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Background. Delayed hematopoietic recovery is a major drawback of umbilical cord blood (UCB) transplanta-
tion. Transplantation of ex vivo-expanded UCB shortens time to hematopoietic recovery, but long-term, robust
engraftment by the expanded unit has yet to be demonstrated. We tested the hypothesis that a UCB-derived cell
product consisting of stem cells expanded for 21 days in the presence of nicotinamide and a noncultured T cell
fraction (NiCord) can accelerate hematopoietic recovery and provide long-term engraftment.

Methods. In a phase I trial, 11 adults with hematologic malignancies received myeloablative bone marrow con-
ditioning followed by transplantation with NiCord and a second unmanipulated UCB unit. Safety, hemato-
poietic recovery, and donor engraftment were assessed and compared with historical controls.

Results. No adverse events were attributable to the infusion of NiCord. Complete or partial neutrophil and
T cell engraftment derived from NiCord was observed in 8 patients, and NiCord engraftment remained stable
in all patients, with a median follow-up of 21 months. Two patients achieved long-term engraftment with the
unmanipulated unit. Patients transplanted with NiCord achieved earlier median neutrophil recovery (13 vs. 25
days, P < 0.001) compared with that seen in historical controls. The 1-year overall and progression-free survival
rates were 82% and 73%, respectively.

Conclusion. UCB-derived hematopoietic stem and progenitor cells expanded in the presence of nicotinamide
and transplanted with a T cell-containing fraction contain both short-term and long-term repopulating cells.
The results justify further study of NiCord transplantation as a single UCB graft. If long-term safety is con-
firmed, NiCord has the potential to broaden accessibility and reduce the toxicity of UCB transplantation.

Trial Registration. Clinicaltrials.gov NCT01221857.
Funding. Gamida Cell Ltd.

Introduction

Delayed hematopoietic and immunologic recovery, graft failure,
and graft versus host disease (GVHD) all contribute to transplant-
related mortality in adult recipients of umbilical cord blood (UCB)
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transplantation (1-5). Cell dose and HLA matching are critical
determinants of a successful outcome (6-9). For patients with-
out a single UCB unit with adequate cell dose, dual UCB trans-
plantation is an acceptable alternative (10). Yet, the problem of
delayed hematopoietic recovery persists, leading to longer hospi-
talization and increased resource utilization. Ex vivo expansion of
hematopoietic stem and progenitor cells (HSPCs) is a modality that
could address these limitations of cord blood transplantation. If
short-term and long-term HSPCs could be expanded ex vivo from
UCB, then prompt and durable hematopoietic recovery after trans-
plantation of a single UCB unit could be achieved in the majority
of patients. Recently reported cord blood expansion studies have
demonstrated the contribution of expanded cells to short-term
engraftment, while long-term engraftment came from the coin-
fused second unmanipulated unit (11, 12).

NiCord is an ex vivo—expanded cell product derived from UCB
that uses a small molecule, nicotinamide, as the active agent that
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Table 1
Patient and graft characteristics

Characteristics Subjects Historical controls
n=11 n=17
Age (years)
Median 45 31
Range 21-61 23-55
Weight (kg)
Median 83 77
Range59-100 47-112
Diagnosis (%)
AML or MDS 8 (73) 10 (58)
ALL  1(9) 4 (24)
CML 0 1(6)
Lymphoma 2(18) 2(12)
Disease status at time
of transplantation (%)
Complete remission
First remission 4(36) 2(12)
Second or subsequent remission 3(28) 12(71)
Active disease 4(36) 3(17)
Preparative regimen
TBI 1,350 cGy/fludarabine 9 17
TBI 1,350 cGy/fludarabine/ 2 0
cyclophosphamide
Donor-recipient HLA compatibility
NiCord/unmanipulated + unmanipulated
6/6 + 6/6 0 1
5/6 + 6/6 1 2
5/6 + 5/6 1 1
4/6 + 5/6 2 6
5/6 + 4/6 1 6
4/6 + 4/6 6 7

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CML,
chronic myeloid leukemia; MDS, myelodysplastic syndrome.

inhibits differentiation and enhances the functionality of HSPCs
expanded in ex vivo cultures. When nicotinamide is added to stim-
ulatory hematopoietic cytokines, UCB-derived hematopoietic pro-
genitor cell cultures demonstrate an increased frequency of phe-
notypically primitive CD34'CD38" cells and a decreased frequency
of lineage-committed progenitor cells. The cells expanded in cul-
ture with nicotinamide demonstrate increased migration toward
stromal cell-derived factor 1 and increased homing to the bone
marrow, resulting in enhanced engraftment efficiency (13).

Double UCB transplantation provides a safe clinical experimental
model to demonstrate the existence of short- and long-term repopu-
lating hematopoietic stem cells as well as the clinical benefit of an ex
vivo-expanded graft. We report here results of a phase I trial testing
the hypothesis that NiCord can safely provide HSPCs that are capa-
ble of producing rapid and durable hematopoietic engraftment in
adult recipients of myeloablative UCB transplantation.

Results

Patients. Twelve patients (Duke University Medical Center,
11 patients; Loyola University Medical Center, 1 patient) were
enrolled in the study (Figure 1). One patient was successfully
transplanted with a single unmanipulated cord blood unit,
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because the NiCord unit failed to meet release criteria (initial
gram-positive stain, later deemed to be a false-positive). This
patient was excluded from outcome analysis. Table 1 shows
the characteristics of the 11 evaluable study patients and the
17 Duke historical control patients (14). All patients had
hematologic malignancies in either complete or partial
remission and received 1,350 cGy total body irradiation
(TBI) as part of the conditioning regimen.

Graft characteristics. Table 2 shows the cell doses of the unma-
nipulated and NiCord-designated UCB units before cryo-
preservation, as reported by the cord blood bank, and the cell
doses and graft characteristics at the time of infusion. The
median total nucleated cell dose of the unmanipulated unit
and the NiCord unit was 2.6 x 107 (range, 1.9 x 107 to 4.3 x 107)
per kilogram of the recipient’s body weight and 2.5 x 107
(range, 1.7 x 107 to 3.8 x 107) per kilogram of the recipient’s
body weight, respectively (P = 0.28). The median CD34" cell
dose at the time of cryopreservation of the unmanipulated
unit was 0.12 x 10 (range, 0.03 x 106 to 0.23 x 10°) per kilo-
gram of the recipient’s body weight and 0.17 x 10° (range,
0.05 x 106 to 0.35 x 10°) per kilogram of the recipient’s body
weight (P = 0.40) for the NiCord unit. The CD133" fraction
of the NiCord unit was cultured for 21 days, resulting in a
median 486-fold expansion (range, 171-643) of the nucleated
cells. When combined with the noncultured CD133 fraction,
the median final infused total nucleated cell dose was 3.1 x 107
per kilogram. NiCord expansion resulted in a median 72-fold
(range, 16-186) expansion of CD34" cells, providing a median
infused CD34" cell dose of 3.5 x 10° (range, 0.9 x 10° to
18.3 x 10°) per kilogram. The median infused CD34" cell dose
from the unmanipulated unit was 0.07 x 10 (range, 0.03 x 10°
to 0.48 x 10°) per kilogram. The CD3* cell dose from the
NiCord unit was derived entirely from the noncultured
CD133" fraction. As a consequence of multiple manipula-
tions, the median CD3" cell dose from the NiCord unit was
1.3 x 106 (range, 0.49 x 10° to 5.81 x 10°) per kilogram, which
was significantly lower than the median cell dose from the
manipulated unit of 3.4 x 10° (range, 1.9 x 10 to 4.7 x 10°)

per kilogram (P = 0.009). Of note, the infused CD3" cell dose was
not directly measured; instead, it was estimated based on the
experience accumulated during product development, which
demonstrated a median 70% recovery after thawing.

Chimerism analysis. Figure 2 shows the pattern of engraftment
within the CD15* myeloid cell and CD3" T cell fractions from
peripheral blood for the 10 patients who were engrafted with
donor cells. Patient 10 demonstrated 100% NiCord donor chi-
merism in samples collected from unfractionated whole blood
through the final day of assessment (day 42). Lineage-specific chi-
merism was not available; however, it is assumed that the observed
NiCord-derived cells were predominantly myeloid cells, given
the early time points at which they were collected. Eight patients
(patients 1,2,3,6,7,9,10,and 11) demonstrated a persistent pres-
ence of NiCord-derived myeloid cells ranging from 41% to 100%.
Stable engraftment of T cells derived from the NiCord unit was
also observed in 6 patients (patients 2, 3, 6, 7, 9, and 11). Mixed
hematopoietic chimerism (donor-donor or donor-host) was more
common in the T cell fraction. In all surviving patients, NiCord
engraftment has remained stable for up to 36 months, suggesting
engraftment of NiCord-derived HSPCs. Two patients (patients 4
and 5) achieved long-term engraftment that was exclusively from
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Figure 1
CONSORT diagram for this phase |
nonrandomized trial.

Enroliment Assessed for eligibility (n = 15)
Excluded (n = 3)
>| @ Screen failure due to
relapsed disease (n = 3)
Allocated to intervention (n=12)
X @ Received allocated intervention (n=11)
Allocation # Did not receive allocated intervention
(expanded cord blood product did not
meet release criteria (n=1)
v
Analyzed (n=11)
Lost to follow-up (n = 0) @ Excluded from analysis (n = 1)
Follow-up Withdrawal from study (n = 0) —> (did not receive allocated
intervention)

Analysis

the unmanipulated unit. One patient (patient 8) failed to engraft
and was successfully rescued with a second transplant from a hap-
loidentical donor. The infusion order of NiCord and the unma-
nipulated unit did not correlate with the pattern of engraftment.

Hematopoietic recovery. The kinetics of white blood cell count
recovery and the median time to neutrophil recovery are demon-
strated in Figure 3A. For all patients transplanted with NiCord,
neutrophil recovery was achieved in 13 days (range, 7-26 days)
versus 25 days (range, 13-38 days) in the Duke historical cohort
(P < 0.001). The median time to neutrophil recovery for the 8
patients engrafted with NiCord was 11 days (range, 7-18 days).
Atlater time points out to 2 years, we found no significant differ-
ence in the white blood cell count of the study patients or of the
Duke controls (Figure 3B).

The median time to platelet engraftment was 33 days (range,
26-49 days) for all patients transplanted with NiCord and
37 days (range, 20-66 days) for the Duke historical control cohort
(P =0.085) (Figure 3C). Platelet recovery occurred on median day
30 (range, 26-41) for the 7 patients who demonstrated engraftment
with NiCord. Patient 10 died before achieving platelet recovery, and
patient 8 experienced primary engraftment failure. At later time
points out to 2 years, we observed no significant difference in the
platelet counts of study patients or of Duke controls (Figure 3D).
We have observed no secondary graft failure to date in any of the
patients who achieved donor engraftment from either the unma-
nipulated or the NiCord-expanded cord blood unit.

For patients who were engrafted with the NiCord-expanded
cord blood unit, the number of total nucleated cells contained
within the product correlated with the speed of both neutrophil
(Spearman’s correlation coefficient, -0.86; P = 0.006) and plate-
let engraftment (Spearman’s correlation coefficient, -0.77;
P =0.04). The number of CD34* cells in the NiCord product also
correlated with the speed of neutrophil (Spearman’s correlation
coefficient, = -0.82; P = 0.01) and platelet (Spearman’s correla-
tion coefficient, 7= -0.77; P = 0.04) engraftment.
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Transplantation course and outcome. Transplantation course and
outcome are summarized in Table 3. One grade III adverse event
(hypertension) and no grades IV/V adverse events were attrib-
utable to infusion of the NiCord UCB graft. The median dura-
tion of initial hospitalization for all study patients was 26 days
(range, 17-57 days).

We observed acute grade II GVHD in S patients and no cases
of acute grades III/IV GVHD. Two patients developed chronic
GVHD, 2 patients (patients 3 and 9) died of relapsed disease, and
1 patient (patient 10) died of pneumonia. With a median follow-up
of 21 months, the 1-year overall and progression-free survival rates
were 82% and 73%, respectively (Figure 4).

Discussion

Based on preclinical work suggesting that HSPCs with increased
capacity for bone marrow migration, homing, and engraftment
can be expanded from UCB using NiCord technology (13), we
performed a phase I clinical trial to confirm this observation.
Using the myeloablative double cord blood transplantation
approach (15, 16), we transplanted 1 unmanipulated unit and a
second unit in which a CD133" fraction was cultured ex vivo for
3 weeks and infused with a small, uncultured T cell fraction. The
cultured unit provided long-term engraftment in 8 of 10 evalu-
able patients. The novel finding of this trial is that an expanded
UCB graft is capable of outcompeting an unmanipulated cord
blood graft and of providing both rapid engraftment and robust,
multilineage hematopoiesis for more than 2 years.

Following dual UCB transplantation, hematopoiesis is ulti-
mately provided by a single UCB unit in nearly all cases. Factors
that predict the dominant unit have yet to be fully characterized,
but there is evidence that an immunologic “graft versus graft”
reaction is initiated following transplantation that culminates
in the elimination of the immunologically nondominant unit
(17, 18). Nicotinamide, the active molecule of NiCord expansion
technology, slows down differentiation of proliferating early
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progenitor cells, thus enhancing expansion of primitive
progenitor cells (CD34*CD38" and CD34*CD38Lin") (13).
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Myeloid (CD15+) and T cell (CD3*) chimerism measurements following transplantation. Bars demonstrate the median percentage of cells derived
from the NiCord unit, the unmanipulated unit, and the host at serial time points following transplantation. Patient 8 experienced primary graft
failure and was excluded. Whole-blood chimerism analysis was performed on samples from patient 10, showing 100% NiCord engraftment.
Patients were censored at the time of documented relapse or death. “Whole-blood chimerism analysis demonstrated 100% NiCord engraftment.

cord blood cells were cocultured for 14 days in flasks contain-
ing adherent mesenchymal precursor cells (12). In contrast to
the present study, the expanded unit from these earlier studies
was not supplemented with an infusion of immunocompetent
T cells. The data from these studies clearly show that transplan-
tation of ex vivo—cultured UCB stem cells shortens the time to
hematopoietic recovery following myeloablative chemotherapy.
This is accomplished by increasing the frequency of lineage-
committed short-term repopulating hematopoietic stem cells
(11, 12). However, 6 months after transplantation, hematopoiesis
derived from the expanded unit was negligible. In all cases, the
coinfused unmanipulated cord blood unit provided long-term
hematopoiesis. There are two potential explanations for the lack
of long-term engraftment by the expanded unit in these prior
studies. The first explanation is that HSPCs that possess long-
term repopulating ability are lost during the ex vivo culture
period. The second is that without coinfusion of immunocom-
petent T cells, the ability of the expanded graft to compete suc-
cessfully for long-term engraftment is lost.

The results of this trial provide justification for future studies
to assess the safety and feasibility of transplantation of NiCord
as a single, expanded UCB unit. Not only does NiCord expansion
shorten the time to hematologic recovery, but it may also allow
one to choose a smaller but better HLA-matched UCB unit for
transplantation. This has the potential to mitigate the frequency
and severity of GVHD and improve survival (6, 8, 9).

In summary, this study demonstrates that transplantation of
UCB progenitor cells that are cultured for 3 weeks using NiCord
technology, along with a noncultured T cell fraction, provide
rapid short-term engraftment and stable long-term multilin-
eage hematopoiesis. Extended follow-up is needed to confirm
the safety and durability of this cell product. NiCord-expanded
UCB has the potential to broaden the accessibility and reduce
the toxicity of UCB transplantation.
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Methods
Patient and donor eligibility. Patients under the age of 65 years with hemato-
logic malignancies and no available matched sibling or matched unrelated
adult donor were eligible at Duke University School of Medicine or Loy-
ola University Medical Center between December 2010 and August 2012.
Eligibility required the availability of 1 cord blood unit containing at least
2.5 x 107 total nucleated cells per kilogram of the recipient’s body weight.
This unit was designated as the unmanipulated unit. The second unit, des-
ignated for NiCord expansion, contained at least 1.5 x 107 total nucleated
cells per kilogram of the recipient’s body weight. When 2 units with at least
2.5 x 107 rotal nucleated cells per kilogram of the recipient’s body weight
were available, the best-matched unit was assigned as the unmanipulated
unit. The cord blood units were required to match the recipient at 4 or more
HLA loci by intermediate-resolution typing for HLA class I alleles (A and B)
and high-resolution typing for HLA class I DRB1 alleles. A minimum level
of matching between the 2 cord blood units was not required. Cord blood
units without cross-reactive donor-specific anti-HLA antibodies were priori-
tized for selection, but were not required for protocol participation.
NiCord production. The NiCord-designated (Gamida Cell) cryopre-
served unit was delivered from the cord blood bank to a cGMP-com-
pliant cell-processing facility (Lonza). The unit was thawed on day -21
of the stem cell transplantation and then underwent immunomagnetic
bead selection for CD133" cells (Clinimacs; Miltenyi Biotec). Following
CD133 selection, the CD133* and CD34" cell content of the negative
fraction was below 0.01% (data not shown). The CD133-, noncultured
fraction was cryopreserved and shipped to the transplant center in a
dry shipper maintained in a frozen state. Prior to cryopreservation, the
cells were enumerated, immunophenotyped, and tested for viability and
safety (limulus amebocyte lysate [LAL] endotoxin and sterility). The
CD133" fraction was tested for viability and purity and then suspended
in MEM a supplemented with 10% FBS, 50 ng per milliliter each of
Flt3 ligand, stem cell factor, thrombopoietin, IL-6 (R&D Systems), and
2.5 millimoles nicotinamide (Vertellus) at a concentration of 1 x 10# cells
per milliliter and seeded in culture bags (American Fluoroseal Corp.).
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Figure 3

Hematopoietic recovery following transplantation. (A) Early white blood cell recovery with associated neutrophil engraftment and (B) durability
of white blood cell count at late time points in patients transplanted with NiCord and in a historical control cohort. Bars represent the interquartile
range. (C) Early platelet recovery and (D) durability of platelet count at late time points in patients transplanted with NiCord and in a historical
control cohort. The historical control patients were transplanted with 2 unmanipulated UCB units.

The cultures were supplemented weekly with fresh medium. After
21 + 2 days of culture, the cells were harvested, washed, and prepared
for infusion in a transfusion PBS buffer. The fresh product was hand-
delivered to the transplant center at room temperature. Before release,
the final product was tested for total number of cells, colony-forming
unit content, and immunophenotype. Safety testing (gram staining,
LAL endotoxin, and sterility) was repeated. All products were infused
within the stability specification of 18 hours. The median time from
harvest to infusion was 11.3 hours (range, 10-14 hours).

Transplantation approach. The bone marrow-conditioning regimen con-
sisted of 1,350-cGy TBI delivered in 9 fractions on days -9 to -5, and flu-
darabine 40 mg/m? was given on days -5 to -2 of the transplantation.
An optional infusion of 60 mg/kg cyclophosphamide on days -4 and
-3 was given at the discretion of the managing physician. Infusion of
the NiCord and unmanipulated grafts was separated by a minimum of
2 hours and the infusion order alternated after every third patient. The
noncultured CD133" fraction of the NiCord graft was thawed on the day
of transplantation and infused after the cultured fraction. GVHD pro-
phylaxis was provided by tacrolimus and mycophenolate mofetil starting
4 days before transplantation. Mycophenolate mofetil and tacrolimus
were continued for a minimum of 60 days and 6 months following trans-
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plantation, respectively. G-CSF (5 ug/kg of the recipient’s body weight)
was given daily starting on day 1 following transplantation until the
absolute neutrophil count exceeded 1,000 cells per microliter of blood.
Patients were eligible for discharge from the hospital when the absolute
neutrophil count exceeded 500 cells per microliter of blood.

Historical controls. Neutrophil, platelet,and immunologic recovery of study
patients were compared with those of a cohort of 17 patients who enrolled
in a preceding phase II study at the Duke Adult Blood and Marrow Trans-
plant Program between April 2006 and January 2010 (14). To facilitate this
analysis, we excluded patients from this control cohort who experienced
primary graft failure or toxic death before engraftment. Patient character-
istics are shown in Table 1. Patients received 2 unmanipulated UCB units
each containing a minimum of 1.5 x 107 million nucleated cells per kilo-
gram of the recipient’s body weight. The cord blood units were required to
match the recipient at 4 or more HLA loci by intermediate-resolution typing
for HLA class I alleles (A and B) and high-resolution typing for HLA class II
DRB1 alleles. A minimum level of matching between the 2 cord blood units
was not required. The presence of donor-specific anti-HLA antibodies was
not factored into the cord blood unit selection algorithm. The conditioning
regimen, GVHD prophylaxis, and supportive care measures (including use
of G-CSF) were identical to those of the current study cohort.
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Table 3
Clinical outcome of transplantation

Patient Conditioning Infusion Engrafted
no. regimen order unit
1 TBI/flu 1. Unmanip NiCord +
2. NiCord unmanipulated
2 TBI/flu 1. Unmanip NiCord
2. NiCord
3 TBI/flu 1. Unmanip NiCord
2. NiCord
4 TBI/flu 1. NiCord Unmanipulated
2. Unmanip
5 TBI/flu 1. NiCord Unmanipulated
2.Unmanip
6 TBI/flu 1. NiCord NiCord
2. Unmanip
7 TBI/flu 1. Unmanip NiCord +
2. NiCord unmanipulated
8 TBI/flu 1. Unmanip Graft failure
2. NiCord
9 TBI/flu 1. Unmanip NiCord
2. NiCord
10 TBI/Cy/flu 1. NiCord NiCord
2. Unmanip
11 TBI/Cy/flu 1. Unmanip NiCord
2. NiCord
124 TBI/flu 1. Unmanip  Unmanipulated

http://dx.doi.org/10.1172/JC174556

Platelet >20,000

Engraftment day
ANC >500

14 33
11 30
10 30
18 36
26 49
10 30
7 26
14 41
18 -
7 33
18 35

clinical medicine

GVHD Clinical outcome
Acute Chronic
(grades II-1V)
Grade Il Alive/CR (36 mo)
Alive/CR (31 mo)
Death/relapse
(18 mo)
Alive/CR (27 mo)
Grade Il Moderate Alive/CR (25 mo)
(intestine)
Alive/CR (21 mo)
Grade Il Alive/CR (19 mo)
Alive/CR (18 mo)
Grade Il Death/relapse
(6 mo)
Death/pneumonia
(47 days)
Grade Il Mild (skin) Alive/CR (14 mo)

Alive/CR (30 mo)

ANiCord unit not infused due to a gram-positive stain. Patient was excluded from outcome analysis. ANC, absolute neutrophil count; CR, complete remission;

Cy, cyclophosphamide.

Laboratory and clinical assessments. Donor chimerism was performed on

whole blood, CD15* myeloid cells, and CD3* T cells using quantitative

analysis of informative microsatellite DNA sequences. Full donor chime-

rism was inferred when no detectable CD15* myeloid or CD3* lymphoid

bands were observed from either the host or the second UCB unit. The

Survival probability

Product limit survival estimates

time to neutrophil engraftment was defined as the first of 3 consecutive

days with an absolute neutrophil count of 0.5 x 10° per liter or higher and

the time to platelet engraftment as the first of 7 consecutive days with a

platelet count of 20 x 10° per liter or higher without platelet transfusion.

Chronic GVHD was assessed using NIH consensus criteria.
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Figure 4

Overall and event-free survival. Overall and event-
free survival for all subjects who received NiCord-
expanded UCB stem cells.
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Statistics. Comparisons of the median time to neutrophil and platelet
engraftment, cord blood graft characteristics, and hematologic recovery
were performed using the Wilcoxon rank-sum test. For the initial hospital-
ization duration assessment, patients who died before hospital discharge
were censored at the time of death, and patients who failed to engraft were
excluded. A P value less than or equal to 0.05 was considered significant.
Overall and event-free survival rates were estimated using the Kaplan-Meier
method. Events were defined as death, disease progression, or graft failure.

Study approval. The study was approved by the IRBs of both participating
institutions and was conducted under an IND from the US Food and Drug
Administration. All patients provided written informed consent. The study
was conducted according to Declaration of Helsinki principles.
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