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Table I. Patient, Disease, and Transplantation Characteristics According to Stem Cell Source and Number of Mismatched Loci

Bone Marrow Transplant

Class Il One Locus Class | One Locus Two Loci Cord Blood
Mismatch Mismatch Mismatch Transplantation
N (%) N (%) N (%) N (%)
Number of transplantations 248 424 356 351
Patient age at transplantation
Median (range) 36 (16-60) 34 (16-67) 34 (16-59) 37 (16-58)
Patient sex )
Male 151 (61) 241 (57) 210 (59) 162 (46)
Female 97 (39) 183 (43) 146 (41) 189 (54)
Sex matching
Matched 145 (58) 268 (63) 217 (61) 170 (48)
Male to female 52 (21) 82 (19) 73 (21) 97 (28)
Female to male 50 (20) 7L (17) 64 (18) 84 (24)
Unknown (<) 3(l) 2(1) 0(0)
Diagnosis
AML 135 (54) 204 (48) 172 (48) 193 (55)
ALL 78 31) 149 (35) 135 (38) 113 (32)
MDS 35 (14) 71 (17) 49 (14) 45 (13)
Disease status
Standard 124 (50) 214 (50) 168 (47) 147 (42)
Advanced 114 (46) 195 (46) . 169 (47) 174 (50)
Unknown 10 (4) 15 (4) 19 (5) 30 (9)
ABO matching
Matched 119 (48) 184 (43) 153 (43) 114 (32)
Minor mismatch 53 21) 108 (25) 85 (24) 99 (28)
Major mismatch 67 (27) 116 (27) 97 (27) 73 (21)
Bidirectional 8(3) 12 (3) 14 (4) 64 (18)
Unknown (<) 41 7(2) I (<)
HLA-mismatched number and direction
Matched 20 (6)
One locus mismatched 87 (25)
HVG direction 16 (6) 38(9) 8(9)
GVH direction 17(7) 30 (7) 8 (9)
Both directions 215 (87) 356 (84) 71 (82)
Two loci mismatched 244 (70)
Two HVG direction 4(1) 2(1)
One HVG direction and one GVH direction 6(2) 4(2)
Two GVH direction 4(1) 3D
One both directions and one HVG direction 42 (12) 40 (16)
One both directions and one GVH direction 29 (8) 28 (11)
Two both directions 271 (76) 167 (68)
No. of nucleated cells infused (x 107/kg)
Median 250 24.5 23 246
Range 2.40-59.8 2.10-97.5 1.5-66.0 1.41-6.01
Preparative regimen
CY + TBI 94 (38) 168 (40) 151 (42) 109 (31)
CY + CA +TBI 46 (19) 78 (18) 74 (21) 124 (35)
CY +BU +TBI 20 (8) 39 (9) 27 (8) 15 @)
Other TBI regimen 45 (18) 70 (17) 61 (17) 80 (23)
BU + CY 34 (14) 54 (13) 30(8) 21 (6)
Other non-TBI regimen 94 15 (4) 13(4) 2(h)
GVHD prophylaxisis
Cycrosporine A + sMTX 87 (35) 221 (52) 150 (42) 213 (61)
Cyclosporine A £ other I (<1) 5(1) 5() 24 (7)
Tacrolimus + sMTX 152 (61) 191 (45) 193 (54) 76 (22)
Tacrolimus + other 8(3) 5(1) 6(2) 35 (10)
Others 0(0) 2 (<1) 2 (<1) 3()

ALL indicates acute lymphoblastic leukemia; AML, acute myelogenous leukemia; BU, oral busulfan; CA, citarabine; CY, cyclophosphamide; GVH,
graft-versus-host; HVG, host-versus-graft; MDS, myelodysplastic syndomes; sMTX, short-term methotrexate.

Outcome

OS and RFS

OS and RFS for CB recipients were similar
when compared with that of single-HLA-DRBI-
mismatched BM recipients (relative risk [RR] = 0.85,
95% confidence interval [CI], 0.68-1.06; P = .149
for OS and RR = 097, 95% CI, 0.92-1.35;
P = .747) (Table 2).

The adjusted probabilities of survival at 3 years
posttransplantation of CB recipients (47%) were not

different from those of single HLA-DRB1 mismatched
BM recipients (41%; P = .19) or single HLA class
I-mismatched BM recipients (47%; P = .96), but
superior to those of 6 of 8 BM recipients
(38%; P = .014) (Figure 1A). Figure 1B shows ad-
justed RFS curves (42% for CB recipients, 36%
for single HLA-DRB1-mismatched BM, 44% for
single HLA class I-mismatched BM, and 36% for
6 of 8 BM recipients, at 3 years posttransplant)
(P values of comparison between CB and single
HLA-DRBI1-mismatched BM, CB, and single HLA
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Table 3. Multivariate Analyses of Neutrophil and Platelet Recovery

Neutrophil Recovery Platelet Recovery

Degree of HLA Mismatch N RR (95% Cl) P value RR (95% ClI) P value
Bone marrow transplantation Single DRBI (7/8) 248 1.00 1.00

Single A or B (7/8) 137 1.31 (1.04-1.65) .021 1.31 (1.01-1.70) .039

Single C (7/8) 287 1.19 (0.98-1.43) .069 0.98 (0.79-1.21) .840

C + DRBI (6/8) 144 0.96 (0.77-1.20) 735 0.79 (0.62-1.02) .065

AB + C (6/8) 122 1.14 (0.89-1.45) .307 0.84 (0.63-1.13) 255

Other two loci (6/8) 90 0.89 (0.68-1.14) .346 0.80 (0.58-1.10) 174

Cord blood transplantation 351 0.50 (0.42-0.60) <.00! 0.52 (0.42-0.63) <.001

RR indicates relative risk; Cl, confidence interval.

Adjusted by patient age at transplantation >40 versus <40, patient sex, donor-patient sex mismatch versus matched, ABO major mismatch versus others,
advanced versus standard disease status at transplant, cyclophosphamide, and total-body irradiation or busulfan and cyclophosphamide for conditioning
versus other conditioning regimen, and cyclosporine-based versus tacrolimus-based prophylaxis against graft-versus-host disease.

class I-mismatched BM, and 22% for 6 of 8 BM at 100
days posttransplantation (P < .001 between CB and
single HLA-DRB1-mismatched BM) (Figure 2A).

Among recipients who survived at least 100 days
posttransplantaton, the risk of developing cGVHD
and extensive-type ¢GVHD was not significantly
increased in all HLA disparity groups of CB recipients
when compared with that of HLA-DRBI1-allele/anti-
gen-mismatched BM recipients (RR = 1.36, 95% CI,
0.99-1.88; P = .057 for cGVHD, and RR = 0.86,
95% CI, 0.55-1.34; P = .500 for extensive-type
c¢GVHD). The unadjusted cumulative incidence of
extensive-type cGVHD was 17% for CB recipients,
20% for single HLA-DRBI1-mismatched BM, 25%
for single HLA class I-mismatched BM, and 30% for
6 of 8 BM recipients at year posttransplantation (P =
.34 between CB and single HLA-DRBI1-mismatched
BM) (Figure 2B).

DISCUSSION

Our main objective was to compare OS after trans-
plantation of UCBT and single-HLA-mismatched
UBMT and to provide useful data for selection of an
appropriate donor and graft source in second stem
cell source/donor selection for adults with hematologic
malignancy. To the best of our knowledge, this is the
first study to involve mismatched allele/antigen-
specific analyses including CB for the process of donor
selection. Our results suggest that 0 to 2 HLA-
mismatched UCB is a reasonable second alternative
of choice for adult patients with leukemia, with similar
survival to that of single DRB1-mismatched or other 7
of 8 UBM recipients, the current first choice for second
alternative donor/stem cells.

Neutrophil and platelet recovery was slower in CB
recipients than BM recipients, consistent with the re-
sults of previous reports [7-10,12]. This is the major
limitation of the use of UCB, and several strategies
have been studied to reduce the neutropenic period,
such as screening for patients’ pretransplantation
anti-HLA antibodies and their specificity, transplanta-
tion of 2 UCB units if a single UCB unit with an ade-

quate cell dose is not available, or direct infusion of
UCB into bone marrow [22-26].

Despite higher HLA disparity at the antigen level
(69% 2 antigen mismatch, 25% antigen mismatch,
and 6% matched), UCB recipients showed lower
incidence of severe aGVHD than single DRBI-
mismatched UBM recipients, consistent with other
reports that compared UCB with single-mismatched
UBM (7 of 8) [8,11,12]. In our study, tacrolimus and
short-term methotrexate were used preferentially in
BM recipients, whereas cyclosporine A was used in
68% of CB recipients. Prior studies have shown
reduced severe aGVHD with tacrolimus, and this dif-
ference may have underscored the improved aGVHD
control of UCB over mismatched BM in unadjusted
analyses [27,28]. It is likely that decreased risk of
grade 2 to 4 aGVHD in UCB recipients contributed
to decreased risk of TRM among UCB recipients.

Increasing the number of HLLA mismatches from 7
of 8 to 6 of 8 was associated with an approximately
10% reduction in survival in UBM recipients, which
was quite similar to the results from the National
Marrow Donor Program {3]. Because we eliminated
data from the first 3 pioneering years of unrelated
BMT, most of the bone marrow recipients and donors
were allele-typed for at least HLA-A, -B, and -DRBI1
before transplantation. Survival outcomes of single
class I mismatch were not significantly different from
those of single class II mismatch in the current analy-
ses. We believe that allele typing of HLA-A, -B, and
-DRBI before transplantation led to better selection
of the donor compared with that in the first several
years of UBMT. This study includes a large number
of fully typed BM and CB recipients, but there are
limitations. The choice of stem cell source is influ-
enced by many unmeasured factors that can affect
outcome. It is also influenced by the availability of ac-
ceptable HLA disparity for unrelated donors and
mainly cell dose for cord blood units. Although we
have adjusted for known risk factors and disparities
between groups, we cannot rule out the influence of
potential selection bias, which can only be excluded
in a randomized controlled trial. Transplantation years
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Table 4. Multivariate Analyses of Acute (Grades 2 to 4 and Grades 3 to 4), Chronic, and Extensive-Type Chronic Graft-versus-Host Disease

Extensive cGVHD

Chronic GVHD

Grade 3-4 acute GVHD

Grade 2-4 acute GVHD

P value

RR (95% CI)

P-value

(95% C1)

RR

N

P-value

RR (95% Cl)

P-value

(95% Cl)

RR

Degree of HLA
Mismatch

1.00
0.89

1.00
0.91

199

1.00
11

1.00
0.

248

Single DRB1 (7/8)
Single A or B (7/8)

Bone marrow

(0.52-1.50)

646
.004
041
007
191

(0.61-1.36)

.698

(0.56-1.47)

!
0.91

0.9
0.

.103
.584
.320
.028
.501
<.001

.003
097
<.001

(1.22-2.63)
(0.93-232)
(1.46-3.50)

1.79
(0.62-2.13)

1.4

(1.15-2.10)
(1.01-2.05)

7

226

1.15

652
.500

(0.86-2.12)

086  (0.55-134)

057

635
610
.003
.183

<.001

(0.61-1.35)

(0.54-1.44)

88

(1.25-2.87)
(0.34-1.22)

1.90
0.65

76

137
287

transplantation

0.93
0.85
1.40
0.88
0.55

Single C (7/8)
C + DRBI (6/8)

144
122

A/B + C (6/8)
Other two loci (6/8)

Cord blood transplantation

90
351

(0.27-0.58)

0.43

(0.42-0.72)

GVHD indicates graft-versus-host disease; cGVHD, chronic graft-versus-host disease.

Adijusted by patient age at transplantation >40 versus <40, patient sex, donor-patient sex mismatch versus matched, ABO major mismatch versus others, advanced versus standard disease status at transplantation,

cyclophosphamide, and total-body irradiation or busulfan and cyclophosphamide for conditioning versus other conditioning regimen, and cyclosporine-based versus tacrolimus-based prophylaxis against graft-versus-

host disease.
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Figure 2. Cumulative incidence of grade 3 to 4 aGVHD (A) and
extensive-type cGVHD (B). The cumulative incidences of grade 3 to 4
aGVHD at 100 days posttransplantation for unrelated cord blood recip-
ients, single HLA-DRBI-mismatched unrelated bone marrow (UBM)
recipients, and single HLA class I-mismatched UBM were 9%, 19%,
18%, and 22% (A). The cumulative incidences of extensive-type cGVHD
at 1-year posttransplantation were 17%, 20%, 25%, and 30% (B).

of UBM recipients included from 1996 and 1999, for
which there were no significant outcome differences
between UBMT performed in 1996 to 1999 and af-
ter 2000. In these periods, there were advances includ-
ing in supportive care and nutritional management,
introduction of new antifungal agents, and more fre-
quent use of tacrolimus, which may have affected
transplantation outcomes [27-32].

In conclusion, we suggest that 0 or 2 HLA-
mismatched UCB is a comparable second alternative
for adult patients with leukemia in the absence of the first
alternative, an 8 of 8 UBM donor, with survival similar to
that of single DRB1-mismatched or other 7 of 8 UBM
recipients. UCB may be preferred over single mis-
matched UBM when a transplantation is needed ur-
gently, considering the short time needed for UCBT.
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~To clarify which is preferable, a related
donor with an HLA-1 Ag mismatch at the
HLA-A, HLA-B, or HLA-DR loci in the
graft-versus-host (GVH) direction (RD/
1AG-MM-GVH) or an HLA 8/8-allele
(HLA-A, HLA-B, HLA-C, and HLA-DRB1)-
matched unrelated donor (8/8-MUD), we
evaluated 779 patients with acute leuke-
mia, chronic myelogenous leukemia, or
myelodysplastic syndrome who received
aT cell-replete graft from an RD/1AG-MM-
GVH or 8/8-MUD. The use of an RD/1AG-
MM-GVH donor was significantly associ-

ated with a higher overall mortality rate
than the use of an 8/8-MUD in a multivari-
ate analysis (hazard ratio, 1.49; P < .001),
and this impact was statistically signifi-
cant only in patients with standard-risk
diseases (P = .001). Among patients with
standard-risk diseases who received
transplantation from an RD/1AG-MM-GVH
donor, the presence of an HLA-B Ag mis-
match was significantly associated with a
lower overall survival rate than an HLA-DR
Ag mismatch because of an increased
risk of treatment-related mortality. The

HLA-C Ag mismatch or multiple allelic
mismatches were frequently observed in
the HLA-B Ag-mismatched group, and
were possibly associated with the poor
outcome. In conclusion, an 8/8-MUD
should be prioritized over an RD/1AG-MM-
GVH donor during donor selection. In
particular, an HLA-B Ag mismatch in the
GVH direction has an adverse effect on
overall survival and treatment-related
mortality in patients with standard-risk
diseases. (Blood. 2012;119(10):2409-2416)

Introduction

An HLA-matched unrelated donor (MUD) is considered to be an
alternative donor in hematopoietic stem cell transplantation (SCT)
for patients who lack an HLA-identical sibling. However, it is
difficult to find an MUD for patients with rare HLA haplotypes.
SCT from a related donor with 1 Ag mismatch at HLA-A, HLA-B,
or HLA-DR loci in the graft-versus-host (GVH) direction results in
a higher but acceptable incidence of acute GVHD and outcomes
comparable to that of SCT from a matched related donor (MRD) in
patients with high-risk diseases because it reduces the risk of
relapse via a graft-versus-leukemia (GVL) effect.!”* In previous
studies, HLA mismatches in the host-versus-graft (HVG) direction
were associated with higher graft failure and lower overall survival
(0S).1:24 However, strategies to reduce the risk of graft failure
might have been improved by the use of conditioning regimens that
strongly suppress recipient immune system.> Therefore, in current
clinical practice in Japan, SCT from a related donor with 1 Ag

mismatch in the GVH direction and accepting multiple Ag
mismatches in the HVG direction without specific stem cell
manipulation is being performed,’? although such an approach has
not yet been evaluated in a large cohort.

Our previous study showed that SCT from an HLA-1 Ag-
mismatched donor in the GVH or HVG direction is comparable to
that from an HLA-A, HLA-B, or HLA-DR Ag-MUD.! However,
this study is relatively old (1991-2000) and may not reflect current
practice. Furthermore, the analysis was mainly performed based on
serological matching, because information on HLA allele matching
in unrelated transplantation was insufficient at that time. The
importance of allele matching at the HLA-A, HLA-B, and HLA-
DRBI loci in unrelated donor transplantation has been established
previously.®® In addition, the importance of allele matching at the
HLA-C locus has been highlighted in several recent studies of
unrelated transplantation, although HLA-C matching is, in general,
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still not considered in related transplantation.®!2 Therefore, we
conducted a nationwide retrospective study to compare the clinical
outcomes of transplantation from a related donor with an HLA-1
Ag mismatch at the HLA-A, HLA-B, or HLA-DR loci in the GVH
direction (RD/1AG-MM-GVH) with an HLA 8/8-allele (HLA-A,
HLA-B, HLA-C, and HLA-DRB1)-MUD (8/8-MUD).

Methods

Data collection

Data for patients 16-70 years of age with acute myelogenous leukemia
(AML), acute lymphoblastic leukemia (ALL), myelodysplastic syndrome
(MDS), or chronic myelogenous leukemia (CML) who received a first
allogeneic transplantation from a related donor or HLA-6/6-Ag-MUD
between January 1, 2001 and December 31, 2008 were obtained from the
Transplant Registry Unified Management Program,'® which includes data
from the Japan Society for Hematopoietic Cell Transplantation and the
Japan Marrow Donor Program. Our analysis included 344 patients who
received a graft from an RD/1AG-MM-GVH donor and 453 patients who
received a graft from an 8/8-MUD. The following patients were excluded:
11 patients who lacked data on survival status, survival date, sex of
recipient and donor, stem cell source, GVHD prophylaxis, or performance
status; 2 patients who received both BM and peripheral blood in related
transplantation; and 5 patients who received stem cells manipulated by
ex vivo T-cell depletion or CD34 selection. Finally, 327 patients who
received a graft from an RD/1AG-MM-GVH donor and 452 patients who
received a graft from an 8/8-MUD fulfilled the criteria. The data on
2318 patients who received transplantation from an MRD were also
collected on the basis of similar inclusion and exclusion criteria to compare
the OS rate. The study was approved by the data management committees
of Transplant Registry Unified Management Program and by the institu-
tional review board of Saitama Medical Center (Jichi Medical University,
Saitama, Japan), where this study was organized.

Histocompatibility

Histocompatibility data for serological and genomic typing for the HLA-A,
HLA-B, HLA-C, and HLA-DR loci were obtained from reports obtained
from the institution at which the transplantation was performed. To reflect
current practice in Japan, HLA matching in RD/1AG-MM-GVH donors
was assessed by serological data for HLA-A, HLA-B, and HLA-DR loci,
whereas that in 8/8-MUD was assessed by genomic data for HLA-A,
HLA-B, HLA-C, and HLA-DR loci. When the recipient’s Ags or alleles
were not shared by the donor, this was considered an HLA mismatch in the
GVH direction; when the donor’s Ags or alleles were not shared by the
recipient, this was considered a mismatch in the HVG direction. SCT from a
related donor with 1 Ag mismatch in the GVH direction has been performed
by accepting multiple Ag mismatches in the HVG direction,!? and therefore
was included in this study.

End points and statistical analyses

The primary end point of the study was to compare OS rates between the
RD/1AG-MM-GVH and 8/8-MUD groups. For exploratory purposes, OS,
treatment-related mortality (TRM), relapse, acute and chronic GVHD, and
cumulative incidences of neutrophil engraftment were analyzed in a subset
of cohorts. The physicians who performed transplantation at each center
diagnosed and graded acute and chronic GVHD according to standard
criteria.'»15 The incidence of chronic GVHD was evaluated in patients who
survived for at least 100 days. Neutrophil recovery was considered to have
occurred when the absolute neutrophil count exceeded 0.5 X 10°/L for
3 consecutive days after transplantation.

Descriptive statistics were used to summarize variables related to
patient characteristics. Comparisons between groups were performed with
the x? statistic or extended Fisher exact test as appropriate for categorical
variables and the Mann-Whitney U test or the Kruskal-Wallis test as
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appropriate for continuous variables. The probability of OS was estimated
according to the Kaplan-Meier method, and the groups were compared with
the log-rank test. The probabilities of TRM, relapse, acute and chronic
GVHD, and neutrophil engraftment were estimated on the basis of
cumulative incidence curves to accommodate the following competing
events'®: death for relapse, relapse for TRM, death without GVHD for acute
and chronic GVHD, and death without engraftment for neutrophil engraft-
ment; the groups were compared with a Gray test.'” Cox proportional-
hazards regression was used to evaluate variables that may affect OS,
whereas the Fine and Gray proportional-hazard model was used to evaluate
variables that may affect TRM, relapse, acute and chronic GVHD, and
neutrophil engraftment.!® For patients for whom conditioning intensity
(myeloablative or reduced-intensity) was not reported, we reclassified the
conditioning regimen as either myeloablative or reduced-intensity accord-
ing to the National Marrow Donor Program/Center for International Blood
and Marrow Transplant Research operational definitions.!® To be consistent
with our previous study, acute leukemia in the first or second remission,
CML in the first or second chronic phase, and MDS without leukemic
transformation were defined as standard-risk diseases, and others were
defined as high-risk diseases.! The following variables were considered: the
recipient’s age group (= 50 years or > 50 years at transplantation),
recipient’s sex, presence of female (donor) to male (recipient) sex mis-
match, performance status (0-1 or 2-4), disease (AML, ALL, CML, or
MDS), disease status before transplantation (standard- or high-risk), type of
conditioning regimen (myeloablative or reduced-intensity), type of GVHD
prophylaxis (cyclosporine-based, tacrolimus-based, or other), use of antithy-
mocyte globulin or alemtuzumab, and the time from diagnosis to transplan-
tation (< 6 months or = 6 months). In addition, a variable of graft source
(BM or peripheral blood) was also considered in the analysis specific to
related donors. Factors with P < .10 in the univariate analysis were used in
the first multivariate model without donor type and deleted in a stepwise
manner from the model by backward selection. We added donor type to the
final model. All tests were 2-sided, and P < .05 was considered to indicate
statistical significance. All statistical analyses were performed with STATA
Version 11 software (StataCorp) and R Version 2.12.0 software (The R
Foundation for Statistical Computing).

Results
Patient characteristics

Compared with recipients of an 8/8-MUD, recipients of an
RD/1AG-MM-GVH were more likely to be younger, to be male
receiving a transplantation from a female donor, to have a shorter
duration from diagnosis to transplantation, to have a high-risk
disease, to receive cyclosporine for GVHD prophylaxis, to receive
antithymocyte globulin or alemtuzumab, and to have a longer
follow-up period (Table 1). Approximately half of the recipients in
the RD/1AG-MM-GVH group received peripheral blood stem
cells, whereas during this period in Japan, the source of transplanta-
tion from an MUD was restricted to BM. In the RD/1AG-MM-
GVH group, the number of Ag mismatches in the HVG direction
was 0in 11%, 1 in 67%, 2 in 20%, and 3 in 2%. HLA-A, HLA-B,
and HLA-DRBI allelic information in both recipients and donors
was available in 148 of 327 transplantations from an RD/1AG-MM-
GVH donor and information on HLA-C Ag mismatch in either the
GVH or HVG direction was available in 123 of 327.

0s

The 2-year OS rates in the 8/8-MUD and RD/1AG-MM-GVH
groups were 0.59 (95% confidence interval [CI], 0.53-0.64) and
0.44 (95% Cl, 0.38-0.49), respectively (log-rank test; P < .001;
Figure 1A). Multivariate analysis revealed that, compared with the
use of an 8/8-MUD, the use of an RD/IAG-MM-GVH was a
significant adverse factor for OS (hazard ratio [HR], 1.49; 95% CI,
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Table 1. Patient characteristics

RD/1AG-MM-GVH 8/8 MUD
Variable (n = 327) (n = 452) P
Median age atiransmantanon, . as(1669) :‘5_4'8‘(15-‘5‘8 - o
: range) : ; o j
Recnplent sex,n (%) )
Male: 267(59%) . 434

(44%)

143
Sex combination of donors and recipients; n (%)

Female

185 (41%)

73 (16%) < .001

Femaie to male (28%)
ons . 2se(a%) | sT9EAm)
Performance status n(%) k
e . 208(91%) A15(92%) 736
2/3/4 29 (9%) 37 s%)
Disease, n (%) | o -
AML 167 (51%) 249( 5%)
. ‘ " (24%)

19 (6%) 1(5%)

51 (16%) 75(17%)
124(38%) 02 (23%)
191 (55%)

350 (77%)

Peripheral blood ) 185 (5:7"/0)
HLA compatibility in the HVG direction, n (%)*

452 (100%) < .001

Matched ’ _36 (11%)
fantigenmismatch = 218(67%)
-antlgen mismatch 65 (20%)

nhgen mnsmatch

1-allele mismatch 11(34%)
-allele mismatch Comey o
3-allele mismatch 1 (0%)
. Uncertain/missing o79Es%)
Condltlonmg reglmen, n (%)
. Myeloablative a3 A%
Reduced-intensity 84 (26%) 114 (25%)
GVHDprophylaXi‘s!;n(%)f{{"“'"‘“ L Loam el
Cyclosporine-based 1 13 (35%) 108 (24%) 0.004
- Tacrolimus-based o 209(64%) . 3(TE%)
Others 5 (2%) S 6(1%)
Use of ATG/alemtuzumab,n (%) SRan
Yes 33 (10%) 13(3%) éfom
SNoT o e ooa(@0%) 0 ABO TR
Median follow-up of survivors, 36.2 (3.0-95.7) 13.5(1.7-62.8) < .001
mo (range)

*HLA compatibility was defined according to the HLA-A, HLA-B, and HLA-DR
loci.

1.19-1.86; P < .001; Table 2). Age > 50 years, performance status
= 2, and high-risk disease were also found to be significant adverse
factors, whereas other variables, such as the time from diagnosis to
transplantation, were not.

Because our previous study showed that the impact of an
HLA-1 Ag mismatch in a related transplantation on OS differed
according to whether patients had standard-risk or high-risk
diseases,! the survival rates were compared separately in each
disease-risk group. The OS rates of patients with standard-risk
diseases in the 8/8-MUD group were significantly higher than those

uSe QBIYISPLANTATION FROM HLA-1 Ag-MISMATCHED RD VS 8/8-MUD * 2411

in the RD/1 AG-MM-GVH group (P = .003), whereas there was no
significant difference in high-risk patients (P = .090; Figure 1B-
C). Although the interaction between the donor type and disease
risk did not reach statistical significance (P = .140), multivariate
analyses in each disease-risk group showed that the adverse impact
of the use of an RD/1IAG-MM-GVH donor was significant in
standard-risk patients (HR, 1.72; 95% CI, 1.24-2.39; P = .001),
but not in high-risk patients (Table 2).

To visually compare MRDs and other stem-cell sources, the OS
rate for MRDs was layered on those for MUDs and RD/1AG-MM-
GVHs (Figure 1). The OS curve of transplantation from an MRD

A
B
> 1.60
5E o075
§ g 0.50 —
o ﬁ ) m"""uwu-nm
g E avzs ] " . a5
2%
birernd 0
T " 0.00 - : . . . ,
3 0 1 2 3 4 5
Time after transplantation {years)
8/8 MUD (n =452}
o RO IIAG-MIM-GYH (1 = 327}
s MRD {n = 2318}
B
us 1.00 Standard risk
;”5‘ ) P =003
] g 0.75 T
_g Z ; e, i -
£ 3050 —
-5 o
g £ o2
23
T~ 0.00 : , . , .
5 0 1 2 3 5 5
Time after transplantation (years)
8/8 MUD {n = 317)
v RD/IAG-MM-GVH {n = 175)
s WERDY {1 = 1549}
C
e High risk
o]
> 1.60
i;g 0.75 1
gg 0.50
o 5=
g 8 o2s
a2 >
s 3
T "~ 0.00 1 . , E . .
5 o 1 2 3 4 5

Time after transplantation {years}

8/8 MUD {n = 129}
mmwmemm RDJIAG-MM-GVH (n = 133}
S —— IR

Figure 1. OS according to donor type and risk of disease. OS after transplanta-
tion from an RD/1AG-MM-GVH donor, an 8/8-MUD, and HLA-MRD in patients with
both-risk (A), standard-risk (B), or high-risk diseases (C). Survival rates in the
8/8-MUD and RD/1AG-MM-GVH groups were compared with the log-rank test.
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Table 2. Multivariate analysis of OS
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Total (n = 779)

Variable

Standard-risk (n = 492) High-risk (n = 262)

HR (95% CI) P

Donortype
~ 8/8MUD
. RDHAG-MM-GVH
Age,y

00
2.41 (1.92-3.03

)

HR (95% CI) P HR (95% CI) P

Only variables that remained after backward selection in the multivariate analysis are shown. -

was superimposed on that from an MUD in both standard- and
high-risk patients (MRD vs MUD: standard-risk group, P = .895,
and high-risk group, P = .581). Multivariate analysis confirmed
that OS in the MRD group was comparable to the MUD group
(MRD vs MUD: standard-risk group, HR, 1.02; 95% CI, 0.79-1.32;
P = 878; high-risk group, HR, 0.98; 95% CI, 0.76-1.26; P = .865).

Effect of HLA mismatches on OS

To identify factors that may contribute to the inferior OS in
standard-risk patients in the RD/1AG-MM-GVH group compared
with those in the 8/8-MUD group, we evaluated the impact of each
HLA-A, HLA-B, or HLA-DR Ag mismatch in the GVH direction
and the number of Ag mismatches in the HVG direction on OS
rates in the RD/1AG-MM-GVH group.

In the RD/1AG-MM-GVH group, the OS rate for patients who
received a transplantation from a related donor with an HLA-B Ag
mismatch in the GVH direction and that from a donor with 2 or
3 Ag mismatches in the HVG direction were significantly lower
than those in other groups (log-rank test for HLA-A Ag mismatch
vs HLA-B Ag mismatch vs HLA-DR Ag mismatch in the GVH
direction, P < .001, and 0-1 mismatches vs 2-3 mismatches in the
HVG direction, P = .003; Figure 2). However, multivariate analy-
sis revealed that only the presence of an HLA-B Ag mismatch in
the GVH direction (HR, 1.57; 95% CI, 1.13-2.18; P = .007) was
significantly associated with a lower OS (Table 3).

The OS rates were also compared separately in the standard-risk
and high-risk disease groups (Figure 2). Although the interaction
between the presence of an HLA-B Ag mismatch and disease risk
did not reach statistical difference (P = .232), the adverse impact
of an HLA-B Ag mismatch in the GVH direction was observed in
the standard-risk group (HR, 1.86 95% CI, 1.14-3.01; P = .012),
but not in the high-risk group (Table 3). Conversely, the survival
curve for the HLA-A Ag or HLA-DR Ag-mismatched group was
almost superimposed on that for 8/8-MUDs (Figure 2; standard-
risk group: for the HLA-A Ag-mismatched group vs the 8/8-MUD
group, HR, 1.26; 95% ClI, 0.73-2.19; P = .411; for the HLA-DR
Ag-mismatched group vs the 8/8-MUD group, HR, 1.37; 95% CI,
0.89-2.11; P = .154; high-risk group: for the HLA-A Ag-
mismatched group vs the 8/8-MUD group, HR, 1.26; 95% CI,
0.80-2.00; P = .320; and for the HLA-DR Ag-mismatched group
vs the 8/8-MUD group, HR, 1.03; 95% CI, 0.67-1.59}; P = .880).
The impact of 2 or 3 Ag mismatches in the HVG direction was not
significant in either the standard-risk or high-risk group (Table 3).

Effect of an HLA-B mismatch on TRM, relapse, GVHD, and
neutrophil engraftment in patients with standard-risk diseases

Our findings showed that an HLA-B Ag mismatch in the GVH
direction strongly contributed to the low survival rate in standard-
risk patients, which can explain the inferior survival rates in the
RD/1AG-MM-GVH group compared with the 8/8-MUD group.
Therefore, we evaluated the impact of an HLA-B Ag mismatch in
the GVH direction on other outcomes in patients with standard-risk
diseases in the RD/1AG-MM-GVH group.

First, we compared the characteristics of patients with standard-
risk diseases who received transplantation from a related donor
with an HLA-A, HLA-B, and HLA-DR Ag mismatch in the GVH
direction (supplemental Table 1, available on the Blood Web site;
see the Supplemental Materials link at the top of the online article).
Two or 3 Ag mismatches in the HVG direction were observed more
frequently in the HLA-B Ag-mismatched group (28%) than in the
HLA-A Ag-mismatched group (2%) or the HLA-DR Ag-mis-
matched group (17%). Although there was no information available
on allelic mismatch or HLA-C Ag mismatch in more than half of
the patients, an HLA-C Ag mismatch in either the GVH or HVG
direction was observed more frequently in the HLA-B Ag-
mismatched group (61% among the available data) than in the
HLA-A Ag-mismatched group (25%) or the HLA-DR Ag-
mismatched group (17%).

The incidence of TRM was higher in the HLA-B Ag-
mismatched group (3-year mortality rate: HR, 0.47; 95% CI,
0.32-0.60) than in the HLA-A Ag-mismatched group (HR, 0.28;
95% ClI, 0.14-0.44) or the HLA-DR Ag-mismatched group (HR,
0.27; 95% CI, 0.17-0.38; Figure 3A; log-rank test, P = .030). The
presence of an HLA-B Ag mismatch in the GVH direction was an
independent significant adverse factor that affected TRM in the
RD/1AG-MM-GVH group (Table 4). Conversely, the incidence of
relapse did not significantly differ among the 3 groups (Figure 3B
and Table 4).

The incidence of grade 2-4 acute GVHD in the HLA-B
Ag-mismatched group was higher than that in the HLA-A Ag-
mismatched group, but comparable to that in the HLA-DR
Ag-mismatched group (supplemental Figure 1 and supplemental
Table 2). There was no significant difference in the incidence of
grade 3-4 acute GVHD among the 3 groups. Regarding neutrophil
engraftment, multivariate analysis showed that an HLA-B Ag
mismatch was significantly associated with inferior neutrophil
engraftment and 2 or 3 Ag mismatches in the HVG direction were
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Figure 2. OS in patients with both-risk, standard-risk, or high-risk diseases according to the locus of HLA mismatch in the GVH direction and the number of
mismatches in the HVG direction. Survival rates in patients with HLA-A, HLA-B, and HLA-DR Ag mismatches in the GVH direction were compared with the log-rank test
(A,C,E). Survival rates in patients with 0-1 and 2-3 mismatches in the HVG direction were compared with the log-rank test (B,D,F). Survival rates of the 8/8-MUD group are

shown for visual comparison.

associated with inferior neutrophil engraftment, with marginal
significance (supplemental Table 2).

Discussion

In this nationwide retrospective study, we found that the survival
rate of the RD/1AG-MM-GVH group was significantly inferior to
that of the 8/8-MUD group, and this significant difference was
observed only in patients with standard-risk diseases, although the

interaction between donor type and disease risk did not reach
statistical significance. We reported previously that transplantation
from a related donor with 1 Ag mismatch in the GVH or HVG
direction gave a clinical outcome comparable to that of transplanta-
tion from a 6/6-Ag-MUD in patients with either standard-risk or
high-risk diseases.! However, because HLA matching at the allelic
level in unrelated transplantation significantly reduces the risk of
GVHD, in the present study, the survival curve of transplantation
from an 8/8-MUD was substantially improved, and could be
superimposed on a curve corresponding to that from an MRD.
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Table 3. Multivariate analysis of OS in patients receiving transplantation from a related donor with a 1-antigen mismatch in the GVH

direction

Total (n = 327)
HR (95% CI) P

Variable

Standard-risk (n = 175)
HR (95% CI) 14

High-risk (n = 133)
HR (95% Cl) P

.004

'k Standard

i
Unknown

989

1.00 (0.53-1.89)

1.87 (1.21-2.91) .005

Only variables that remained after backward selection in the multivariate analysis are shown.

Consistent with our findings, several studies have shown that the
clinical outcomes of transplantation from an 8/8-10/10 MUD are
comparable to those from an MRD.?02! The significant difference

A
£ 1.00- Standard risk
= 030
0.75
0.50 1 pmmm

J““Mm-n’a

0.25

Cumulative incidence of
treatment-related mortali

in survival rates between transplantation from an RD/1AG-MM-
GVH donor and an 8/8-MUD disappeared in patients with high-
risk diseases, probably because the adverse impact of acute GVHD
on survival might be offset by the potential GVL effect in
transplantation from an RD/1AG-MM-GVH donor.1,222

We evaluated factors that may contribute to the inferior OS in
patients with standard-risk diseases in the RD/1AG-MM-GVH
group and found that, compared with the presence of an HLA-DR
Ag mismatch, the presence of an HLA-B Ag mismatch in the GVH
direction was significantly associated with lower OS and higher
TRM. Conversely, the rates of OS and TRM in the HLA-A Ag- or
HLA-DR Ag-mismatched group were superimposed on those in the
MUD group. However, HLA-A, HLA-B, and HLA-DR Ag mis-
matches had similar effects on the incidence of severe acute

0.00 . . . . . GVHD; consequently, the causal relationship between an HLA-B
0 1 2 3 & 5 Ag mismatch in the GVH direction and higher TRM remains
Time after transplantation {years) unknown. In contrast to our findings, Valcarcel et al reported that
. ansp ¥ there was no significant difference in OS between the use of
HLA-A mismatch {n = 41} 1-Ag-mismatched related donors (n = 89) and 8/8-MUDs (n = 700)
~===== HIA-B mls‘match ‘"‘” 52) in transplantation for AML and ALL during the first or second
— :}:;23 gx;sm:;tig;n =71} complete remission.? This difference from our results can be partly
o o 000 a0t 00w 000 n= 3] b
Table 4. Multivariate analysis o and relapse in patients wit
B Multivari lysis of TRM and rel i i ith
- 1.00 Standard risk standard-risk diseases receiving transplantations from a related
g p=.728 donor with a 1-antigen mismatch in the GVH direction
g 0.75 4 ’ TRM (n = 164) Relapse (n = 164)
:g © Variable HR (95% Cl) P HR (95% Cl) P
£ 8 0507 HLA mismatch in'
2w g HLA-DR misma
® 0.254 | HLAAm ‘
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Figure 3. Cumulative incidence according to the locus of HLA mismatch in the
GVH direction in patients with standard-risk diseases. Cumulative incidences in
the related transplantation groups were compared with the Gray test. (A) TRM.
(B) Relapse.

)

‘mo.

Unknbwn ‘ ‘2.2'3 (6.77—6.48)

Only variables that remained after backward selection in the multivariate analysis
are shown.
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explained by the fact that the MUD group in their study included a
significantly smaller number of ALL patients with low-risk cytoge-
netics. In addition, in our study, genetic homogeneity in the
Japanese population might affect the lower incidence of severe
acute GVHD in MUD transplantation because of the less frequent
mismatches in minor histocompatibility Ags.?*2

The frequency of an HLA-C Ag mismatch was substantially
higher in the HLA-B Ag-mismatched group than in the HLA-A or
HLA-DR Ag-mismatched groups. This finding may represent
linkage disequilibrium between the HLA-B and HLA-C genes,
which are located at a very close physical proximity within the
major histocompatibility complex.20?” Therefore, the impact of
HLA-B-Ag might be affected by the co-presence of HLA-C Ag
mismatch. We could not evaluate the impact of HLA-C Ag
mismatch on OS rates because of the limited information on
HLA-C Ag mismatch; therefore, an analysis with larger cohorts
with complete HLA-C Ag information will be needed to evaluate
the impact of HLA-C and/or HLA-B mismatch in transplantation
from an RD/1AG-MM-GVH donor. Accordingly, we could not
evaluate the impact of the KIR ligand mismatch. Although the
impact of KIR ligand mismatch is still controversial, several
studies analyzing T cell-replete transplantation showed that KIR
ligand mismatch is associated with lower OS.12252° The analysis of
KIR matching would be helpful in elucidating the mechanism
underlying the adverse effect of HLA-B mismatch in T cell-replete
transplantation from an RD/1AG-MM-GVH donor.

Whether the presence of allelic mismatches in addition to the
1-Ag mismatch (2 or more allelic mismatches in total) affects
transplantation outcome is also an important clinical question in
transplantation from an RD/1AG-MM-GVH donor. A high fre-
quency of 2-allele mismatches in the GVH direction was seen in
the HLA-B Ag-mismatched group, suggesting a possible associa-
tion between 2-allele mismatches and low OS. However, we did not
observe a significant effect of the number of allelic mismatches on
OS after transplantation from an RD/1AG-MM-GVH donor,
possibly because of the small sample size.

Our study has several limitations. First, because several months
are required to arrange unrelated transplantations, patients at low
risk for relapse may more often be selected for these procedures. To
minimize this bias, we included the duration from diagnosis to
transplantation in the multivariate analysis; however, this variable
did not have a significant effect in the multivariate analysis.
Second, heterogeneous backgrounds may have resulted in a bias. In
particular, the stem-cell source in unrelated transplantation was
exclusively BM. However, the analysis of OS in the subgroup of
patients who received a BM graft from an RD/1AG-MM-GVH
donor or an 8/8-MUD showed similar results. Third, because we
have incomplete Ag and allele information on the HLA-C and
-DQBI1 loci, we may have underestimated the degree of mismatch-
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ing in transplantation from an RD/1AG-MM-GVH donor. Fourth,
the difference in the impact of donor type between standard- and
high-risk diseases should be cautiously interpreted, because the
interaction between the donor type and disease risk did not reach
statistical significance. This may be partly because of the lower
statistical power to detect the interaction than the main effect.

In conclusion, our findings suggest that an 8/8-MUD, if
available, should be prioritized over an RD/1AG-MM-GVH donor
for patients without an MRD if an immediate transplantation is not
necessary. In particular, the presence of an HLA-B Ag mismatch in
the GVH direction has an adverse effect on OS because of
treatment-related complications. This may be because of the high
frequencies of additional mismatches of HLA-C Ag or allele in the
HLA-B Ag-mismatched group. To elucidate the mechanism of the
adverse outcomes in RD/1AG-MM-GVH donors with an HLA-B
Ag mismatch, HLA Ag/allele matching including HLA-C should
be performed in transplantations from an RD/1AG-MM-GVH
donor.
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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 Bcr-Abl, in blood samples after in vitro incubation with TKls. When the remaining
phosphorylated Crkl 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
useful in the selection of TKIs.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The introduction of tyrosine kinase inhibitors (TKls) 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 TKls. 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/$ - 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 TKIs 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
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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 SRL Co.(Tokyo, Japan), and the other half was used forimmunoblot
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-actin from Santa Cruz Biotechnology (Santa Cruz, CA), and the secondary anti-
bodies, anti-Rabbit 1gG 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 24 h
pCrkl
Crkl
B imatinib
1 5 4 uM
pCrkl
Crkil
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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, a direct target of
Bcr-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
PB neutrophils 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 5 h 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 u.M, and
that of nilotinib after taking 400 mg is 2.9-4.0 uM. In the case of

Pervanadate(+)
control imatinib
0 2 5 24 2 5 24 h
pCrki
Crkl
C K562/mormal PB cells
100 90 50 10 1 0.1 0 %
pCrki
Crki
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 WM imatinib supplemented with (right
panel) or without (left panel) 10 wM 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,
5M, 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 M 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%
Bcr-Abl-positive cells in PB by FISH.

3.2. limmunoblot analysis

To quantify the in vitro responsiveness to TKIs, 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-Rls of the samples from the
imatinib-resistant group (medianRI: 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

Rl 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)

100

920

80

70

60

50

40

30

20

10

0

Patient B

Patient C

Patient D

Fig. 2. “Residual index (RI)". (A) The numerical expression of Rl. “Measured value” means the density of each blot measured by densitometric method. (B) The reproducibility
of RIs for imatinib treatment. Means and standard errors, representing triplicate assays in 3 patients, are shown.

- 152 -



1208 M. Shibata et al. / Leukemia Research 35 (2011) 1205-1211
A Patient 1 Patient 2 B
05
o & 5 i i
S % .
§ & & 100
pCrkl
[ ]
Crkl |
:
»
p-actin 56
Patient 16 Patient 17
s » &  » &
SF&’HFTSF o555
§ & & § & & ¢ ,
‘ 0 -
pCrkl Newly  Imatinib
diagnesed  -treated
=15 and
Crki resistant
n=14
p-actin

Fig. 3. Different RI 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 5 uM, 5 M, and 0.1 wM, 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 Rls 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 (R1=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 Bcr-Abl. Ber-Abl mutations were detected in 4
samples (Table 2). The RI values of Patient 28, with a threonine-
to-isoleucine mutation at codon 315 (T315I), were higher than
10% in all the TKl-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 RIs 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 RI 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 Ris
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

IFN 3

TKI 18

Bcr-Abl mutation 4

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

TKIs, 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 Rl 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 TKls 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
IC50imatinib vyas 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 IC50 s for the effect of TKIs on Bcr-
Abl point mutations have been reported [23-26], this information

Patient Mutation Rls Clinical outcome

Imatinib Nilotinib Dasatinib
Patient 19 F317L 40.0 30.8 39 Imatinib and nilotinib resistant, and dasatinib respond
Patient 23 F359V 15.8 119 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. Rlvalues 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 demonstrate the RI 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 77% 100%
Imatinib-resistant and Nilotinib-treated patient (n=8)
RI<10 4 0 100%
RI=10 0 4 100%
Specificity/sensitivity 100% 100%
Imatinib-resistant and Dasatinib-treated patients (n=4)
RI<10 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
13
93%

91%
81%

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 Rls 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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the case of the untreated patients might due to a multiplicity of CML
subclones.

CML patients develop imatinib resistance through either Bcr-Abl
dependent or independent mechanisms. The most characterized
and frequent mechanism is the acquisition of point mutations
within the kinase domain of the Bcr-Abl gene, and some of the
mutations such as T3151 are potent predictors for outcome. How-
ever, even in those patients who have some mutations other than
a few restricted mutations such as T3151 and F317L, we cannot
accurately predict the efficacy of TKIs. Furthermore, nearly half of
the patients resistant to imatinib have no mutations in Bcr-Abl,
which indicates that other mechanisms are also important for the
acquisition of drug-resistance. Thus, we need other information for
selecting TKIs. In this study, 4 patients carried point mutations in
this region. Samples from 3 of them had RI values compatible with
the predictive outcomes from the mutations. Notably, the RI val-
ues of the other sample contradicted the response of the mutation,
but accorded with the actual response of the patient. From these
points of view, the system described here can be utilized as another
powerful predictor than IC50s for Bcr-Abl mutations.

The immunoblot system described here has the capacity to
detect TKl-resistant subclones, including CML cells with Bcr-Abl
mutations. In addition, our strategy seems to evaluate Bcr-Abl
activity more directly than the cellular IC50 and require smaller
population of TKI-resistant subclones than Bcr-Abl sequence anal-
ysis. Thus, when used together with the cellular IC50 values and
Bcr-Abl sequence, this immunoblot system should help improve
the treatment of patients with CML.
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