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Cord blood (CB) provides an excellent alternative source of hematopoietic progenitor
cells (HPC) for patients lacking human leukocyte antigen-matched peripheral blood or
bone marrow graft for transplantation. However, due to the limited cell dose in CB graft,
it is associated with prolonged time to engraftment, risk of graft rejection, infections,
and treatment-related mortality. To increase the cell dose, a variety of ex vivo expansion
techniques have been developed. Results of traditional methods of CB expansion using
cytokines alone were disappointing. Expanding CB cells with mesenchymal progenitor
cells led to sizeable increase in graft content and improved engraftment. Other methods
used HPC-differentiation blockers, such as nicotinamide analogs, copper chelators,
inducing constitutive Notch signaling, or an aryl hydrocarbon receptor antagonist
(StemReginin1). Many of these methods lead to substantial expansions of total nucleated
cells and CD34+ cells, and significantly improved time to neutrophil or platelet engraft-
ment in patients transplanted with the expanded products compared to the recipients
of unmanipulated CBT. These studies differ not only in the expansion method but also
with regards to the cytokines used, patient population, conditioning regimens, and
transplantation practices, to name a few. Some of these methods employed expansion
of a portion of CB unit in the setting of single CBT, while others in the setting of double
CBT. Here, we review various procedures used for CB expansion and highlight some of
the key differences. Novel methods of improving engraftment that aim at improving bone
marrow homing potential of CB cells are not reviewed.

Keywords: cord blood, ex vivo expansion, culture, cytokines, mesenchymal progenitor cells, SR1, nicotinamide,
copper chelator, TEPA, Notch ligand, transplantation, CBT

INTRODUCTION

The numbers of allogeneic hematopoietic stem cell transplantation (HSCT) recipients in the
United States currently exceeds 8000 a year and are consistently increasing (1). A suitable human
leukocyte antigen (HLA)-matched donor can be identified for about 75% of Caucasian patients,
but the probability is <20% for African-Americans and those belonging to other racial and ethnic
minority groups (2). Umbilical cord blood (CB) provides an alternative source of stem cells for
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patients without HLA-matched peripheral blood (PB) or bone
marrow (BM) donor. Transplantation with CB has several
unique advantages, such as the ease of collection, minimal
risk of infection transmission to the recipient, and no risk of
donor attrition (3-5). Further, ready availability of CB units can
reduce the time to transplantation by 4-5 weeks compared with
those receiving HSCT from a matched unrelated donor (6).
Rapid procurement of CB grafts is especially advantageous for
patients who are in urgent need of transplantation. Moreover,
the risks of disease relapse (7) and graft-versus-host disease
(8-10) are lower after CB transplantation (CBT) compared
with other donor sources. On the other hand, there is a higher
risk of graft rejection, slower engraftment, and delayed immune
reconstitution after CBT (7, 8, 11, 12).

WHY DO WE NEED TO EXPAND CB
GRAFT?

Many of the adverse effects after CBT are related to the low
numbers of total nucleated cells (TNCs) and CD34* cells present
in a CB graft, which are typically only about 5-10% of the doses
available for PB or BM transplants. Low cell doses negatively
affect engraftment and other outcomes after CBT (13-22).
Moreover, as transplantation using HLA-mismatched CB units
is commonly performed, obtaining higher the numbers of TNC
in a graft becomes even more crucial. In recipients of 1-2 HLA
mismatched CBT, the best outcomes are noted after transplan-
tation with grafts containing a median TNC dose of 10 x 107/
kg or higher, while the grafts containing <2.5 X 107/kg TNCs
or CD34* dose of <1.7 x 10° cells/kg lead to worse outcomes
(17, 22). Although the use of double-unit CBT (DCBT) (23)
is a relatively straightforward technique and almost doubles
the available graft dose instantaneously, it does not increase
the speed of engraftment compared with the recipients of
adequately dosed single CBT, or that observed with other graft
sources (23, 24).

EX VIVO EXPANSION OF CORD BLOOD
CELLS

A distinct approach to increase cell dose is to expand CB
hematopoietic progenitor cells (HPCs) ex vivo prior to infusion.
Expansion of CB units can augment the numbers of colony-
forming unit-granulocyte-macrophages (CFU-GMs), which are
higher in CB compared with PB or BM (25, 26). Moreover, the
proliferative ability of CB HPCs is higher than their BM coun-
terparts (27-30). Therefore, clinical grade expansion of CB cells
with a variety of techniques were attempted, such as (1) using
cytokines alone in culture, (2) blocking in vitro differentiation
of early progenitor cells (EPCs) using a variety of methods like
(a) copper chelator, (b) nicotinamide (NAM) analog, (c) aryl
hydrocarbon receptor antagonist, and (d) inducing constitutive
Notch signaling, or (3) co-culturing CB cells with mesenchymal
progenitor cells (MPCs). Some of these studies expanded a frac-
tion of a CB unit in the setting of single-unit CBT, while others
in the setting of DCBT. Some authors started with an unselected

CB cell population for expansion, while others used a selected
subset, such as CD34" or CD133* cells. Moreover, conditioning
regimens, use of antithymocyte globulin, patient population,
and disease characteristics vary among studies.

STATIC CULTURE WITH CYTOKINES

The application of cytokine-derived “static culture” expansion
was tested in a study of 37 patients (median age 38 years, median
weight 61 kg) with various malignancies. In this study, CD34*
cells were purified from 40 to 60% fraction of a CB graft, and
then expanded in cultures supplemented with stem cell factor
(SCF), granulocyte colony-stimulating factor (G-CSF), and
megakaryocyte growth and differentiation factor for 10 days
(31). In the first cohort, the unexpanded fraction of CB unit
was infused immediately on the day of thaw while the expanded
fraction was infused on day 10 after expansion. In the second
cohort, both the expanded and the unexpanded fractions were
infused 10 days following the initial thaw. The results were rather
discouraging primarily the Isolex 300-i device (Nexell, Irvine,
CA, USA) and anti-CD34 antibody used for CD34* selection
resulted in significant upfront loss of cells. This resulted in
very low numbers of CD34" cells available for expansion and
subsequent infusion (median CD34* cell dose 0.89 X 10°/
kg and median TNC count, 0.79 x 107/kg). The median time
to neutrophil was 28 days (range, 15-49 days) and of platelet
engraftment of greater than 20 X 10°/L was 106 days (range,
38-345 days) (31).

CONTINUOUS PERFUSION METHOD
WITH CYTOKINES

Another technique utilizing cytokines for expanding CB cells
was reported by the Duke University Medical Center using an
advanced computer automated “continuous perfusion” culture
method (32). The study used the Aastrom Replicell bioreactor,
which constantly monitored culture conditions and perfused
growth medium with cytokines including PIXY321 [granulocyte-
macrophage colony stimulating factor (GM-CSF)/interleukin
(IL)-3 fusion protein], erythropoietin (EPO), and flt-3 ligand for
12 days. The CB units were thawed on day 0; the unmanipulated
fraction was infused on the same day, while a small fraction of
the graft was infused 12 days after expansion. The study included
pediatric patients with a median age of 4.5 years and median
weight of 17 kg. This method resulted in expansion of TNCs
by a median of 2.4-fold, leading to identical median infused
TNC doses of the unmanipulated and the expanded fractions
(2.05 x 107/kg). Nonetheless, the expansion of CD34* cells was
modest (median of 0.5-fold), resulting in low infused doses of
CD34* cells (unmanipulated fraction, 0.78 X 10° cells/kg and
expanded fraction, 0.10 X 10° cells/kg). The median time to neu-
trophil engraftment was 22 days (range, 13-40 days) and that of
platelet engraftment of greater than 50 x 10°/L was 94 days (range,
41-370 days), which were not different from what is expected
in the recipients of unmanipulated grafts. Moreover, 3 out of 27
patients had graft failure.
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BLOCKING DIFFERENTIATION OF CORD
BLOOD EARLY PROGENITOR CELLS

It is noteworthy from the previous study that despite an actual
increase in TNCs with CB expansion, the rapidity of engraftment
was not improved. This is conceivably secondary to the expansion
of “lower-quality” short-term reconstituting HPCs and cytokine-
induced differentiation of EPCs (CD34" CD38~ or CD34* Lin~)
into cells of committed lineage (CD34" Lin*) that have poor BM
homing capabilities (33-37). Therefore, several methods were
designed to expand EPCs while blocking their differentiation,
with a goal of selectively expanding cells that possess better BM
homing capabilities.

Copper Chelator

A polyamine copper chelator tetraethylenepentamine (TEPA)
can block cytokine-induced differentiation of EPCs and expand
them without affecting subsequent differentiation and prolifera-
tion of mature committed cells (36, 37). A preclinical study tested
this technique by selecting CB CD133* cells and culturing them
with TEPA and “early acting cytokines,” namely flt-3 ligand,
IL-6, thrombopoietin (TPO), and SCF for 3 weeks. This resulted
in an impressive expansion of CD34* cells by 89-fold, CD34*
CD38" by 30-fold and colony forming units (CFU) by 172-fold.
The expanded cells demonstrated improved marrow engraftment
potential in sub-lethally irradiated non-obese diabetic (NOD/
SCID) mice compared with that of unexpanded cells. Moreover,
the expanded cells maintained the potential to differentiate into
various hematopoietic lineages in vivo (37). Based on these
encouraging results, a phase I-II study tested this method in 10
patients with hematological malignancies who underwent single
unit CBT (median age 21 years, median weight 68.5 kg). One
patient failed to engraft. In nine evaluable patients, the median
time to neutrophil engraftment was 30 days (range, 16-46 days)
and that of platelets was 48 days, which again were no better
than the results expected in recipients of unmanipulated CBT. A
subsequent large prospective trial reported results of 101 patients
(median age 37 years, median weight 68 kg) who underwent sin-
gle CBT in comparison with DCBT controls (n = 295) from the
Center for International Blood & Marrow Transplant Research
(CIBMTR) and the Eurocord registries. Owing to 400-fold TNC
and 77-fold CD34* expansion, the median infused doses of TNC
was 2.2 X 107/kg and that of CD34* cells was 9.7 x 10°/kg. The
median time to neutrophil (21 vs. 28 days, P < 0.0001) and platelet
engraftment (54 vs. 105 days, P = 0.008) as well as day 100 overall
survival (84.2 vs. 74.6%, P = 0.035) were significantly improved
compared with the controls (38).

Notch Signaling

Another method of blocking EPC differentiation is the induction
of constitutive Notch signaling, which can establish immortalized
cell lines that can be cultured in liquid medium with SCE, IL-6,
IL-11, and flt-3 ligand, with continued undifferentiated prolifera-
tion for over 8 months. More importantly, these cells retain the
capability to differentiate into either myeloid cells when stimu-
lated with GM-CSF or lymphoid cells in the presence of SCE IL-3,

and IL-7 (39). Delaney et al. (40) reported the preliminary results
of their study using this technique, where CD34* selected CB cells
were transduced with an engineered Notch ligand (Deltal®*'s%)
and cultured for 16 days in the presence of IL-3, IL-6, TPO, SCF,
and flt-3 ligand, leading to an impressive 222-fold average expan-
sion of CD34* cells. The expanded cells had enhanced repopulat-
ing ability in vivo when infused into NOD/SCID mice compared
with the control mice. Preliminary results of an ongoing phase I
study were reported in 10 patients (median age 27.5 years, median
weight 61.5 kg) who underwent DCBT following total body irra-
diation (TBI)-based myeloablative conditioning. The expanded
unit contained a median TNC dose of 4.6 X 107/kg and CD34*
cell dose of 60.3 x 10°/kg. The respective cell doses in the unma-
nipulated unit were 3.3 X 107/kg and 2.4 X 10°/kg. The expanded
CB unit was infused 4 h after the infusion of unmanipulated unit.
No infusional toxicities were noted; one patient had primary
graft failure. In nine evaluable patients, neutrophil engraftment
occurred at a median of 16 days (range, 7-34 days), compared
with 26 days (range, 16-48 days) in a concurrent cohort of 20
patients who received two unmanipulated CB units, P = 0.002.
Furthermore, eight of the nine engrafted patients had evidence
of sustained chimerism derived from the expanded CB unit. In
one patient, partial chimerism (10-15%) from the expanded cord
was noted for up to 240 days post-DCBT. At a median follow-up
354 days, 70% of the patients were in complete remission with
sustained engraftment. Nevertheless, the expanded cells did
not persist beyond 1 year, after which the unexpanded CB unit
completely contributed to engraftment (40).

Nicotinamide

Another technique of inhibiting the differentiation of EPCs
involves the use of NAM. A sirutin family of protein deacetylases
(SIRT1) plays an important role in determining lifespan of a
number of lower organisms (41) and regulates apoptosis and
self-renewal in mouse embryonic stem cells by deacetylating p53
(42). Inhibition of a SIRT1 deacetylase enhances proliferation
potential of HPCs with decreased dependency on growth fac-
tors and increases telomerase activity via catalytic subunit of
telomerase, hTERT (43). NAM is a potent and specific inhibitor of
SIRT1; it is known to inhibit differentiation of HPCs and plays an
important role in adhesion, migration, and proliferation of stem
cells (44). In a pre-clinical study, culturing CB CD34* cells with
SCE TPO, IL-6, and flt-3 ligand with or without NAM resulted
in about 40-fold expansion of CD34" cells in both the groups.
However, the EPCs (CD34"Lin~ cells) expanded to a greater
degree in NAM-treated cells. Further, transplantation of carboxy-
fluorescein diacetate succinimidyl ester (CFSE)-labeled cells into
irradiated NOD/SCID mice showed that the NAM-treated cells
had significantly improved homing capacity and engraftment
potential compared with the untreated cells (45). A phase I trial
included 11 adult patients (median age 45 years, median weight
83 kg) who underwent DCBT using TBI-based myeloablative
conditioning. One CB unit was thawed on day 21 and selected for
CD133* cells using immunomagnetic beads. The negative frac-
tion was cryopreserved, while the positive fraction was cultured
with NAM, SCFE, TPO, and IL-6 in culture bags for 21 days. The
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CD133-negative fraction was later thawed on day 0 and infused
after the infusion of cultured fraction. The infusions of expanded
and unmanipulated CB units were separated by 2 h. After 3 weeks
of culture, TNCs expanded by a median of 486-fold and CD34*
cells expanded by a median of 72-fold. The final total infused
TNC dose was 3.1 X 107/kg and that of CD34* was 35.0 X 10°/
kg (including 0.7 x 10°/kg was from unmanipulated unit). Seven
of the 10 patients attained partial or complete chimerism from
the expanded unit, which persisted for up to 36 months in
some cases. Two patients had long-term engraftment from the
unmanipulated unit and one patient had graft failure. In evaluable
patients, the median time to neutrophil engraftment was 13 days
(range, 7-26 days) compared with 25 days (range, 13-38 days) in
their historical controls (P < 0.001). The median time to platelet
engraftment was 33 days (range, 26-49 days) compared with
37 days (range, 20-66 days) in historical controls (P = 0.085) (46).

Aryl Hydrocarbon Receptor Antagonism
The University of Minnesota group presented the results of a
phase I/II study of CB expansion using StemRegininl (SR1), an
aryl hydrocarbon receptor antagonist, which helps in the prolif-
eration of CD34* cells without differentiation in the presence of
SCE, flt-3 ligand, TPO and IL-6 (47). A total of 17 patients with
hematological malignancies underwent TBI-based myeloablative
conditioning followed by DCBT, where 1 U was expanded ex vivo
while the other was infused unmanipulated. The culture led to
328-fold median expansion of CD34* cells, resulting in a median
total infused CD34* dose of 123 X 10°/kg. There were no graft
failures. The median time to neutrophil engraftment was shorter
in 11 patients in whom the SR1-expanded cord predominated
(11 days) compared with patients in whom the unmanipulated
cord predominated (23 days). The time to neutrophil and platelet
engraftment were both significantly faster in the recipients of
expanded CB as compared with 111 recipients of unmanipulated
DCBT. More interestingly, two additional patients received only
one SR1-expanded CB unit, with CD34" doses of 250 X 10°/kg
and 180 X 10°/kg; with neutrophil engraftment occurring in 12
and 8 days, respectively (47). The authors are currently testing
the feasibility of transplantation with single expanded CB unit.

MESENCHYMAL PROGENITOR CELL-
SUPPORTED EXPANSION

All of the methods reviewed above require selection of either
CD34" or CD133" cells. As seen with some of the techniques,
the selection process itself can lead to sizeable degree of upfront
cell loss ranging from 4 to 70%. One approach to circumvent
this issue is to co-culture unselected CB cells with MPCs. As
MPCs are components of in vivo hematopoietic microenviron-
ment and produce cytokines and other proteins that regulate cell
proliferation and homing (48), co-culturing CB cells with MPCs
putatively creates an ex vivo stem cell “niche” (49, 50). Moreover,
MPCs do not express HLA-class II histocompatibility antigens
and thus can be obtained either by harvesting BM of a hap-
loidentical family member or by clinical-grade “off-the-shelf”

sources, such as Mesoblast (Mesoblast Limited, Melbourne,
VIC, Australia) (51).

The efficacy of MPC-expanded CB cells was reported by the
investigators from the MD Anderson Cancer Center in 31 adult
patients (median age 31-39 years, median weight 75-79 kg) who
underwent DCBT after myeloablative conditioning (52). The
MPCs were obtained from a haploidentical family member for the
first seven patients. However, due to the time required for generat-
ing MPCs from a family member and the logistics of it, “off-the-
shelf” MPCs (Mesoblast) were used for subsequent 24 patients.
The CB unit containing lower dose of TNC was thawed 2 weeks
before transplantation, placed in cultures containing MPCs and
supported with a cytokine cocktail of SCE, flt-3 ligand, TPO and
G-CSE. After 14 days of culture, the non-adherant cells were
removed, washed and infused after the infusion of freshly thawed
unmanipulated CB unit. The culture resulted in 12.2-, 30.1-, and
17.5-fold increases in the TNC, CD34* cells, and CFUs popula-
tions, respectively, which yielded final median doses of 5.84 X 107/
kg for TNCs, 9.7 X 10¢/kg for CD34* cells and 3 X 10¢/kg for CFUs.
No differences were observed in the expansion achieved from
family member-derived or “off the shelf” MPCs. The median time
to neutrophil engraftment was 15 days (range, 9-42 days) com-
pared with 24 days (range, 12-52 days) observed in the CIBMTR
controls, P < 0.001. The median time to platelet engraftment
was 42 days (range, 15-62 days) compared with 49 days (range,
18-264 days) in the controls, P = 0.03. The cumulative incidence
of neutrophil engraftment was also significantly improved in
the study population (96%) compared with the controls (78%),
P = 0.005. The cumulative incidence of platelet engraftment by
day 180 was 75% in the study population compared with 46% in
the controls, P = 0.01. There were no infusion related toxicities.
All patients attained complete donor chimerism from one or
the other cord between days 21 and 30. Interestingly, 54% of the
patients attained hematopoiesis solely from the unmanipulated
CB unit and 46% had mixed chimerism from both the units (52).

CONCLUSION

The field of ex vivo expansion of CB graft has progressed remark-
ably. Beginning from the traditional culture methods using
cytokines alone, the field witnessed noteworthy transformation
to more elegant techniques, such as co-culturing of CB cells with
MPCs and the use of EPC differentiation blockers like copper
chelator (TEPA), NAM analogs, StemRegininl, and the Notch-
ligands. Many of these techniques have improved the time to
neutrophil engraftment appreciably, which is comparable to that
seen with other donor types. However, all of these techniques
require several days of culture before the final product is avail-
able for transplantation and these procedures can be performed
only at specialized centers. A completely different approach to
enhance engraftment focuses on increasing the homing capac-
ity of CB cells to BM. These include the use of prostaglandin
E2 analogs (53) and fucosylation (54). Such novel methods are
quick - requiring only 30-120 min of incubation of CB cells prior
to transplantation and have demonstrated significant improve-
ments in engraftment in clinical trials. Future studies may test a
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combination of these approaches in order to shorten the culture
time or to further enhance engraftment. Prospective comparative
trials will also shed more light on the relative efficacy of these
promising technologies.

REFERENCES

10.

11.

12.

13.

14.

Pasquini MC, Zhu X. Current use and outcome of hematopoietic stem cell
transplantation. CIBMTR Summary Slides (2014). Available from: http://www.
cibmtr.org

Gragert L, Eapen M, Williams E, Freeman J, Spellman S, Baitty R, et al. HLA
match likelihoods for hematopoietic stem-cell grafts in the U.S. registry. N
Engl ] Med (2014) 371:339-48. doi:10.1056/NEJMsal311707

Rubinstein P, Dobrila L, Rosenfield RE, Adamson JW, Migliaccio G, Migliaccio
AR, et al. Processing and cryopreservation of placental/umbilical cord blood
for unrelated bone marrow reconstitution. Proc Natl Acad Sci U S A (1995)
92:10119-22. doi:10.1073/pnas.92.22.10119

Kurtzberg J, Laughlin M, Graham ML, Smith C, Olson JF, Halperin EC, et al.
Placental blood as a source of hematopoietic stem cells for transplantation
into unrelated recipients. N Engl ] Med (1996) 335:157-66. doi:10.1056/
NEJM199607183350303

Fraser JK, Cairo MS, Wagner EL, McCurdy PR, Baxter-Lowe LA, Carter
SL, et al. Cord Blood Transplantation Study (COBLT): cord blood bank
standard operating procedures. ] Hematother (1998) 7:521-61. doi:10.1089/
scd.1.1998.7.521

Barker JN, Krepski TP, DeFor TE, Davies SM, Wagner JE, Weisdorf DJ.
Searching for unrelated donor hematopoietic stem cells: availability and speed
of umbilical cord blood versus bone marrow. Biol Blood Marrow Transplant
(2002) 8:257-60. doi:10.1053/bbmt.2002.v8.pm12064362

Brunstein CG, Gutman JA, Weisdorf DJ, Woolfrey AE, Defor TE, Gooley TA,
et al. Allogeneic hematopoietic cell transplantation for hematologic malig-
nancy: relative risks and benefits of double umbilical cord blood. Blood (2010)
116:4693-9. doi:10.1182/blood-2010-05-285304

Majhail NS, Brunstein CG, Tomblyn M, Thomas AJ, Miller JS, Arora M, et al.
Reduced-intensity allogeneic transplant in patients older than 55 years: unre-
lated umbilical cord blood is safe and effective for patients without a matched
related donor. Biol Blood Marrow Transplant (2008) 14:282-9. doi:10.1016/j.
bbmt.2007.12.488

Brunstein CG, Eapen M, Ahn KW, Appelbaum FR, Ballen KK, Champlin
RE, et al. Reduced-intensity conditioning transplantation in acute leukemia:
the effect of source of unrelated donor stem cells on outcomes. Blood (2012)
119:5591-8. doi:10.1182/blood-2011-12-400630

Rodrigues CA, Rocha V, Dreger P, Brunstein C, Sengeloev H, Finke J.
Alternative donor hematopoietic stem cell transplantation for mature lym-
phoid malignancies after reduced-intensity conditioning regimen: similar
outcomes with umbilical cord blood and unrelated donor peripheral blood.
Haematologica (2014) 99:370-7. doi:10.3324/haematol.2013.088997

Eapen M, Rocha V, Sanz G, Scaradavou A, Zhang MJ, Arcese W, et al. Effect
of graft source on unrelated donor haemopoietic stem-cell transplantation
in adults with acute leukaemia: a retrospective analysis. Lancet Oncol (2010)
11:653-60. doi:10.1016/S1470-2045(10)70127-3

Jacobson CA, Turki AT, McDonough SM, Stevenson KE, Kim HT, Kao G,
et al. Immune reconstitution after double umbilical cord blood stem cell
transplantation: comparison with unrelated peripheral blood stem cell trans-
plantation. Biol Blood Marrow Transplant (2012) 18:565-74. doi:10.1016/].
bbmt.2011.08.018

Gluckman E, Rocha V, Boyer-Chammard A, Locatelli F, Arcese W, Pasquini
R, et al. Outcome of cord-blood transplantation from related and unrelated
donors. Eurocord Transplant Group and the European Blood and Marrow
Transplantation Group. N Engl ] Med (1997) 337:373-81. doi:10.1056/
NEJM199708073370602

Rubinstein P, Carrier C, Scaradavou A, Kurtzberg J, Adamson J, Migliaccio
AR, et al. Outcomes among 562 recipients of placental-blood transplants
from unrelated donors. N Engl ] Med (1998) 339:1565-77. doi:10.1056/
NEJM199811263392201

AUTHOR CONTRIBUTIONS

RM and ES wrote the manuscript. All authors edited and approved
the final version.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Locatelli F, Rocha V, Chastang C, Arcese W, Michel G, Abecasis M, et al.
Factors associated with outcome after cord blood transplantation in children
with acute leukemia. Eurocord-Cord Blood Transplant Group. Blood (1999)
93:3662-71.

Laughlin MJ, Barker J, Bambach B, Koc ON, Rizzieri DA, Wagner JE, et al.
Hematopoietic engraftment and survival in adult recipients of umbilical-cord
blood from unrelated donors. N Engl ] Med (2001) 344:1815-22. doi:10.1056/
NEJM200106143442402

Wagner JE, Barker JN, DeFor TE, Baker KS, Blazar BR, Eide C, et al.
Transplantation of unrelated donor umbilical cord blood in 102 patients
with malignant and nonmalignant diseases: influence of CD34 cell dose and
HLA disparity on treatment-related mortality and survival. Blood (2002)
100:1611-8. doi:10.1182/blood-2002-01-0294

Michel G, RochaV, Chevret S, Arcese W, Chan KW, Filipovich A, etal. Unrelated
cord blood transplantation for childhood acute myeloid leukemia: a Eurocord
Group analysis. Blood (2003) 102:4290-7. doi:10.1182/blood-2003-04-1288
Gluckman E, Rocha V. Cord blood transplantation for children with acute
leukaemia: a Eurocord registry analysis. Blood Cells Mol Dis (2004) 33:271-3.
doi:10.1016/j.bcmd.2004.08.015

Gluckman E, Rocha V, Arcese W, Michel G, Sanz G, Chan KW, et al.
Factors associated with outcomes of unrelated cord blood transplant:
guidelines for donor choice. Exp Hematol (2004) 32:397-407. doi:10.1016/j.
exphem.2004.01.002

Gluckman E, Rocha V. Donor selection for unrelated cord blood transplants.
Curr Opin Immunol (2006) 18:565-70. d0i:10.1016/j.c01.2006.07.014

Barker JN, Scaradavou A, Stevens CE. Combined effect of total nucleated cell
dose and HLA match on transplantation outcome in 1061 cord blood recip-
ients with hematologic malignancies. Blood (2010) 115:1843-9. doi:10.1182/
blood-2009-07-231068

Barker JN, Weisdorf DJ, DeFor TE, Blazar BR, McGlave PB, Miller JS, et al.
Transplantation of 2 partially HLA-matched umbilical cord blood units to
enhance engraftment in adults with hematologic malignancy. Blood (2005)
105:1343-7. doi:10.1182/blood-2004-07-2717

Scaradavou A, Brunstein CG, Eapen M, Le-Rademacher J, Barker JN, Chao N,
et al. Double unit grafts successfully extend the application of umbilical cord
blood transplantation in adults with acute leukemia. Blood (2013) 121:752-8.
doi:10.1182/blood-2012-08-449108

Broxmeyer HE, Douglas GW, Hangoc G, Cooper S, Bard J, English D, et al.
Human umbilical cord blood as a potential source of transplantable hemato-
poietic stem/progenitor cells. Proc Natl Acad Sci U S A (1989) 86:3828-32.
doi:10.1073/pnas.86.10.3828

Broxmeyer HE, Gluckman E, Auerbach A, Douglas GW, Friedman H, Cooper
S, et al. Human umbilical cord blood: a clinically useful source of transplant-
able hematopoietic stem/progenitor cells. Int ] Cell Cloning (1990) 8(Suppl
1):76-89. doi:10.1002/stem.5530080708

Cardoso AA, Li ML, Batard P, Hatzfeld A, Brown EL, Levesque JP, et al.
Release from quiescence of CD34+ CD38— human umbilical cord blood cells
reveals their potentiality to engraft adults. Proc Natl Acad Sci U S A (1993)
90:8707-11. doi:10.1073/pnas.90.18.8707

Hao QL, Shah AJ, Thiemann FT, Smogorzewska EM, Crooks GM. A func-
tional comparison of CD34 + CD38— cells in cord blood and bone marrow.
Blood (1995) 86:3745-53.

DiGiusto DL, Lee R, Moon J, Moss K, O'Toole T, Voytovich A, et al
Hematopoietic potential of cryopreserved and ex vivo manipulated umbilical
cord blood progenitor cells evaluated in vitro and in vivo. Blood (1996)
87:1261-71.

Mayani H, Gutierrez-Rodriguez M, Espinoza L, Lopez-Chalini E, Huerta-
Zepeda A, Flores E, et al. Kinetics of hematopoiesis in Dexter-type long-term
cultures established from human umbilical cord blood cells. Stem Cells (1998)
16:127-35. doi:10.1002/stem.160127

Frontiers in Medicine | www.frontiersin.org

December 2015 | Volume 2 | Article 89


http://www.frontiersin.org/Medicine/archive
http://www.frontiersin.org/Medicine
http://www.frontiersin.org
http://www.cibmtr.org
http://www.cibmtr.org
http://dx.doi.org/10.1056/NEJMsa1311707
http://dx.doi.org/10.1073/pnas.92.22.10119
http://dx.doi.org/10.1056/NEJM199607183350303
http://dx.doi.org/10.1056/NEJM199607183350303
http://dx.doi.org/10.1089/scd.1.1998.7.521
http://dx.doi.org/10.1089/scd.1.1998.7.521
http://dx.doi.org/10.1053/bbmt.2002.v8.pm12064362
http://dx.doi.org/10.1182/blood-2010-05-285304
http://dx.doi.org/10.1016/j.bbmt.2007.12.488
http://dx.doi.org/10.1016/j.bbmt.2007.12.488
http://dx.doi.org/10.1182/blood-2011-12-400630
http://dx.doi.org/10.3324/haematol.2013.088997
http://dx.doi.org/10.1016/S1470-2045(10)70127-3
http://dx.doi.org/10.1016/j.bbmt.2011.08.018
http://dx.doi.org/10.1016/j.bbmt.2011.08.018
http://dx.doi.org/10.1056/NEJM199708073370602
http://dx.doi.org/10.1056/NEJM199708073370602
http://dx.doi.org/10.1056/NEJM199811263392201
http://dx.doi.org/10.1056/NEJM199811263392201
http://dx.doi.org/10.1056/NEJM200106143442402
http://dx.doi.org/10.1056/NEJM200106143442402
http://dx.doi.org/10.1182/blood-2002-01-0294
http://dx.doi.org/10.1182/blood-2003-04-1288
http://dx.doi.org/10.1016/j.bcmd.2004.08.015
http://dx.doi.org/10.1016/j.exphem.2004.01.002
http://dx.doi.org/10.1016/j.exphem.2004.01.002
http://dx.doi.org/10.1016/j.coi.2006.07.014
http://dx.doi.org/10.1182/blood-2009-07-231068
http://dx.doi.org/10.1182/blood-2009-07-231068
http://dx.doi.org/10.1182/blood-2004-07-2717
http://dx.doi.org/10.1182/blood-2012-08-449108
http://dx.doi.org/10.1073/pnas.86.10.3828
http://dx.doi.org/10.1002/stem.5530080708
http://dx.doi.org/10.1073/pnas.90.18.8707
http://dx.doi.org/10.1002/stem.160127

Mehta et al.

Cord Blood Expansion

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Shpall EJ, Quinones R, Giller R, Zeng C, Baron AE, Jones RB, et al.
Transplantation of ex vivo expanded cord blood. Biol Blood Marrow Transplant
(2002) 8:368-76. doi:10.1053/bbmt.2002.v8.pm12171483

Jaroscak J, Goltry K, Smith A, Waters-Pick B, Martin PL, Driscoll TA, et al.
Augmentation of umbilical cord blood (UCB) transplantation with ex
vivo-expanded UCB cells: results of a phase 1 trial using the AastromReplicell
System. Blood (2003) 101:5061-7. doi:10.1182/blood-2001-12-0290
Williams DA. Ex vivo expansion of hematopoietic stem and progenitor
cells - robbing Peter to pay Paul? Blood (1993) 81:3169-72.

McNiece I, Jones R, Cagnoni P, Bearman S, Nieto Y, Shpall EJ. Ex-vivo expan-
sion of hematopoietic progenitor cells: preliminary results in breast cancer.
Hematol Cell Ther (1999) 41:82-6. d0i:10.1007/s00282-999-0082-y

McNiece I, Kubegov D, Kerzic P, Shpall EJ, Gross S. Increased expansion and
differentiation of cord blood products using a two-step expansion culture. Exp
Hematol (2000) 28:1181-6. doi:10.1016/S0301-472X(00)00520-8

Peled T, Landau E, Prus E, Treves AJ, Nagler A, Fibach E. Cellular
copper content modulates differentiation and self-renewal in cultures
of cord blood-derived CD34+ cells. Br | Haematol (2002) 116:655-61.
doi:10.1046/j.0007-1048.2001.03316.x

Peled T, Mandel J, Goudsmid RN, Landor C, Hasson N, Harati D, et al. Pre-
clinical development of cord blood-derived progenitor cell graft expanded ex
vivo with cytokines and the polyamine copper chelator tetraethylenepentam-
ine. Cytotherapy (2004) 6:344-55. doi:10.1080/14653240410004916
Montesinos P, Peled T, Landau E, Rosenheimer N, Mandel J, Hasson N, et al.
StemEx®(copper chelation based) ex vivo expanded umbilical cord blood stem
cell transplantation (UCBT) accelerates engraftment and improves 100 day
survival in myeloablated patients compared to a registry cohort undergoing
double unit UCBT: results of a multicenter study of 101 patients with hema-
tological malignancies. Blood (2013) 122:295; ASH annual Meeting Abstracts
2013.

Varnum-Finney B, Xu L, Brashem-Stein C, Nourigat C, Flowers D, Bakkour
S, et al. Pluripotent, cytokine-dependent, hematopoietic stem cells are
immortalized by constitutive Notchl signaling. Nat Med (2000) 6:1278-81.
doi:10.1038/81390

Delaney C, Heimfeld S, Brashem-Stein C, Voorhies H, Manger RL, Bernstein
ID. Notch-mediated expansion of human cord blood progenitor cells capable
of rapid myeloid reconstitution. Nat Med (2010) 16:232-6. doi:10.1038/
nm.2080

Bordone L, Guarente L. Calorie restriction, SIRT1 and metabolism: under-
standing longevity. Nat Rev Mol Cell Biol (2005) 6:298-305. doi:10.1038/
nrml616

Han MK, Song EK, Guo Y, Ou X, Mantel C, Broxmeyer HE. SIRT1 regulates
apoptosis and Nanog expression in mouse embryonic stem cells by controlling
p53 subcellular localization. Cell Stem Cell (2008) 2:241-51. doi:10.1016/j.
stem.2008.01.002

Narala SR, Allsopp RC, Wells TB, Zhang G, Prasad P, Coussens MJ, et al. SIRT1
acts as a nutrient-sensitive growth suppressor and its loss is associated with
increased AMPK and telomerase activity. Mol Biol Cell (2008) 19:1210-9.
doi:10.1091/mbc.E07-09-0965

Peled T, Shoham H, Aschengrau D, Yackoubov D, Frei G, Rosenheimer
GN, et al. Nicotinamide, a SIRT1 inhibitor, inhibits differentiation and

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

facilitates expansion of hematopoietic progenitor cells with enhanced bone
marrow homing and engraftment. Exp Hematol (2012) 40(342-355):e341.
doi:10.1016/j.exphem.2011.12.005

Peled T, Adi S, Peleg I, Rosenheimer NG, Daniely Y, Nagler A, et al.
Nicotinamide modulates ex-vivo expansion of cord blood derived
CD34+ cells cultured with cytokines and promotes their homing
and engraftment in SCID mice. Blood (2006) 108. Oral Session, ASH
December 12, 2006.

Horwitz ME, Chao NJ, Rizzieri DA, Long GD, Sullivan KM, Gasparetto C,
et al. Umbilical cord blood expansion with nicotinamide provides long-term
multilineage engraftment. J Clin Invest (2014) 124:3121-8. doi:10.1172/
JCI74556

Wagner JE, Brunstein C, McKenna D, Sumstad D, Maahs S, Laughlin M, et al.
StemRegenin-1 (SR1) expansion culture abrogates the engraftment barrier
associated with umbilical cord blood transplantation (UCBT). Blood (2014)
124:728.

Deans RJ], Moseley AB. Mesenchymal stem cells: biology and
potential clinical uses. Exp Hematol (2000) 28:875-84. doi:10.1016/
S0301-472X(00)00482-3

Robinson SN, Ng J, Niu T, Yang H, McMannis JD, Karandish S, et al. Superior
ex vivo cord blood expansion following co-culture with bone marrow-de-
rived mesenchymal stem cells. Bone Marrow Transplant (2006) 37:359-66.
doi:10.1038/sj.bmt.1705258

Robinson SN, Simmons PJ, Yang H, Alousi AM, Marcos de Lima J, Shpall EJ.
Mesenchymal stem cells in ex vivo cord blood expansion. Best Pract Res Clin
Haematol (2011) 24:83-92. doi:10.1016/j.beha.2010.11.001

Simmons PJ, Torok-Storb B. Identification of stromal cell precursors in
human bone marrow by a novel monoclonal antibody, STRO-1. Blood (1991)
78:55-62.

de Lima M, McNiece I, Robinson SN, Munsell M, Eapen M, Horowitz M, et al.
Cord-blood engraftment with ex vivo mesenchymal-cell coculture. N Engl |
Med (2012) 367:2305-15. doi:10.1056/NEJMoa1207285

Cutler C, Multani P, Robbins D, Kim HT, Le T, Hoggatt J, et al. Prostaglandin-
modulated umbilical cord blood hematopoietic stem cell transplantation.
Blood (2013) 122:3074-81. doi:10.1182/blood-2013-05-503177

Popat U, Mehta RS, Rezvani K, Fox P, Kondo K, Marin D, et al. Enforced fuco-
sylation of cord blood hematopoietic cells accelerates neutrophil and platelet
engraftment after transplantation. Blood (2015) 125:2885-92. doi:10.1182/
blood-2015-01-607366

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2015 Mehta, Rezvani, Olson, Oran, Hosing, Shah, Parmar, Armitage
and Shpall. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Medicine | www.frontiersin.org

December 2015 | Volume 2 | Article 89


http://www.frontiersin.org/Medicine/archive
http://www.frontiersin.org/Medicine
http://www.frontiersin.org
http://dx.doi.org/10.1053/bbmt.2002.v8.pm12171483
http://dx.doi.org/10.1182/blood-2001-12-0290
http://dx.doi.org/10.1007/s00282-999-0082-y
http://dx.doi.org/10.1016/S0301-472X(00)00520-8
http://dx.doi.org/10.1046/j.0007-1048.2001.03316.x
http://dx.doi.org/10.1080/14653240410004916
http://dx.doi.org/10.1038/81390
http://dx.doi.org/10.1038/nm.2080
http://dx.doi.org/10.1038/nm.2080
http://dx.doi.org/10.1038/nrm1616
http://dx.doi.org/10.1038/nrm1616
http://dx.doi.org/10.1016/j.stem.2008.01.002
http://dx.doi.org/10.1016/j.stem.2008.01.002
http://dx.doi.org/10.1091/mbc.E07-09-0965
http://dx.doi.org/10.1016/j.exphem.2011.12.005
http://dx.doi.org/10.1172/JCI74556
http://dx.doi.org/10.1172/JCI74556
http://dx.doi.org/10.1016/S0301-472X(00)00482-3
http://dx.doi.org/10.1016/S0301-472X(00)00482-3
http://dx.doi.org/10.1038/sj.bmt.1705258
http://dx.doi.org/10.1016/j.beha.2010.11.001
http://dx.doi.org/10.1056/NEJMoa1207285
http://dx.doi.org/10.1182/blood-2013-05-503177
http://dx.doi.org/10.1182/blood-2015-01-607366
http://dx.doi.org/10.1182/blood-2015-01-607366
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Novel Techniques for Ex Vivo Expansion of Cord Blood: Clinical Trials
	Introduction
	Why Do We Need to Expand CB Graft?
	Ex Vivo Expansion of Cord Blood Cells
	Static Culture with Cytokines
	Continuous Perfusion Method with Cytokines
	Blocking Differentiation of Cord Blood Early Progenitor Cells
	Copper Chelator
	Notch Signaling
	Nicotinamide
	Aryl Hydrocarbon Receptor Antagonism

	Mesenchymal Progenitor Cell-supported Expansion
	Conclusion
	Author Contributions
	References


