the
absorbances of the mixtures at 530 (range 525-535) nm.

2.3. Normalization of sGAG contents

1. Convert the absorbance of the mixtures to SGAG
concentrations (pg/mb).

2. Normalize the sGAG concentrations (ug/ml) to sGAG
contents (ug/mg) by dividing them by the wet weight
of the constructs:

SGAG content (ng/mD)=A (ug/mlDxBx (C+D) (ml)/E

(mg) where A =sGAG concentration (ug/ml), B=dilution

rate, C=added digestion volume (ml), D=wet weight of

the construct (ml; density of construct is to be 1g/ml)
and E=wet weight of the construct (mg).
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It would be of great value to predict the efficacy of tyrosine kinase inhibitors (TKIs) in the treatment
of individual CML patients. We propose an immunoblot system for detecting the phosphorylation of
Crkl, a major target of Ber-Abl, in blood samples after in vitro incubation with TKIs. When the remaining
phosphorylated Crki after treatment with imatinib was evaluated as the “residual index (RI)", high values

were found in accordance with imatinib resistance. Moreover, Rl reflected the outcome of imatinib- as
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well as second generation TKIs with a high sensitivity and specificity. Therefore, this system should be
ML useful in the selection of TKIs.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The introduction of tyrosine kinase inhibitors (TKIs) targeting
Bcr-Abl have dramatically improved the treatment of CML. Ima-
tinib mesylate (Gleevec; Novartis Pharmaceuticals, East Hanover,
NJ) was shown to induce high rates of cytogenetic and molecular
responses, resulting in greatly prolonged survival in CML patients
[1,2]. However, despite the remarkable improvement in survival
and responsiveness with imatinib-treatment, a considerable pro-
portion of the patients treated with imatinib have been reported
to exhibit either primary or secondary resistance or intolerance
[3-5]. Clinical resistance to imatinib can result from mutations
in the Abl kinase domain at residues that directly contact ima-
tinib or that influence imatinib binding [6]. As resistance can also
arise in the absence of Bcr-Abl mutations, other mechanisms of
resistance and disease progression may exist, including Bcr-Abl-
independent signaling in CML cells [7]. To overcome the resistance
and intolerance to imatinib, efforts have been made to develop
second- and third-generation TKIs. Examples of such inhibitors
include nilotinib (Tasigna, Novartis) [8], dasatinib (Sprycel, Bristol-

* Corresponding author. Tel.: +81 6 6879 3871; fax: +81 6 6879 3879.
E-mail address: sezoe@bldon.med.osaka-u.ac.jp (S. Ezoe).

0145-2126/8 - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.leukres.2011.01.012

Myers Squibb) [9] and other TKIs under clinical investigation such
as bosutinib [10] and INNO-406 [11]. These TKIs are significantly
more potent than imatinib and have exhibited efficacy against
many types of imatinib-resistant Bcr-Abl mutants. Furthermore,
they are also candidates for first-line therapy, as there is a need
to improve the results achieved with imatinib [12-14]. In parallel
with the entrance of new therapeutic compounds, an important
question is which TKI is the most appropriate to each CML patient.

To establish a system with which we can predict the response
of each patient to TKIs, we investigated in this study the phospho-
rylation of Crkl, a major target of Bcr-Abl, after in vitro incubation
with or without TKIs in peripheral blood (PB) samples from patients
either newly diagnosed or resistant to imatinib. It is demonstrated
that this in vitro analysis system is highly reflective of the clini-
cal response to TKls of CML patients, and these data should prove
useful in selecting TKIs in individual cases.

2. Patients, materials and methods
2.1. Patient blood samples

Thirty-one patients with CML in the chronic phase (CP) were included in
this study (Table 1). The optimal response, response and resistance were defined
in accordance with the European Leukemia Net (ELN) recommendations [15,16].
Briefly, an “optimal response” to imatinib means achieving a complete hemato-
logical response (CHR) at 3 months or complete cytogenetic response (CCyR) at

- 177 -



1206

6 months after the induction of imatinib, and resistance means failure to achieve
such a response. On the other hand, in nilotinib- or dasatinib-treated patients, a
“response” means a minor cytogenetic response (mCyR) at 3 months or partial cyto-
genetic response (PCyR) at 6 months after the induction of the second generation
TKI, and resistance means failure to achieve this response.

Ten microliters of the PB samples were obtained from patients with informed
consent at the beginning or before the initiation of imatinib, nilotinib or dasatinib.
Half of each sample was used for examination of the Bcr-Abl sequence, which was
performed by the SRLCo. (Tokyo, Japan), and the other half was used for immunoblot
analysis.

Approvals for the study were obtained from the institutional review boards of
all the participating facilities.

2.2. Reagents

Imatinib, methanesulfonate salt was kindly provided by Novartis Pharmaceu-
ticals (Basel, Switzerland), and nilotinib and dasatinib were purchased from LC
laboratories (Boston, MA). The antibodies used in this study were as follows:
anti-Lyn, anti-phospho-Crkl, anti-phospho-c-Abl from Cell Signaling Technology
(Beverly, MA), anti-phospho-Lyn(Y396) from Epitomics (Burlingame, CA), anti-Crkl,
anti-B-actinfrom Santa Cruz Biotechnology (Santa Cruz, CA), and the secondary anti-
bodies, anti-Rabbit IgG HRP and anti-Goat 1gG HRP were from Promega (Madison,
WI). Pervanadate was purchased from Sigma-Aldrich (St. Louis, MO).

2.3. Cellline

A Bcr-Abl positive human cell line, K562, was used in the preliminary experi-
ments in this study. K562 cells were maintained in RPMI1640 (nacalai tesque, Kyoto,
Japan) supplemented with 10% fetus bovine serum (FBS) (EQUITECH-BIO, Kerrville,
TX).

2.4. Immunoblot assays of patients’ samples

Whole blood cell samples from patients were used within 3 h after blood had
been drawn. Red cells were lysed with Whole Blood Lysing Reagents (Beckman Coul-
ter, Brea, CA), and white blood cells were cultured with or without imatinib, nilotinib
or dasatinib. After 5-h incubation, the cell lysates were collected and subjected to
immunoblot assays. Gel electrophoresis and immunoblot assays were performed
according to methods described previously [17,18]. Immunoreactive proteins were
visualized with an enhanced chemiluminescence detection system (PerkinElmer
Life Sciences, Boston, MA).

A Pervanadate(-)

control imatinib
0 2 5 24 2 5 24h
pCrkl
Crkl -
B imatinib

1 5 10 pM
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2.5. Evaluation of phosphorylation intensity and determination of the “residual
index (RI)"

The intensity of each blot of immunoreactive protein was quantified using
ChemiDoc XRS+ with Image Lab Software (Bio Rad, Tokyo Japan). The RI values of
each patient to TKIs were determined in accordance with the numerical expression,
as indicated in Fig. 2A.

2.6. Statistical analysis

Analysis of variance was used to assess data reproducibility. The Mann~-Whitney
rank sum was used to define differences between groups. -

3. Results
3.1. Immunoblot analysis of phosphorylated Crkl in CML patients

To assess the drug response of the CML patients, we performed
immunoblot assays detecting phosphorylated Crkl, adirect target of
Ber-Abl kinase. To establish the experimental procedures, prelim-
inary experiments were performed with K562, a CML blast crisis
cell line, or blood sample from a newly diagnosed CML patient
(Patient A), 98% of whose PB cells were Bcr-Abl-positive on fluores-
cence in situ hybridization (FISH). First, to determine the optimum
incubation period for the TKIs, PB cells were incubated with or with-
out TKIs for varying time periods. A two-hour incubation was not
sufficient because imatinib did not completely suppress the phos-
phorylation of Crkl, while 24-h incubation was too long because the
PBneutrophils appeared to die (Fig. 1A, left panel). A five-hourincu-
bation completely eliminated the phosphorylation of Crkl without
cell death. On the other hand, simultaneous treatment with a phos-
phatase inhibitor sustained the phosphorylation of Crkl even after
treatment for 24 h (Fig. 1A, right panel). Thus, we decided to incu-
bate cells for 5h without phosphatase inhibitors. Next, to build an
in vitro simulation model for the estimation of the activities of TKIs
in the body, we fixed the concentrations of TKIs at the peak value
of plasma concentrations in patients (Cmax) after administration
of the recommended dose of TKIs. The Cmax of imatinib in CML
patients after taking orally 400 mg of the drug is 3.0-4.8 M, and
that of nilotinib after taking 400 mg is 2.9-4.0 wM. In the case of

Pervanadate(+)
control imatinib
0 2 5 24 2 5 24h

pCrkl

Crkl

C K562/normal PB cells
100 90 S0 10 1 01 0 %
pCrkl
Crkl
B-actin

*Fig. 1. Optimization of western blot after TKI-incubation. (A and B) Blood sample from Patient A was incubated with or without 5 pM imatinib supplemented with (right
panel) or without (left panel) 10 pM of pervanadate for the indicated periods (A) or incubated with imatinib at the indicated concentrations for 5 h (B). The treated cells were
lysed and subjective to immunoblot analysis using the indicated antibodies, (C) K562 cells were mixed into normal human PB cells at the indicated ratios. Then the samples

were subjective to immunoblot analysis.
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dasatinib, the Cmax after the ingestion of 100 mg dasatinib was
100nM [19-21]. In terms of pharmacokinetics, we fixed the con-
centrations of these TKIs (imatinib, nilotinib and dasatinib) at 5 uM,
5 M, and 0.1 uM, respectively. As shown in Fig. 1B, 1 uM of ima-
tinib did not eliminate the phosphorylation of Crkl in the examined
sample of patient A who are newly diagnosed and well responded
to imatinib, but 5 uM and 10 uM of imatinib did, indicating that
1 M is too low concentration for estimation of clinical outcome.
Finally, to estimate the sensitivity of this system, K562 cells were
mixed with normal PB cells at variable ratios, as indicated. Fig. 1C
shows that the phosphorylated Crkl at the lowest 1% was detectable
in K562 cells. Thus, we analyzed patients having more than 10%
Ber-Abl-positive cells in PB by FISH.

3.2. Iimmunoblot analysis

To quantify the in vitro responsiveness to TKls, we measured
the density of each blot using a densitometric method. We then
defined “residual index (RI)” for each TKI by the numerical expres-
sion as shown in Fig. 2A. Triplicate measurements were performed
on 3 individual patients (Patient B, C and D). There were no signif-
icant variations among the Rls in each patient. Standard error for
each sample set was less than 5% (4.6%, 1.2% and 3.4%, respectively)
(Fig. 2B).

3.3. Responses to the TKIs in patients with various stages of CML
Fig. 3A represents typical results of the immunoblot analyses
in 2 patients with newly diagnosed CML (Patient 1 and 2), and 2

patients who were receiving imatinib but were displaying resis-
tance (Patient 16 and 17). Although all of these samples exhibited

A Residual Index (RI) (%)

apparent phosphorylation of Crkl without TKIs, the phosphorylated
Crkl disappeared from the samples of Patients 1 and 2 when incu-
bated with imatinib, nilotinib or dasatinib. In the case of Patients
16 and 17, on the other hand, weak bands remained in the ima-
tinib and/or nilotinib-incubated samples, but disappeared in the
dasatinib-treated ones. Thus, this immunoblot analysis appeared
to be useful in evaluating Crkl phosphorylation after in vitro
TKI-incubation. All patients were divided into two groups: one
being newly diagnosed and another receiving imatinib-therapy
but showing resistance. The imatinib-RIs of the samples from the
imatinib-resistant group (median RI: 34.2%) were much higher than
those of the samples from newly diagnosed patients (median RI:
4.2%) (Fig. 3B).

3.4. Sequential examinations using the residual index

RI values were analyzed sequentially in the course of the differ-
ent TKI-treatments in 2 imatinib-resistant patients (Patient 23 and
27).

Patient 23 (Fig. 4A): after six months of treatment with ima-
tinib, the drug was changed to dasatinib because of a failure to
achieve an optimal response (72% Ph1* in FISH). Six months after
the start of dasatinib, Ph1* cells were disappeared. The samples
were obtained twice: prior to the treatment with imatinib, and at
the time of change to dasatinib. Immunoblot analysis showed that
neither imatinib nor nilotinib eliminated the phosphorylation of
Crkl at the initiation of treatment, but dasatinib did. Furthermore
the RI values were under 10% only in the sample incubated with
dasatinib.

Patient 27 (Fig. 4B): when the first sample was obtained, the per-
centage of Ph1* cells was 93% after 7-year treatment with imatinib.

(pCrkl-density of TKI-treated sample)/(Crkl-density of that)

x100

(pCrkl-density of non-treated sample)/((Crkl-density of that)

density=(measured value)-(background)
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Fig.2. “Residual index (R)". (A) The numerical expression of RI. “Measured value” means the density of each blot measured by densitometric method. (B) The reproducibility
of Rls for imatinib treatment. Means and standard errors, representing triplicate assays in 3 patients, are shown.
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Fig. 3. Different Rl values against imatinib between patients at diagnosis and patients showing imatinib-resistance. (A) Four typical data of immunoblots were represented.
PB cells from newly diagnosed patients (Patient 1 and 2) or patients (Patient 16 and 17) who had been receiving imatinib-therapy but showed its resistance were incubated
for 5 h in vitro with or without indicated TKIs. The concentration of imatinib, nilotinib, and dasatinib are 5uM, 5 M, and 0.1 M, respectively. The incubated cells were
lysed and subjected to immunoblot analysis using the indicated antibodies. (B) Rls against imatinib were calculated in 15 patients at diagnosis and 14 patients who had
been receiving imatinib-therapy and showed its resistance. The distribution of Ris in each group was plotted. Representative box plots show values within the 25th to 75th
percentile. Medians are indicated in crossbar. Fifth and 95th percentiles are shown by error bars. The statistical difference was p<0.05.

Then the treatment was changed to dasatinib, which was stopped
because of a strong pancytopenia. The patient was then treated with
nilotinib, but the percentage of Ph1* cells again increased. The sec-
ond sample was obtained at the time of the change from dasatinib
to nilotinib. In both samples, the incubation with the three TKIs
did not eliminate the phosphorylation of Crkl. Although the second
sample exhibited a strong sensitivity only to dasatinib (RI=4.1%),
the remaining CML cells additionally displayed continuous Lyn-
phosphorylation (Fig. 4B).

3.5. Ris in patients with Bcr-Abl point mutations

The most important issue in TKIs resistance is the acquisition of
point mutations in Ber-Abl. Bcr-Abl mutations were detected in 4
samples (Table 2). The RI values of Patient 28, with a threonine-
to-isoleucine mutation at codon 315 (T3151), were higher than
10% in all the TKI-treated samples. In accordance with the in vitro
results, the disease was refractory to both imatinib and dasatinib.
A phenylalanine-to-leucine mutation at codon 317 (F317L) and a
methionine-to-threonine at codon 351 (M351T) were detected in
Patient 27. F317L is reported to confer high responsiveness to nilo-
tinib, while M351T does the same to dasatinib. The Rl values of this
patient were over 10% in all of the samples treated with TKIs, which
conformed the outcome of failing to achieve CHR after nilotinib
or dasatinib treatment. Next, the RI value in the sample with the
phenylalanine-to-valine mutation at codon 359 (F359V) (Patient
23) was less than 10% only in the dasatinib-treated sample, which
does not conflict with the reported IC50 data. Finally, although the
F317L mutation is reported to be highly sensitive to nilotinib, the
Rl value for nilotinib in Patient 19, who later proved to be resistant
to nilotinib but responded to dasatinib, was higher than 10%, and
lower than 10% for dasatinib. Therefore, Rls are likely to be highly
correled with the favorability of Bcr-Abl mutations to TKIs, and in

some cases, to predict the responsiveness with higher sensitivity
than mutations.

3.6. Correlation of RI with patient outcome

To analyze whether the Rls correlate with the clinical response
to TKIs, newly diagnosed patients (n=15) were separated into two
groups in accordance with the most recent outcome, imatinib-
sensitive (n=13), who achieved an optimal response after the
sample collection, and imatinib-resistant (n=2), who did not. The
median Rl of the patients in the sensitive group was 4.2% and
that in the resistant group was 43.2% (p <0.05) (Fig. 5, left panel).
We also assessed the predictability of the response to nilotinib.
Eight patients imatinib resistant had undergone nilotinib-therapy.
Among them, 4 achieved optimal responses and the others failed.
The median Rl in the nilotinib-sensitive group was 3.5% in contrast
to 31.2% in the resistant group (Fig. 5, middle panel). Although the
sample size was too small to conduct statistical analysis, the Rls
were clearly separated between dasatinib-sensitive and -resistant
groups (Fig. 5, right panel).

When the cut-off value of RI was set at 10%, the specificities,
sensitivities and predicted values were all 100% in terms of nilo-
tinib and dasatinib responsiveness (Table 3). Also, in the evaluation
of imatinib-treatment, the specificity and sensitiveness were more
than 77%. Therefore, it is suggested that the Rls (cut-off value: 10%)
are useful as a novel predictor for clinical utility of TKIs, especially
in imatinib-resistant cases.

4. Discussion

Imatinib, the first approved TKI for CML, frequently induces
durable cytogenetic remission and thus occupies an important
position as the current standard of care. Now, second-generation
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Fig. 4. Sequential examinations of RI values during clinical treatments in two patients. Immunoblots were sequentially analyzed during CML-treatment in two patients
who showed resistance to TKIs. Data of immunoblots using the indicated antibodies are shown with their clinical course. FISH analyses are indicated by open triangles, and

immunoblot analysis by closed triangles.

Table 1
Patient characteristics.

Characteristic

No. of patients 31

Median age, y (range) 55 (20-89)
Sex (male/female) 14/17
Treatment before sample collection

No 13

IEN 3

TKI 18

Bcr-Abl mutation 4

Median follow-up, months (range) 6(3-14)

TKls, such as nilotinib and dasatinib, have now been made
available [12,13]. Although these TKIs are significantly more
potent and show higher sensitivity against some imatinib-
resistant mutations, there are no useful guidelines for the proper
choice of second-generation TKIs in imatinib-resistant patients.

Table 2
Patients with BCR-ABL mutations, and their RI values.

Furthermore, second-generation TKIs have recently been recom-
mended as first-line therapies based on the evidence that an earlier
achievement of remission may provide a better clinical outcome
or less disease progression. There is still a need for indicators
pointing to the proper drug choice for individual patients. The
in vitro responsiveness to TKIs in terms of cell proliferation has
been demonstrated to be a predictor of clinical response. The IC50,a
cell based screen for resistance determining the drug concentration
that can induce 50% of growth suppression, is a potent predictor
of the responsiveness to drugs. In patients with de novo CML, the
[C50imatinib was reported to possess a high predictive value [22].
However, determination of the IC50 for each TKI requires so much
effort and time that an application suitable for all patients may be
quite a distant prospect. Furthermore, as the optimal concentration
varies for each TKI, comparing the efficacy between different TKIs
is difficult. Although the cellular IC50s for the effect of TKIs on Ber-
Abl point mutations have been reported [23-26], this information

Patient Mutation RIs Clinical outcome

Imatinib Nilotinib Dasatinib
Patient 19 F317L 40.0 30.8 3.9 Imatinib and nilotinib resistant, and dasatinib respond
Patient 23 F359V 15.8 11.9 14 Imatinib resistant, and nilotinib and dasatinib intolerant
Patient 27 M351T/F317L 74.0 76.9 51.6 imatinib resistant, and nilotinib and dasatinib intolerant
Patient 28 T3151 104.2 88.0 93.0 Imatinib and dasatinib resistant
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Fig. 5. Rl values in patients grouped by clinical response to each TKI-therapy. Fifteen patients were newly diagnosed as CML, and their PB cells were obtained just before the
beginning of imatinib-therapy. The patients were divided into two groups: “optimal response” in imatinib-treated patients means de novo CML patients who later proved
to achieve optimal response, and “Resistance” means patients who later failed to achieve optimal response. Among 12 patients who had showed imatinib-resistance, 8
patients received nilotinib-therapy and 4 patients received dasatinib-therapy at a stretch of imatinib-therapy. Their PB cells were obtained just before the change of therapy.
The patients were divided into two groups: that of responsive patients and of resistant patients to each TKI. Dot plots deronstrate the Rl values of patients to each TKI.
Representative box plots show values within the 25th to 75th percentile. Medians are indicated in’crossbar. Fifth and 95th percentiles are shown by error bars.

Table 3
Sensitivity and specificity.

Optimal response Resistance Predicted value
Newly diagnosed and Imatinib-treated patients (n=15)
RI<10 10 0 100%
Ri=10 3 2 40%
Specificity/sensitivity T7% 100%
Imatinib-resistant and Nilotinib-treated patient (n=8)
RI<10 0 100%
RI=10 0 4 100%
Specificity/sensitivity 100% 100%
Imatinib-resistant and Dasatinib-treated patients (n=4)
Ri<10 3 0 100%
RI>10 0 1 100%
Specificity/sensitivity 100% 100%

Newly diagnosed and later achieved
optimal response

Imatinib-treated and showed Predicted value

resistance to Imatinib

All included and evaluable patients (n=27)

RI<10 10
RI=10 3
Specificity/sensitivity 77%

1 91%

13 81%
93%

is only useful when the mutated subclone is the predominant cell
population.

In this study, we evaluated the effect of TKIs on Crkl phospho-
rylation as a “residual index”. It is noteworthy that the samples
from patients who had shown resistance to imatinib had much
higher RIs than the samples from newly diagnosed patients. In the
case of newly diagnosed patients, most samples responsive to ima-
tinib in vitro, but two patients whose samples displayed markedly
high Rls in vitro proved not to achieve an optimal response to
the drug. Although substantial accordance was later detected in
the immunoblot data between the responsiveness and resistance

to imatinib, a few samples had markedly high Rls in patients
who later achieved optimal responses to imatinib. These excep-
tional cases will have to be followed for a longer period. The data
showed 100% of sensitivity and 77% of specificity when the Rls
were separated at 10%. On the other hand, in imatinib-resistant
patients, the results of the tests did reflect the patient outcome.
Although the sample size was small, the immunoblot analysis was
able to predict the clinical responsiveness to nilotinib or dasa-
tinib treatment with 100% sensitivity and specificity. Thus, this
system can be a useful tool for selecting TKIs, especially in imatinib-
resistant patients. It may be inferred that the lower confidence in
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