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ABSTRACT

Although the use of cord blood transplantation (CBT) is increasing, the optimal methods for conditioning and
graft-versus-host disease (GVHD) prophylaxis remain to be established. Among previous reports, the Institute
of Medical Science, University of Tokyo (IMSUT) has reported remarkably favorable results of CBT for
hematologic malignancies as a single-institute experience. The aim of the present multicenter prospective
study was to assess the safety and efficacy of CBT performed precisely according to IMSUT transplantation
procedures. Thirty-three adult patients with hematologic malignancies, such as acute leukemia, chronic
myelogenous leukemia, or myelodysplastic syndrome, either lacking an HLA-identical sibling/HLA-matched
unrelated donor or requiring urgent transplantation were enrolled. Conditioning consisted of total body
irradiation (12 Gy), cytarabine, and cyclophosphamide. Cyclosporine A and methotrexate were used for GVHD
prophylaxis. Diagnoses were acute leukemia in 26 patients, chronic myelogenous leukemia in 4, and mye-
lodysplastic syndrome in 3; 12 patients were in first complete remission, and the others were in advanced
stages at the time of CBT. Thirty-one patients achieved engraftment, and the cumulative incidence of grade
[I-IV acute GVHD was 45% (95% confidence interval, 28%-62%). With a median follow-up of 46.2 months in 16
surviving patients, the 1-year cumulative incidence of nonrelapse mortality was 15% (95% confidence interval,
5%-30%). Causes of nonrelapse mortality were infection (n = 4) and graft failure (n = 1). The overall and
disease-free survival rates were 51% (95% Cl, 34%-68%) and 42% (95% Cl, 26%-59%), respectively. These results
suggest that the IMSUT CBT procedures can safely provide a high disease-free survival rate in patients with
high-risk hematologic malignancies.
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INTRODUCTION

Allogeneic hematopoijetic stem cell transplantation
(HSCT) is the most promising curative treatment for hema-
tologic malignancies. Several hematopoietic stem cell sour-
ces are now available, and the use of cord blood
transplantation (CBT) has been increasing dramatically [1].
However, the outcomes of CBT are not necessarily satisfac-
tory, because of the high nonrelapse mortality (NRM).
Conditioning and prophylaxis against graft-versus-host
disease (GVHD) used in CBT have varied significantly
among previous studies, and the optimal approaches remain
to be established [2-6]. Among those studies, the outcomes

Financial disclosure: See Acknowledgments on page 490.

* Correspondence and reprint requests: Takehiko Mori, MD, PhD, Divi-
sion of Hematology, Department of Medicine, Keio University School of
Medicine, 35 Shinanomachi, Shinjuku-ku, Tokyo 160-8582, Japan.

E-mail address: tmori@a3 keio.jp (T. Mori).

of CBT for hematologic diseases at the Institute of Medical
Science, University of Tokyo (IMSUT) were notably favorable
and in fact were superior to the outcomes of allogeneic bone
marrow transplantation (BMT) or peripheral blood stem cell
transplantation (PBSCT) from related and unrelated donors
at the same institution [7,8].

The IMSUT transplantation procedures involve a myeloa-
blative conditioning regimen using total body irradiation
(TBI), cyclophosphamide (CY), and high-dose cytarabine.
Cytarabine is combined with granulocyte colony-stimulating
factor (G-CSF) for myeloid malignancies. In addition, cyclo-
sporine A is given over 10 hours with short-term metho-
trexate (MTX) for GVHD prophylaxis. To date, however, no
study has systematically assessed whether IMSUT's favorable
results would be reproduced if CBT for hematologic malig-
nancy were performed precisely according to IMSUT's
transplantation procedures. Accordingly, we designed and
performed a multi-institutional study to evaluate the safety
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and efficacy of single-unit CBT for hematologic malignancies
by strictly following these procedures.

PATIENTS AND METHODS

This study is a multi-institutional prospective study of the Kanto Study
Group for Cell Therapy. The protocol was approved by the Institutional
Review Boards of the 9 participating institutions and registered at http://
clinicaltrials.gov (NCT00270881). No patients were enrolled from IMSUT.
Written informed consent was obtained from all patients in accordance with
the Declaration of Helsinki.

Patient Eligibility and Cord Blood Unit Selection

Eligibility criteria for this study included (1) age 20-55 years; (2) diag-
nosis of acute myelogenous leukemia (AML), acute lymphoblastic leukemia
(ALL), chronic myelogenous leukemia (CML), or myelodysplastic syndrome
(MDS) suitable for allogeneic HSCT; (3) lack of an available 5/6 or fully HLA-
matched related donor; (4) either lack of an available fully 6/6 HLA-matched
unrelated donor or the need for immediate HSCT based on the features of
the disease as judged by the treating physician; (5) availability of a 6/6, 5/6,
or 4/6 serologically HLA-matched cord blood unit with a minimum of
2 x 107 total nucleated cells per kilogram of recipient body weight before
cryopreservation in the Japan Cord Blood Bank Network; (6) Eastern
Cooperative Oncology Group performance status of 0 or 1; (7) adequate
function of main organs, including the liver, kidneys, lungs, and heart; and
(8) lack of anti-HLA (class [ and/or II) antibody. Patients with a previous
history of HSCT, active infection, or active central nervous system disease or
psychiatric disorders were excluded. This protocol was only for patients
receiving single-unit CBT. HLA disparity was determined based on the
antigen level of HLA-A, -B, and -DR loci specified by low- or high-resolution
techniques.

Conditioning Regimen

All patients received the same myeloablative conditioning as described
previously [7-9]. TBI 12 Gy was delivered in 4 or 6 fractions for 2 or 3 days
(days -8, -7, and -6 or days -7 and -6). After completion of TBI, cytarabine at
a dose of 2 or 3 g/m? was administered i.v. over 2 hours every 12 hours for 2
consecutive days (days -5 and -4). All patients received steroid eye drops for
prophylaxis against keratoconjunctivitis due to cytarabine. For myeloid
malignancies (AML, MDS, and CML), recombinant human granulocyte
colony-stimulating factor (G-CSF; lenograstim) was given by continuous
infusion at a daily dose of 5 pg/kg, starting 12 hours before the first dose of
cytarabine and continuing until the last dose of cytarabine. Then CY 60 mg/
kg was administered i.v. over 2 hours for 2 consecutive days (days -3 and -2).
Cytarabine could be omitted in exceptional cases based on factors in the
patient’s background, such as a history of allergic reaction. No patient
received antithymocyte globulin as part of the conditioning regimen.

Infusion of Cord Blood, GVHD Prophylaxis, and Supportive Care

Two days after the completion of CY administration (day 0), patients
received CBT. The cord blood graft was thawed and immediately infused
without washing. GVHD prophylaxis was provided with short-term meth-
otrexate (MTX; 15 mg/m? on day 1, and 10 mg/m? on days 3 and 6) and
cyclosporine A (CsA). Leucovorin was given i.v. to ameliorate its toxicity.
CsA was given iv. over 10 hours starting on day -1. The CsA dose was
adjusted at the discretion of the physician only if the trough level of CsA
was <100 ng/mL or adverse events associated with CsA developed.

Each patient was isolated in a laminar air-flow or high-efficiency
particulate air-filtered room. The administration of lenograstim at a dose
of 5 pgf/kg was started 1 day after CBT and continued until neutrophil
recovery was achieved. Prophylactic fluoroquinolone and fluconazole (200
mg/day) were given orally, starting 14 days before transplantation. For
Pneumocystis pneumonia prophylaxis, cotrimoxazole was given for 14
consecutive days before transplantation and recommenced on a schedule of
2-3 days per week after sustained hematopoietic recovery was confirmed.
Oral acyclovir at a dose of 1000 mg/day was given from day -7 to day 35.
Cytomegalovirus (CMV) reactivation was routinely monitored by CMV
antigenemia assay or PCR soon after neutrophil recovery, which triggered
preemptive therapy with ganciclovir. Intravenous immunoglobulin was
given in patients with a serum immunoglobulin G level <500 mg/dL.

Assessment of Chimerism, Engraftment, and GVHD

The chimerism study was performed on whole bone marrow cells at 1
month, 2 months, and 3 months after CBT. Analyses were performed by
fluorescein in situ hybridization for X and Y chromosomes or by micro-
satellite PCR as appropriate. The day of myeloid engraftment was defined as
the first day of 3 consecutive days when the absolute neutrophil count
exceeded 0.5 x 10%/L. The day of platelet engraftment was defined as the day

Table 1
Patient and Transplant Characteristics (n = 33)

Characteristic Value

Age, years, median (range) 37 (21-54)

Sex, males/females, n 21/12

Body weight, kg, median (range) 55.0 (39.1-97.0)
Diagnosis, n

AML 20
ALL 6
CML 4
MDS 3
Disease status, n
CR1 12
CR2, chronic phase 2 5
Not in CR, blast crisis 16
Conditioning, n
TBI + cytarabine + G-CSF + CY 27
TBI + cytarabine + CY 5
TBI + CY 1

Cord blood units
HIA disparity, n

4-antigen match 29
5-antigen match 3
6-antigen match 1

Nucleated cells per kg body weight, median (range) 2.66 (2.00-4.58)
GVHD prophylaxis with CsA + short-term MTX, n 33

when the absolute platelet count exceeded 20 x 10°/L without platelet
transfusion. Primary graft failure was defined as lack of myeloid engraftment
until day 42; secondary graft failure, as a persistent loss of myeloid
engraftment after having achieved engraftment. Both acute and chronic
GVHD were diagnosed and graded based on published criteria {10,11].

Statistical Analysis

The primary endpoint of this study was 1-year NRM, and secondary
endpoints were engraftment, acute and chronic GVHD, infectious compli-
cations, day +100 NRM, relapse rate, disease-free survival (DFS), and overall
survival (OS). Survival rates were calculated by the Kaplan-Meier method.
Probability of acute GVHD, disease relapse, and NRM were estimated on the
basis of cumulative incidence curves to accommodate the following
competing events: death without GVHD and second transplantation for
graft failure for acute GVHD, death for relapse, and relapse for NRM [12].
Comparisons were made using the log-rank test or Gray test as appropriate,
Multivariate analyses were performed using the Cox proportional hazards
model or the Fine and Gray proportional-hazards model as appropriate.
P < .05 was considered to indicate statistical significance in all analyses.

RESULTS
Patient Characteristics

Thirty-three patients were enrolled and underwent CBT.
Patient and transplant characteristics are summarized in
Table 1. At the time of CBT, 12 patients with AML/ALL were in
the first complete remission (CR1) and were defined as
standard-risk patients. The remaining 19 patients had
AML/ALL in CR2 or CML in chronic phase 2 (n = 3) or
AML/ALL not in remission, MDS with an excess of blasts, or
CML in blastic crisis {n = 16), and were defined as high-risk
patients. Three patients in CR1 had Philadelphia
chromosome—positive ALL. All but 1 patient received TBI,
cytarabine, and CY with or without G-CSF as conditioning.

Engraftment and Chimerism

Myeloid engraftment was obtained at a median of 26 days
(range, 18-60 days) in 31 patients. Platelet engraftment was
obtained at a median of 44 days (range, 25-140 days) in 26
patients. Two patients experienced primary graft failure,
caused by graft rejection in 1 patient and early disease
progression in 1 patient. One case of secondary graft failure
occurred after hemophagocytic syndrome. In the 27 patients
who underwent chimerism analysis, full donor chimerism
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Table 2
Infectious Complications

Infection Number

Bacterial (n = 14)
Bacteremia 1
Enteritis
Meningitis
Pneumonia
Cholecystitis

Fungal (n = 5)
Candidemia
Invasive aspergillosis 3
Pneumocystis pneumonia

Viral (n = 28)
CMV infection
CMV disease
HHV-6 central nervous system disorder
Parainfluenza virus pneumonia
Encephalitis*
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HHV-6 indicates human herpesvirus 6.
= Causative virus was not identified.

was obtained at 1 month posttransplantation in 24 patients,
at 2 months in 2 patients, and at 3 months in 1 patient.

Acute and Chronic GVHD

Acute GVHD developed in 21 of 31 evaluable patients
with myeloid engraftment (grade I in 6 patients, grade Il in
10, grade Il in 3, and grade IV in 2). The cumulative incidence
of grade II-IV acute GVHD up to day +100 post-
transplantation was 46% (95% Cl, 27.8%-61.5%). Among the 10
patients with grade Il acute GVHD, 6 did not require systemic
glucocorticoid in addition to CSA for the treatment of acute
GVHD. Among the 27 patients who survived more than 100
days after transplantation, 6 patients developed chronic
GVHD (2 with extensive type and 4 with limited type).

Infectious Complications

All but 1 patient experienced at least 1 episode of infec-
tious complications after CBT (Table 2). The most common
infective pathogen was viruses, including CMV infection,
followed by bacteria and fungus. Four cases of infectious
complications were fatal (2 with bacteremia and 2 with
encephalitis). All of these patients had grade II-IV acute
GVHD (1 with grade I, 1 with grade IlI, and 2 with grade IV)
and were receiving systemic glucocorticoid therapy when
infectious complications developed.

NRM, Relapse, and Survival

At a median follow-up of 46.2 months (range, 31.0-65.8
months), 16 patients were alive. Causes of death in the other
17 patients included relapse and complications associated
with treatment of relapse after transplantation (12 patients),
infectious complications (4 patients), and graft failure
(1 patient). The cumulative incidence of NRM was 9% (95% Cl,
2%-22%) at 100 days post-HSCT and 15% (95% Cl, 5%-30%) at 1
year post-HSCT (Figure 1A). The cumulative incidence of
NRM at 3 years post-HSCT did not differ significantly
between standard-risk and high-risk patients (25% versus
10%; P =.254). In 14 patients, disease relapse or progression
occurred at a median of 9 months (range, 0.9-23.0 months)
post-HSCT. The 3-year relapse rate was 42% (95% (I,
25%-59%) (Figure 1B). OS was 51% (95% Cl, 34%-68%), and DFS
was 42% (95% Cl, 26%-59%) (Figure 1C). The 16 patients who
were alive without disease remained in good condition, with
an Eastern Cooperative Oncology Group performance status
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Figure 1. Cumulative incidences of NRM (A) and relapse rate (B), and Kaplan-
Meier estimates of OS and DFS (C). “+” indicates a censored patient.

of 0 (n = 13) or 1 (n = 3). Two of the 3 patients who expe-
rienced primary or secondary graft failure and 4 of 14
patients who experienced disease relapse or progression
subsequently underwent a second allogeneic HSCT. At the
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time of this analysis, 2 patients were still alive without
disease at 23 months and 62 months after the second HSCT.
As the possible factors affecting the rates of disease
relapse, NRM, OS, and DFS, the following variables were
analyzed: patient age (<40 years versus >40 years) and sex,
risk categories based on disease status at transplantation
(standard risk versus high risk), HLA disparity (4/6 versus 5/6
and full match), nucleated cell dose of cord blood graft
(<2.60 x 107 kg versus >2.60 x 107/kg), and development of
acute GVHD (none or grade I versus grade II-IV). The devel-
opment of grade II-1V acute GVHD had a negative impact on
NRM (1-year NRM, 27% [95% Cl, 8%-51%] versus 0%; P < .05);
however, none of other variables, including patient age, had
a significant impact on NRM, disease relapse, OS, and DFS.

DISCUSSION

The results of this prospective multicenter study
demonstrate that single-unit CBT following myeloablative
conditioning can provide favorable survival with low NRM in
adult patients with high-risk hematologic malignancies. Our
study is unique in that all patients received uniform condi-
tioning, GVHD prophylaxis, and other supportive care. All of
the CBT procedures applied in this study were identical to
those reported by the IMSUT. In the IMSUT reports, the
outcome of CBT was superior to that of allogeneic BMT or
PBSCT from related and unrelated donors, which provided
a notably favorable outcome compared with other studies
[7.8]. Given the nature of the retrospective single-center
study, we deemed it necessary to confirm the reproduc-
ibility of the results, and consequently planned and con-
ducted a prospective multicenter study to evaluate the safety
and efficacy of the IMSUT transplantation procedures. Of
note, our study enrolled patients with high-risk hematologic
malignancies regardless of disease status at transplantation,
and indeed half of the patients enrolled were not in remis-
sion at the time of transplantation. Despite our use of such
a high-risk cohort, the primary endpoint of 1-year NRM was
15%, which was comparable with the 9% reported by
IMSUT and lower than those of other studies (30%~60%)
[4-6,13-15]. The primary cause of NRM in the present study
was infectious complications occurring after engraftment. All
of those infectious complications occurred in patients who
developed grade II-IV acute GVHD, and the sole factor
significantly associated with the incidence of NRM was grade
1I-1IV acute GVHD. Thus, to further reduce NRM, the optimal
management of infectious complications should be explored,
particularly in patients developing acute GVHD after CBT.

Disease relapse greatly interferes with the success of
allogeneic HSCT, especially in patients with chemorefractory
hematologic malignancies, and the intensity of conditioning
plays a crucial role. Although TBI plus CY (TBI-CY) remains
the most common myeloablative conditioning regimen for
allogeneic HSCT, further intensification of conditioning by
administering additional antileukemic agents has been
attempted in an effort to reduce disease relapse. Although
this further intensification can lead to more effective disease
control, the benefit is generally offset by the higher rates of
NRM, and thus the effect of this approach on survival
remains controversial [16]. Cytarabine has been extensively
investigated as an additional agent in this setting, but this
drug is also associated with significant toxicity [17-22].
However, in a recent study we found favorable outcomes
with low NRM with the use of TBI-CY plus cytarabine as
conditioning in patients with ALL [9]. Based on these findings
and the fact that the IMSUT protocol uses mainly TBI-CY plus

cytarabine as conditioning for CBT [7,8], we followed the
same regimen. In addition, we combined cytarabine with
G-CSF infusion in patients with myeloid malignancies, based
on the hypothesis that G-CSF increases the susceptibility of
myeloid leukemic cells to cytarabine, thereby contributing to
decreased relapse rate [23-30]. In the setting of allogeneic
BMT and PBSCT, favorable outcomes of the conditioning
consisting of TBI and G-CSF with cytarabine in patients with
AML and advanced MDS have been reported [31-34]. In the
present study, despite the high-risk features of the disease,
approximately half of the patients achieved long-term DFS
with this unique intensified myeloablative conditioning
because of the low NRM and disease relapse, as expected,
which seemed more favorable than the results of previous
studies [5,14]. These results suggest that the myeloablative
conditioning regimen used in the present study is safe and
highly effective in eradicating leukemic cells even in patients
with high-risk leukemia. However, the outcomes of our
study patients seem inferior to those reported by IMSUT in
terms of disease relapse and survival. The major difference is
in the incidence of disease relapse, which was higher in the
present study (40% versus 16%~ 17%) and consequently had
an effect on DFS (42% versus 70% ~ 74%). The most plausible
explanation for this difference is the differing study designs
(prospective multicenter versus retrospective single-center).
Another possible explanation may be related to demographic
differences in the patient cohorts. The standard variables,
such as age and disease status at transplantation, seemed
similar in the 2 studies. However, BMT from unrelated
donors takes priority over CBT in clinical practice in all of the
institutions participating in the present study. Thus, it is
possible that high-risk patients, particularly those with
diseases in CR, might be selectively enrolled into the present
study based on the inclusion criteria defining the require-
ment of immediate HSCT based on disease features at the
discretion of each treating physician. Disease status at
transplantation cannot precisely reflect the risk of such
features of the disease and could have significantly affected
the outcome.

Along with conditioning, GVHD prophylaxis plays an
important role in the outcomes of allogeneic HSCT. However,
a standard GVHD prophylaxis regimen for CBT has yet to be
established, and GVHD prophylaxis varies widely among
previous studies, variously consisting of CsA or tacrolimus
alone or in combination with MTX, glucocorticoids, myco-
fenolate mofetil (MMF), and/or antithymocyte globulin
[2-6,13-15,35]. To avoid the toxicity and negative effects of
MTX on hematopoietic reconstitution, several studies have
applied non—MTX-containing GVHD prophylaxis. In
contrast, CsA in combination with short-term MTX, which
remains a common GVHD prophylaxis regimen in allogeneic
HSCTs other than CBT, was used in the present study
precisely according to the IMSUT protocol. Leucovorin was
routinely given to ameliorate the toxicity of MTX. In addition,
CsA was given over 10 hours at a dose of 3 mg/kg/day, with
the dose adjusted only when the CsA trough level was
<100 ng/mL or adverse events associated with CsA devel-
oped. With this relatively unique regimen, neutrophil
engraftment was obtained at a median of 26 days after CBT,
which is comparable with those in previous studies. The
incidence of grade II-IV acute GVHD of 48% is identical to that
reported by IMSUT (44% ~ 52%) [7,8]. Of note, however, acute
GVHD was manageable without systemic glucocorticoid
administration in approximately 60% of patients with grade
II acute GVHD, suggesting that the incidence of clinically
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significant acute GVHD requiring systemic glucocorticoid
therapy was actually lower with this prophylactic regimen.
In addition, the development of acute GVHD requiring
systemic glucocorticoid therapy was associated with NRM
due to fatal infectious complications. Therefore, further
investigations should focus on the more effective GVHD
prophylaxis, although the balance between the immuno-
suppressive effect and graft-versus-tumor effect is also
important. In this setting, less-toxic GVHD prophylaxis using
MMF instead of MTX could be a good option, because it has
a potential to allow faster engraftment and could decrease
the risk of infectious complications.

Secondary graft failure due to graft rejection was
observed in 1 patient, who was rescued by the second CBT
and alive at 26 months after the second CBT. Other compli-
cations interfering with survival and quality of life, such as
severe chronic GVHD and secondary malignancies, were seen
in no patients during the follow-up period. All surviving
patients were in good clinical condition without disease
recurrence, These results demonstrate the long-term safety
and tolerability of these CBT procedures despite the highly
intense conditioning.

Two major limitations of the present study are the small
number of patients evaluated and the heterogeneous disease
background in these patients, including the types of disease,
high-risk features, and disease status at transplantation.
However, the study's primary endpoint was to evaluate
1-year NRM with respect to safety of the transplantation
procedures. Thus, we believe that safety of the procedures
can be confirmed even with our relatively small, heteroge-
neous cohort.

We conclude that the transplantation methods used in
the present study, including intensified myeloablative
conditioning, CsA with MTX as GVHD prophylaxis, and other
supportive care measures, can provide low NRM and high
survival rates in patients undergoing single-unit CBT for
hematologic malignancies and could possibly become
a standard treatment. However, because of the limited
number of patients and high incidence of life-threatening
infectious complications associated with GVHD, a larger-
scale study with some modifications to GVHD prophylaxis
is needed to establish the optimal CBT techniques.
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Abstract Patients with X-linked severe combined
immunodeficiency (X-SCID) suffer from severe and per-
sistent infections, and usually die early in life unless treated
by hematopoietic stem cell transplantation. If a patient has
an HLA-identical sibling donor, preparative conditioning is
not necessary for T-cell engraftment and B-cell function.
However, in the absence of such a donor, long-term
reconstitution of full B-cell function is often problematic,
leading in many cases to a lifetime requirement for
immunoglobulin replacement therapy. Preparative my-
eloablative conditioning has been shown to improve long-
term B-cell function, but may aggravate pre-existing
infection and transplant-related toxicity. It is thus
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important to determine the minimum intensity of condi-
tioning that assures immunoglobulin production. In the
present study, we performed reduced-intensity condition-
ing (RIC), consisting of fludarabine 125 mg/m? and mel-
phalan 80 mg/m?, prior to unrelated umbilical cord blood
transplantation (UCBT) for five patients with X-SCID,
none of them had an HLA-identical donor. Four patients
survived more than 4 years without sequelae, and none
required long-term immunoglobulin replacement therapy.
One patient succumbed to sepsis in conjunction with severe
GVHD. Our result demonstrates that the RIC regimen
described above in combination with UCBT is an effective
and less toxic conditioning to correct B-cell function in
patients with X-SCID.

Keywords X-SCID - Reduced-intensity
conditioning - Umbilical cord blood transplantation -
Fludarabine/melphalan

Introduction

X-linked severe combined immunodeficiency (X-SCID),
which accounts for approximately half the cases of SCID,
is caused by mutations of the yc chain. Immunological
characteristics of this disease include profound impairment
of both cellular and humoral immunity due to the absence
or diminished numbers of T cells and natural killer (NK)
cells, and abnormal B-cell function in spite of normal or
elevated numbers of B cells. Therefore, patients with
X-SCID suffer from severe and persistent infections,
including opportunistic pathogens, and usually die early in
life unless treated by hematopoietic stem cell transplanta-
tion (HSCT) or gene therapy [1]. Previous reports dem-
onstrated excellent results of HLA-identical BMT with
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survival rate over 90 %, and full restoration of T- and
B-cell function [2, 3]. Since most patients do not have an
HLA-identical sibling donor, HI.A-haploidentical bone
marrow transplantation (BMT) was developed in the early
1980s, when better T-cell depletion methods became
available. However, the survival rate was lower, at around
60-80 %, and about half of the patients required life-long
immunoglobulin replacement therapy despite normal
T-cell immunity with or without pre-transplant condition-
ing [2-4]. These results suggested that T-cell-depleted,
HLA-haploidentical bone marrow cells might not be a
suitable source of HSCT for correcting B-cell function.
Another strategy to treat this condition is to use unrelated
donor HSCT with conventional myeloablative conditioning
regimens, which leads to stable reconstitution of T- and
B-cell function [5]. However, this approach has been
associated with significant treatment-related toxicities and
aggravation of pre-existing infections. To avoid these
problems, reduced-intensity conditioning (RIC) regimens
have been developed. Recently, Rao et al. [6] reported that
a RIC regimen using a total dose of 150 mg/m? of fludar-
abine, 140 mg/m? of melphalan, and Campath 1H or ATG
resulted in an improved survival and reduced transplanta-
tion-related mortality, compared with myeloablative con-
ditioning, in children with primary immunodeficiency
(PID) undergoing unrelated BMT. They used the same
regimen for patients with X-SCID who would be expected
to need less intensive conditioning because their immune
system is already profoundly impaired. Based on their
report, we performed unrelated umbilical cord blood

Table 1 Patient characteristics

transplantation (UCBT) with pre-transplant conditioning
using a further reduced dosage of fludarabine and mel-
phalan, in the absence of Campath 1H or ATG, to inves-
tigate whether a minimally intensive conditioning regimen
could assure correction of B-cell function in X-SCID
patients.

Patients and methods
Patients

Five patients with typical X-SCID received unrelated
UCBT because they had no HLA-matched sibling donor.
As shown in Table 1, mutations in the yc chain gene were
detected in all patients. Patient 3 suffered from pneumonia
caused by Pneumocystis jiroveci at the time of diagnosis of
X-SCID. All patients except for patient 3 were diagnosed
with X-SCID at birth because their brothers had the same
disease. Immunoglobulin replacement therapy was initiated
once hypogammaglobulinemia was confirmed, and IgG
trough levels were maintained over 500 mg/dL. This study
was performed with the approval of Institutional Review
Board at each university and with the written informed
consents of the parents.

Conditioning regimen and GVHD prophylaxis

Pre-transplant conditioning for all patients consisted of
fludarabine (25 mg/m> per day) from day —7 to day —3

Patient 1 2 3 4 5
Age at diagnosis (months) 0 0 4 0 0
Age at UCBT (months) 3 3 10 3 3
Mutations in the yc chain 868 G > A 691 G>A c.735 741* IVS4 +2T>A 568A > G
HLA identity 6/6 5/6 6/6 5/6 5/6
Nucleated cell dose (x107/kg) 7.1 10.0 5.0 A 9.5 11.2
CD34+ cell dose (x10°/kg) 1.09 3.65 ND 3.50 1.68
Hematological recovery
Nt > 500/puL 30 20 36 20 12
Plt > 5 x 10%/pL 10 16 95 17 16
Ret>1% 18 16 38 20 15
Complications at UCBT None None Pneumonia None None
Additional infections during UCBT None None Sepsis CMV Sepsis
GVHD
Prophylaxis CyA FK + sMTX FK - FK + sMTX CyA + PSL
Acute (grade) 0 0 i1 I m
Chronic - - Extensive - Extensive
Therapy - - FK + mPSL FK + PSL FK + MMF + PSL

c.735 741* c.735_741delAGCCACC —insGGGAGCAATACTT, ND not determined, Nt neutrophils, Plt platelets, Ret reticulocytes, sMTX short-

term methotrexate
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(total dose 125 mg/mz) and melphalan (40 mg/m2 per day)
from day —4 to day —3 (total dose 80 mg/m?). Neither
ATG nor Campath 1H was included in the conditioning
regimen.

Prophylaxis for acute GVHD was performed with either
cyclosporine A (CyA) with/without prednisolone or FK506
with/without short-term methotrexate as shown in Table 1.

Graft characteristics

As shown in Table 1, UCB units were either serologically
full-matched or one locus mismatched at 6/6 (A, B, DR)
HLA loci. Infused nucleated cell doses were 5.0 x 10"/kg—
112 x 107/kg (mean 8.6 x 10’/kg), which contained
CD34+ stem cells, ranging from 1.09 x 10°%kg to
3.65 x 10°/kg (mean 2.48 x 10°/kg) except for patient 3,
whose information on CD34+ cells was not available.

Chimerism studies

Hematological recovery was defined as achievement of
absolute neutrophil count (ANC) >500/pL for 3 consecutive
days and a platelet count >5.0 x 10%uL for 7 consecutive
days without need for further transfusion. Chimerism was
analyzed at Human Leukocyte Antigen Laboratory (Kyoto,
Japan) as described previously [7]. Briefly, T cells, B cells
and NK cells were separated by anti-CD3, anti-CD19 and
anti-CD56 microbeads (Invitrogen Dyanl AS, Oslo, Nor-
way), respectively. Donor- and recipient-specific polymor-
phic short tandem repeats (STR) were amplified by PCR, and
subsequently analyzed by SDS-PAGE.

Immunological reconstitution studies

Immunological reconstitution status after transplantation
was monitored by serum immunoglobulin levels (IgG, IgA,
IgM and IgE), isohemagglutinin, and specific antibodies,
and by flow cytometry analyses of peripheral mononuclear
cells for CD3, CD4, CD8, CD19, CD16 and CD56.

Results

The age at transplantation was 3 months in four patients
and 10 months in one patient (Table 1). All patients
received UCBT using fludarabine (125 mg/mz) and mel-
phalan (80 mg/m?) as a pre-transplant conditioning. They
all achieved engraftment of ANC > 500 pL. and plate-
lets > 5.0 x 10%uL at a mean of 23.6 days (range
12-36 days) and 30.8 days (range 10-95 days), respec-
tively. All but one survived more than 4 years without
complication. One patient, patient 5, succumbed to sepsis
in conjunction with severe GVHD.

Infections

Patient 3 suffered pneumonia due to P. jiroveci infection
prior to admission and intravenous trimethoprim/sulfa-
methoxazole therapy was initiated. The pneumonia
resolved with the engraftment of donor cells. He also
experienced an episode of sepsis due to enterococci after
UCBT, which was cured by appropriate antibiotics.
Patients 1, 2, 4, and 5 were diagnosed with X-SCID at birth
by sequencing of the yc chain because their brothers had
the same disease. They had been protected in a clean
environment soon after birth and they did not experience
any infection until UCBT. Patient 5 developed sepsis due
to a catheter infection, which was the cause of death at day
491 after UCBT.

Regimen-related toxicity and GVHD

Mild mucositis and myelosuppression were observed with
this reduced-intensity conditioning, and no other regimen-
related toxicity was noted.

Patient 3 developed acute GVHD grade II (skin stage 3)
and extensive chronic GVHD, while patient 4 developed
acute GVHD grade II (skin stage 3, liver stage 1 and gut
stage 1). Symptoms in both cases resolved on prednisolone
and FK506. Patient 5 developed acute GVHD grade III
(skin grade 1, liver grade 3 and gut stage 3), followed by
extensive chronic GVHD. He succumbed to sepsis in
conjunction with uncontrolled GVHD, although he was
treated with prednisolone, FK506 and mycophenolate
mofetil (MMF).

Chimerism

Median follow-up was 68 months (range 48-73 months).
As shown in Table 2, all survivors had complete donor
T-cell chimerism. One survivor, patient 3, also had com-
plete lymphocyte and granulocyte chimerism, which was
confirmed by day 52. The others demonstrated mixed
chimerism in these cell lineages. The percentage of the
donor cells in each cell lineage had been stable since day
168 after UCBT in patient 1. In patients 2 and 4, detailed
chimerism using fractionated cells was analyzed only the
date indicated in Table 2. Donor cells of patient 5 consti-
tuted only 5 % of his peripheral blood nucleated cells at
day 420 after UCBT, although T cells were 100 % of donor
origin.

Immune reconstitution
Table 3 shows the results of immunologic evaluation at the

most recent follow-up after UBCT in all survivors. Abso-
Iute numbers of Ilymphocytes were normal after
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Table 2 Leukocyte chimerism Patient 1 2 3 4 5
Days after UCBT? 168 1620 60 1098 52 2021 90 2078 420
T cell (donor %) 100 >95 90 94 100 100 92 100
B cell (donor %) 24 20 20 8 100 70 50 ND
NK cell (donor %) 55 69 15 33 100 90 84 ND

AND not determined Granulocyte (donor %) 65 59 18 48 >95 100 20 13 ND

a

Days after UCBT when Lymphocyte (donor %) >95
chimerism was determined
Discussion

Table 3 Immune reconstitution

Patient 1 2 3 4 5 (at day 470)
WBC (/uL) 7700 7400 4710 9200 1000
Lymphocyte (/uL) 3700 4370 4120 4100 400
CD3 (%) 822 604 637 813 38.6
CD4 (%) 484 244 353 420 33.0
CD8 (%) 27.8 287 257 322 115
CD19 (%) 134 379 320 151 0.0
CD16/56 (%) 1.8 0.6 4.0 2.7 13.0
B-cell function

IgG (mg/dL) 937 531 692 1157 660 (under

iv.Ig)

IgA (mg/dL) 58 32 55 101 89

IgM (mg/dL) 117 77 115 231 112

IgE (IU/mL) 37 <3 42 1 ND

Isohemagglutinin  + + - + -

Specific antibody - + + + ND
T-cell function

PHA stimulation 1644 243.6 2209 12134 1.1

(SD

ConA stimulation 897.7 322.1 2255 7131 1.1

(8D
NK activity (%) 15 4 10 19 ND

Normal values; PHA stimulation (SI) >100, ConA stimulation (SI)
>75, NK activity 1840 %

ND not determined, S7 stimulation index

transplantation (Table 3). Numbers of CD3+4, CD4+,
CD8+ T cells and CD19+ B cells were within normal
ranges, and T-cell function was normal by assessment with
PHA and ConA stimulation. Immunoglobulin serum levels
were within normal ranges of age-matched controls in all
four patients, and none requires IgG substitution (Tables 3,
4). Also each patient had a positive antibody response. NK
activity was lower than normal in all but patient 4.

Growth and psychomotor development
As shown in Table 4, all survivors have shown normal

height, body mass index (BMI), psychomotor development
and performance status to date.

@ Springer

We report the outcome of unrelated UCBT in five patients
with X-SCID using a RIC regimen. The most important
result of this study is all four survivors are free from
immunoglobulin replacement therapy.

Previous studies showed that about two-thirds of SCID
patients required immunoglobulin replacement therapy
after T-cell-depleted, HLA-haploidentical BMT from
related donors without pre-transplant conditioning [2, 8].
In Europe, about half of SCID patients who received
HLA-haploidentical related marrow cells were condi-
tioned mostly with busulfan (8 mg/kg) and cyclophos-
phamide (200 mg/kg) [3]. However, the mortality rate for
this type of conditioning was higher than that of patients
without conditioning. Further, pre-transplant conditioning
in combination with HLA-haploidentical related marrow
cells did not always result in correction of B-cell function,
and about one-third of the SCID patients continue to
require immunoglobulin replacement therapy. In contrast,
all surviving SCID patients, who had received bone
marrow cells from unrelated donors after conventional
conditioning with busulfan (16 mg/kg) and cyclophos-
phamide (200 mg/kg), did not require immunoglobulin
replacement therapy [5, 6]. This conventional condition-
ing regimen, however, has been associated with a sig-
nificant mortality rate due to treatment-related toxicities
such as profound pancytopenia, severe organ toxicity, and
exacerbation of pre-existing infections. In addition, chil-
dren treated with myeloablative regimens often suffer
from delayed effects such as infertility, hormonal dys-
function, growth failure and secondary malignancies [9].
Recently, Rao et al. [6] reported the outcome of 33
patients with primary immunodeficiency (PID) [SCID
(n = 6) and non-SCID (n = 27)] who received unmodi-
fied unrelated donor marrow grafts following reduced-
intensity conditioning consisting of fludarabine (150 mg/
m?), melphalan (140 mg/mz), and alemtuzumab (Campath
1H) or anti-thymocyte globulin (ATG). All patients had
primary engraftment, and most patients achieved normal
immunoglobulin production and B-cell function, although
it is not clear whether patients with SCID were on
immunoglobulin replacement therapy or not. From these
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Table 4 Current status

i.v.Ig intravenous
immunoglobulin, NA not
applicable, SD standard

Patient 1 2 3 4 5

Clinical status Alive Alive Alive Alive Dead (at 17 months)
Follow-up (months) 68 48 73 69 17 months

Last i.v.Ig (months) 44 32 8 3 17 months

i.v.Ig at present Off Off Off Off NA

Height —-1.0SD +192SD —-1.0SD —0.2SD  Short stature

Body mass index 15.9 14.5 145 152 BW 6 kg

Mental status Normal Normal Normal Normal Normal

Kamofsky performance status 100 % 100 % 100 % 100 % 30 %

deviation, BW body weight

results, we speculated that T-cell depletion might interfere
with B-cell engraftment and function. In this context, it is
interesting to note that patients in our study who had
acute GVHD complications showed higher B-cell chi-
merism and early immunoglobulin production after
UCBT. However, one of our patients succumbed to sepsis
in conjunction with severe GVHD. Unlike patients with
hematologic malignancies, who benefit from the graft-vs-
leukemia effect of donor cells, there is no such benefit
from GVHD in patients with PID [10]. Thus, it is inevi-
table to use immunosuppressive drugs to prevent GVHD,
and modifications such as the addition of ATG to our
protocol to reduce the risk of GVHD will need to be
evaluated in a future study [11]. Of note, two of our
patients who did not develop acute GVHD gradually
corrected their B-cell function, and immunoglobulin
replacement therapy could be discontinued 32 and
44 months after UCBT. These results suggest that the RIC
regimen described here may provide a minimal-intensity
conditioning regimen in combination with UCB, which
can assure sufficient production of immunoglobulin.

Some reports have raised concern about cardiac toxicity
associated with high-dose melphalan and fludarabine used
in combination [12, 13]. However, patients with this
adverse event had been suffering from advanced hemato-
logic malignancies and had been heavily treated with
cytotoxic drugs including anthracyclines prior to pre-
transplantation conditioning, and the total dosage of flu-
darabine (150 mg/m?) and melphalan (140 mg/m?) used
for conditioning was much higher than the present study. In
addition, reduction of melphalan from 140 to 80 mg/m? is
expected to result in a lower frequency of cardiac toxicity.
We only observed mild myelosuppression and mucositis as
adverse events of the RIC regimen. Engraftment of unre-
lated cord blood cells, which might not be achieved with
lower concentration of melphalan, was observed in all
patients in our study. To date, none of our patients has
shown any delay in growth or mental development. Long-
term follow-up is necessary to validate the efficacy and
safety of this RIC regimen.

Regarding B-cell engraftment and function, T-cell
depletion from related donor bone marrow cells may not be
a suitable source of HSCT for PID patients who do not
have an HLA-identical sibling donor as described above.
Recently, it was reported that UCB from unrelated donors
could be used successfully for patients with PID [14, 15].
As UCB contains T cells, faster emergence of donor T cells
is expected even though the infused T cells are functionally
naive. UCB recipients were able to discontinue immuno-
globulin replacement therapy sooner and more frequently
compared with T-cell-depleted bone marrow recipients
although the estimated 5-year over all survival rates were
comparable when UCB recipients received a myeloablative
conditioning regimen [15]. In addition, UCBT is more
tolerant of HLA disparity because the incidence and
severity of GVHD is lower than for unrelated BMT. These
results together with ours support the application of UCBT
for patients with X-SCID who do not have an HLA-iden-
tical sibling donor.

Another risk factor for a poor outcome using HSCT for
SCID is a pre-existing infection [8]. In our patients, all but
one were diagnosed with X-SCID at birth from their family
histories, and they had been kept in a protective environ-
ment for 3 months until they received UCBT. There are
two reasons why we performed UCBT at the age of
3 months. One is to minimize regimen-related toxicities
because infants are more susceptible to cytotoxic drugs,
and the other is to expect higher survival rate after trans-
plantation in the first 3.5 months of life as described pre-
viously [2, 16]. Early diagnosis before any infectious
episodes is necessary for safe HSCT in the patients with
SCID. Recently, screening of newborns for SCID has been
recommended [17], and the RIC regimen described above
in combination with UCBT is an alternative to HLA-ha-
ploidentical BMT for such patients.

In conclusion, our regimen in combination with UCBT
is well tolerated and resulted in normal immunoglobulin
production and B-cell function in our patients. Future
studies with a modification of GVHD prophylaxis for
patients with X-SCID who do not have an HLLA-matched
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sibling donor will be needed to further improve the
outcome.
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BHER T AL AERRICHT D214 I AEEN CTL B X

mE KEY BRBHR, NEOBH, e R BREGFT, 8 B’
BB RHE BT AT B R R R 5

HRE R RS S S BRI R 5 —

CHRAFERE B BRI S © 2 — ) FHRES Y

E B

MM RS ORI R REMHEO#ES L LT I Y RECA L L TWAY, —HBEED B REYSE LK
ERMELE IS T D, VA VARBEIIEFE, £EREEET20ARLT, BREFOKIN, HFMESE KIH
FRCI»BEAAEOHEKM L OMBELIAEL 5. EAELT, EHESCGVED ¥FE L L WEBRIMIZEE OEA
IRBEOFETHH. HHRMLY A L AFEM T HEEFERIEESBIE IR T 52, BEREHAICHIZH WL o0 DR
TREMELERDD. 1 23HERTREDIVVAANATZTDOLD, HHENITFSAINEHCALEETHS. HLEEDOHEID
TR TANIERAYIEL . 2ABRERFECEMHICH L. BEREMELELL, FIELL V. 3 DIERICET
HEEMTH S EBVERMNTHROERCIFESBULELELINTWA, ILIHABS TIIFEEDO HLAKHE I
P THIBA R ER T 2 HELTHTH D, TNTOHLAILSD N —TER\, ¥R CDIT RO EBILEE L & v 5
BLHB, INOEPRBTHALEDIE, VTAALAFEOFEL L —FZH N —F 5 15mer® (117 3/ BTFOELL)
FFRPEAAAL, REBELLY A b a4 v idticigEL, 2BMCTHRESTMREZERT AFELEEI L. ZDOHE
FRACIIESE Y AV A SHURFRN T A2 B RNCIER T2 2 LR THS. TTRBKCHEIh, B=ED

L ORR T M O CHIENIAE » T\ 5.

F—T—F I vANAERNTHR, +—2"—75» v 775V, HNBMREBE 7oKt

Key words: virus-specific T cells, overlapping peptides, hematopoietic stem cell transplantation, allo-reactivity

I FL®IC

SEMAREEHE (hematopoietic stem cell transplantation: HSCT)
BOov AN ARBFEIRZCKERMETHY, BHEE
O 7 feREAC, EBVBIE Y v oSHFEAE R, CMV G
fE, WML BKY A 42 BKV)/ 75/ 7 4A4A
(AdV)), HHV6 MR, PR VZV BHIE, RSV B
fiE, Parainfluenza FRYAE 7x &~ InRAYE N RIET 5.

7 A4 AABPRENDRIGC Moo T, =X ) v/
BE Y A AV AEOFERCIN G T, (BRI - JFERN)
GEFHBEEDENEETHS.

I BREERY/IILABERA T HEEOER

1. JESEN THISEE

BHEEY A VARYIEDOF T, BLAOOERTED T
7ob D& UTEBVREEE Y v o HEBIBERRE (EBV-associated
lymphoproliferative disorder: EBV-LPD) 2% F 5%, EBV-

20134 5 A 31 B¥AE, 201345 A 31 A%E

* BIRIEE RS © T113-8519 HEH I HKE B 1-5-45
RREREBAFRERREREREFST FERE
E-mail: tmorio.ped@tmd.ac.jp

LPD CRHAEMHEOFIED B\ X FF— Y v " ERiGE
BRI N, REFEOBEIC L D v 1 4 2RIl & PEk
TEBHT ENPE LI LI T D, CMV BRIE, AdV
RRYE, RS YA NARBPIEIR ED Y A4 L ARERFES, F
F— U v SR L > THETHHEELD S, Zhit
BEHL, Fr—U v ERpOBRREMYTMIRIIC L2 DT
BrL bk, BEROEKRNTIIE X AEEEH
DEREEEbhA.

2. T4 REFEM CDST MBEAE (n vitro expansion)
1) BoA L R4SEN T AR

T AL ARERGMBREEN THR (CTL) BEOEEIX
FEEAY T . 1992 SF 12 Riddell & 1k CMV BEFE IR % L T
BEMTHEEL A, RYEDLLBELLY. HDHIX
BB N — O Y CMY TR X e, KM
B IL2FAET CHERL, SORKEFHEYTS
ETHRPCTL 2B LTw5. X 51T 1995 F1C Rooney
HITEBVE R THINE 2 HSCTRIIZ FOER L TR &,
EBV BEM LA RO A THRE Lo 2 ABREL TR DR
EWELTWAY, T TR N F—2bRIC BBV #EHR &
B ) VREFREEY v RBRERER L TR E, N — B
EIL2FEETCHRESET S Z L X - THRER CD4/CDS
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HEETHNE Chd OB RIHRET Ay 1
AR THE TR FROHERESEER IETH20:1
TRAKO%BETH -7, 10REOHRTLHREYR
L, ¥BHL2RGVHD i EOFEHEZZ RO - .

FOWERI R EY 1 L ABERY THEEE T, X
LItRENEEYELL, LV EEERYEDLTERM M2
nT5, Bl EBV SRR THIlRFAR T, 3 EBV-
LCLIZIMP2RE <7 2 —-%HEAL, LMP & XK EBV-
LCLEZER LUK <. LRt oft - ARL T
B 7 2 —%BALTLMP2 #RBE I8, ThXEH
MEBEHKELERET?., IOLETFOABELLLMP2EH
EBV-LCL THIB &Nz, IL2FETTHETHREDS
ERFRI %759 BOMAEENSL, RERZBULE
DOREE LB L THR, ToEOEREOE - THIRENE
LRDENRADEHRTHD. B LB LRITEI N
T B,

2) U4 REERN T HlbaAS

YEMMBEBERITIIE s oY 4V ARYECRET A
BELRDH D, BREEOCEENALL - THLERENT
gAY 5B A, RE T CoRMNEEMICE
Brien 10BHEORMIFEIh-IEbE L. &
LIZTORENTHEZIER L TNTh, Rigdrv 412
WEIHABRPBETAI ELVEEIND. &> THT)EF
I BB T 57200, FDNL20DY 1 AL AKEE
B L THERER L TR HERRELEEZ RS,

ERZ 0FEIBRCBERICA I TN, flz 377
U ANARYy 2 —TCMVIURE ®FHEE X 27 EBV-LCL
FHOGCTHEAI TS 2 LX), AdV, CMV, EBVD 33
CEBRN THREER TS EATETHS. HUoil
MY A A ZARBGE R L THVCBR TR, SBETI
BYEFHEbHACOR A L5k, R EETF T
70)5,6).

FHRHRS B L TCEERC L1, effector memory Tl
Ba D & 70 b T central memory THIIZ AE L Tk 2 &,
BIOTENIBERMCDATHEA AL TR & TH
%. Central memory THif@ D#iTEW X b REAEHFATHEL T
MR IR, TREEMCDAT ML, nvivo TY A
AADF v Vv ORI REBCHRIRETHEL DS Y E
7, #ERYCDST MR D5t oI5 5.

3) HHEMNTAILAFEN T HBAROBESR

FEREOFETHABMI N THROEMFIZICDS THRT
HBHH, CDATHRAGFE < LEGTRETS. ZOHED
EEERIGA B (REBKCEET 2 LTo) MESIIE
BRRTIRDLIAAVAHDLERBR7 2—%HA\5%
ZETHAS. RERIECEEEEE hbLOFACE
HIIBRE LB ERTLEND D, FTh—ARKEYT
DT ANARERR7 2 —DREIBEEINLLEND

B, ERBCEEYET S L, BRI OBV IREEE
DLBETHH &, REOMBLEET .

3. TAINRFEFRN THEE (FF—BREEN Tl

B

LB X5 T in vitro 0L - BIEFHEA Y 4 A 2BR
BTHROREYHE S lodie, Fr—lNET AHEENT
HRZRBL T, #5ETHRADRINTVS. FERT
7D B A E NI HUEIL protease TH %), MHC
class T 121 10~30 7 3 7 B (%<2 15Hi#) ©, MHC
class [ ICiE8~127 I VR (<139 D_TF i
D, FRZAOMHCH FTOEITE - TERI N 5.
Class I MHC % CDS8 T #if2iz, Class Il MHC i CD4 T #ilf
CHERR T3 L RHO®EY Thab., ZOMREIGH
LT, EBOY ANV ATHR LD OL TOHEEKE
1173 7B Doverlap T 5 15mer D75 N & LTHE
L, ThuxRMmEmek (V) v o8Bk, BB SRz
ExEL) mRAALALT, IFNyREET S S DEHR
¥— A TEINTAFELRDS. Class I, class [ 2MRRT 5
dominant 722 7' NI MHCIZ X W £75 5 (FlzifA24 &
All TIRB R -7 _TF Va2 E L LTILDIRAATWS)
N, D [ F—nR—F 9 F=FF V] AL, Fr—
DHLA % 1 7Bl b THENTHRYED TS HZ &
MNAHETH B, X HITCD4, CDS THIM R L TR %
ZERFIETHD. EBECHSCT ROBYSFE DB THGH
ATED, 100 VA OfREBATLEYTHS. BHEST
1% EBV (LMP1, LMP2, EBNAI1, BZLF1), CMV (IEl,
pp65), AdV (hexon, penton) 7t EMERICA IR, ¥ b
BKV, JCV, Influenza B, Papilloma virus 7t & i2x 4 % <7
FFREWDIABIN TS,

KIEFEORADOF RIZEESAE, #- THREYAR
BERFRE, LWORTHY THRESEIKRIEIh T
5 BERI LS EEFES . MBER L LTE
ZBTHID % HMEWS DL JFIKALV), £ 0%
BB MR A HELR T 5 72 21 apheresis M L3
HILEThHD BILEIE1HRETMEEREY v &+
05% B ot & LIcHE, 2,000/l DY v RE1ZH B N —
T Ix10/mL DFENTHRAFET S &gk,
Sx10°EBRE A HFLETHBE0%ERTEALELTY
100mL PMEELEETEH ILRIFFET L cERAR
RAET DI DAEBMITEEFEE>TLE S,

4, RTFF+HA PAAUICLBEIMLREBENTH
Rasa
PLED X 5 e 6T, WHEY 1 L A5RN T kg
FE, Fr—pkRERNTAREEEROMmEOF &4
L, MEAETRRT S X5 Mgl E s Ann Leen b



WRERE, 13h &0 1V AR CTL B 337

K1 BENTHRBEONGELL Y A AL THBOERE
Tr B HUR

Virus Antigen

CMV 1E-1, pp65

EBV EBNAI, LMP2, BZLF1
Adenovirus Hexon, Penton

BK virus LT, VP-1

Influenza MP1, NP1

RSV N, F

HHVé6 U14, U90

Abbreviations: CMV, cytomegalovirus; EBV, Epstein-Barr virus; RSV,
respiratory syncytial virus

X hBEEINLY. RAbOMER T 20124 X 0 BFE
% B TR A - T 5.
1) FAEAE AR M DR
FEFEIBD CHEETH S, KM D BEERE 58
L, BIREET 575 F¥ic X b 100ng/peptide/15 x 10°
PBMCs T30-60 7HE L, BT IL-4, IL-7 DEFLET T
BTHI LI, BENTHREEZEET? (K1), FR
B9 T ffavx 12 B TR 10-200 S BBIE 3 % & & AAAJBE
TH5. FELMIZITH 95% Ll B2 CD3 B¢, CD4/
CD8 2T IZBRIGHF O LhER A #ERF L, CD45RO B Rk
b7z <, %72 CD62L BBt ® central memory MiflE b & E
CEERTWA, —JB, NKAIEIFRE L o IRE
Zito T 5, BRBT L EECRH T L RERE ORBIEATT
BBl CXEETHS. HEFA CILEBV: BZLF], EBNAL,
LMP2, CMV: IE1, pp65, AdV:Penton, Hexon D3 7 1 /L A,
THREZACTRECHRE S il S5 BHENT
FRIL3S% XA 5 b DE ko T 5. FHEREMTHRD
BRI~ 7 NI oM iar IFN-y BB i s in 2.
T, ELISPOT7 » t A T HHERIhTW5 (K2, 3).
—75 Ann Leen b DS T 7 v 4 A A, 15 FUERB T
REYOHERGTHIRL 8% L ETH 5.
CTALDHII LI, FFF AR LEEHEFE

BEERD L2V I PHARIBEER+v 1 b7 1~ (L4,
IL-7, IL-1572 &) THIEWETH S AR LCBEEMNT
fika% A\ CBCDEBV-LCL X3 % MR EBEE L 2K
HlickZn, E:TH2:1T3% WS EEERLE. B
EFNRENDOHLA LA LBEMORT+ Ve L TR
EERTHESPEFRITLTVDE A THDLN, A2402
HETLH N F—TIEBED= 7 N LT % A2402
MR TR MR IR S,

FAWBH A b h 4 VILILA+ILT TH Y, L oHitE
A b7-nb &8s, Ann Leen HIT X D HEx 7ol
L& s dose PIRFEINIHRORHEILINAL DT
B 5. IL-2 (LB IR R Th % 23 NK Mg IR R
MR O BEE T E R B, FIHOBETOBRNT
Ml OFBEE BN TIL-15 135 % h R TR (—F
BRSO R TIX R A RIET B).

2) BEERRICHAT TOWREE L RE

IR BIIARBTEOBRICH AT T, BnE
{b& (EBVEMSD) v 1 v 28RN Tl X 5 HilagE
EURIRMERELYRASZCWD. Mt X OEmEEHIT
WEXIEEREE LBE, BT0AIMS+e b Mg & H#HEI
s, SEBITEISEE BRI Y A A A BRSSO KE
FEL VMR T AR ENEE Y &0, MamEe
B EESDER L OV THABRIENED SR, /)
Rz s > CER/NEDFEE &\~ 5 Bk CH M % EhiE4
HERNLBETH D REREOTREMEND 5 REMaE
R\, RENE, MEME S LB TE 5HE
M E L,

BB EERE D EBV-LCL # B35 2 L O TE % EBV
BERAF S —EEAELDIM S L. BT
FERAALALCBOOBEBERE Cr 7 <4 L, @ % 'Cr
release D CIEMHAET 2EE1% . CMVIZEAL T
FERB MR E B L NTRRTH H D, BEOE
BEAMBEERIC I L TRELELTA. IbrIkET 1
v b= FEb BB RETH 5. BEENHREE Cell

&

Cytokines (IL-4 + IL-7)

Stimulation with peptides \
G, (CMV,EBV,AdV,BK,HHV-6,RSV,Influenza)

@

\Donor PBMCs

Culture for 9-12 days

. ¢89!
CCS,O

Multivirus specific T cely

B1 &7 40 AR T M OrEfRE 0K
L, EbIIL4, IL-7 L EET 5.

N —RIMMBEER PBMCs) & 7 A AV AHE (75 F 3 7 25+ —) THIB
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Unstimulated

Monopeptide pulsed

Stimulated with two Ags

pp65/LMP2-CTL

LMPpP2

b
=
= 12.6%
gﬁM&M:hfi‘g
pp65: CMV ~ LMP2: EBV
B2 HEEERMTHRERORE (7o—94 2+ V=), FKEMEZE PBMC), BEIE (75K 1725 +—) Fl#xNzy

1B 4V TEIELEL D, 2HE THE LB L b DT, CD4, CDSMIIAEIIC 15 IFN-y EAMAA R RIE L

# PBMC
= Dayi2

SFC/1 x 10°

BZLF1 EBNA1 LMP2 Hexon Penton

IE-1 pp65S

3 MEBES THELERORAE (ELISPOT 7 v+ ). R
B (PBMC) 37 A VA THERE (RTYF VNI Z7AF+—) T
Flg ALY 4 b 1 v TR L. RIS & fIEEE o Mia % A
T IFN-y B4 ELISPOT 7 v & 4 TEIE L. 7ok & Tl
VHEEIMER A TR U

tracker orange/violet, CFSE, Protein transduction domain tagged
EGFP 72 ETI~A L, ML THlkE ez L, Mg
Sz X iz LER R % Fluorometer THIZE T 5 k%
R T D EAIRE DMED - o, MOk E LT, B
B % Cell tracker orange/violet 7t ¥ TF < L, 7H b —
A DB FRENT % Caspase 3 THUIKI S h B LEREHT 5
¥'& (PhiPhiLux 7t &) ZHMEAAIC S+ AL, FACSICTY)
M E Y EUHRO%EEET D E WO FEIHEINT

W5, FAZIIMRE OBEEIIFRER L LT, Caspase 3 cleavage
% cleaved Caspase 3FIfA THHT B Z Ltk b, Tk
IZ AmnexinV/TAAD BIZET A Z L X v, BEMREO% %Y
BT AEEACTWA.
SHLEEEARERT o RIGHEORIETHA 5102, 2
ODREIDD. 1 DIXBREYED S GEFEN s n—v
TERNBRICTA) ATHD, b 1 OBRNTHEYT
a G TCH A, BIECBE L CIXFAE s X OCBHBFEC X
DERAEETH S, BHECEHL L BEHTHETY @n
vitro TIL 7 o RIGHEHRRT LW T— 2 RER LTV 5.
—H 10 BIEIBRICELCWRBRT— 220513, BEMT
MR X % GVHD (BB \WEF OB S i EE) 1137
DR T, 7 e REHIE 2T E— N F—0560
BECRSWTHERIN T B2, BEATIET o EHED
MBBRD TENE WS RBETH S, —F, SBREREBRR
~% X 5 75 third party, off-the-shelf #HIfRIGE AR X Wiz
Bz, SO TULBZENREILE LD TH
A5,

ZOMBAMIL SV TRSBEAPLELRTRS I b )
1V ThHrHo, RETLHTO—BIEEL T AR
R, XY R TR 2R E . ElELLL
FBHEME L L TomEO REFMALEE 7
D, EBRIAN TV VEREINDLIENTE 5.
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DLl Expanded T

Specific T
(indonor) |(plas

Specific CTL
id/vi

Specific CTL
(peptide)

Memory T
Specific CD4
From 10mL?|
Simple

Rapid

Side effect

©)
©)

Effect

Multi-viruses,

Low cost

From CB

R4 BHEEOY A A ARG T HBEBEE OB, Expanded T : #il 2 1E anti-CD3/IL-2 < anti-CD3/CD28 THEIE L 7= T A2 & %\ 1% CD4T
#ifg, Specific T (indonor) : N7 —MKFORHEN T ML L0 FINETHHE

M RTFE+HA PHAAVICELBZTMINRER
B9 T MR A ERE

% E Bayler K5 T3 BEW phase V1T % i 5% 35 RIBF 98 23T
bhTwa, HRIFEFERECKIE L 2\ EBY, CMY,
AdVREEETH D, HDHLADNEH LI N7 —DOFRN
THE%Z 2x107cellsm* PET—E®RE L. RIEXAD
MWBEI2BR X 4@ TOBMEYBINTREL ST
W5 BHEINCEETASHT (CMV REE 21, EBV
BRE 10, AdV EYHE 13, CMV+AdV 1), 40% 23RBS ILFF
Ml 24% DN B, 4% N \EHM (F7rz2=9 )
B, 12%2BERM (v 7 2=y ) RBEIATY
7z. HLA BEEEVL 1/6 25 26%, 2/6 D345%, 3/6 5% 26%, 4/6
B3% TESHRTHINEBVEBETH -, 458 DA 33
Z—EOMETHKTL, 782128 EXZ T TV 5.
OIS D A\ ILFELEMRILCMV T882%, EBV T
782%, AdV T78.6% CTH5. GVHD L0 33ER, FFE
O GVHD 75, BFiE GVHD 281 6l, 8% GVHD 2814l
T, TMA 2 2fEGI TR b

LLEXD, 4% Fr—@RERNTAREENrDL, B=
EnSLOHLA DR DGR LCBEN TR ®ET 550
WANDEREEBTED I EXMIRLEERLE L 5.

IV DAL REHEN T HRERORE

LEFTOY AV ARERYTHRERY, HLARKHEE LK
~7F VN EFESHRERAMER BHEKXETILT M)
RAWORAE THRFER YRS, 2o, REk, HE
t, BEMOE COMBEAYAEL Tk, SEEEN LY
AN AERPTHBFEAKC, SHLICHLAKEHL LT

Pt cxs b, £ 40 ABRENT THMRYESC
Erzl, FRBEZEPLOBRENTMAELHEVSZ LR
TEBZERERTRELTED, X HIABEDD 5GBS
NEFEDES ELTWD, R4BRFETERIATCNS
FELBREE Y 1 4 R BYE T 5 MREEREOF S LR
BIEDOWTDE LDEBEHT 5.

BAREIEE (BAEERSEORENOHERSET
BREE) OhThIoTFV+3 4 v d 4 vic X HHEE
WEIEBEEERRE LT, EEEEL L CRTHOAT
BB AZEEL D EBbE (—A752IF®
TANAER GBI 1B BEERD). —F
KEBEDOERDIDIZIE, WTh7 H 5 3 725
BE~OMEREEMTELS, »5VIIEARBREREL L
THEEBEEOPCEL LTERT S X 5 Rk IMEE
FNHEREELELhS. Xbi, £0OHT (ALAE
HENMEEE L e 0 ThITE) BEOLBAEB L EE LR
BEEZB.

BEMTHED N Y 7 b oW T EE, BISihkKcm
e B M AE O et i X 5 B A b & R B 5 0t
7¢) (H24-H#R% () —a% 008) (BrgeflEE « Hplk®
BRI TRESE - BEiRkd) DT THEIED
EOWTHEBEINTED, 8070 Ebeinfiffsh
L. FI0EY A AERN T MR OREL L 2
MDY, IR - MM EE B RRRGE 5
TEHEBERHOREIRSE T A A AR T MEE OB R
EEAEET 5 (H24-81B% (5) ——#% 105) (Brge
REE  BEKE) OFTRIEIN LS L LTRY, Hr ik
BHETESRR Y ME IR T E WL T 5,
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vV &by

BHEEY 1 v AREETHE Y 1 L AR CTLE
BT L. BARRCOER CEAEREL < &
hWEL->Twsd, AbLrIFECREYRET 5EN
BITE HEN THIEECKRIE LT, KEENRZDL
CEEBECHA WAL ENTELHINEWI E RS T
WB. FR I OFERPIUETA S 2B\ b ek 7 s
MEMCICHTRETH Y, SLLECACPERN G
5.
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Bone Marrow-Derived CD11b"Jagged2™' Cells Promote
Epithelial-to-Mesenchymal Transition and Metastasizationin

Colorectal Cancer

Francisco Caiado', Tania Carvalho'*, Isadora Rosa?, Leonor Remédio’, Ana Costa', Joao Matos?,
Beate Heissig®, Hideo Yagita®, Koichi Hattori”, Jodo Pereira da Silva®, Paulo Fidalgo?, Anténio Dias Pereira?,

and Sérgio Dias'**®

Abstract

Timely detection of colorectal cancer metastases may permit improvements in their clinical management.
Here, we investigated a putative role for bone marrow-derived cells in the induction of epithelial-to-mesenchymal
transition (EMT) as a marker for onset of metastasis. In ectopic and orthotopic mouse models of colorectal cancer,
bone marrow-derived CD11b(Itgam)'Jagged2 (Jag2)" cells infiltrated primary tumors and surrounded tumor
cells that exhibited diminished expression of E-cadherin and increased expression of vimentin, 2 hallmarks of EMT.
In vitro coculture experiments showed that the bone marrow-derived CD11b*Jag2™ cells induced EMT through a
Notch-dependent pathway. Using neutralizing antibodies, we imposed a blockade on CD11b™ cells' recruitment to
tumors, which decreased the tumor-infiltrating CD11b™Jag2™ cell population of interest, decreasing tumor growth,
restoring E-cadherin expression, and delaying EMT. In support of these results, we found that peripheral blood
levels of CD11b"Jag2" cells in mouse models of colorectal cancer and in a cohort of untreated patients with
colorectal cancer were indicative of metastatic disease. In patients with colorectal cancer, the presence of
circulating CD11b*Jag2" cells was accompanied by loss of E-cadherin in the corresponding patient tumors. Taken
together, our results show that bone marrow-derived CD11b"Jag2" cells, which infiltrate primary colorectal
tumors, are sufficient to induce EMT in tumor cells, thereby triggering onset of metastasis. Furthermore, they argue
that quantifying circulating CD11b*Jag2" cells in patients may offer an indicator of colorectal cancer progression

to metastatic levels of the disease. Cancer Res; 73(14); 4233-46. ©2013 AACR.

introduction

Metastatic disease is a major cause of cancer-associated
mortality. Despite significant advances in the treatment of
primary tumors, metastases remain a significant clinical
problem, likely reflecting our limited knowledge of the
mechanisms governing this complex process (1). It is accept-
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ed that metastasization follows a series of interrelated steps,
each of which can be rate-limiting. These steps include: local
invasion by tumor cells, entry into systemic circulation
(intravasation), invasion of the target organ (extravasation),
and finally proliferation and growth of the secondary tumor
(2). One of the major processes regulating local invasion in
epithelial tumors is termed epithelial-to-mesenchymal tran-
sition (EMT; refs. 3, 4). EMT is a transcriptional regulated
transdifferentiation process characterized at the tumor cell
level, by a decrease in epithelial markers such as E-cadherin,
loss of cell-cell adhesion, apical-basal polarity, and acqui-
sition of mesenchymal markers such as vimentin associated
with an increase in cell motility and invasion capacity (5-8).
EMT has been positively correlated with increase breast and
colon cancer metastasis and decreased patient survival
(3.9, 10).

In the last decade there has been increasing evidence
suggesting that tumor metastasis is also regulated by nonma-
lignant cells of the tumor microenvironment, namely by bone
marrow—derived cell populations (11). In fact distinct bone
marrow—derived populations such as tumor-associated
macrophages (12, 13), premetastatic niche cells (14), and
endothelial progenitor cells (15) have been shown to enhance
metastasization via multiple processes. Nevertheless, a direct
role of bone marrow-derived cells in promoting EMT at the
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primary tumor has not been described, and was the focus of
the present study.

Using ectopic and orthotopic colorectal cancer models in
mice, we show that a population of bone marrow-derived
myeloid (CD11b"F4/80™) expressing Jagged2 (Jag2) is actively
recruited into colon tumors and accumulates in tumor areas
undergoing EMT. Detailed analysis of this tumor: bone mar-
row—derived cell interaction shows the latter induce EMT via
Notch activation on the tumor cells. Importantly, in vivo
depletion of CD11b™ cells in ectopic colorectal cancer models
reduced the recruitment of CD11b"Jag2" cells into the tumors
and significantly decreased EMT. Quantification of circulating
(peripheral blood) and tumor-derived CD11b*Jag2" cells in
patients with colorectal cancer was significantly correlated
with the presence of metastatic disease. Together, the data
presented here reveal a novel undisclosed role for bone mar-
row-derived cells in inducing EMT in primary colorectal cancer
and identifies a bone marrow-derived cell population that may
be targeted and studied as a biomarker for colorectal cancer
metastases formation.

Materials and Methods

Human peripheral blood samples collection and
processing

Peripheral blood samples of patients with sequential colo-
rectal cancer evaluated at diagnosis by the Multidisciplinary
Colorectal Cancer Team were collected at the Gastroenterol-
ogy Department at Instituto Portugués de Oncologia (IPO,
Lisbon, Portugal) after informed consent and Institutional
Review Board approval (IPO), in accordance with the Decla-
ration of Helsinki. Patients were included if they had a pathol-
ogy exam showing colorectal adenocarcinoma. All patients
previously submitted to endoscopic, surgical, or medical treat-
ment for colorectal cancer were excluded. Peripheral blood
samples were collected in 4 EDTA-coated tubes to a total
volume of 12 mL. Samples were centrifuged at 4°C for 8
minutes at 1,500 rpm. Plasma was collected and stored at
—80°C. The remaining fraction was lysed using 50 mL of red
cell lysis buffer for 20 minutes at room temperature. The
resulting mononuclear cell fraction was washed in PBS EDTA
2 mmeol/L + 0.5% bovine serum albumin (BSA) and used for
further analysis. Staging of patients with colorectal cancer was
done according to the American Joint Committee on Cancer
(AJCC) Staging System.

Mouse strains, bone marrow transplants, ectopic, and
orthotopic colon carcinoma model

Animal experiments were carried out with the approval of
the Animal Care Committee and Review Board at the Instituto
Gulbenkian de Ciéncia (Oeiras, Portugal). In vivo experiments
were carried out on 4- to 8-week-old female nude mice (C57/
BL6 background). For bone marrow transplants, nude mice
received a whole body lethal irradiation (800-950 rads) and 24
hours later received an intravenous injection of 2-3 x 10° bone
marrow mononuclear cells collected from Actin-GFP male
mice (C57/BL6 background). Mice were allowed to recover
for 2 to 4 weeks. After this period peripheral blood samples
were collected from the facial vein in EDTA-coated tubes

(Multivette 600, Sarstedt) and analyzed by flow cytometry for
GFP™ cells. Mice were considered suitable for further experi-
ments when the percentage of GFP™ cells in the peripheral
blood was more than 80% of total cells. Xenografted ectopic
colon carcinoma tumors were induced by inoculation of
5 x 10° HCT15, HCT116, DLD-1, or HT-29 cells (human
colorectal carcinoma cell lines; these were obtained from
American Type Culture Collection, in 2012, and were not
passaged for more than 6 months in our Laboratory) subcu-
taneously in nude mice. Tumors were allowed to grow and at
specific time points (1-3 weeks) mice were sacrificed and
tumors were collected. Tumors were fixed (10% formalin or
paraformaldehyde) and included (paraffin or gelatin, respec-
tively), frozen at —80°C for further RNA isolation, or
digested for fluorescence-activated cell sorting (FACS) anal-
ysis. Xenografted orthotopic colorectal carcinoma tumors
were induced by inoculation of 1 x 10° HCT15 or HCT116
cells, into the visceral cecal wall of nude mice. Peripheral
blood samples were collected from the facial vein at differ-
ent time points and further processed for flow cytometric
analysis. CD11b-neutralizing antibody ir vivo administra-
tion was conducted as follows: briefly, 500 pg anti-CD11b
(clone 5C6) neutralizing monoclonal antibodies against
CD11b were administered intraperitoneally every 3 days
into tumor-bearing mice, starting on day 5 postinoculation.

Isolation of bone marrow-derived cells from the tumors

Tumor samples were mechanically fragmented into 2 x 2
mm?® pieces and then digested with collagenase (Sigma-
Aldrich, 2 mg/mL in serum-free Dulbecco's Modified Eagle
Medium (DMEM) for 1 hour at 37°C and 5% CO,. After
digestion, tumor cell suspensions were passed through a mesh
and washed in sterile PBS. Further isolation of tumor cell
population was conducted by cell sorting using FACSaria (BD
Biosciences). Isolation of tumor-derived GFP™ population was
done without the use of any antibody staining, whereas iso-
lation of Jag2™ and CD11b* population required previous
staining with fluorochrome-conjugated antibodies (PE anti-
mouse Jag2, 131007, BioLegend and FITC anti-mouse CD11b,
101205 BioLegend). Antibodies used were diluted 1:100 in PBS
+ BSA 0.5% and incubated in the dark with rotation at 4°C for
45 minutes.

In vitro co-culture assays

HCT15 cells were cultured at 1 x 10%/cm? cell density in
DMEM-supplemented medium (GIBCO) with 10% FBS (Sigma-
Aldrich). After 24 hours, medium was changed to DMEM-
supplemented medium with 2% FBS and 1 x 10° tumor-
associated bone marrow-derived cells were added (GFPT,
GFP'Jag2®, GFP'Jag2™, or Jag2* CD11b* cells). Coculture
was maintained for 48 hours. After this period, tumor-associ-
ated bone marrow-derived cells were gently washed from the
culture and HCT15 cells collected for mRNA extraction or fixed
with 2% paraformaldehyde for 15 minutes for further immu-
nocytochemistry staining. y-Secretase inhibitor (GSL; DAPT,
Sigma-Aldrich) was added to cocultures at a final concentra-
tion of 10 pmol/L and respective controls received DMSO
(Sigma-Aldrich).
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