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Abstract
In patients with hematologic malignancies, the outcome of umbilical cord blood transplantation has improved and is now 
comparable to that of matched unrelated donor transplantation. However, the limitation of using umbilical cord blood has 
been a delay in both hematopoietic and immunologic recovery. Strategies have been proposed to overcome these limitations. 
One strategy involves ex vivo expansion of the umbilical cord blood unit prior to transplantation. A second strategy involves 
exposure of the umbilical cord blood graft to compounds aimed at improving homing and engraftment following transplan-
tation. Many of these strategies are now being tested in late phase multi-center clinical trials. If proven cost effective and 
efficacious, they may alter the landscape of donor options for allogeneic stem cell transplantation.

Keywords Umbilical cord blood · Expansion · Manipulation · Stem cell transplantation · Hematopoietic recovery · 
Hematopoietic progenitor cell

Introduction

Umbilical cord blood (UCB) is a highly effective alterna-
tive to stem cells collected from healthy adult donors for 
allogeneic hematopoietic stem cell transplantation. Signifi-
cant qualitative and quantitative differences exist between 
the UCB graft and the adult donor graft. Most importantly, 
the CD34+ hematopoietic stem and progenitor cell doses 
are significantly lower in the UCB graft. The lower cell 
dose has the most significant impact on adult recipients, 
resulting in an increased incidence of graft failure and 
delayed hematopoietic recovery. While there remains room 
for improvement, the advent of dual umbilical cord blood 

transplantation has reduced the risk of excessive graft fail-
ure. Despite the remaining limitations, the outcome of UCB 
transplantation rivals that of mobilized peripheral blood or 
bone marrow transplantation from unrelated adult donors [1, 
2]. Resolution of the remaining limitations could increase 
the desirability of the UCB transplantation for adult recipi-
ents, perhaps even escalating it to a preferred graft source in 
patients without a fully matched family member.

Addressing the problem of suboptimal stem cell dose 
within the UCB graft through ex vivo expansion has met 
with both practical and technical challenges. Before the 
advent of dual UCB, cells for ex vivo culture initiation were 
derived from a small aliquot of the transplanted single UCB 
graft. With the cell dose already marginal for most adult 
recipients, this strategy was only appropriate for the limited 
number of adult recipients with an available UCB unit that 
exceeded the minimum cell dose requirement. Furthermore, 
there was no definitive method for assessing the impact 
of the manipulated cell fraction, particularly the ex vivo 
expanded hematopoietic stem cell. These hurdles compro-
mised early attempts at ex vivo expansion [3].

New techniques to exploit the proliferative and hom-
ing capacity of hematopoietic stem cells in an ex vivo cul-
ture system have emerged in recent years. Many of these 
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technologies are now being tested in early and late phase 
clinical trials. If proven safe, effective and practical, these 
strategies may indeed change the landscape of allogeneic 
stem cell transplantation.

Hematopoietic stem/progenitor cell 
manipulation

Until the advent of dual umbilical cord blood transplanta-
tion, the biggest impediment to development of novel hemat-
opoietic stem cell expansion technologies was the ability to 
safely test and assess the approach in the clinical setting. The 
emergence of dual UCB transplantation has changed this, 
paving the way for innovative clinical trials of novel methods 
of cord blood graft engineering (Table 1) [4, 5]. As long as 
the patient receives a single UCB unit of adequate size, a 
second experimentally manipulated graft can be ethically 
co-infused and assessed for efficacy. Multiple strategies of 
ex vivo UCB manipulation have emerged. If lineage commit-
ted hematopoietic progenitor cells are targeted for expansion, 
the period of bone marrow aplasia that complicates inten-
sive chemotherapy can be reduced or eliminated. However, 
a second, unmanipulated UCB graft containing long-term 
repopulating hematopoietic stem cells will always need to 
be co-infused to provide durable hematopoiesis. If long-term 
repopulating cells are targeted for expansion, the manipu-
lated graft can be expected to provide both short-term and 
long-term hematopoiesis, thereby eliminating the need for 
transplantation of a second unmanipulated unit. Another 
strategy aims not to expand hematopoietic stem/progenitor 
cells, but to provide them with a homing and engraftment 
advantage following transplantation. This advantage could 
both improve kinetics of engraftment as well as reduce the 

relatively high risk of graft failure that continues to plague 
the field of UCB transplantation.

Notch‑mediated expansion

Since the early 1990s, the Notch gene family has been impli-
cated in modulation of early hematopoietic stem cell fate [6]. 
In vitro studies suggested that activation of Notch signaling 
promotes retention of the most primitive hematopoietic stem 
cell phenotype during culture. This led investigators at the 
Fred Hutchinson Cancer Research Center in Seattle Wash-
ington to develop a serum-free ex vivo HSC culture system 
consisting of immobilized Delta1 Notch ligand along with 
early acting HSC cytokines [stem cell factor (SCF), throm-
bopoietin (TPO), Flt3 ligand, Il-3 and IL-6] [7]. Of note, 
cultures were initiated with CD34+ cells isolated from the 
UCB unit. The final expanded product contained no T cells.

In the context of a phase I trial using a myeloablative 
dual umbilical cord blood transplant configuration, patients 
received one unmanipulated UCB unit and a second unit 
that was expanded for approximately 16 days in the pres-
ence of Notch ligand and cytokines. CD34+ hematopoietic 
stem–progenitor cells expanded a mean 164-fold during 
the culture period. In a report describing the outcome of 
the first 10 patients treated on the trial, patients received an 
expanded cord blood graft containing an average of 6 × 106 
CD34+ cells/kg [8]. This compared to 0.24 × 106 from the 
unmanipulated cord blood graft. The large number of hemat-
opoietic progenitor cells contained within the expanded cord 
blood graft resulted in a median time to neutrophil engraft-
ment (ANC > 500) of 16  days (range 7–34  days). This 
compared to 26 days for an historical control population 
that received standard myeloablative dual cord blood trans-
plantation. Peripheral blood chimerism analysis confirmed 
that the expanded cord blood unit was responsible for early 

Table 1  Strategies for ex vivo manipulation of umbilical cord blood stem cells

FHCRC  Fred Hutchinson Cancer Research Center, MDACC  MD Anderson Cancer Center, DFCI Dana Farber Cancer Institute

Compound Modality Phase I/II completed (#pts) Lead institution/corporate partner Active multi-
center phase 
II/III

Notch ligand [8] Ex vivo expansion Yes (15) FHCRC/– Completed
MSC co-culture [24] Ex vivo expansion Yes (31) MDACC/mesoblast Completed
NiCord® [18, 19] Ex vivo expansion Yes #1 (11), #2 (36) Duke/Gamida cell Completed
Copper chelation (StemEx) [16] Ex vivo expansion Yes (101) Gamida cell/Teva Completed
StemRegenin 1 [26] Ex vivo expansion Yes (17) UMinn/Novartis Completed
UM171 [28, 29] Ex vivo expansion Yes (25) Maisonneuve-Rosemont Hospital Completed
PGE-2 [31] HSC modulation Yes (12) DFCI/fate therapeutics Terminated
Fucosylation [39, 42] HSC modulation Yes (22) MDACC Completed
MSC expansion + fucosylation Ex vivo expan-

sion + HSC modu-
lation

Yes (25) MDACC/mesoblast Ongoing
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neutrophil engraftment. However, by 3 months following 
transplantation, hematopoiesis was derived by the unma-
nipulated cord blood unit in all but one of the evaluable 
subjects. While it is possible that transient hematopoiesis 
from the expanded UCB graft is a consequence of loss of 
long-term repopulated cells during ex vivo culture, it is more 
likely that the T cell replete unmanipulated unit mounted 
a cellular immune response leading to rejection of the 
expanded graft [9, 10].

Because of the logistical complexity associated with 
production of a patient-specific expanded cord blood graft, 
Delaney and colleagues are currently assessing the safety 
and efficacy of an “off-the-shelf” graft. With this strategy, 
cord blood transplant recipients receive an unmanipulated 
single or double UCB transplantation as per standard of care. 
In addition, the patient receives a fully HLA mismatched 
third UCB graft that was previously expanded and cryopre-
served [11]. The intent is for this mismatched third graft to 
provide early neutrophil recovery after which it is rejected 
by the incoming unmanipulated, T-cell replete UCB graft. 
In a single-center phase II trial at Fred Hutchinson Can-
cer Center (Clinicaltrials.gov NCT01175785), 15 patients 
with hematologic malignancies were enrolled from 2010 to 
2012 to receive the ex vivo expanded cord blood-derived 
hematopoietic stem cells using Notch ligand (product was 
called NLA101). The outcomes were compared to a concur-
rent control cohort of 50 patients receiving a standard of 
care cord blood transplant. The median CD34+ and total 
nucleated cell doses in the study group were 5.3 (range 
3.1–11.6) × 106 cells/kg and 5.8 (range 2.2–10.9) × 107 cells/
kg, respectively. Median neutrophil recovery was 19 (range 
9–31) days in study group, compared with 25 (range 14–45) 
days in the control. Median platelet recovery was 35 (range 
21–86) days as compared with 48 (24–158) days in the con-
trol group. No patients in study group had grade III–IV acute 
GvHD compared with 29% in the control group. At 5 years, 
27 of the NLA101 recipients experienced chronic GVHD 
vs. 38% of the control group. No patients in the study group 
experienced transplant-related mortality when compared 
with 16% of the control group. Disease-free survival and 
overall survival in the study group at 5 years post-CBT were 
86.6% vs 66% for the control group [12].

StemEx® copper chelator expansion

Based on pre-clinical evidence that low concentrations of 
copper prevents stem cell differentiation in an in vitro cul-
ture system, Gamida Cell developed  StemEx® which com-
bines the copper chelator tetraethylenepentamine (TEPA) 
with early and late acting hematopoietic cytokines [13, 
14]. The  StemEx® UCB graft is derived from a single UCB 
unit. A fraction of the unit (contained in a separate segment 
of the cryobag) is thawed and expanded for 21 days in the 

presence of TEPA. On the day of transplantation, the recipi-
ent received the expanded fraction along with the unma-
nipulated fraction.  StemEx® was first studied and found to 
be safe and feasible in a phase I/II trial performed at the MD 
Anderson Cancer Center [15].

Based on this early experience, Gamida Cell launched 
a multinational phase II/III registration trial designed to 
test the hypothesis that more rapid neutrophil engraftment 
facilitated by  StemEx® would positively impact survival at 
100 days following transplantation. The study accrued 101 
subjects with high-risk leukemia and lymphoma from 25 
stem cell transplant centers in the United States, Europe and 
Israel. Study patients were compared to a contemporane-
ous control group from the Center for International Blood 
and Marrow Transplant Research. The control population 
(n = 295) received myeloablative unmanipulated dual UCB 
transplantation between 2006 and 2010. Median nucleated 
cell and CD34+ were 400 and 77-fold expanded, respec-
tively, with a mean total CD34+ infused of 9.7 × 105/kg. 
The 100-day survival was 84.2% for the study group ver-
sus 74.6% for the control group (odds ratio 0.50; 95% CI 
0.26–0.95; p = 0.035). Survival at day 180 was found to be 
similar for the 2 groups. Faster median neutrophil (21 days 
versus 28 days; p < 0.0001), and platelet (54 days versus 
105 days; p = 0.008) engraftments were seen in the study 
group. Acute and chronic graft-versus-host disease rates 
were similar. The study suggests that transplanting expanded 
CD34+ stem cells from a portion of single UCB unit along 
with unmanipulated portion improved 100-day survival 
while improving neutrophil and platelet engraftments [16].

NiCord® expansion

NiCord® is an ex vivo expanded cell product from an entire 
unit of umbilical cord blood that utilizes a small molecule, 
nicotinamide, as an epigenetic approach to inhibit differen-
tiation and to increase the functionality of hematopoietic 
stem and progenitor cells expanded in ex vivo cultures. 
When nicotinamide is added to stimulatory hematopoietic 
cytokines, umbilical cord blood-derived hematopoietic pro-
genitor cell cultures demonstrate an increased frequency of 
phenotypically primitive CD34+ CD38− cells. The cells 
also demonstrate increased migration toward stromal cell 
derived factor 1. In a pre-clinical murine transplant model, 
they home to and engraft in the bone marrow with higher 
efficacy [17].

The unique feature of the  NiCord® UCB graft is that it 
consists of a hematopoietic stem–progenitor cell fraction that 
has been expanded for 21 days along with a non-cultured 
T-cell containing fraction that is collected and re-frozen fol-
lowing thaw. Thus, the  NiCord® graft retains immunologic 
potency to augment both engraftment and immunologic 
recovery.
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The phase I study of  NiCord® commenced in 2010 at 
Duke University in Durham North Carolina and Loyola 
University in Chicago Illinois. Eligible patients had high-
risk hematologic malignancies and were candidates for dual 
umbilical cord blood transplantation. One unit was selected 
for  NiCord® expansion and the other to be infused with-
out manipulation. Recipients were conditioned with total 
body irradiation (1350 cGy) and fludarabine with or without 
cyclophosphamide. Key endpoint measures were compared 
to an historical control cohort of patients who received 
myeloablative conditioning followed by an unmanipulated 
dual UCB transplantation. Eleven patients received the 
 NiCord® graft on this study. Full or partial neutrophil and 
T-cell engraftment derived from  NiCord® was observed 
in eight patients. With a median follow-up of 24 months, 
 NiCord® engraftment has remained stable in all patients. 
Two additional patients engrafted with the unmanipulated 
unit. Patients engrafting with  NiCord® achieved signifi-
cantly earlier neutrophil recovery (median of 11 days versus 
25 days, p = 0.001); and platelet recovery (30 versus 41 days, 
p = 0.012), compared to controls [18].

This study confirms the presence of both long-term and 
short-term repopulating cells within the  NiCord® expanded 
cord blood graft. Gamida Cell next launched a follow-up 
trial whereby recipients received myeloablative condition-
ing followed by a single  NiCord® expanded graft (Clini-
caltrials.gov NCT01816230). In this trial, the graft was 
cryopreserved following expansion and before delivery 
to the transplant center to address practical and logistical 
concerns surrounding the transport of a fresh cell therapy 
product. Thirty-six patients with hematologic malignancies 
were transplanted at 11 sites. The cumulative incidence of 
neutrophil engraftment at day 42 was 94%. Two patients 

experienced secondary graft failure attributable to viral 
infections. Hematopoietic recovery was compared to that 
observed in recipients of standard UCB transplantation as 
reported to the CIBMTR (n = 146). The median time to 
neutrophil recovery was 11.5 days (95% CI 9–14 days) for 
recipients of  NiCord® and 21 days (95% CI 20–23 days) 
for the comparator (p < 0.001). The median time to plate-
let recovery was 34 days (95% CI 32–42 days) and 46 days 
(95% CI 42–50 days) for the expanded and the comparator 
cohorts, respectively (p < 0.001) (Fig. 1). The cumulative 
incidence of grade II–IV acute GVHD at day 100 was 44%, 
and grade III/IV acute GVHD at day 100 was 11%. The 
cumulative incidence at 2 years of all chronic GVHD was 
40%, and moderate/severe chronic GVHD was 10%. The 
2-year cumulative incidences of non-relapse mortality and 
relapse were 24% and 33%, respectively. The 2-year prob-
abilities of overall and disease-free survival were 51% and 
43%, respectively. The results showed that umbilical cord 
blood expanded ex vivo with nicotinamide provides more 
rapid neutrophil and platelet recovery compared to stand-
ard dual umbilical cord blood transplantation. Furthermore, 
NiCord appears safe, however longer follow-up will be 
required for confirmation. A long-term follow-up study is 
ongoing [19].

Mesenchymal cell co‑culture (mesoblast)

Ex vivo expansion of unfractionated, previously cryopre-
served umbilical cord blood is extremely challenging. Initia-
tion of the culture with a purified population of CD34+ cells 
significantly enhances the expansion efficiency, but also adds 
to the complexity of the assay [20]. In order to avoid CD34+ 
cell selection, McNiece and colleagues developed a culture 

Fig. 1  Hematopoietic recovery. Weighted cumulative incidence of neutrophil by day 42 (a) and platelet recovery by day 100 (b) among recipi-
ents of  NiCord® and a comparable retrospective cohort from the Center for International Blood and Marrow Transplant Research [19]
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system utilizing mesenchymal stomal cells (MSC) [21]. It is 
hypothesized that both contact-dependent and soluble fac-
tors provided by the MSCs more closely resemble the bone 
marrow micro-environment. Refinement of this technique 
ultimately led to development of a GMP-grade mesenchymal 
precursor product that was brought to the clinic by the group 
at MD Anderson Cancer Center. The 14-day UCB expansion 
process consists of co-culture with the adherent MSCs for 
7 days in the presence of hematopoietic cytokines and an 
additional 7 days in the presence of cytokines only [22, 23].

Thirty-one adults with hematologic malignancies were 
treated with a dual UCB transplantation. The conditioning 
regimen was myeloablative, consisting of melphalan, thi-
otepa, fludarabine and rabbit anti-thymocyte globulin. One 
of the units was infused without manipulation and the other 
following expansion as described above. The outcome of 
these patients was compared to that of 80 historical controls 
who received a standard myeloablative dual UCB transplan-
tation and whose outcome was reported to the Center for 
International Blood and Marrow Transplant Research data 
registry [24]. The cultured unit expanded by a median fac-
tor of 12.2 and CD34+ cells were expanded by a factor of 
30.1. The expanded unit provided a median CD34+ cell dose 
of 0.95 × 106/kg recipient body weight. In comparison, the 
unmanipulated unit provided a median CD34+ cell dose of 
0.38 × 106/kg. The median time to neutrophil recovery was 
15 days (range 9–42) and the median time to platelet recov-
ery was 42 days (range 15–62). This compared favorably 
to the CIBMTR registry cohort who engrafted neutrophils 
on median day 24 (range 12–52) and platelets on median 
day 49 (range 18–264). Peripheral blood chimerism analy-
sis performed in the peri-engraftment period demonstrated 
presence of the expanded unit in 46% of the subjects. By 
6 months, the expanded unit was detectable in 13% of the 
subjects. By 1 year following transplantation, the unmanipu-
lated unit in all the subjects provided hematopoiesis.

A 25-patient single-center phase II study combining cord 
blood expansion using mesenchymal stem cells and cord 
blood fucosylation (see Fucosylation technique) has been 
launched at the MD Anderson Cancer Center (Clinicaltrial.
gov NCT03096782). By combining a stem and progeni-
tor cell expansion technique with one that improves bone 
marrow homing, it is hoped that patients will experience 
prompt hematopoietic recovery. Patients with leukemia or 
lymphoma will be given 1 unit of expanded and fucosylated 
cord blood and 1 unit of non-expanded and non-fucosylated 
cord blood. Safety and count recovery will be studied.

HSC835 aryl hydrocarbon

Boitano and colleagues screened a library of 100,000 
compounds resulting in identification of a purine deriva-
tive [StemRegenin 1 (SR1)] with marked ability to expand 

human CD34+ hematopoietic stem and progenitor cells 
ex vivo [25]. For this technology, a purified population of 
CD34+ cells is used to initiate the cell culture. During a 
3-week culture in serum-free media containing SR1 supple-
mented with thrombopoietin, stem cell factor, flt3 ligand and 
interleukin-6, the CD34+ cells expand 1118-fold relative to 
input cells. Removal of SR1 from the culture system led to 
rapid differentiation, highlighting the importance of SR1 in 
the culture system. Cultured cells also produced high-level 
engraftment in immunodeficient mice. A 3-week expansion 
of 300 UCB CD34+ cells provided a comparable level of 
human engraftment in NSG mice as 10,000 uncultured UCB 
CD34+ cells. These results demonstrate that SR1 promotes 
expansion of UCB CD34+ cells that contribute to both early 
and sustained engraftment.

The phase I/II study enrolled 20 patients and 17 com-
pleted the treatment plan containing SR1 expanded UCB 
graft after myeloablative conditioning in the double UCBT 
setting. The unit with higher cell dose and HLA match was 
left unmanipulated while the second unit with lower cell 
dose was selected for ex vivo expansion. The expanded 
units had higher CD34+ cells with median of 17.5 × 106 
cells per kilogram actual body weight while unmanipulated 
UCB units had 0.2 × 106 cells/kg. Study concluded that SR1 
expansion culture reliably provides greater than 200-fold 
expansion of CD34+ cells. For 17 patients who received 
study treatment, neutrophil recovery was median of 15 days 
(6–30) while 86% of patients in the control group recov-
ered at median of 24 days. Platelet recovery was 49 days 
(28–136) vs 89  days, respectively. Hematopoiesis was 
principally derived from the expanded unit in 11 patients 
and unmanipulated unit in six. Neutrophil recovery was 
also more rapid with median of 11 days (6–23) in patients 
who engrafted with the expanded unit while it was 23 days 
(14–30) in those who engrafted with the unmanipulated 
unit. For those engrafting with the expanded UCB unit, the 
myeloid engraftment was durable with median follow-up of 
272 days (35–688) [26].

Aryl-hydrocarbon receptor antagonist expanded UCB 
product, now called MGTA-456, was studied as a stand-
alone graft after myeloablative conditioning (MAC) or 
non-myeloablative conditioning (NMAC). Twenty patients 
with high-risk hematologic malignancies and a partially 
HLA-matched UCB unit were enrolled. Ten were treated 
with cyclophosphamide (CY) 120  mg/kg, fludarabine 
(FLU) 75 mg/m2 and TBI 1320 cGy (MAC) and ten with 
CY 50 mg/kg, FLU 200 mg/m2 and TBI 200 cGy (NMAC) 
while all received GVHD prophylaxis with cyclosporine 
and mycophenolate mofetil. CD34+ cells expanded 324-
fold (range 42–1643). Outcomes were compared to simi-
larly treated historical cohorts (n = 151 MAC; n = 132 
NMAC). For recipients of MAC, MGTA-456 engrafted in 
all patients at a median of 14 days (range 7–32) as compared 
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to 89% (median 23 days, range 19–31) in the control popula-
tion (p < 0.01). For recipients of NMAC, MGTA-456 also 
engrafted in all patients at a median of 7 days (range 6–14) 
as compared to 94% engraftment (median 15 days, range 
7–22) in control. Donor chimerism was found to be rapid 
and sustained. For recipients who received MAC followed 
by the MGTA-456 graft compared to the historical cohort, 
the incidence of grade 3–4 acute GVHD (aGVHD) was 
22% vs. 24%, respectively; chronic GVHD (cGVHD), 11% 
vs. 21%, respectively; transplant-related mortality (TRM), 
11% vs. 34%, respectively; and overall survival (OS), 67% vs 
55%, respectively. For NMAC patients, results were similar 
except for a higher risk of aGVHD in recipients of MGTA-
456 (aGVHD 3–4, 43% vs 15%; cGVHD, 0% vs 19%; TRM, 
22% vs 20%; and OS, 44% vs 49%), respectively [27].

UM171

UM171 is one of the newly synthesized analogs of UM729 
which is a low-molecular-weight compounds that were 
found to expand human CD34+ CD45RA− mobilized 
peripheral blood cells that are enriched in long-term repop-
ulating hematopoietic stem cells. UM171 was 10–20 times 
more potent than UM729 in expansion of human CD34+ 
CD45RA− cells. Fares et al. in 2014 suggested that UM729 
did not suppress aryl-hydrocarbon receptor pathway but 
instead enhances the human long-term hematopoietic stem 
cell self-renewal process [28].

To further elucidate the mechanistic pathway, in their 
2017 paper in Blood, Fares et al. showed that endothelial 
protein C receptor (EPCR) positive UM171-treated cells, 
compared with EPCR negative cells, showed robust multi-
lineage repopulation and serial reconstitution in immuno-
compromised mice [29].

In a phase I/II clinical trial that recently completed 
recruitment at Maisonneuve-Rosemont Hospital in Canada, 
25 patients with high-risk leukemia were enrolled to receive 
UM171 expanded cord blood cells to establish safety and 
feasibility. Patients will be followed for 3 years (Clinicaltri-
als.gov NCT02668315).

Separately, a new phase I/II trial at Ciusss de L’Est de 
l’Île de Montréal started recruiting 20 multiple myeloma 
patients to evaluate safety and efficacy of UM171 in mul-
tiple myeloma (Clinicaltrial.gov NCT03441958). Newly 
diagnosed multiple myeloma patients with high-risk dis-
ease without 6/6 compatible sibling donor will be evalu-
ated before or during autologous stem cell transplant. After 
a bortezomib-based induction for a minimum of 4 cycles, 
followed by Melphalan > 140 mg/m2 and auto transplant, 
eligible patients will undergo screening evaluation. Once 
eligible, patients will receive conditioning regimen before 
receiving outpatient non-myeloablative allogeneic HSCT 
with UM171 expanded CB on day 0.

Prostaglandin e2 co‑culture

The previously discussed technologies are aimed at address-
ing the low stem cell content of the UCB by ex vivo expan-
sion of both short-term and long-term hematopoietic pro-
genitor cells. In contrast, the prostaglandin e2 co-culture 
methodology was conceived as an inexpensive, safe and 
practical method for augmenting the homing and engraft-
ment potential of UCB stem cells without expansion. The 
method utilizes 16,16-dimethyl prostaglandin E2 (dmPGE2) 
previously identified in a zebra fish stem cell model to be 
a critical regulator of hematopoietic stem cell homeostasis 
[30]. From this pre-clinical work, it was hypothesized that 
brief ex vivo exposure of UCB to dmPGE2 could improve 
patient outcomes by increasing the “effective dose” of 
hematopoietic stem cells without significant toxicity. This 
hypotheses was tested in a phase I study conducted at the 
Dana Farber Cancer Institute in Boston. The investigators 
enrolled recipients of non-myeloablative dual UCB trans-
plantation. One unit was infused following a brief exposure 
to dmPGE2 and the other was infused without manipulation. 
Two cohorts of patients were enrolled. In cohort 1, the inves-
tigational unit was incubated with 10 mM of dmPGE2 for 
60 min at 4 °C (9 patients). Cohort 2 consisted of 12 patients 
in whom the larger of the 2 UCB units was incubated with 
the same concentration dmPGE2, but for 120 min instead of 
60 min and at 37 °C instead of 4 °C.

While patients in cohort 1 experienced no safety con-
cerns, there was no demonstrable benefit of the dmPGE2 
treated unit. However, the optimized co-culture condi-
tions utilized for patients in cohort 2 resulted in more rapid 
median time to neutrophil engraftment compared to histori-
cal controls (17.5 days vs. 21 days, p = 0.45). Furthermore, 
10 of 12 patients showed complete and sustained engraft-
ment of the dmPGE2-treated units. While it is possible the 
engraftment advantage afforded to the manipulated unit is a 
consequence of it being the larger of the two infused grafts, 
it is also possible that co-culture with PGE2 did indeed 
improve homing of the resident stem cells. No safety con-
cerns emerged from this small phase I trial [31]. Based on 
promising results emerging from this trial, a randomized 
phase II trial supported by Fate Therapeutics (Clinicaltrials.
gov NCT01627314) was initiated in 2012 [22, 23] Unfortu-
nately, the trial was terminated in 2017 due to poor accrual.

C3a complement co‑culture

Complement fragment 3a (C3a) is a product of proteolytic 
cleavage of complement protein C3. Along with a myriad 
of immunoregulatory properties, C3a also sensitizes human 
hematopoietic stem and progenitor cells to homing proper-
ties of stromal derived factor 1 (SDF-1) through binding 
of the C3a receptor present on the cell surface. Pre-clinical 
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murine transplant models demonstrated that incubation of 
hematopoietic stem cells with C3a prior to transplantation 
into lethally irradiated hosts accelerates engraftment kinet-
ics [32, 33].

Based on these promising pre-clinical data, a phase I/
II study was performed at the University of Minnesota to 
assess safety and efficacy of C3a in promoting engraftment 
of UCB stem cells [34]. Adults receiving non-myeloablative 
dual umbilical cord blood transplantation were eligible for 
the trial. One of the 2 UCB grafts was incubated at room 
temperature with GMP-grade C3a prior to transplantation. 
Twenty-nine patients were treated on the study. Mild infu-
sion-related side effects were observed following infusion 
of the C3a-primed units. Because the patients were con-
ditioned with a non-myeloablative regimen and therefore 
experienced early autologous reconstitution, the impact of 
C3a on engraftment kinetics could not be assessed. Of the 27 
patients who achieved neutrophil engraftment, 9 had hemat-
opoiesis derived from the C3a primed unit and 18 from the 
unmanipulated unit. Thus, C3a treatment did not appear to 
provide an engraftment advantage [22, 23].

Fucosylation

Like dmPGE2 and C3a co-culture, ex vivo fucosylation 
is a technique under development that is designed to aug-
ment homing of umbilical cord blood stem cells to the bone 
marrow stroma. The rationale for this strategy hinges on 
the fact that UCB stem cells do not home as avidly to the 
bone marrow as those from adult bone marrow or mobi-
lized peripheral blood. This defect in bone marrow homing 
may, in part, be due to lack of binding to the critical adhe-
sion molecules P- and E-selectin which are expressed on 
bone marrow endothelial cells [35]. Fucosylation of selectin 
ligands expressed on UCB stem cells increases affinity to 
P- and E-selectin. Thus, in pre-clinical models of UCB trans-
plantation, engraftment of UCB stem cells into immuno-
deficient mice can be improved with pre-transplant ex vivo 
fucosylation [36, 37].

The group at MD Anderson showed that endogenously 
fucosylated cord blood hematopoietic and stem progenitor 
cells engraft more efficiently in a xenogeneic transplantation 
model than non-fucosylated HSPCs. They suggest that the 
majority of endogenously non-fucosylated CB HSPCs are 
a good target for enforced fucosylation to improve engraft-
ment following cord blood transplantation [38].

Phase I testing of this technique was reported by the 
group from MD Anderson [39]. Twenty-two patients with 
high-risk hematologic malignancies received myeloablative 
bone marrow conditioning followed by transplantation with 
two UCB units. One unit was infused without manipulation 
while the other was incubated for 30 min in the presence 
of guanosine diphosphate fucose along with the enzyme 

fucosyltransferase-VI, a technique shown to improve cell 
surface fucosylation of hematopoietic stem cells. Engraft-
ment kinetics were compared to an historical cohort trans-
planted in a similar fashion with two unmanipulated UCB 
units. A statistically significant reduction in time to neutro-
phil and platelet engraftment was observed in recipients of 
a fucosylated graft (17 versus 26 days, p = 0.0003 and 35 
versus 45 days, p = 0.0065, respectively). Interestingly, faster 
blood count recovery was not dependent on engraftment or 
dominance of the treated unit, which occurred only 9 of the 
22 subjects. This suggests that both units following infusion 
share beneficial effects of fucosylation [22, 23].

Long‑term immune recovery

Recovery of immune function following transplantation of 
ex vivo expanded cord blood is of great interest, but to date 
the published data on this topic is limited. Anand et al. per-
formed a single-center study of comparing infectious com-
plications during the first 100 days following transplantation 
of expanded versus unmanipulated cord blood stem cells. 
They found a significant reduction in clinically significant 
bacterial infections. However, there was no observed differ-
ence in the viral and fungal infection rate [40]. In a phase 
1/2 international multicenter trial, 27 NiCord recipients were 
compared with 27 unmanipulated cord blood transplant 
patients and 20 T-depleted unrelated bone marrow transplant 
patients. NiCord transplant recipients were adults while the 
comparator cohorts were pediatric (NiCord median age 
41.5 years, unmanipulated cord blood transplant cohort with 
median age 15.4 and unrelated BMT cohort with median age 
14.3). Despite the age difference, similar reconstitution of T 
cells, monocytes, conventional and plasmacytoid dendritic 
cells were observed. Reconstitution of NK cells, B cells and 
plasma cells was faster after NiCord HCT, compared to two 
other cohorts [41].

Conclusion

In the early 2000s, the advantages of UCB transplantation 
were only being appreciated in the pediatric population 
where outcomes were comparable to that of adult unrelated 
donor transplantation. Since then, a better understanding of 
the minimum safe transplantable cell dose, improved quality 
and characterization of the UCB inventory, and the advent 
of dual UCB transplantation has broadened the applicabil-
ity to the adult population. However, limitations remain and 
chief among them is the kinetics of hematopoietic recovery 
following UCB transplantation. Ex vivo manipulation of the 
UCB graft prior to transplantation holds great promise in 
addressing these limitations. Clinical data are already avail-
able from multiple techniques demonstrating more rapid 
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neutrophil and platelet recovery. Short-term safety has also 
been demonstrated. Confirmation of long-term safety and 
reduction in the graft failure rate will require longer follow-
up and larger studies. With the development of improved 
techniques for the transplantation of haplo-identical related 
donor grafts, the major challenge going forward will be dem-
onstration of cost effectiveness and practicality of ex vivo 
UCB stem cell manipulation.
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