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Key Points

• Ex vivo fucosylation of cord
blood cells improves their
homing capacities, leading to
faster neutrophil and platelet
engraftments.

• This method is quick, safe,
and does not require a GMP
laboratory; therefore, it can be
used widely.

Delayed engraftment is amajor limitation of cord blood transplantation (CBT), due in part

to a defect in the cord blood (CB) cells’ ability to home to the bone marrow. Because this

defect appears related to low levels of fucosylation of cell surface molecules that are

responsible for binding to P- and E-selectins constitutively expressed by the marrow

microvasculature, and thus for marrow homing, we conducted a first-in-humans clinical

trial to correct this deficiency. Patientswith high-risk hematologicmalignancies received

myeloablative therapy followed by transplantation with 2 CB units, one of which was

treated ex vivo for 30 minutes with the enzyme fucosyltransferase-VI and guanosine

diphosphate fucose to enhance the interaction of CD341 stem and early progenitor cells

withmicrovessels. The results of enforced fucosylation for 22 patients enrolled in the trial

were then compared with those for 31 historical controls who had undergone double

unmanipulatedCBT.Themedian time toneutrophil engraftmentwas17days (range, 12-34

days) compared with 26 days (range, 11-48 days) for controls (P 5 .0023). Platelet

engraftment was also improved:medianwas 35 days (range, 18-100 days) compared with 45 days (range, 27-120 days) for controls

(P5 .0520). These findings support ex vivo fucosylation of multipotent CD341 CB cells as a clinically feasible means to improve

engraftment efficiency in the double CBT setting. The trial is registered to www.clinicaltrials.gov as #NCT01471067. (Blood. 2015;

125(19):2885-2892)

Introduction

Cord blood transplantation (CBT) is an effective alternative for pa-
tients lacking a fully HLA-matched donor.1,2 Indeed, significantly lower
doses and a more naı̈ve repertoire of T cells in cord blood (CB) grafts
permit a higher degree of HLA mismatch. This unique advantage and
the availability of large numbers of CB units in the global inventory
allow identification of a suitable unit for almost every patient without
an acceptable HLA-matched donor.1,3 However, by comparison with
transplantation from matched unrelated donors,2,4-7 CBT has certain
limitations, such as delayed engraftment and poor immune reconsti-
tution due to limited numbers of hematopoietic stem and progenitor
cells (HSPCs) in theCBgraft,which typically result in highermorbidity
and mortality rates.8 Transplantation with 2 CB units has increased the

number of adults who can be transplanted, but the median time to
neutrophil or platelet engraftment remains inferior to engraftment
with bonemarrow or peripheral HSPCs.9-13 Currently, a number of
strategies are being investigated to compensate for the limitations ofCB
as a source of cells for allogeneic transplantation. One promising ap-
proach is ex vivo expansion ofCB cells,14-17 but thismanipulation does
not address a persistent problem intrinsic to CBT: the relatively weak
affinity of a large subset of CD341 cells for the bone marrow micro-
vasculature, leading to defective homing of infused HSPCs to their
respective marrow niches.

To overcome this obstacle, our group has taken advantage of
the requirement for specific adhesionmolecules in themigration of
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HSPCs to the bone marrow. Briefly, the first step in this process—the
capture, rolling, and arrest of leukocytes on bonemarrow endothelium—
is mediated largely by the interactions of E- and P-selectins on
endothelial cells with ligands on HSPCs.18-20 E- and P-selectins
are membrane-bound C-type lectins, and their physiologically rel-
evant ligands must be a1,3-fucosylated to form terminal glycan deter-
minants, such as sialylated Lewis x or sLex (NeuAa2-3Galb1-4
[Fuca1-3]GlcNAcb1-R).18,21,22 Of the surface glycoproteins rec-
ognized by these lectins, P-selectin glycoprotein ligand-1 (PSGL-1) is
the best characterized.23 In vivo, P-selectin binds to a small N-terminal
region of PSGL-1 that must be first modified by sulfation of tyro-
sines and addition of sLex to a core 2O-glycan. E-selectin binds to
1 or more different sites on PSGL-1 and to other a2,3-sialylated
and a1,3-fucosylated cell surface glycoconjugates as well. The
homing of HSPCs to the bone marrow is impaired in immunode-
ficient mice that lack P- and E-selectins, whereas injection of
wild-type mice with blocking antibodies to P-selectin or PSGL-1
diminishes the rolling of CB-derived HSPCs on bone marrow
microvessels.24,25

The above studies and others25-27 support a critical role for the
selectins and their ligands in HSPC homing to bone marrow, yet
they indicate a clear deficit in this property for CB cells, apparently
due to reduced levels of fucosylation of E- and/or P-selectin li-
gands on CB cells compared with those on marrow or peripheral
blood-derived HSPCs. Thus, the treatment of CB-derived HSPCs
ex vivo with guanosine diphosphate (GDP) fucose and the enzyme
fucosyltransferase (FT)-VI has been shown to improve cell surface
fucosylation and alleviate this adhesion defect in immunodeficient
mice.25-28 We therefore hypothesized that increasing the level of
CD341 cell surface fucosylation ex vivomay improveHSPC hom-
ing to bone marrow in CBT patients, leading to enhanced neutro-
phil and platelet engraftment. In the first-in-humans clinical trial
reported here, we demonstrate the safety and logistical feasibility
of this strategy in the double CBT setting and provide evidence for
fucosylation-dependent improvement in time to neutrophil and
platelet engraftment.

Methods

Optimization of conditions for clinical use of a1,3-FT-VI

The preclinical laboratory conditions for use of FT-VI, as recommended by
the manufacturer (Targazyme, formerly America Stem Cell, Carlsbad,
CA), included incubation of the CB cells at 37°C for 30 minutes in Hanks
balanced salt solution containing 1% human serum albumin, 160 mU/mL
FT-VI, 1 mM GDP b-fucose, and 1 mM MnCl2. For the optimization
experiments, we performed flow cytometry with the HECA-452 antibody
(BD Pharmingen, San Diego, CA) to sLex/cutaneous lymphocyte antigen
(CLA),29 the fucosylated selectin ligand, to measure the levels of cell
surface fucosylation. The end points evaluated included the concentration
of the FT-VI enzyme, the optimal duration and temperature for CB-FT
(VI)-GDP-fucose incubation, the requirement for manganese (MnCl2),
and the stability of the CB product following fucosylation.

Study design

This trial was designed to assess the safety, feasibility, and clinical activity
of enforced CB cell surface fucosylation of a single CB unit in the context
of double CBT for patients with advanced cancer. The primary end point
was the time to neutrophil and platelet engraftment, relative to results for
a comparable cohort of patients who had undergone double unmanipulated
CBT at this center.

Eligibility

Patients with high-risk hematologic malignancies who lacked a suitable
HLA-matched related or unrelated donor were eligible if they had 2 CB
units matched at $4 HLA loci by intermediate-resolution typing for HLA
class I alleles (A and B) or by high-resolution typing for the HLA class II
DRB1 allele, and had$1.53 107 total nucleated cells (TNCs) per kilogram
of body weight per CB unit. Adequate organ system function was also
required, as indicated by a left ventricular ejection fraction of $40%,
a pulmonary diffusion capacity of $50% of the predicted value, a serum
creatinine value ,1.6 mg/dL, and an alanine aminotransferase/bilirubin
#2.0 times normal. This study (http://clinicaltrials.gov study number
NCT01471067) was approved by the MD Anderson Institutional Re-
view Board (Protocol 2010-0658) and the Food and Drug Administration
(IND 14897).

Preparative regimen and supportive care

The study schema is shown in Figure 1. Themyeloablative regimen consisted
of fludarabine, 10 mg/m2 per day (days27 through24); clofarabine, 30 mg/m2

per day (days27 through24); busulfan at a dose calculated to deliver a daily
area under the curve of 4000 mmol/min for 4 days (days 27 through 24)
based on an outpatient test dose of 32 mg/m2; and 2 Gy of total body irra-
diation on day 23. The reduced intensity conditioning regimen for patients
.60 years or thosewith comorbidities consisted of fludarabine (40mg/m2 per
day, days25 through22) andmelphalan (140mg/m2, day22). Prophylaxis
against graft-versus-host disease (GVHD) consisted of rabbit antithymocyte
globulin for a total of 3 mg/kg infused over 2 days on days 24 and 23,
tacrolimus on days22 through 180, and mycophenolate mofetil at a dose of
15 mg/kg (maximum dose of 1 g orally twice daily) on days22 through 100.
Filgrastim was administered starting on day 0 until neutrophil engraftment.
Antimicrobial prophylaxis and blood product support were given according
to institutional guidelines.

Fucosylation and transplantation procedures

All CB units used in this study were red blood cell (RBC) depleted prior to
cryopreservation and shipment to our center (we do not use RBC-replete
units). On day 0, the CB unit with the highest TNC dose was thawed,
washed on the Sepax device using the CordWash protocol (Biosafe SA),
and infusedwithout furthermanipulation (Figure 1). The second unit with the
smaller TNC dose was then thawed and washed on the Sepax device. The
50-mL output volume (106 cells/mL) was treated with FT-VI (100 mU/mL)
and GDP b-fucose (1 mM) for 30 minutes at room temperature. The
fucosylated cells were then washed a second time on the Sepax device, with
the final 100-mL output volume collected and infused. An aliquot of the cells
was evaluated by flow cytometry using the Becton-Dickinson FACSCanto II

Figure 1. Transplantation of unmanipulated and fucosylated CB cells. Patients

were admitted on day28 for intravenous hydration, and the preparative regimen was

given from days 27 to 22. On day 0, the CB unit with the highest TNC dose was

thawed, washed, and infused without further manipulation. The unit with the smaller

TNC dose was then thawed, washed, and treated with 100 mU/mL FT-VI and 1 mM

GDP b-fucose (Targazyme) for 30 minutes at room temperature. The fucosylated

cells were then washed and infused.
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instrument (BD Biosciences, San Jose, CA) before and, for the fucosylated
units, after the fucosylation procedure to detect CD451, CD341, and
CD341 subsets, as well as megakaryocytes (CD341CD611), natural
killer (NK) cells (CD561), T cells (CD31), monocytes (CD32CD41),

and B cells (CD191) as previously described.30 The HECA-452 antibody
against the CLA antigen was used to measure fucosylation before and for
the treated units, after addition of the FT-VI enzyme and GDP fucose, as
previously described.27

Table 1. Patient summary

Characteristic Study cohort (n 5 22) Historical controls (n 5 31) P value

Age

Median (range), years 42 (20-68) 49 (15-65) .464

Sex

Male 13 (59%) 13 (42%) .218

Female 9 (41%) 18 (58%)

Race

White 13 (59.1%) 17 (54.8%) .915

Hispanic 6 (27.3%) 9 (29%)

Black 2 (9.1%) 2 (6.5%)

Asian 1 (4.5%) 3 (9.7%)

Weight

Median (range), kg 79 (52-94) 75 (43-144) .454

Body surface area

Median (range), m2 1.92 (1.54-2.19) 1.9 (1.36-2.38) .657

Diagnosis

ALL 3 (14%) 4 (13%) .4327

AML/MDS 12 (55%) 20 (65%)

CLL 0 (0%) 1 (3%)

CML/MPD 1 (5%) 2 (6%)

Hodgkin lymphoma 3 (14%) 0 (0%)

Lymphoma 3 (14%) 4 (13%)

Disease risk index

Intermediate 13 (59%) 11 (35.5%) .233

High 7 (32%) 15 (48.4%)

Very high 2 (9%) 5 (16.1%)

Conditioning regimen

Flu/Mel/ATG 15 (68%) 17 (55%) .3997

Flu/ Bu/1/2 Clo/ATG/TBI 200 cGy 7 (32%) 14 (45%)

Cryopreserved TNC dose

(3107/kg), median (range)

Unmanipulated cord 3.124 (2.23-5.9) —

Fucosylated cord 2.38 (1.82-3.33) —

Total 5.51 (4.3-8.1) 4.78 (1.96-8.94) .005

Cryopreserved CD34 dose

(3105/kg), median (range)

Unmanipulated cord 1.15 (0.43-3.27) —

Fucosylated cord 0.92 (0.28-2.09) —

Total 2.38 (0.78-4.48) 1.82 (0.39-9.92) .154

Infused TNC dose (3107/kg), median (range)

Unmanipulated cord 2.59 (1.54-4.75) —

Fucosylated cord 1.75 (0.64-2.5) —

Total 4.26 (2.73-6.3) 3.72 (1.5-7.0) .220

Donor HLA match

Unmanipulated CB unit

4/6 11 (50%) —

5/6 11 (50%) —

Fucosylated CB unit

6/6 1 (5%) —

5/6 10 (45%) —

4/6 11 (50%) —

Combined CB units

6/6 and 5/6 1 (4.5%) 0 (0%) .584

5/6 and 5/6 8 (36.3%) 9 (29%)

5/6 and 4/6 4 (18.2%) 6 (19.4%)

4/6 and 4/6 9 (40.9%) 16 (51.6%)

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; ATG, anti-thymocyte globulin; Bu, busulfan; CLL, chronic lymphoblastic leukemia; Clo, clofarabine;

CML, chronic myeloid leukemia; Flu, fludarabine; MDS, myelodysplastic syndromes; Mel, melphalan; MPD, myeloproliferative disease; TBI, total body irradiation; —, data

were not available or not applicable to historical controls.
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Engraftment

The time to neutrophil engraftment was defined as the first of 3 consecutive days
with an absolute neutrophil count (ANC) of $0.5 3 109/L, and the time
to platelet engraftment as thefirst of 7 consecutive dayswith a platelet count of
$203 109/L without platelet transfusion. Chimerism in the peripheral blood
wasdocumentedondays30and60and every3months afterCB infusion, using
polymerase chain reaction with primer sets flanking microsatellite repeats.

Statistical analysis

Engraftment results in the study cohort (n5 22) were compared with those for
historical controls (n 5 31) who had undergone double unmanipulated CBT
at our institution and whose baseline clinical characteristics, including prepara-
tive regimens, were matched as closely as possible to those of the study group
(Table 1). Cumulative incidence curves with death as a competing event were
constructed by themethods ofGooley et al31 and used to analyze times to platelet
and neutrophil engraftment after infusion. A Cox proportional hazards model
was used to assess predictors of time to engraftment. Although confirmed by
biopsy when feasible, the diagnosis of GVHD was ultimately determined by
clinical presentation. Acute GVHD was clinically graded as 0 to IV based on
standard criteria32; chronicGVHDwas classified asnone, limited, or extensive.33

The risk for inductionofGVHDwithin 100dayswas estimatedby the generation
of cumulative incidence curves, with death considered to be the competing risk.
No adjustments were made for multiple testing. The 95% confidence intervals
(CIs) for the hazard ratios (HR) in theCoxmultivariatemodelwere approximated
by use of the profile likelihood test.34 The Wilcoxon rank-sum test was used to
compare continuous variables, whereas the x2 or Fisher’s exact test was ap-
plied in comparisons of dichotomous variables amonggroups of patients, using
a 2-sided a of 0.05. All statistical analyses were performed with SAS 9.3 for
Windows, SAS Institute Inc. (2014).

Results

Development of FT-VI treatment of clinical use

Optimal conditions for fucosylation of the CB-derived mononuclear
cells consisted of a 30-minute incubation at room temperature with
FT-VI (100 mU/mL) in Hanks balanced salt solution containing 1%
HSAand 1mMGDPb-fucose. The addition ofmanganese, whichwas

originally recommendedby themanufacturer, did not add to the already
maximal fucosylation achieved by FT-VI treatment alone27 and was
deleted from the procedure. Maximal fucosylation of CD341 cells was
achieved over a range of HSPC concentrations in the CB preparation
(8-643106cells/mL)without a lossofenzymeefficiency, anadvantage
allowing considerable flexibility in the procedure independent of cell
number. Indeed, the median expression of fucosylated CD341 cells
in the study cohort’s CB unitswas only 36.5% (95%CI, 31.5-41.5%)
before FTVI treatment, but increased to 98.9% (95%CI, 98.2-99.6%)
after treatment (Figure 2A, top left). FTVI treatment also led to sub-
stantial fucosylation ofCD611megakaryocytes, CD141monocytes,
andCD561CD32NKcells,whereasCD31Tcells andCD191Bcells
were not fucosylated at all following this treatment (Figure 2A, all re-
maining panels). The CD341, CD561, and CD611 subsets remained
stably fucosylated for up to 24 hours after treatment as assessed by
HECA-452 staining (Figure 2Ba-Bc).

Patients

Between August 2012 and January 2014, 22 patients with a median
age of 42 years (range, 20-68 years) were enrolled and treated in this
study (Table 1). Their presenting characteristics, underlying diagnoses,
donor HLA compatibility, and conditioning regimens did not differ
significantly fromfindings in31historical controlswhohadundergone
double unmanipulated CBT at this center. By standard risk index
criteria,35 59% of the study cohort had intermediate-risk disease, 32%
high-risk disease, and 9% very-high-risk disease, and 64.5% of the
control group had high or very high risk. One half of the study patients
had a comorbidity score36 of 3 or higher, whereas 22% had a score of
1 or 2. Table 1 also summarizes cryopreserved TNCs and CD34 doses
in both the groups. The study group received a median of 2.383 107

TNCs/kg (range, 1.82-3.33 TNCs/kg) in the fucosylated unit and
3.12 3 107 TNCs/kg (range, 2.23-5.90 TNCs/kg) in the unmanipu-
lated unit. Although the total dose of TNCs (5.53 107 TNCs/kg;
range, 4.29-8.05 TNCs/kg) was statistically higher in the study pop-
ulation compared with the controls (4.8 3 107 TNCs/kg; range,
1.96-8.94TNCs/kg), the differenceswere clinically insignificant. Fur-
ther, there were no differences in the CD34 doses among the groups.

Figure 2. Extent and durability of fucosylation of CB cells. (A) Mean fluorescence intensity of fucosylated (white) and untreated (gray) CB cells. The degree of fucosylation

(measured with the HECA antibody) on CB-CD341 cells, megakaryocytes (CD611CD451), NK cells (CD32CD561), and monocytes (CD141) was increased compared with

that of the corresponding untreated cells (gray), whereas neither T cells (CD31) nor B cells (CD191) showed increased fucosylation. (B) Stable HECA expression

(fucosylation) on (a) CD341 cells, (b) megakaryocytes (CD451CD611), and (c) NK cells (CD32CD561) for up to 24 hours after the fucosylation procedure.
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The study patients received amedian of 0.923 105 CD341 cells/kg
(range, 0.28-2.09 cells/kg) in the fucosylated unit and 1.15 3 105

CD341 cells/kg (range, 0.43-3.27 cells/kg) in theunmanipulated unit,
for a total doseof2.373105CD341cells/kg (range, 0.78-4.5 cells/kg),
which was similar to total CD34 cell dose in the controls (1.823 105

CD341 cells/kg; (range, 0.39-9.92 cells/kg).

Neutrophil and platelet engraftment

One patient died of bacterial sepsis on day 23 without engrafting neu-
trophils or platelets, and one developed secondary graft failure on the
day after initial engraftment (day 14 after transplantation) and was res-
cued with previously stored autologous peripheral blood progenitor
cells. Among the 20 remaining patients, the median time to neutrophil
recovery was 17 days (range, 12-34 days), which was significantly
shorter than the 26 days (range, 11-48 days) for our historical control
group (P5 .0023). Themedian time to platelet engraftment in the study
cohortwas35days (range, 18-100days) comparedwith45days (range,
27-120 days) for the historical controls (P 5 .0520). At 30 days after
transplantation, the cumulative incidence of neutrophil engraftment in
the study cohort (Figure 3A) was 95.5% (95% CI, 40.8-99.8%) vs
81.7% (95% CI, 60.6-91.2%) in controls (P 5 .0003) for overall
comparison. The cumulative incidence of platelet engraftment at 65
days (Figure 3B) was likewise increased over the control group: 86.4%
(95%CI, 54.54-96.52%) vs 58.1% (95% CI, 38.4-73.4%; P5 .0065).
Within the limits of the small sample sizes, there was no difference
in the time to or cumulative incidence of engraftment when the anal-
ysis was based on the conditioning regimens that were used (data not
shown).

Wealso askedwhether the time toneutrophil or platelet engraftment
correlated with key properties of the 2 CB units received by each
patient, including the infused doses (per kilogram) of TNCs, CD341

cells, CD341CLA1 cells, and CD451CLA1 cells. The results were
analyzedwith aCox proportional hazardsmodel,first by individual CB
unit and then by the combined results for both units. The parameters
evaluated included the per kilogram doses of TNCs, CD341 cells,
CD341CLA1cells,CD451cells,CD451CLA1cells, andCD31cells.
Theonly significant predictors of a faster time toneutrophil engraftment
were the sums in the 2 units of (1) CD341 cell doses (HR, 2.602; 95%
CI, 1.106-6.12%; P 5 .0285), (2) CD341CLA1 cell doses (HR,
3.7503; 95% CI, 1.21-1.67%; P5 .0225), and (3) CD451CLA1 cell
doses (HR, 5.82; 95% CI, 1.8-18.8%; P5 .0033). The sole significant
predictor of a faster time to platelet engraftment was the sum of the
CD341 cell doses (HR, 2.65; 95% CI, 1.19-5.86%; P5 .0162).

Chimerism and the dominating CB unit

Twenty evaluable patients had complete (100%) donor engraftment
with one or both CB units in the leukocyte, T-cell, and myeloid cell
compartments of peripheral blood at day 30 after transplantation
(Figure 4). Eight of these patients (40%) had evidence of hematopoiesis
solely from the unmanipulated CB unit, whereas in 8 others (40%), it
stemmed solely from the fucosylated CB unit. Four patients (20%) had
hematopoiesis derived from both units at day 30, with 2 of the 4 having
a single predominant CB unit predominate at later time points (1 fu-
cosylated and 1 unmanipulated). There was no difference between the
cumulative incidence curves for neutrophil or platelet engraftment,
whether patients engrafted from the unmanipulated or the fucosylated
CB unit (Figure 5A-B).

Toxicity and survival

All CB cell infusions were well tolerated. The 100-day cumulative
incidence of grade II to IV acuteGVHDwas 40.9% (95%CI, 20.18-
60.71%) in the study population compared with 38.71% (95% CI,
21.67-55.49%) in controls (P 5 .86), whereas that of grade III or
IVGVHDwas 9.1% (95%CI, 1.5-25.6%) vs 12.9% (95%CI, 3.97-
27.26%) in controls (P 5 .66). The overall cumulative incidence
of chronic GVHD in the study groupwas 5% (95%CI, 0.3-19.55%)
vs 22.51% (95% CI, 8.48-40.61%) in controls (P 5 .17). There
were no other serious adverse events that appeared related to the
CB cell infusions. At a median follow-up of 8 months (range, 3-20
months) for surviving patients, 10 of these 22 high-risk patients
remained alive (Table 2). The causes of death included infec-
tions (5), chemotherapy-related organ toxicities (3), relapse (3), and
GVHD (1).

Discussion

In this trial we sought to test the safety and feasibility of infusions of
fucosylated CB hematopoietic progenitors as a means to improve neu-
trophil and platelet engraftment in patients undergoing CBT for ad-
vanced cancer. We first demonstrate the efficiency and efficacy of ex
vivo incubation of CB cells with the enzyme FT-VI and its substrate,
GDP-fucose, for 30 minutes at room temperature for increasing the
surface fucosylation of CD341 cells. When combined with a second,
unmanipulated CB unit, the fucosylated unit was associated with rapid

Figure 3. Accelerated engraftment after CB cell fucosylation. (A) Cumulative incidence of neutrophil engraftment at 30 days after transplant was 95.5% (95% CI,

40.8-99.8%) in the study group compared with 81.65% (95% CI, 60.56-91.19%) in controls (P 5 .0003). (B) Cumulative incidence of platelet engraftment at 65 days was

86.36% (95% CI, 54.54-96.52%) in the study group compared with 58.07% (95% CI, 38.41-73.43%) in controls (P 5 .0065).
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engraftment of neutrophils (median, 17 days) and platelets (median,
35 days) following myeloablative therapy. Indeed, this outcome was
clearly improved over that in our historical control group (26 days for
neutrophils and 45 days for platelets) and over results reported by
others for double unmanipulated CBT.9-11,37 Neutrophil and platelet
engraftment times similar to ours were attained by Delaney et al,14

Horwitz et al17 and Wagner et al,38 who expanded 1 of 2 CB units ex

vivo using systems that require 14 to 21 days of culture with cytokines
prior to infusion. Our findings agree well with the predictions of pre-
clinical studies,25,27 with the exception of a report by Hidalgo and
Frenette.26 Although demonstrating marked enhancement of FTVI-
treated CD341 cells in their interaction with the bone marrow mi-
crovasculature, these authors were unable to show improved homing
into the marrow. The basis for this discrepancy is unclear, but may

Figure 5. Times to engraftment by dominant CB unit. Cumulative incidence curves for either (A) neutrophils or (B) platelets did not differ, whether the dominant unit was

fucosylated (n 5 8) or not (n 5 12). See also Figure 4.

Figure 4. Contributions of fucosylated (blue) and unfucosylated (red) CB units to chimerism on days 15, 30, and 100, analyzed with polymerase chain reaction

primer sets that flanked microsatellite repeats. Numbers beneath the graph represent individual patients. (A-C, D-F, and G-I) Results for the peripheral blood (PB), myeloid,

and T-cell compartments, respectively.
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reflect the type of homing assays used or the relatively low numbers
of transplanted CD341 cells.

We attribute the accelerated engraftment of neutrophils and plate-
lets in our study to several factors. First, surface fucosylation of essen-
tially all CB-derived CD341 HSPCs (Figure 2) likely increased the
proportion of infused cells able to interact with E- and P-selectins
expressed on vascular endothelial cells and therefore to be recruited to
bone marrow microenvironmental niches. Second, the substantial de-
gree of fucosylation ofNKcellsmayhave boosted engraftment through
an effect that was initially described by a “hybrid resistance” model
and was shown to be mediated through the classical “missing self-
recognition” phenomenon.39,40 Third, the activity of other accessory
cells, such asCD141monocytes,whichwere highly fucosylated after
treatment with FT-VI, may have facilitated the generation of neu-
trophils and platelets from HSPCs.41

A surprising outcome in this trial was that the unfucosylated
CB unit dominated in half of the patients studied, yet the times to
engraftment of neutrophils and platelets were essentially the same
in both groups (Figure 4). This observation contrasts with that of
Cutler et al,42 who reported a contribution to engraftment from
prostaglandin E2-treated CB cells in 83% (10 of 12) of their pa-
tients. One explanation is that we evaluated the patients for chi-
merism too late and missed an early wave of engraftment, when the
effects of the fucosylated unit might have been readily detected.We
are now evaluating chimerism as soon as the patients engraft, so
that in the future we should be able to determine whether the en-
graftment of CB occurs early and is then replaced by the unmanip-
ulated unit, as we have seen with ex vivo expanded CB.15 Another
possibility is that even though the fucosylated unit was not detected,
it may have facilitated the engraftment of the unmanipulated CB
preparation. In this alternative, specific accessory cell populations
could be activated through passive mechanisms of increased cell
flow, resulting in a streaming effect whereby the unfucosylated cells
trafficwith the fucosylated cells into the hematopoietic niche and then
preferentially home to the marrow.41 Higher doses of CD451CLA1

cells were indeed a predictor of faster engraftment, suggesting that
the fucosylation of accessory cells not expressing CD34 may be im-
portant. It is also conceivable that increased homingof the fucosylated
cells to themarrow results in increased expressionof integrins andother
adhesion molecules in the microenvironment, thus further promoting
engraftment of the unmanipulated unit.

In addition to improving neutrophil and platelet engraftment, we
demonstrate that CB fucosylation in the context of double CBT is safe,
with no serious infusion-related toxicity seen over the extended follow-
up period. In particular, there was no increase in the incidence of
acute or chronic GVHD in the study population. Similarly, within
the limitations of a phase 1 trial, enforced fucosylation of HSPCs
was not associated with an increased mortality rate. Poor survival
noted in the control group is a reflection of their underlying high
risk disease, as about two-thirds of the patients had high- to very-
high-risk disease.

In summary, we showed that ex vivo fucosylation of CB cells is
a rapid, logistically straightforward, and safe procedure that appears
to improve times to neutrophil and platelet engraftment in high-risk
patients with hematologic malignancies who have undergone double
CBT. We recognize that the use of historical controls and a relatively
small sample size hindered our ability to identify factors that may
predispose patients to engraft predominantly with fucosylated or
nonfucosylated unit. With ongoing recruitment of patients, we should
be able to understand and overcome this restriction. Finally, because
CB cell expansion by mesenchymal stromal cell coculture also results
in shorter times to neutrophil and platelet engraftment,15 we suggest
that fucosylation of ex vivo-expanded CB cells may further accelerate
engraftment of these cells, a possibility warranting both clinical and
mechanistic investigation.
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Table 2. Survival and GVHD analyses

Study group (n 5 22) Controls (n 5 31) P value

No. alive 10 5

No. alive, progression free 7 5

Median (range) days of follow-up, days 55 (103-593) 210 (42-1055) .53

GVHD, cumulative incidence (95% CI)

Acute grade II-IV GVHD at 100 days 40.91% (20.18-60.71%) 38.71% (21.67-55.49%). .86

Acute grade III-IV GVHD at 100 days 9.1% (1.5-25.6%) 12.90% (3.97-27.26%). .66

Chronic GVHD overall 5% (0.30-19.55%) 22.51% (8.48-40.61%). .17
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