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cryopreservation (c) and by disease stage at UCBT (d).

Table 4 Cause of death
Causes n=38
Transplantation-related mortality 26
GVHD 5
VoD 2
Bleeding 2
Infection (5 b ial, 1 b ia plus fungus, | fungus, 1 9
berculosis, | viral phalitis)
Tacroli induced phalopathy |
Graft failure-related complications 7
Relapse or induction failure 10
Others 2
Post-second UCBT for relapse, TRM |
Other malignancy 1
Abbreviati TRM = ph i lated lity, UCBT = unre-
lated cord P ion; VOD = veno- ive discase.

CI, 17-84%) for those in AP and 22% (95% CI, 10-48%)
for those in BC (P=0.0004; Figure 4b). The probability of
2-year OS for patients in CP, AP and BC was 71% (95%
Cl, 56-90%), 59% (95% CI, 37-94%) and 32% (95% CI,
20-55%), respectively (P=0.0004; Figure 4¢). The prob-
ability of survival remained higher for the patients in CP to
AP at UCBT compared to LFS because the molecular or
cytogenetic relapse in CP or AP might not be fatal. Note
that NC-dose before cryopreservation also significantly
affected the LFS and EFS (Table 3). Two-year EFS was
20% (95% CI, 12-35%) for the patients who received less

than 3.0 x 107 per kg NCs before cryopreservation, whereas
it was 68% (95% CI, 48-96%) for those who received
more than 3.0 x 107 per kg NCs (P=0.0005; Figure 4c),
A marginally significant influence on 2-year EFS was
observed if a patient was in the youngest age group (74;
95% ClI, 48-100%) compared to those of young adults (33
95% CI, 22-49%) and older adults (15; 95% CI, 3-72%:
P=0.049; Figure 4d). Hence, no significant influence by
age was found in multivariate analysis for LFS, EFS and
overall survival,

Pre-transplant risk scoring system of EBMT and TRM,
LFS and OS

The pre-transplant risk scoring system was established by
the EBMT to evaluate patients with CML who are
candidates for HSCT.**** We adjusted the data of the
patients enrolled in the JCBBN to conform to the EBMT
scoring system. The scores of all patients were raised by one
point because of unrelated donors. When the EBMT
scoring system was applied, 1 had a score of 1, 10 had
scores of 3, 18 had scores of 4, 25 had scores of 5, 21 had
scores of 6 and 10 had scores of 7 (Table 1). The outcome of
TRM and survival had a tendency to be correlated with the
pre-transplant scores. We compared the patients with
scores of 0-4 (n=30) vs the patients with scores of 5-7
(n=56). The patients with a score of 5-7 had a significantly
higher incidence of TRM and an unfavourable survival
rate. The l-year cumulative incidences of TRM were 7%
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Figure 4 Kaplan-Meier estimate of leukaemia-free survival (LFS), event-free survival (EFS) and overall survival (OS). Overall LFS, EPSudGSm

shown in (a). (b) LFS is shown by disease stage (chronic phase, CP; accelerated phase, AP and blast crisis, BC) at

d cord blood !

(UCBT). (¢) EFS is shown by the dose of nucleated cells (NCs), NC dose of 3 x 107 per kg or more vs a lower dose. (d) Probability of EFS by age showed a
marginally significant difference between children and adults. (e) OS is indicated by disease stage at UCBT.

(95% CI, 0~16%) for the patients with a score of 04 and
34% (95% Cl, 21-47%) for those with a score of 5-7
(P=0.005; Figure 5a). The 2-year survival rate was 66%
(95% CI, 48-89%) for patients with a score of 04 and
47% (95% CI, 35-63%) for those with a score of 5-7
(Figure 5b).

Discussion

Reports of UCBT in patients with CML are limited. Sanz
et al* reported on nine cases from a single institute, but
the remaining cases were reported only as part of a
heterogeneous series of patients with different diseases®
or as anecdotal case studies. To our knowledge, this
retrospective registry-based analysis is the first that was
specifically designed to describe the results of UCBT in
patients with CML.

As expected, administering higher doses of NC and GM
colonies before cryopreservation produced significantly

Bone Marrow Transplantation

quicker and more effective myeloid and platelet engraft-
ment; however, the dose of GM colonies was not
statistically significant because of missing data. Patients
(14 adults and 8 children) who received more than 3.0 x 107
per kg NCs achieved the most successful myeloid and
platelet engraftments. On the basis of these data, adult
patients and their physicians are encouraged to obtain units
containing a higher NC count. In contrast to previous
studies,*' CD34* cells did not have a significant influence
on the incidence of myeloid engraftment. As with the dose
of GM colonies, CD34* cell data were missing for several
patients and different assay systems for CD34* analysis
were used in each bank. Engraftment was influenced
neither by duration from diagnosis to UCBT nor by
prior therapy for CML. The patient with the longest
duration from diagnosis to UCBT (17.6 years) achieved
successful engraftment. Although the disease stage of
CML at UCBT tended to influence the engraftment
rate, no significant difference was detected (data not
shown; P = 0.08). These results are encouraging for patients
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with CML who are treated with imatinib or IFN before
UCBT.

As expected, we found that an advanced disease stage at
UCBT was significantly associated with lower LFS, EFS
and OS. Moreover, although the disease stage of CML at
UCBT did not have a significant influence om the
cumulative incidence of relapse, it secemed to influence
TRM (Figure 3b). However, in the multivariate analysis,
the only significant factors that influenced higher TRM
were age of 50 years or older and dose of GM colonies at
less than 25 x 10° per kg (Table 3). The collinearity between
older age and advanced stage of the disease may have had a
large influence on this part of the analysis. In comparison
to previous studies on unrelated BMT *** OS in UCBT
seemed comparable to that in unrclated BMT. Two-year
survival rates varied approximately 44-77% for patients in
CP with unrelated BMT, whereas a 71% survival rate was
observed for those in CP with UCBT. The finding that
young age (1-15 years) indicated high EFS (74% at 2 years)
with only marginal significance by univariate, but not by
multivariate, analysis may have occurred because children
included a relatively low percentage of the advanced disease
cohort at CBT and a relatively high dose of NCs compared
to the adults. Note that an NC dose higher than 3.0 x 107
per kg before cryopreservation improved the outcome of
myeloid and platelet engraftment, the relapse rate and LFS.
Dini er al** reported that a NC dose higher than 3 x 10°
per kg was associated with LFS in unrelated BMT,
although the NC dose in UCBT was one log less than in
UBMT; however, the dose of GM colonies did not
influence the relapse and DFS. This discrepancy in the
influence of the dose of GM colonies on engraftment and
relapse suggests that non-myeloid stem cells in NC, such as
T cells, are important in the immune system after HSCT.®

The most likely causes of death in UCBT for patients
with CML were related to transplantation rather than
relapse. The high incidence of rejection-related complica-
tions, such as infections and bleeding, remains to be
resolved; however, unexpectedly, the incidence of GVHD
as the cause of death was relatively higher in UCBT. CML
is the only haematopoietic malignancy shown to respond
effectively to immunotherapy with donor lymphocyte
infusion after allogeneic HSCT.**** Some unintended

factors by physicians might promote the development of
GVHD, although we could not assess this concern in detail
in this retrospective registry-based analysis. To clarify this
important issue, carefully designed prospective trials are
needed,

We also demonstrated that the pre-transplant risk
scoring system established by the EBMT for CML** can
be used to predict overall risk for UCBT. This scoring
system is based on previously reported pre-transplant risk
factors including histocompatibility, disease stage at the
time of transplantation, age and sex of the donor and
recipient and time from diagnosis to transplantation.
According to this scoring system, we classified the patients
using a 7-level risk score. Although a greater number of
patients are needed to properly evaluate this scoring
system, the group that scored 0-4 showed significantly
better LFS, OS and TRM compared to the group that
scored 5-7, but the TRM of the higher scoring group was
much lower (40%) compared to a previous report (75%).2*
The lower TRM we observed may explain why advanced
GVHD was limited and why imatinib, not intensive
chemotherapy, was initiated prior to CBT.* This scoring
system might provide a rational basis for counselling before
UCBT as well as other HSCT; however, it does not address
donor-side haematopoietic unit data, which is absolutely
essential in the selection of CB.

The finding that the duration from diagnosis to UCBT
did not affect the main outcome encouraged us to use
targeted therapy, such as imatinib, even for patients with
advanced-stage CML before transplantation. Furthermore,
the patients with cytogenetic/molecular relapse after CBT
could be started on imatinib therapy as we describe in this
study. Recent evidence suggests that kinase inhibitors, such
as imatinib, suppress T-cell functions and immunoglobulin
production by B cells **** At present, how long patients
will need to take imatinib is unclear, but the combination of
imatinib and HSCT clearly results in improved survival in
patients with CML.

We conclude that UCBT is an encouraging alternative
treatment for patients with CML who do not have an
identical sibling and/or those who cannot be expected to
obtain a favourable cytogenetic response with imatinib
treatment.

Bone Marrow Transplantation
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ABSTRACT

In the present study we evaluated the feasibility of unrelated cord blood transplantation (UCBT) in patients with
severe aplastic anemia (SAA). The outcome of 31 SAA paticnts (median age 28; range: 0.9-72.3 years old) who
received UCBT was analyzed. The cumulative incid of the phil and platelet recovery after UCBT
were 54.8 and 72.2%, respectively (95% confidence interval [CT] = 36.0%-70.3% and 51.3%-85.3%, respec-
dvely). The cumulative incidences of grade =11 acute and chronic graft-versus-host disease (:GVHD, cGVHD)
were 17.1% (95% CI = 6.2%-32.8%) and 19.7% (95% CI = 6.2%-38.8%), respectively. Currently, 13 patients
are alive, having survived for 33.7 months (median; range: 6-77 months) after UCBT. The probability of overall
survival (OS) at 2 years was 41.1% (95% CI = 23.8%-57.7%). A conditioning regimen that included low-dose
total body irradiation (TBI) (2-5 Gy), fludarabine, and cyclophosphamide resulted in a favorable OS (80%:
95% CI = 20.4%-96.9%). This result suggests that UCBT using the optimal conditioning regimen can be
a salvage treatment for patients without a suitable bone marrow donor and warrants evaluation in further
© 2008 American Society for Blood and Marrow Transplantation

KEY WORDS
Unrelated cord blood transplantation s Severe aplastic anemia

INTRODUCTION to respond to IST or who experience a relapse of the
disease. However, in general, the results of UD-

Over the last 2 des, th f pati
S iChe stz cevies, the:ouicnnie 65 pesiany BMT have been inferior to those achieved with an

with severe aplastic anemia (SAA) has dramatically

improved regardless of whether patients received im-
munosuppressive therapy (IST) or bone marrow trans-
plantadon (BMT) [1-3]. BMT from an HLA-martched
sibling is curative in the majority of younger patients
with SAA, and is currently recommended as first-line
treatment [4]. IST, with a combination of antithymo-
cyte globulin (ATG) and cyclosporine (CSA), has
been an alternative therapy for patients withour an
HLA-matched sibling. BMT from an unrelated donor
(UD) is used as a salvage therapy for patients who fail

HLA-matched sibling.

The report the Center for International Blood and
Marrow Transplant Research (CIBMTR) on UD-
BMT (n = 231), for the period 1988-1998, showed
that the overall survival (OS) rates for matched and
mismatched UD-BMT in patients with SAA were
39% and 36%, respectively [5]. The Japan Marrow
Donor Program (JMDP) reported a favorable outcome
with 56% survival rate in 154 patients with SAA who
received UD-BMT between 1993 and 2000 [6]. In
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the recent 2 reports from the European Group for
Blood and Marrow Transplantation (EBMT) and the
French Society of Bone Marrow Transplantation and
Cellular Therapy (SFGM-TC), the outcomes of
UD-BMT for SAA before and after 1998 were com-
pared. The results demonstrated improved OS rates
of UD-BMT since year 1998 (32% versus 57% for
EBMT and 29% versus 50% for SFGM-TC) [7,8].
The authors speculated that the better HLA matching
because of the introduction of high-resolution HLA
typing may have contributed to the improved out-
comes. In pediatric series, 90% OS rates have been
recently reported for UD-BMT patients, which is
comparable to that observed for BMT from a matched
sibling [9,10].

Treatment approaches for patients who lack a suit-
able unrelated bone marrow donor remain a great
challenge. Cord blood has been used as an alternative
source of HSCT, and it has the advantages of rapid
availability on demand and a low incidence of graft-
versus-host disease (GVHD). There were only a few
reports on unrelated cord blood transplantation
(UCBT), which included patients with SAA. The re-
sults showed poor outcome and high incidence of graft
failure [11,12]. However, a few small series and case re-
ports of successful UCBT for SAA have recently been
reported [13-17). Because of the possible reporting
bias, the general efficacy of UCBT is still unknown.
Therefore, we decided to further examine this proce-
dure by using the database of the Japan Cord Blood
Bank Network (JCBBN). We identified 31 patients
with acquired SAA who received UCBT and analyzed

the outcome.

PATIENTS AND METHODS
Patients

From September 1998 until February 2006, 53 pa-
tients with acquired SAA received UCBT through
JCBEN. Twenty-two patients who received UCBT
as a salvage therapy for the engraftment failure after
previous HSCT were excluded, and the remaining 31
patients were included in this study. Patient character-
istics and the cord blood units are summarized in
Table 1. Padents were eligible for UCBT if they had
no HLA-idenucal related or unrelated bone marrow
donor. Patients who could not wait for UD-BMT
because of unstable diseases were also considered to
be eligible for UCBT. Cord blood units with 0 to 2
HLA locus mismatches by serology in HLA-A,
HLA-B, and HLA-DRB1 were searched and then
the unit with the largest cell dose was selected. At least
2.0 x 107/kg mononuclear cells (MNCs) were given in
all patients.

The age of the patients ranged 0.9 to 72.7 years
(median 27.9 years), and there were 8 patients older
than 50 years of age. There were 25 patients who
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Table 1. Patient and Donor Characteristicr (n = 31)

27.9 (0.8-72.7)

Patient (n) 1o
Donor (n) 14n7

Miopathichepatitls associated (8) o
337 (31-5063)

13/4/8/5
Less than 20 times/20 or more 8211

Less than 20 times/20 or more mn

o112 (n) 4
o/ (n) s
UsIbI6n

isnann

UCBT indicates unrelated cord blood transplantation; GVHD,
grafi-versus-host disease.

had been previously rreated with IST, including
ATG + CSA (n = 13), ATG only (n = 4), or CSA
only (n = 8). In 4 patients, androgen had been given.
The remaining 2 patients were given only supportive
therapy. All patients or their guardians gave informed
consent for transplantation and submission of the data
to the JCBBN.

Recipient-Donor HLA Matching

Dara were available for 31 patients with serology-
based recipient-donor HLA matching and for 22 pa-
tients who underwent high-resolution DNA typing
for class I-HLA-A, HLA-B, and DRB1 (Table 1).
The HLA disparities for both GVHD and rejection
directions are shown in Table 1.

Transplantation Procedure

Characteristics of the transplantation procedures
are listed in Table 2. The conditioning regimens var-
ied according to the individual centers used. The 3
most commonly used regimens were: TBI (4-5 Gy)
+ fludarabine (FLU; 120-175 mg/m?) + Melphalan
(MEL) (80-120/mg/m’®) (n = 12), TBI (2-4 Gy) +
FLU (90-250/mg/m®) and cyclophosphamide (CY;
50-100 mg/kg or 2250/mg/m’) (n = 5), and TBI
(10-12 Gy) + CY (120-200 mg/kg) + ATG (n = 3).
Of the 25 patients given irradiation, 24 received TBI
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Table 2. Transplant Procedures (n = 31)

Mo. of Patients

Conditioning Regimen

TBI (45 Gy) + MEL+ FLU 12

TBI (2-4 Gy) + CY + FLU 5

TBI (1012 Gy) + CY + ATG 3

Others 1
Radiation

TBUTAI 25/1

No radiation 7
ATG

Yes/No 4
GYHD prophytaxis

CsA é

CSA + others (MTX/steroid/MMF) 1o

Tacrolimus 7

Tacrolimus + others (MTX/steroid) 8
MNC cell dose

=2.0 % 107eg, < 3.0 x 107/kg Is

=3.0 x 107Mg 18
CFU.GM cell dose

< 2.0 x 10%/kg 14

=20 x 10' g 15

Unknown 2
€D34 cell dose

< 1.0 x 10°kg 10

= 1.0 x 10°/kg 15

Unimown ]
TBI indicates toeal body irradiation; TAI thoracoabdominal irradia-

mm' t'n lan; FLU, fludarabi CY.- L 3 1 T

ATG, antithymocyte globulin; CSA, cyclasporine; MTX, metho-
terxate; MMF, mycophenolate mofetil; MNC, mononuclear cell;

CFU-GM, colony-forming unit granulocyte-macrophage.

and 1 underwent thoracoabdominal irradiation. A toral
of 7 patents were administered with ATG, either
horse ATG (Lymphoglobulin 30-75 mg/kg in 5 pa-
dents) or rabbit ATG (Thymoglobulin 10 mg/kg in
2 patients). GVHD prophylaxis also varied according
to the individual centers (Table 2). To facilitate the re-
covery of neutrophils, all patients received recombi-
nant human granulocyte colony-stimulating factor.
The number of mononucleated cells, colony-forming
units of granulocyte-macrophage (CFU-GM), and
CD34-positive cells of the cord blood units at the
time of freezing are shown in Table 2.

Definitions and Statistical Analysis

The status of all patients was evaluated based on
the last follow-up report, which was performed using
the standardized forms provided by the JCBBN. All re-
sults were analyzed as of June 2008,

Date of engraftment was defined as the first of the 3
consecutive days where the neutrophil recovery was
>0.5 x 10%/L. Platelet recovery was defined as the first
of the 3 consecutive days where the unsupported plate-
let count was >50 x 10%L. Chimerism was evaluated
in 12 patients, with fluorescent in situ hybridization for
the Y chromosome performed in 6 sex-mismatched
grafts and quantitative polymerase chain reaction anal-
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ysis for microsatellite DNA markers performed in 6
sex-matched transplantations. Acute and chronic
GVHD (aGVHD, ¢GVHD) were diagnosed and
graded according to standard clinical criteria [18,19].

Probability of OS was estimated according to the
Kaplan-Meier method. GVHD and engraftment
were assessed using the cumulative incidence proce-
dure, and death was the competing event. Univariate
comparisons among various groups were made using
the log-rank test. The variables evaluated included
age of the patient, donor sex, sex mismarch, disease du-
ration before UCBT, the number of pre-UCBT trans-
fusions for red cells and platelets, IST before UCBT,
HLA matching by serology and high-resolution
DNA typing for both GVHD and rejection directions,
the number of mononuclear cells, CFU-GM, CD34-
positive cells of the cord blood units at the time of
freezing, conditioning regimens, and the administra-
tion of ATG and GVHD prophylaxis (single agent
versus =2 agents, MTX versus no MTX, or CSA ver-
sus tacrolimus). All statistical analyses were carried out
with version 10 of the STATA software (StataCorp,
College Station, TX).

RESULTS
Engraftment

Sustained engraftment was observed in 17 patents.
The cumulative incidences of the neutrophil and plate-
let recovery after UCBT were 54.8 and 72.2%, respec-
tively (95% confidence interval [CI] = 36.0%-70.3%
and 51.3%-85.3%, respectively; Figure 1). The me-
dian dmes to achieve a neutrophil count =0.5 x 10%/1
and a plateler count =50 x 10°/1 were 19 days (range:
12-35 days) and 59 days (range: 39-145 days), respec-
tively. Chimerism analysis results were available in 8
patients with sustained neutrophil engraftment. All
of these padents showed complete donor chimerism
with more than 99% donor cells. No mixed chimerism
was observed. There were 7 patients who failed to
achieve sustained engraftment among patients who
survived more than 28 days after UCBT. Five patients
did not achieve a primary engraftment. Although 3 of
them underwent a second UCBT, all died of infec-
tions, with (n = 1) or without (n = 2) engraftment of
the second graft. Aurologous recovery was noted in 1
patient, which was proven by the chimerism analysis
that demonstrated 100% recipient cells. One patient
had achieved engraftment on day 19, bur she suffered
from late graft failure at day 176 and received second
HSCT at day 203. The patient was sdll alive at the
tme of the last follow-up.

Results of the univariate analysis for engraftment
are shown in Table 3, The GVHD prophylaxis with
a single agent (CSA or tacrolimus) exhibited a signifi-
cantly better engraftment rate than that seen for the
other methods (75.0% versus 33.3%, P = 0.02).
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Figure |, (A) Cumulative incidence of sustained donor phil engraf (>0.5 = 10°/L) and (B) platelet engraftment (>50 x 10%/L) afcer

unrelated cord blood mransplantation in patients with aplastic anemia.

When there was a lower number of wransfusions (<20
times) of red cells and platelets prior to the HSCT,
there was a trend for a berter chance of successful en-
graftment compared to cases where there were higher

number of transfusions (=20 times), although this was
not sutistically significant. The number of infused
MNCs, CFU-GM, and CD34 had no impact on the

engraftment.

Table 3. Qutcome following Unrelated Cord Bleod Transplantations for Aplastic A

fae - L F L
Unirariate Analy

Covariates 2-Year-OS (%) (95% CI) ° Engraftment (%) (95% CI) P
Recipient age
<20 year (n = %) 44.4 (13.6-71.9) .18 44.4 (13.6-71.9) 76
20- 40 year (n = 12) 56.3 (24.4-79.1) 66.7 (33.7-86.0)
=40 year (n = 10) 20.0 (3.0-47.5) 50.0 (18.4-75.3)
Disease duration before UCBT
<l year (n = 13) 35.7 (13.0-59.4) 34 57.1 (28.4-78.0) &7
=1 year (n = 12) 47.6 (18.2.72.4) 58.3 (27.0-80.1)
RBC transfusions before UCBT
<20 (n = 8) 62.5 (22.9-86.1) 26 75.0 (31.5-93.1) .08
=20 (n = 21) 314 (13.1-51.7) 47.6 (25.7-66.7)
Platelet transfusions before UCBT
<W(n=T7) 57.1 (17.2-83.7) .28 85.7 (33.4-97.9) .05
=20 (n = 22) 35.0 (16.1-54.7) 45.4 (24.4-84.3)
HLA matching by serologic typing (GYHD direction)
0-1 mismatched (n = 22) 49.2 (27.3-68.0) 34 43.6 (40.3-79.9) 1o
2 mismatched (n = 9) 22.2 (3.4-513) 333 (78.3-62.3)
HLA matching by serologic typing (Rejection direction)
0-1 mismatched (n = 23) 43.5 (23.3-61.1) 44 52.2 (30.5-70.0) 59
2 mismatched (n = 8) 37.5 (8.7-67.4) 61.5 (22.9-86.1)
regimen
TBI+CY +FLU (n=5) 80.0 (20.4-96.9) .02 75.0 (40.8-91.2) a7
TBI + MEL + FLU (n = 12) 469 (17.6-71.9) 80.0 (20.4-96.9)
Others (n = |4) 214 (5.2-44.8) 8.6 (08.8-52.4)
ATG
No (n = 24) 48.9 (27.8-67.0) .07 $6.7 (44.3.31.7) a9
Yes (n = 7) 14.3 (0.7-46.5) 14.3 (0.7-46.5)
GVHD prophylaxis
CSA or tacrolimus only (n = 13) 54.6 (27.4-75.3) 07 75.0 (46.3-89.8) 02
CSA or tacrolimus+others (n = 18) 26.7 (8.3-49.6) 333 (12.2-56.4)
MTX
No (n = 20) 38.5 (17.7.59.1) 9 60.0 (35.7-77.6) 24
Yes(n=11) 455 (16.7-70.7) 455 (16.7.70.7)
MNC
2 % 10"kg-3 x 107/kg (n = 15) 45.0 (19.4-67.8) 41 0.0 (31.8-79.7) 10
=3 x 107kg (n = 15) 37.5 (15.4-59.8) 50.0 (24.-71.0)
CD34
<I % 10%Kg (n = 15) 45.7 (14.3-73.0) 32 70.0 (32.9-89.2) 52
=1 x 10%kg (n = 15) 333 (12.2-56.4) 533 (26.3-74.4)

GVHD indicares graft-versus- hmtdlsusc TEI, rotal-body irrad

1, CY, eyclophosphamide; Mel, melpharan; Flu, fludarabine; ATG, antith-

vmocyte globulin; CSA, cyclosporine; MTX, methotrexate; MNC, nmnmur:!'ur cell; CFU-GM, colony-forming unic-gramulocyte macro-

phage; LCBT unrelated ourd blood transplantaton.
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GVHD and Viral Infections

Acute GVHD (=grade II) was observed in § pa-
tents (grade II; n = 4, grade Il[; n = 1) on days 8
through 56, and was lethal in the 1 patent with grade
I aGVHD. Chronic GVHD was observed in 4 pa-
uents (extensive: n = 1, limited: n = 3; de novon = 2,
progression from aGVHD n = 2) on days 124 through
213. Figure 2 depicts the cumulative incidence of grade
II-IV aGVHD (17.1%; 95% CI = 6.2%-32.8%) and
c¢GVHD (19.7%; 95% CI = 6.2%-38.8%). Viral reac-
tivations were commonly observed in this study. CMV
reactivation was nored in 9 patients, and | of them devel-
oped CMV disease. Epstein-Barr virus (EBV) reactiva-
tion was noted in | patient, having developed cerebral
infarction, which was considered to be related with
EBV. Adenovirus induced cystitis occurred in 1 patient.

Survival

Of the 31 total patients, 13 are presendy alive, with
survival durations of 6 to 77 months (median 33.7
months) after the transplantations. The probability
of OS at 2 years was 41.1% (95% CI = 23.8%-
57.7%). The results of univariate analysis of the factors
influencing survival are shown in Table 3, The condi-
tioning regimen and the administration of ATG were
the only factors that were significantly related to the
survival. The conditoning regimen, which included
low-dose TBI, FLU, and CY, resulted in better out-
comes than were seen for the other regimens (Table 3
and Figure 3). The administration of ATG was associ-
ated with poor outcome (Table 3 and Figure 3). There
were 5 out of 7 padents given ATG that died before
engraftment because of infections (n = 3) or hepatic
veno-occlusive disease (VOD) (n = 2). In the 2 other
patients, | demonstrated autologous recovery, whereas
the other patient has had sustained engraftment and is
currendy still alive. There tended to be a better out-
come noted for GVHD prophylaxis with a single agent
(either CSA or tacrolimus) compared to prophylaxis
with 2 or more agents. The outcome for the patients
aged 40 years and older was inferior to that seen for
the younger patients, although this was not statistically
significant.

-
o

171%
] 20 40 60 a0 100
DAY AFTER TRANSPLANT

CUMULATIVE INCIDENCE 3»
-

Figure 2. Cumulative incidence of = grade 1 aGVHD (A) and eGVHD (B) in patients with apl

In the 18 patents who died, the causes of death
were graft failure (n = 7), bacterial/fungal infections
(n = 3), EBV-related cerebral infarction (n = 1),
VOD (n = 3), aGVHD (n = 1), acute respiratory dis-
tress syndrome (n = 1), encephalopathy (n = 1), and
cardiac toxicity (n = 1).

DISCUSSION

The outcome of 31 patients with SAA who re-
ceived UCBT was analyzed in this study. This is the
first report on a nationwide multicentral study that fo-
cused on UCBT for SAA as far as we know. The overall
survival rate was 41%, which is comparative to the re-
sults of the large registry-based analysis of UD-BMT
for SAA by CIBMTR [5], but inferior to the results
of some recent reports of UD-BMT [6,20]. The inci-
dence and the severity of aGVHD and ¢cGVHD were
considerably lower in this study, which is advantageous
for UCBT. The major problem encountered, how-
ever, was still the high incidence of engraftment failure
after UCBT. In the present study the conditioning
regimen with the low-dose TBI, FLU, and CY re-
sulted in better outcome (80% survival rate) compared
to other regimens. This regimen and the selection of
optumal donor with better HLA match and higher
cell dose may improve the outcome of UCBT for SAA.

Previous reports on the conditioning regimen of
UCBT for SAA are limited. Mao et al. [13] reported
on 9 patients with SAA who were conditioned with
ATG and CY (60 mg/kg) prior to undergoing
UCBT. A total of 7 out of 9 of these patients survived
with hematologic recovery. However, a donor-recipi-
ent mixed chimerism was present in all patients. There
area few case reports of UCBT for SAA using more in-
tensified regiments, which resulted in successful en-
graftment along with complete chimerism [14-16,21).

Radiation-conuaining regimens are efficient in
achieving better engrafements and widely used within
the UD-BMT settings for patients with SAA, although
these regimens are associated with significant early and
late toxicities, including secondary malignancies [22].
Recent study by Deeg et al. [20] to define the optimal
TBI dose in combination with CY (200 mg/kg) and

CUMULATIVE INCIDENCE [
-3

2 18.7%
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0 50 100 150 200 250
DAY AFTER TRANSPLANT

is who received UCBT.




1062

s

TBUCYFLU (r=5): 80.0%

§

P02
TBUMELFLU (n=12} 46.5%

Others {n=14): 21.4%

&

=
8

PROBABILTY OF SURVIVAL
e
2

] 20 40 B0
MONTHS AFTER TRANSPLANT

PROBABILTY OF SURVIVAL

A. Yoshimi et al.

1.00
0.7s
No ATG (n=24} 48.0%
P=0.007
0.25 ATG {n=T) 14.3%
0.00
L] 0 49 0 1]
MONTHS AFTER TRANSPLANT

Figure 3. Probability of survival after conditioning regimens in patients with aplastic anemia, who received unrelated cord blood transplantadon.

TBI: total body irradiation, CY: cyclaphosphamide, MEL: melphal
ATG for use with UD-BMT in patients with SAA
showed that 2 Gy was sufficient to allow engraftment
without increasing toxicities. This finding was also
supported by a Japanese study on UD-BMT in pa-
dents with SAA, which reported that in a small group
given a conditioning regimen of low-dose TBI (2-5
Gy), CY (200 mg/kg), and ATG, there was a 90%
survival rate [7].

Fludarabine is currendy widely used for nonmye-
loablative transplants for a variety of diseases including
SAA [23-26]. In the recent study on UD-SCT from the
Severe Aplastic Anemia Working Party of the EBMT
(SAA WP-EBMT), they designed a non-TBI
thar used FLU (120 mg/mz), CY (1200 mg/m?), md
ATG (27]. In this study, a total of 38 both pediatric
and aduls padents with SAA were included (36
BMT and 2 PBSCT patients) and the 2-year survival
rate was 73%, with a low incidence of aGVHD and
¢GVHD. Therefore, this result suggests that a FLU
containing regimen might be effective for use with
UD-HSCT in SAA. The authors suggested that the
conditoning regimen might need to be modified for
adults through the addition of a low dose of TBI, as
there was a significantly lower engraftment rate seen
in the adulr padents (82% overall, 68% in adults).
Overall, these findings in previous reports and in this
study suggest that the conditioning regimen that in-
cluded the low-dose TBI and FLU resulted in favor-
able outcomes. In present study, the 7 patients given
ATG were poor. Only 1 of them achieved engraftment
and is alive. However, the number of patients given
ATG was too small to reach any definitive conclusions
and the benefit of ATG in UCBT for SAA should be
evaluated in a large prospective study.

The GVHD prophylaxis using a single agent (CSA
or tacrolimus) exhibited a better engraftment rate and
a marginally better survival rate compared to that seen
when 2 or more immunosuppressive agents were used.
In the latter group, steroid, MTX, or mycophenolate
mofetil (MMF) were given in addition to CSA or ta-
crolimus. Because of the limited number of patients
and the highly heterogeneous regimen of the GVHD
prophylaxis in this study, it is difficult to define the op-
timal GVHD prophylaxis based on the current results.

, FLU: fiudarabine, AT'G: antithymocyte globulin.

However, the low incidence and severity of GVHD
that we noted in our study suggests thar a single agent,
regardless of whether it is tacrolimus or CSA, may be
effective enough to prevent GVHD in UCBT for SAA.

One of the most important factors that determine
the success of UCBT is the cell dose in the CB
[11,28-30]. In the present study, a minimum of 2 x
107/kg MNCs were infused in all patients. In this con-
dition, the dose of MNCs, CFU-GM, and CD34 had
no impact on engraftment and survival. One of the ben-
efits of UCBT is thatit can overcome the HLA barrier.
Despite the HLA disparity in the majority of the pa-
dents, the incidence of GVHD was quite low in this
study. There was a tendency for berter HLA matching
to resultin a better outcome, although this was not sta-
ustically significant. Selection of the CB units with
higher cell dose and better HLA match may be essential
to improve the outcome of UCBT for SAA.

In our study there were also 8 patients who were
older than 50 years of age, which is generally consid-
ered to be over than the cutoff age for transplantation.
Because of the poor outcome of UCBT in older pa-
tients (OS = 20% in group with age >40 years old),
UCBT cannot be recommended for older patients at
present, and repeated IST should be considered in
these patients [31,32].

In summary, this first multicentral study focused
on the UCBT for SAA suggests that UCBT can be
an alternative treatment for SAA patients who failed
to IST and have no suitable bone marrow donor.
The results may be improved by using the optimal
conditioning regimen such as low-dose TBI, FLU,
and CY and by donor selection of better HLA match
and higher cell dose.
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ABSTRACT

Hematopoiesis is a dynamic and strictly regulated process
orchestrated by self-renewing hematopoietic stem cells
(HSCs) and the supporting microenvironment. However, the
exact mechanisms by which individual human HSCs sustain
hematopoietic homeostasis remain to be clarified. To under-
stand how the long-term repopulating cell (LTRC) activity
of individual human HSCs and the hematopoietic hierarchy
are maintained in the bone marrow (BM) microenviron-
ment, we traced the repopulating dynamics of individual
human HSC clones using viral integration site analysis. Our
study presents several lines of evidence regarding the in vivo
dynamics of human hematopoiesis. First, human LTRCs
existed in a rare population of CD34*CD38™ cells that
localized to the stem cell niches and maintained their stem
cell activities while being in a quiescent state, Second,

clonally distinct LTRCs controlled hematopoietic homeosta-
sis and created a stem cell pool hierarchy by asymmetric
sell-renewal division that produced lineage-restricted
short-term repopulating cells and long-lasting LTRCs.
Third, we demonstrated that quiescent LTRC clones ex-
panded remarkably to reconstitute the hematopoiesis of
the secondary recipient. Finally, we further demonstrated
that human mesenchymal stem cells differentiated into
key components of the niche and maintained LTRC ac-
tivity by closely interacting with quiescent human
LTRCs, resulting in more LTRCs. Taken together, this
study provides a novel insight into repopulation dynam-
ics, turnover, hierarchical structure, and the cell cycle
status of human HSCs in the recipient BM microenviron-
ment. STEM CELLS 2008:26:3228-3236

Disclosure of potential conflicts of interest is found at the end of this article.

ever, it remains unclear whether these principles of the niche-
HSC regulatory system, extrapolated from murine studies, could

One of the essential features of hematopoietic stem cells (HSCs)
is their ability to remain in a quiescent state to maintain long-
term repopulating activity [1]. Regulatory mechanisms that gov-
ern this quiescent state are crucial for organizing the hierarchical
structure of hematopoiesis and are also of critical biological
importance in preventing premature HSC exhaustion under con-
ditions of hematopoietic stress. Several murine studies have
demonstrated that interactions between HSCs and stem cell
niches, specialized bone marrow (BM) microenvironments cre-
ated by supporting cells, via receptor-ligand interactions and
cell-adhesion molecules expressed in both cell types play central
roles in regulating stem cell properties [2]. At present, at least
two distinct niches have been identified in the endosteal areas of
BM: the osteoblastic niche and the vascular niche [3-5). How-

apply to human situations.

The severe combined immunodeficient (SCID) mouse-
repopulating cell (SRC) assay is considered to be the most
reliable research tool for in vivo analysis of the biological
processes of human hematopoiesis [6]. In this assay system,
SRCs, defined by their ability to reconstitute human hema-
topoiesis in immunodeficient mice, can be classified into
several subtypes on the basis of the lineage restriction of their
progenies and the timing of their appearance after transplan-
tation. Although long-term repopulating cell (LTRC) activi-
ties with lymphomyeloid potential are mostly restricted to the
CD347CD38™¢ population, the CD34*CD38 population
exhibits only short-term repopulating cell (STRC) activities
[7-9]. STRCs are further subdivided into myeloid-restricted
STRCs (STRC-Ms) and lymphomyeloid STRCs (STRC-
MLs) [10]. The hierarchical relationships of each SRC pop-
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ulation and the precise characteristics regarding functions of
individual human HSCs remain elusive,

Clonal analysis of the unique proviral integration sites is a
powerful approach to identify and trace the activity of individual
SRCs for comprehensive understanding of the properties of
individual HSCs [11]. Random and permanent integration of
virus vectors into the host cell genome makes the vector-
genomic DNA junction a unique marker by which to identify the
onginally transduced cells and their progenies. By combining
lineage-cell sorting and a linear amplification-mediated (LAM)-
polymerase chain reaction (PCR) technique that verifies indi-
vidual proviral integration into the human genome by direct
sequence, we have developed a strategy by which to examine
the multipotency of a single human HSC from two angles [12].
First, clonal analysis of each lineage cell proves the presence of
the repopulating cell, which is the ancestor of the currently
analyzed lineage cell (retrospective identification). Second, the
stem cell phenotype and the capacity of individual SRC clones
at the tme of analysis distinguish self-renewing clones and
differentiating clones (current status identification). Using this
approach, we have recently documented heterogeneity among
individual SRC clones-regarding their stem cell activity, differ-
entiation potential, and clonal longevity within the stem cell
pool [12].

In this study, we investigated the in vivo repopulating dy-
namics of 228 sequence-verified individual SRC clones with
respect to differentiation potential, self-renewal capacity, and
cell cycle status in the niche. We successfully identified human
LTRCs that were responsible for lifelong hematopoiesis in the
BM microenvironment. Those human LTRCs localized to and
interacted with the key components of the stem cell niche in a
quiescent state. Once activated, they divided into LTRCs and
STRCs by asymmetric self-renewal division, ultimately creating
a hierarchical hematopoietic structure.

Collection and Fractionation of Cord Blood CD34*
Cells

Cord blood (CB) samples were obtained from full-term deliveries
according to the institutional guidelines approved by the Toka
University Committee on Clinical Investigation. CD34™ cell frac-
tions were prepared using the CD34 Progenitor Cell Isolation Kit
(Miltenyi Biotec, Sunnyvale, CA, hitp://www.miltenyibiotec.com).
Pooled CD34 " -enriched cells from multiple donors were stained
with allophycocyanin (APC)-conjugated anti-lineage-specific anti-
gens CD3 (UCHT1), CD41 (P2), glycophorin A (11E4B-7-6) (all
from Coulter/Immunotech, Marseille, France), CD14 (M{P9), CD19
(5J25C1), and CD56 (NCAM16.2) (all from BD Biosciences, San
Jose, CA, hitp://www bdbiosciences.com) and with phycoerythrin
{PE)-conjugated anti-CD38 (HB7; BD Biosciences) and fluorescein
isothiocyanate (FITC)-conjugated ant-CD34 (581; Beckman
Coulter, Fullerton, CA, hutp://www beckmancoulter.com) monoclo-
nal antibodies. Cells were gated on lineage marker-negative and/or
low-expression region, and Lin ®*CD34 " cells were fractionated
according to their CD38 expression levels using the FACSVantage
flow cytometer (BD Biosciences). To eliminate the contamination
of each subpopulation, we performed two consecutive rounds of cell
sorting to ensure more than 99% cell purity.

Lentivirus Infection

Fractionated CD34™ cells were plated on fibronectin CH-296 frag-
ment (Takara Shuzo, Shiga, Japan, http://www takara-bio.co.jp) and
incubated with highly concentrated viral supernatant at a multiplic-
ity of infection of 50 in serum-free StemPro-34 medium (Invitrogen,
Carlsbad, CA, http://www.invitrogen.com) containing the following
cytokines for 16 hours: recombinant human thrombopoietin (50
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ng/ml; kindly donated by Kirin Brewery Co,, Tokyo, http//www.
kirin.co.jp/english), stem cell factor (50 ng/ml; donated by Kirin
Brewery), and Flk-2/F1t-3 ligand (50 ng/ml; R&D Systems Inc.,
Minneapolis, http://www.rndsystems.com). The infection effi-
ciency was 72.4% = B.5%.

Human Hematopoietic Repopulation

NOD/Shi-seid, IL-2Ryc™" (NOG) mice were obtained from the
Central Institute for Experimental Animals (Kawasaki, Japan) and
maintained in the animal facility of the Tokai University School of
Medicine in microisolator cages. the animals were fed with auto-
claved food and water. This strain exhibits a high engraftment rate
of human hematopoietic cells than other exisung strains such as
NOD/SCID and NOD/SCID/B2m™", allowing the reconstitution
capacity and lymphomyeloid differentiation of human repopulating
stem cells to be assessed [13, 14]. Nine. to 20-week-old NOG mice
were imadiated with 250 cGy of x-rays. The following day, trans-
duced cells were injected into the retro-orbital plexus of the NOG
mice. At the indicated times after transplantation, the mice were
humanely killed, and BM cells, splenocytes, and thymocytes were
harvested. Human hematopoietic cells were distinguished from
mouse cells by the expression of human CD45. Enhanced green
fluorescent protein (EGFP)-expressing CD45™" human hematopoi-
enc cells were further classified into human stem/progenitor
(CD34"), myeloid (CD33%), B-lymphoid (CD197), and T-lym-
phoid (CD3" or CD4"/CDB™) subpopulations and were sorted
using a FACSVantage Diva option (BD Biosciences). Soried pop-
ulations had purities of more than 99%. All experiments were
approved by the animal care committee of Tokai University.

Secondary Transplantation

BM cells were obtained from mice transplanted with CD34* CD38™#
cells at 18 weeks after transplantation, and CD34™ cells were
isolated by cell sorting. Purified CD34" cells of the primary recip-
ients were divided in hall and injected intravenously into two
sublethally irradiated secondary NOG recipients (1.5 X 10° cells
per recipient). One recipient was sacrificed at 3 weeks and the other
at 18 weeks after transplantation. BM cells and thymocytes were
collected from each secondary recipient and used for flow cytomet-
ric analysis and lineage cell sorting as described earlier,

Integration Site Analysis of Lentivirally Marked
SRCs

Genomic DNA isolation and LAM-PCR were carried oul as de-
scribed previously [12]. The proviral integration sites of CD33™
cells were sequenced, and the sequences were examined for align-
ment to the human genome using NCBI BlastN (http://www.nchi.
nim.nih.gov/blast). The verified genomic sequence information of
these CD33™ cell integration sites was used to design new primers
(all primer sequences used in this study are listed in supplemental
online Tables 1 and 2). PCR was performed on each LAM-PCR
product using the unique genomic flanking primers.

Estimation of Clone Size by Real-Time Quantitative
PCR

The relative clone size of individual LTRC clones that was detected
in the CD34 7 cells of primary and secondary recipients was exam-
ined as described previously [12]. For real-time quantitative PCR,
each target DNA was amplified on the same plate, with B-globin as
the reference, using the QuantiTect SYBR Green PCR Master Mix
(Qiagen, Hilden, Germany, http://www1.qiagen.com) and the ABI
Prism 7700 Sequence Detection System (Applied Biosystems, Fos-
ter City, CA, hup//www.appliedbiosystems.com). The relative
clone amounts and range were determined in reference to p-globin.
A comparative threshold cycle (Cy) was used to determine the
proportion of CD34" clones in paired recipients. For each sample,
the clone Cp value was normalized using the formula AC; =
ACrcigne — AC; g yionine To determine relative clone size, the
following formula was used: AAC; = AC; .. in CD347 cells of
the primary recipient — ACy une in CD34 cells of the secondary
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expression of CD38 and Ki-67 by flow cy-
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2Ry™" (NOG) recipient BM; and freshly

k] isolated hBM CD34™ cells from five inde-
— pendent experiments are shown. The relative
frequencies of each population are indicated
(B): Representative sorting profiles of

. CD34" cells obtained from primary recipi-
4 ent BM. Fractionated CD34* cells were
transplanted into secondary NOG hosts
(CD34°CD38™%, 1-7 % 10* cells; CD34"

CD38%, 1-35 X 10° cells; CD347CD38™,
5-8 X 10° cells). (C): Secondary recipient
BM cells were analyzed for the expression
- of human CD45. Each symbol represents

% - =
3 coas™ &
: E 10
" e
% & | cpage g 1
*'-u N E
s
:- g 0.1
- =
3 z ¥ il
-.- w w e W '5. w W .1. 1
CD34

recipient. The value was calculated by the expression 2 -34S Each
reaction was performed at least in triplicate.

Cell Cycle Analysis

CD34" BM cells were stained with PE-conjugated anti-CD38 and
APC-conjugated anti-CD34 antibodies. The cells were then fixed
and permeabilized using a Cell Permeabilization Kit (BD Bio-
sciences) and stained with FITC-conjugated anti-Ki-67 antibody
(BD Biosciences). Fluorescence-activated cell sorting analysis was
performed on a FACSCalibur using CELLQuest software (BD
Biosciences).

Histological Analysis of BM Microenvironment
Tissue processing and immunofluorescent staining were performed
as described previously [15]. For in situ examination of transplanted
nonhematopoietic human cells, genetically EGFP-marked human
mesenchymal stem cells (MSCs) were transplanted directly into the
right tibias of NOG mice. The following antibodies were used for
tissue immunostaining: anti-human CD34 (My10; BD Biosciences),
anti-human CD38 (HI12: BD Biosciences), anti-human CD31
(TECHNE, Minneapolis, http://www.techne.corp.com), anti-human
SDF-1 (Santa Cruz Biotechnology Inc., Santa Cruz, CA, http://
www.schbi.com), and anti-proliferating cell nuclear antigen (anti-
PCNA; Abcam, Cambridge, UK., http//www.abcam.com). Im-
munofluorescent-stained slides were examined, and images were
captured using an LSM510 META confocal microscope (Carl Zeiss,
Jena, Germany, hitp://www zeiss.com). Images were processed by
Adobe Photoshop 7.0 (Adobe Systems Inc., San Jose, CA, http//
www.adobe.com).

Statistical Analysis

Data are represented as mean = SD. p values <.05 were considered
to be significant.

one mouse, and horizontal bars indicate the
average engraftment level in three indepen-
— dent experiments, Abbreviations: Ab, anti-
body; hBM, human bone marrow; Hi, high;
Lo, low; Neg. negative, SRC, severe com-
Hi Lo Neg l:;rd immunodeficient mouse-repopulating

[ g

Only Quiescent CD34*CD38"% Cells in the
Recipient Sustain Long-Term Hematopoiesis

To investigate the characteristics of human LTRCs in the recip-
ient BM, we transplanted CB CD34* CD38"2 cells into suble-
thally irradiated NOG mice. Eighteen weeks after transplanta-
tion, we examined the cell cycle status and repopulating ability
of engrafied CD34™ cells in recipient BM. CD38™% cells ac-
counted for a very small population of CD34" cells in the BM
of transplanted mice (1.33% = 1.18%; n = 7). The expression
of Ki-67, a nuclear protein expressed during all active parts of
the cell cycle in proliferating cells, was examined to evaluate the
cell cycle status of CD34™ cells in the BM of transplanted mice.
Although a majority of CD34"CD38™ cells expressed Ki-67,
less than 0.1% of CD34 " CD38™% cells were positive for Ki-67
(Fig. 1A), confirming that CD34* CD38™* cells in the recipient
BM were indeed dormant. Interestingly, the cell surface pheno-
ype, high levels of CD38 expression in the majority of CD34™
cells, and the cell cycle status of CD34™ cells in the NOG mice
closely resembled those of human BM-derived CD34* cells
(Fig. 1A), suggesting that the human BM microenvironment of
NOG mouse can substitute, at least in part, for the function of a
human BM microenvironment.

To examine the LTRC activity of CD34™ cells in recipient
BM, we separated CD34™ cells into CD38"%, CD38%, and
CD38" fractions and transplanted these fractions into secondary
NOG hosts (Fig. 1B). Secondary transplantable LTRCs were
found almost exclusively in the extremely rare fraction of
CD347CD38™* cells (Fig. 1C). These cells were able to display
multilineage engraftment in secondary recipients (supplemental
online Fig. 1). Our results revealed thar CD34 *CD38™# cells in
recipient BM stayed in the quiescent state and that only these
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cells were able to continuously reconstitute hematopoiesis in
vivo.

Repopulation Dynamics of Individual SRC Clones
During Human Hematopoietic Reconstitution
Originated from CD34"CD38"# Cells

Next, we dissected out the repopulation dynamics of SRCs
derived from the quiescent subpopulations of
CD34"CD38"* cells. Following transplantation, NOG recip-
ient mice were sacrificed at several time points, and the
engraftment and development of human hematopoietic cells
were analyzed. Mice that received CD34 " CD38™F cells ex-
hibited high levels of CD45" human hematopoietic cell
engraftment at 3 weeks after transplantation (the early phase
of repopulation) (supplemental online Fig. 2A). The recipi-
ents continued to display high levels of human hematopoietic
cell (CD45™) and stem/progenitor cell (CD34™) repopulation
between 9 and 18 weeks (the later phase of repopulation). As
expected, the human hematopoietic graft in NOG mice con-
sisted mainly of CD33™ myeloid lineage cells at 3 weeks
after transplantation, but CD19" B-lymphoid cells outgrew
after 9 weeks (supplemental online Fig. 2B).

To clarify the specific stem cell activity of individual
SRCs originating from quiescent CD34*CD38"# cells that
contribute to various stages of hematopoietic reconstitution,
we examined the functional aspects of individual SRC clones
using LAM-PCR-based viral integration site analysis (Fig.
2A). Each NOG mouse that received EGFP-transduced
CD34™ CD38™* population was analyzed at two time points.
At each time point, EGFP-expressing human hematopoietic
lineage cells were sorted, and the fate of individual SRC
clones was examined by clone-tracking analysis. Using prim-
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(thymus) T-lymphoid lincage cells; W,
weeks.

ers that were designed on the basis of the genomic sequence
information of the CD33™ myeloid cell integration site, we
traced distribution of each clone among phenotypically dis-
tinct populations: CD34™ stem/progenitor, T-lymphoid, and
B-lymphoid cells (all primer sequences are listed in supple-
mental online Table 1). Three different clone types were
observed at each time point: a multipotent type (MTB), in
which insertion sites originally detected in CD33™ myeloid
cells were also detected in T- and B-lymphoid cell popula-
tions; a unipotent progenitor containing exclusively myeloid
cells; and a bipotent M/B progenitor. We found that the early
phase of hematopoietic reconstitution was mostly attributed
to myeloid-restricted clones (Fig. 2B; p < .01 compared with
later phase of reconstitution). On the other hand, the major-
ity of SRC clones found in the later phase of hematopoiesis
were of the multilineage cell-producing type (Fig. 2B; p <
01).

We previously reported that the presence or the absence of
a common integration site in CD34™ stem cell populations
indicated the current status of individual SRC clones in terms of
their stem cell function [12]. The three clone types were further
examined to determine whether they stayed in the CD34" stem
cell pool (Fig. 2B). Consistent with our previous observations,
the proportion of clones that stayed in the CD34™ cell popula-
tion decreased as the differentiation potential of clones restricted
to bipotency or unipotency at 3 weeks, suggesting that initial
myeloid-producing STRCs were rapidly exhausted from the
CD34™ stem cell pool. At 18 weeks, the vast majority of clones
(>95%) stayed in the CD34™ stem cell pool, suggesting the
self-replication of virally transduced SRC clones that have the
ability to produce both lymphoid and myeloid lineages within
the stem cell pool.
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Figure 3. Sequential analysis of individual
severe combined immunodeficient mouse.
repopulating cell (SRC) clones derived from
CD34°CD38™* population. (A): Study de-
sign for sequential analysis of individual
SRC clones. Lineage-specified cells were
scparated at the indicated time points, and
clone-tracking analysis was performed to ex-
amine the presence and persistence of spe-
cific clones. (B): Summary of the sequential
clone-tracking analysis from thres indepen-
dent expennments. A total of 112 clones were
analyzed (supplemental online Table 2)

Open symbois: clones detected a1 one time
point only. Filled symbols: clones simulta-
neously detected at two time points. Circles:
clones detected in the CD34" stem cell pool.
Triangles: clones not detected in the CD34°
stem cell pool. (C): Cumulative number of

Sequential SRC Clone-Tracking Analysis Revealed
that the Quiescent CD34*CD38™® Cells Constitute
the Hierarchical Organization of Human
Hematopoiesis

In the recipients of CD34"CD38%# cells, the early phase of
repopulation was dominated by myeloid-restricted clones (M-
clones), as opposed to the later phase, in which the majority of
repopulating clones were multilineage type clones (ML-clones)
(Fig. 2B). At this point, it is not clear whether the identical
clones produced different types of cells depending on the re-
constitution phase or independent clones were responsible for
either the early or later phase of repopulation. To find out the
origin of repopulating clones in the early and later phases, we
performed integration site analysis on individual clones recov-
ered from both phases of the same CD34*CD38® cell recip-
ient (Fig. 3A, left part; all pnimer sequences are listed in sup-
plemental online Table 2). At 3 weeks after transplantation, BM
cells were aspirated from the tibia of each recipient, and at 18
weeks recipients were sacrificed and BM cells were collected
from four long bones. At each time point, EGFP-expressing
human hematopoietic lineage cells were sorted for integration site
analysis using LAM-PCR. Each proviral integration site serves as
# unique marker by which to identify individual clones. When the
identical proviral integration site was recognized at different time
points, it was regarded as the persistence of the same clone. In that
way, we were able to examine the fate of individual SRC clones in
the same recipient at different time points. As reported earlier in
this study (Fig. 2B), transient M-clones were responsible for the
early phase of hematopoietic reconstitution, and self-replicating
ML-clones were responsible for the late phase. Interestingly, the
transient M-clones detected at the early phase and self-replicating
ML-clones were distinctly different (Fig. 3B, 3C, left), indicating
that the CD34"CD38™* population, which is highly enriched for
human LTRCs, is composed of distinct clonal subsets that are
heterogeneous in repopulating kinetics, lineage cell-producing abil-
ity, and self-renewal capacity.

different types of clones. Numbers in over-
lapping circles represent clones present at
both time points. Abbreviations: B, CD19+
B-lymphoid lineage cells; LAM, linear am-
plification-medisted; LTRC, long-term re-
populating cell; M, CD33+ myeloid lincage
cells; ML, mulilineage; PCR, polymerase
chain reaction; STRC, short-term repopulat-
ing cell; T, CD3+ (spleen) or CD4/CDS DP
(thymus) T-lymphoid lineage cells, TX,
transplantation, w, weeks.

To further examine clonal differences in the repopulating
cells, we performed clone-tracking analysis on paired secondary
transplanted mice. CD34" cells recovered from primary recip-
ients at 18 weeks of transplantation were subsequently trans-
planted into two secondary recipients, one of which was sacri-
ficed at 3 weeks and the other at 18 weeks after secondary
transplantation (Fig. 3A, right). Most of the clones (26 of 38;
68.4%) found in the primary recipients did not engraft in the
secondary recipient, suggesting that the repopulating potential
of most clones deteriorates during long-term reconstitution in
the primary recipient. In contrast, all clones detected in paired
secondary recipients had originated from the primary LTRC
clones. To our interest, in all the clones found in the secondary
recipient pair (a total of 45), there was a significant overlap
between STRC and LTRC (34 of 45; 75.6%) (Fig. 3B, 3C,
right), which is in contrast to the earlier observation in the
primary recipient. This indicates that LTRCs produce both
STRCs and LTRCs by asymmetric self-renewal division. It is
important to note that although all the STRC-ML clones (9 of 9)
demonstrated LTRC activity, some of the STRC-M clones (5 of
30; 16.7%) showed only a transient engraftment, indicating that
STRC-M tends to have a more restricted potential than
STRC-ML (Fig. 3B, 3C, right). We also identified a small
proportion of clones (6 of 45; 13.3%) that were uniquely found in
the later phase of secondary repopulation, suggesting the existence
of quiescent LTRCs that are reactivated only at the later phase.
Takmlogaher our findings constitute clonal evidence that self-
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LTRCs with Higher Self-Renewal Capacity Are
Constituted by Relatively Dormant Clones and
Expanded Clonally upon Secondary Transplantation
Finally, we quantitatively compared the relative clone size of
each LTRC clone that was found in the CD34™ stem cell poul
of both primary and secondary recipients. Interestingly, all
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LTRC clones in the CD34™ stem cell pool of the secondary
recipient were much larger than they had been in the primary
recipient (Fig. 4). This suggests that LTRC clones with a higher
self-renewal ability are relatively inactive or proliferate slowly,
but they could become activated upon secondary transplanta-
tion. We also discovered that all quiescent LTRCs were indeed
capable of producing multilineage cells in the primary recipi-
ents, suggesting that stem cells are not always quiescent but can
actively contribute to hematopoiesis when necessary. These
results provide evidence for the clonal dynamics of repopulating
clones by showing that LTRCs are quiescent at one point and
are active at another point.

Quiescent LTRCs Localizes to BM Niches

Maintenance and regulation of LTRCs in vivo depends on the
specific microenvironment, known as the niche. We examined
the localization of guiescent human CD347 cells in the BM
microenvironment of recipients. The quiescent CD34™ cells
were identified by the lack of PCNA expression. Most of the
PCNATCD34" cells (77.8%: n = 198 PCNA"CD34" cells)
were located in the endosteal region (arbitrarily defined as
within 12 cells of the endosteum, as described previously [16])
and were found to be associated with bone-lining osteoblasts or
endothelial cells (Fig. 5A, 5B). These niche-interacting quies-
cent human CD34° cells were confirmed as CD38-negative
(Fig. 5C), the only cell population transplantable in secondary
recipients. In line with previous mouse studies [3-5], these
results revealed that human HSCs stayed in a quiescent state to
maintain their LTRC activity by actively interacting with the
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Figure 4. Relative clone size of individoal
long-term repopulaung cell (LTRC) clones
in pnmary and secondary recipients. The
clone size of individual LTRC clones de-
tected in CD347 cells was examined by real-
time quantitative polymermase chain reaction
The relative clone sizes of each LTRC clone
in primary (open bars) and secondary (filled
bars) recipients are shown

Figure 5. Quiescent human long-term re-
populating cells interacting with niche com-
ponents in the endosteal region. (A): Two
human CD347 cells, a PCNA-negative (ar
rowhead) and a PCNA-positive (double ar-
rows), were adjacent to each other and are
attached to the endosteum. A large CD34"
PCNA-positive cell was found away from
endosteurn (arrow). (B): A PCNA-negative
CD34" cell (arrowhead) interacted with
CD3]-expressing munine endothelial cells
(arrow) in the endosteal region. (C): The
majority of human cells were positive for
CD38. A CD38™*PCNA-ncgative EYFP
transduced human cell was anached to the
endosteurn  (arrowhead). (D, E): EGFP-
marked HMRCs differentiated into fibro
blastic reticular cells that associated with
CD317 vascular cells. PCNA-negauve qui-
escent CD347 cells (arrowheads) interacted
with human reticular cells (ammow). (F):
HMRCs n the vascular miche expressed
SDF-1 (arrows) and interacted with a
CD34™ cell {arrowhead). Scale bars = 10
um. Abbreviations: EGFP, enhanced green
fluorescent protein; PCNA, proliferating cell
nuclear antigen

osteoblastic and vascular niche components in the endosteal
region of BM.

Mesenchymal Stem Cells Serve As Stem Cells for
the Hematopoietic Microenvironment

These experiments had so far demonstrated behavior of human
hematopoietic cells in the murine microenvironment. To inspect
whether the principles of niche regulatory system extrapolated
from murine studies could apply to the human situation, human
hematopoietic reconstitution was examined in the “humanized”
hematopoietic microenvironment. Previously, we established an
experimental system in which a functional human microenvi-
ronment was reproduced by the intramedullary injection of
human BM MSC-derived HMRCs [15]. The presence of
HMRCs was shown to be important in human hematopoietic
reconstitution in immunodeficient mice. We examined whether
the HMRCs play roles in the maintenance of the LTRC activity
in BM. EGFP-transduced human MSCs were intramedullary
injected into the right tibia of irradiated NOG mice, and then
CD34™ cells were transplanted intravenously into each mouse.
Consistent with our previous report [15], a majority of HMRCs
differentiated into vasculature-associated fibroblastic reticular
cells, which are known to play a pivotal role in HSC regulation
[17]. In line with this notion, HMRCs expressed one of the
important hematopoietic regulatory molecules, SDF-1 (Fig. 5F).
Interestingly, the quiescent human CD34 ™ cells often inleracted
with these EGFP™ human reticular cells in the endosteal region,
strongly suggesting the hematopoiesis-supporting functon of
these cells (Fig. 5D, SE). Much to our interest, the number of
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CD34"CD38"* LTRCs in the HMRC-injected tibia was higher
than in the saline-injected tibia in the same recipient (Fig. 6).
These results confirmed the previous mouse study and demon-
strated for the first time that human reticular cells in the en-
dosteal niches were one of the critical components of human
LTRC niches.

In this study, we demonstrated that the hierarchical organization
of human HSCs oniginated from quiescent CD34 *CD38™ cells
that resided in the endosteal region of the BM microenviron-
ment, particularly in osteoblastic and vascular niches. Our study
presented several lines of evidence that are important in under-
standing the in vivo dynamics of human hematopoiesis. First,
human hematopoiesis was supported by functionally heteroge-
ncous and distinct clonal subsets. Human repopulating cells with
predetermined STRC activity contributed to the initial myeloid
production, and those clones were rapidly exhausted from the
CD34" stem cell pool and lost repopulating ability. In contrast,
multilineage-producing LTRC clones remained in the CD34*
stem cell pool and sustained hematopoiesis. Asymmetric divi-
sion of LTRC clones produced clones with different potentials,
resulting in the construction of the hierarchical organization of
the human HSC pool in the BM microenvironment. Second,
repopulating activity of long-lasting LTRCs fluctuated. We
quantitatively demonstrated that the self-renewing LTRCs nor-
mally stayed in a quiescent state in the primary recipient and
expanded clonally upon secondary transplantation. Finally, the
hematopoietic microenvironment activity influenced LTRC
maintenance. We demonstrated that MSCs served as stem cells
for the key components of the hematopoietic microenvironment
and that the number of LTRCs could be increased by manipu-
lating microenvironments.

Stem cell quiescence is an indispensable property for the
maintenance of hematopoiesis. Interaction of HSCs with their
particular microenvironments, known as the stem cell niches, is
critical in regulating stem cell quiescence [2]. Although it has
been reported that the most primitive human hematopoietic
cells, when freshly isolated [18-22], stayed predominantly in
the quiescent phase, the cell cycle status and potential of trans-
planted human HSCs in recipient BM has not been fully exam-
ined. In this study, we successfully demonstrated that human
LTRCs existed in a rare population of CD34*CD38 ™ cells that
localized to the stem cell niches and maintained their stem cell
activities while remaining in a quiescent state. Furthermore, we
successfully visualized interaction between BM niche cells and
4 rare population of dormant LTRCs that fulfilled the functional
criteria of HSCs: cell cycle quiescence and multilineage engraft-

Figure 6. Effect of HMRCs on the engraft-
ment of long-term repopulating cells. (A):
BM cells obtained from the MSC-injected
(right) or PBS-injected (left) tibia from the
same mouse were examined by flow cytom-
etry at |2 weeks after transplantation. Rep-
resentative flow cytometric profiles are

shown. The relative frequencies of the

veer®eno...| CD347CD38™* population are indicated

o, (B): Absolute numbers of CD34*CD38™#

......... i e cells in the MSC-injected (right) and the
o . PBS-injected (left) tibias of mice. Each dot
R the same mouse are connected with lines. =,
;;_:,;.-a-‘ p < .01 rmlative w the PBS-injected tibia

2 Abbreviations: MSC, mesenchymal stem cell;

neg, negative; PBS, phosphate-buffered saline.

ment in a secondary host. Combined with our previous finding
that showed preferential localization of transplanted
CD34°CD38™® cells in the endosteal area [15], the present
study indicates that LTRCs protect themselves from extinguish-
ing their stem cell activity by firmly attaching to the endosteal
niches in cases of various hematopoietic stresses, as has been
demonstrated in mouse studies [23, 24].

Several studies, including the present one, showed that
LTRC activity was highly enriched in the CD34 *CD38™* frac-
tion, and the self-renewal capacity and differentiation potential
of SRCs became restricted, coinciding with the appearance and
increasing expression of the CD38 antigen [7-10]. Recently,
unexpectedly high repopulating activity was discovered within a
CD34*CD38" subpopulation in direct intrafemoral transplan-
tation experiments [25). However, the present study demon-
strated that CD347CD38" cells appeared to be more restricted
in their self-renewal ability. Although we were unable to deter-
mine the reason for this discrepancy, it is possible that the high
self-renewal activity of the CD34 "CD38* subpopulation could
be grasped only by direct intrafemoral transplantation. Never-
theless, our experiment has presented the idea that the self-
renewal potentials of the CD347CD38" and CD34*CD38™#
fractions are distinctly different. Furthermore, we demonstrated
for the first time that a rare population of CD34*CD38™# cells
in the primary recipient BM niches was the only group of SRCs
that could successfully reconstitute hematopoiesis in the sec-
ondary recipienL.

A previous study has reported that in an event that enforces
active proliferation of HSCs, such as transplantation, initial
active proliferation of SRC population is markedly downregu-
lated after a while [26]. Another study demonstrated an initial
upsurge and rapid decline of STRCs in human subjects [27]. Our
study showed a similar decline of STRCs. Imponandy, our
clone-tracking lineage analysis revealed that transient unipotent
STRC repopulation was followed by the emergence of multi-
potent LTRCs. Those LTRCs became activated and produced
self-renewing LTRCs and STRCs with limited self-renewal
activity. These STRCs in the later phase served as a functional
element of the hematopoietic hierarchy. Together with earlier
findings, the results of our study provided experimental evi-
dence that quiescent human LTRCs asymmetrically divide in
the BM niches, producing one daughter cell that remains in a
quicscent state as a “reservoir” of the stem cell pool and another
daughter cell that proliferates and differentiates into CD38™
cells as a “contributor” for sustaining hematopoiesis.

Several studies in mice and larger animals have concluded
that long-term hematopoiesis is sustained by a limited number
of self-renewing stem cells that maintain their stem cell activi-
ties by staying in a quiescent state and are activated as the
occasion demands [28-32). However, the quantitative dynamics
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of individual HSC clones during a quiescent state and an active
state remain unclear. In the present study, we quantitatively
unveiled that self-renewing LTRC clones normally occupied
very small clone size in the primary recipient but expanded
remarkably (10-1,000-fold) upon secondary transplantation
Importantly, these quiescent LTRCs were capable of producing
multilineage cells even in a steady state in the primary recipi-
ents, suggesting that stem cells are not always remained in a
quiescent state bul can actively contribute to hematopoiesis,
depending on the situation.

The exact nawre of the HSC niche and the mechanism of
HSC regulation have remained largely unknown because of the
complex structure of the niche itself and the technical difficul-
ties of examining it. Over the past few years, however, a number
of important papers have been published [3-5, 17], and we
began to understand how the niche regulates HSCs, at least in
mice. Unfortunately, experimental examination of human hema-
topoietic niches had been hampered by the lack of an appropri-
ate model system until now. We recently established a mouse
model that recapitulates a functional human hematopoietic m-
croenvironment [15]. Intramedullary transplanted human MSCs,
termed HMRCs, reconstituted functional components of hema-
topoietic niches. The majority of HMRCs became fibroblastic
reticular cells that were often associated with the vasculature,
and the rest differentiated into osteoblasts, osteocytes, and en-
dothelial cells. These HMRCs actively interacted with primitive
human HSCs to maintain secondary transplantable repopulating
activity. Importantly, the HMRCs preferentially distributed to
the endosteal region and expressed several niche factors, such as
N-cadherin [4), SDF-1 [33-35], and fibronectin [35-37] (T.Y.,
Y.M., and K.A., unpublished observation). In another published
study [35], we demonstrated the important in vivo roles of these
niche factors, especially SDF-1, for the engraftment of human
HSCs in the BM microenvironment by directly injecting anti-
body-treated human HSCs into the BM cavity. In the present
study, quiescent HSCs interacted with HMRC-derived human
reticular cells, and cotransplantation with MSCs resulted in
increased engraftment of the CD34"CD38™* population (i.e.,
the LTRC compartment), emphasizing the importance of the
presence of a human microenvironment in an experimental
animal. Consistent with our past [15] and present findings, a
recent study by Sugiyama et al. elegantly demonstrated that
SDF-1-expressing fibroblastic reticular cells play a pivotal role
in both osteoblastic and vascular niches at the endosteal region
of the murine microenvironment [17]. Taken together, those
findings and our own indicated that HMRC-derived fibroblastic
reticular cells in the osteoblastic and vascular niches participate
in the maintenance of LTRC activity by closely interacting with
quiescent human HSCs and secreting hematopoietic-regulatory
factors.

Detailed examinations of the innate properties of individual
human HSCs that contribute to various phases of reconstitution

is important not only to understand human hematopoietic de-
velopment but also to exploit the therapeutic potential of HSCs.
Clinically speaking, rapid recovery of hematopoiesis and sus-
tainable long-term hematopoiesis in patients are primary factors
for successful HSC transplamtation, In other words, appropriate
control of initial hematopoietic recovery and prevention of
premature HSC exhaustion could remarkably improve the ther-
apeutic outcome of climcal transplantation. The clonal analysis
presented in this study enabled us to accurately evaluate in vivo
properties of individual human HSCs. Qur strategies may serve
as indicators to assess the therapeutic effects of emerging stem
cell therapies and help advance clinical transplantation medi-
cine.

CONCLUSION

Through this study, we successfully identified human LTRCs
that were responsible for lifelong hematopoiesis in the BM
microenvironment. In a steady state, those quiescent human
LTRCs localized to and interacted with the key components of
the stem cell niche. Once activated, they divided asymmetrically
into LTRCs and STRCs, ultimately creating a hierarchical he-
matopoietic structure. Further identification and characterization
of LTRC and STRC subsets will be particularly useful in opti-
mizing protocols for stem cell therapies. Our study also con-
firmed that MSCs serve as stem cells for the key components of
the hematopoietic microenvironment. Therefore, it should be
possible 10 develop MSCs into useful therapeutic tools for
conditioning the hematopoietic niches.
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