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Abstract
The public French Cord Blood Banks Network was established in 1999 with the objective of standardizing the practices
governing umbilical cord blood (UCB) banking in France. The Network adopted a strategy to optimize its inventory and
improve the quality of its banked units based on a quality improvement process using outcome data regularly provided by
Eurocord. This study aimed to describe the results, over 10 years, of UCBT facilitated by a national network that used the
same criteria of UCB collection and banking and to assess how modifications of banking criteria and unit selection might
influence transplant outcomes. Nine hundred and ninety-nine units (593 single-unit and 203 double-unit grafts) were released
by the Network to transplant 796 patients with malignant (83%) and non-malignant (17%) diseases. Median cell dose
exceeded 3.5 × 107 TNC/kg in 86%. There was a trend to select units more recently collected and with higher cell dose.
Neutrophil engraftment was 88.2% (85.7–90.7) and 79.3% (72.6–86.5) respectively for malignant and non-malignant
diseases with a trend to faster recovery with higher cell doses. The respective 3-year transplant-related mortality were 31.1%
(27.5–35.1) and 34.3% (27.0–43.5). OS was 49% ± 4 in malignant and 62% ± 4 in non-malignant disorders. In multivariate
analysis, cell dose was the only unit-related factor associated with outcomes. Our results reflect the benefit on clinical
outcomes of the strategy adopted by the Network to bank units with higher cell counts.

Introduction

Since the first cord blood transplant [1], improvement in
umbilical cord blood (UCB) unit selection resulted in better
outcomes after both single- and double-unit cord blood
transplants [2–5]. Major limitations remain delayed hema-
topoietic recovery and high incidence of graft failure,
resulting in an increased risk of non-relapse mortality
compared to other stem cell sources [6–11]. To date, HLA
matching and cell dose are the most important criteria when

selecting UCB units for transplantation [12–17]. Histori-
cally, HLA was typed based on HLA-A, -B antigen level,
and -DRB1 allele level. Subsequently, it was demonstrated
that HLA-C match and high-resolution were important
factors for outcomes. Increasing the total nucleated cell
(TNC) above the recommended minimum pre-freezing dose
of 2.5–3 × 107/kg has also been suggested to improve
engraftment and survival [17, 18]. The French Cord Blood
Banks Network (in French, Réseau Français de Sang Pla-
centaire, called the Network throughout the article) was
established in 1999 under the auspices of the National
Agency for Organs and Bone Marrow Transplantation later
replaced by the Agency of Biomedicine (ABM), with the
aim of standardizing practices governing collection, storage,
and release of UCB units across the national cord blood
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banks (CBB) [19]. In France, cord blood banking can only
be performed in public banks authorized by competent
National Health Authorities to process and store UCB units.
For this propose, standard criteria for cord blood banking
that resulted in collection and storage of UCB units of
similar quality have been established and implemented
through regular meetings and discussions organized by
ABM between the CBBs, maternity wards, and transplant
physicians. Methods for collection, cryopreservation and
thawing, measurement of cell dose, and viability were
standardized to fulfill the Foundation for the Accreditation of
Cellular Therapy (FACT) - NetCord standards adopted by
the Network [20]. The Network recommendations have been
modified overtime based on transplant outcome data reg-
ularly provided by Eurocord and used as quality improve-
ment indicators that assess the performance of the Network.

This study aims to describe the characteristics and dis-
tribution in quality categories of the French UCB units
collected and released over a period of 10 years and to
analyse the outcomes of transplants performed with these
units during the same period, considering the modifications
of the banking criteria carried out in the context of the
quality improvement process, in terms of standardized
collection and processing policies, pre-freezing unit elig-
ibility criteria (collected volume, minimal TNC, and CD34
counts) and HLA typing.

Materials and methods

In this registry-based retrospective study, we included all
consecutive patients who received unrelated single or dou-
ble UCBT (sCBT or dCBT) in an EBMT center, with units
released by the Network between 1 January 2008 and 31
December 2017. Patients having prior allogeneic trans-
plantation, those transplanted in non-EBMT centers, and
those receiving double units that were not both released by
the Network were excluded. Data related to patients, UCB
unit characteristics, and transplant outcomes were collected
from the Eurocord and SYRENAD registries in accordance
with the ethical standards of the institutional committees
and the Helsinki declaration. The European Society for
Blood and Marrow Transplantation (EBMT) and the Soci-
été Française de Greffe de Moelle et Thérapie Cellulaire
(SFGM-TC) approved this study.

Definitions

The primary endpoint was overall survival (OS) defined as
the interval from UCBT to death from any cause. Event-free
survival (EFS) was defined as the interval from UCBT to
either relapse or death. Transplant-related mortality (TRM)
was defined as death in remission. Neutrophil engraftment

was defined as the achievement of an absolute neutrophil
count >0.5 × 109/L for three consecutive days. Early graft
failure was defined as failure to achieve neutrophil
engraftment, loss of donor engraftment or autologous
recovery within day 100 after HSCT.

Diagnosis and grading of acute and chronic graft versus
host diseases (aGVHD and cGVHD) were performed
according to standard criteria [21, 22]. Cell doses were
calculated as TNC or CD34+ cell counts by recipient weight
in sCBT or as the cumulative number of TNC or CD34+

cells present in both units by recipient weight in dCBT.
HLA compatibility was determined considering antigen-
level for HLA-A and -B loci and allele-level for the HLA-
DRB1 locus. HLA compatibility for dCBTs was classified
according to the unit with the highest HLA disparity with
the recipient. The conditioning regimen was defined as
myeloablative (MAC) or reduced intensity (RIC) based on
EBMT criteria [23].

Statistical analysis

Separate analyses were performed for malignant and non-
malignant diseases. The transplant period was analyzed as a
binary variable with the cut-off defined by the cohort’s
median year of UCBT.

Probabilities of OS and EFS were estimated using the
Kaplan–Meier method; two-sided log-rank test was used for
univariate comparisons. The cumulative incidences were
estimated for neutrophil recovery, aGVHD, cGVHD, TRM,
and relapse with adjustment for competing risks. Multi-
variate analyses (MVA) were performed using Cox pro-
portional hazards regression models [24], to adjust for all
factors with a p value < 0.10 in univariate analysis. A
threshold level of 0.05 was applied for statistical sig-
nificance [25]. Statistical analyses were performed using
SPSS 21 and R 3.2.0 software packages.

Organization of the Network

The Network currently includes five active public CBBs
and 22 maternity wards authorized to perform UCB col-
lection by the Regional Agency of Health. An additional
site dedicated to UCB storage only and five other CBBs that
have stopped all collection activities following the Network
restructuring, continue to manage and release their pre-
viously stored UCB units. The reduction in the total number
of active banks and associated maternity wards over the
years was part of the global improvement strategy adopted
by the network aiming to facilitate the implementation of
uniform collection and processing high-quality standards.
The processing and storage of UCB units in France can only
be performed in public CBBs that are authorized for
banking by the National competing authorities.
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Results

Characteristics of UCB units stored in the Network
during the study period

By the end of 2008, the Network inventory included 7051
UCB units. Due to increasing demand for UCB, the Net-
work increased its activities with the goal of storing 30,000
units by 2015. In 2012, the Network included 16,154 units
in its inventory and, in 2015, 34,115 units were available
for transplantation. Once the quantitative objective
achieved, the Network adopted a qualitative approach
based on the “2015 banking criteria” that restricted cryo-
preservation to units with post-processing TNC counts
≥16 × 108. This resulted in the storage of only 10% of the
collected units (2 076 new UCB units) between 2015 and
2017 (Fig. 1a).

A total of 36,191 UCB units were available in the Net-
work inventory on 31 December 2017; 62% of the stored
units had pre-freezing cell counts >12 × 108 TNC. Only 249
units had TNC counts lower than 6 × 108. All units were
typed for HLA -A, -B, and -DRB1 at different resolution
levels and 67% were typed for HLA-C (Table 1).

Characteristics of the UCB units used for
transplantation

Of the 2002 UCB units released by the Network over 10
years, 999 units fulfilled the criteria for inclusion in our
study and were used to transplant 796 patients (593 sCBT
and 203 dCBT) in 25 countries and 132 transplant centers
(54% for transplants performed in France). Despite the
transient early decrease between 2008 and 2010, the release
activity improved dramatically after 2012 reaching a peak in
2014 followed by a slow decrease, which was likely due to
the increasing use of related haploidentical donors (Fig. 1b).
All released units had intermediate to high-resolution typing
for HLA -A, -B, -C, and -DRB1 and 54% (n= 532) had
allele-level typing. We observed a sustained increase in the
total cell content of the units over the years, most prominent
after 2012 (Table 2). A total of 106 units (11%) had pre-
freezing TNC counts of 6 × 108–12 × 108, 193 (19%) had
TNC counts of 12 × 108–16 × 108, and 709 (72%) had TNC
counts ≥16 × 108. Only 4 UCB units with TNC count lower
than 6 × 108 were released in the 10-year period considered
in the analysis. Volume reduction was performed in 70% of
the units (n= 700). UCB used for transplantation were
collected between 1995 and 2016 and seventy percent (n=
693) were collected after 2005 (median year of collection).
The median pre-freezing cell doses were 3.50 × 107 TNC/kg
(2.61–5.70) and 1.28 × 105 CD34+ cells/kg (0.76–2.40) for
the units collected before 2005 and 4.02 × 107 TNC/kg
(2.92–6.93) and 1.75 × 105 CD34+ cells/kg (1.14–3.21) for

those collected after 2005. The median cell loss at trans-
plantation was 23% (7-49%) for TNCs and 30% (3-51%)
for CD34+ cells. This percentage was roughly stable and
was not affected by the cryopreservation duration (Table 2).
The increased cell counts and available higher resolution
HLA typing that characterized the units collected after 2005
might explain the trend towards the enhanced utilization of
these units for transplantation in recent years (Fig. 2).

Patient and transplant characteristics

A total of 796 patients underwent unrelated sCBT (n= 593,
75%) or dCBT (n= 203, 25%) with grafts released by the
Network (Table 3). Indications for UCBTs were malignant
(n= 661, 83%) or non-malignant (n= 135, 17%) disorders,
with acute leukemia (AL) being the most common diag-
nosis. Median pre-freezing TNC dose was 5 × 107/kg
(3.9–6.8) for recipients with hematological malignancies
and 12.5 × 107/kg (6.9–21.1) for non-malignant disorders.
This difference reflects the younger age (and lower body-
weight) of the recipients in the non-malignant group.

Hematological malignancies

Of the 661 patients with hematological malignancies, 67%
were transplanted for AL (acute lymphoblastic leukemia
(ALL= 168); acute myeloblastic leukemia (AML= 278),
17% for other myeloid malignancies, and 16% for lym-
phoproliferative disorders. The median age at UCBT was 35
years (0.3–74) with 35% of patients aged <18 years. Single-
unit UCB represented the graft source in 70% of cases; 87%
of the donor-recipient pairs had ≤2/6 HLA disparities
(antigen level HLA-A, -B, and allele level DRB1) with the
recipients. Allele-level typing for HLA-A, -B, -C, -DRB1
was available for 52% (n= 162) of the patients transplanted
before 2012 and 59% (n= 206) of those transplanted after
2012. There was a trend towards selecting UCB units with
less HLA mismatches (≤3/8 HLA disparities in 70%) and
higher cell counts (5.1 × 107 TNC/kg) for transplants per-
formed after 2012. (Table 3)

Outcomes (Table 4)—The median follow-up for survi-
vors was 36 months (1.9–128). The 60 days cumulative
incidence of neutrophil recovery was 88.2% (95% CI
85.7–90.7) within a median time of 21 days (5–76), with
better engraftment (90.7% versus 85.5%; p= 0.001) after
2012 in comparison to an earlier period. Acute GVHD
grade II–IV was observed in 243 patients (54% of Grade II;
29% of Grade III and 17% of Grade IV), within a median of
25 days (7–94) and a cumulative incidence of 36.4% (95%
CI 32.9–40.3) at 100 days with a trend for higher incidence
after 2012 (33.1% vs 40.1% p= 0.044) that might reflect
the use of higher cell doses and MAC regimen in recent
years; 134 patients developed cGVHD within a median of
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164 days (70–1015), and an incidence of 25.5% (95% CI
22.0–29.6%) at 3 years. Overall, 321 patients died, 170 of
TRM, and 139 of relapse. The cause of death for the
remaining 12 patients was unknown. The 3-year incidence
of TRM was 31.1% (95% CI 27.5–35.1); the most common
causes being infection (n= 63) and GVHD (n= 42). The 3-
year cumulative incidence of relapse was 23% (95% CI
19.7–26.7) with a trend for less relapse in transplants per-
formed after 2012 (25.9% vs 19.7% p= 0.088). The EFS
was 46% ± 2 at 3 years. The OS was 49% ± 3 at 3 years
(46% ± 3 before 2012; 53% ± 3 after 2012; p= 0.24)
(Fig. 3A).

In MVA, higher pre-freezing TNC dose (>3.5 × 107/kg)
was the only unit characteristic associated with improved
OS [HR= 0.67; 95% CI (0.50–0.91); p= 0.009] and lower
TRM [HR= 0.67; 95% CI (0.46–0.97); p= 0.03]; while
pre-freezing CD34+ cell dose (≥2.5 × 106/kg) was pre-
dictive of better engraftment [HR= 1.38; 95% CI
(1.14–1.65); p= 0.002]; and higer incidence of aGVHD
[HR= 1.39; 95% CI (1.02–1.92); p= 0.04]. The transplant
period was not predictive of aGVHD. None of the UCB unit
characteristics were predictive of relapse or cGVHD.

Importantly, the administration of ATG was the only factor
predictive of increased relapse incidence [HR= 1.47; 95%
CI (1.01–2.15); p= 0.04] (Table 5).

Clinical results in non-malignant disorders

UCBT was performed in 135 patients with non-malignant
disorders. Indications for transplant were primary immu-
nodeficiency (PID, n= 48), bone marrow failure syndromes
(BMF, n= 35), an inborn error of metabolism (IE n= 35),
histiocytic disorders (HIS, n= 11), hemoglobinopathy
(HGP, n= 5) and autoimmune disease (AID, n= 1). The
median age at transplant was 1.6 (0.1–43) years; only ten
patients were older than 18 years. Single UCBT was
administered to most patients and MAC regimen was
administered to 92 patients. The median infused cell doses
were 8.3 × 107 TNC/kg (5.1–15.41) and 2.5 × 105 CD34+
cells/kg (1.3–5.4). All grafts exceeded the minimal cell dose
requirements due to the population age and low patients
weight. Ninety-three percent of the grafts had ≤2/6 HLA
disparities with their recipients. Allelic level typing for
HLA -A, -B,-C and -DRB1 was available for 59% (n= 79)
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Fig. 1 The Network inventory (2008–2017). a Cumulative number of UCBs stored; b Numbers of UCBs released per year.

Table 1 Characteristics of UCBs available in the Network inventory on 31 December 2008 and 2017.

HLA typing HLA-A HLA-B HLA-C HLA- DRB1

2008 2017 2008 2017 2008 2017 2008 2017

Antigen-level 5485 (78%) 8117 (22%) 5408 (76%) 7691 (21%) 638 (9%) 1053 (3%) 3770 (53%) 2227 (6%)

Intermediate
resolution (NMDP
code)a,b

1566 (22%) 23,262 (65%) 1643 (24%) 23,510 (65%) 757 (11%) 16,830 (46%) 3281 (47%) 15,995 (44%)

Allele-level – 4812 (13%) – 4990 (14%) – 6372 (18%) – 17969 (50%)

Total UCB typed 7051 (100%) 36,191 (100%) 7051 (100%) 36,191 (100%) 1395 (20%) 24,255 (67%) 7051 (100%) 36,191 (100%)

UCB umbilical cord blood unit, TNC total nucleated cells.
ahttps://bioinformatics.bethematchclinical.org/hla-resources/allele-codes/.
bRef. [60].
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of the patients-UCB pairs with majority (n= 67) having ≤3/
8 disparities (Table 3).

Outcomes (Table 4)—The median follow-up for survi-
vors was 31 (2.9–124) months. The cumulative incidence of
neutrophil recovery at day 60 was 79.3% (95%CI
72.6–86.5%) with a median engraftment time of 19 days
(6–77) and better engraftment for UCBTs performed after
2012 (84.3% vs 71.2%; p= 0.02). Grade II–IV aGVHD

was reported in 44 patients (22 Grade II, 13 Grade III, and 9
Grade IV) within a median time of 37 days (7–85) and with
a cumulative incidence of 33.1% (95% CI 25.9–42.2) at
100 days; cGVHD was reported in 21 patients (extensive in
five patients) within a median period of 164 days (101–727)
and a 3-year incidence of 20.9% (95% CI 14.2–30.7).
Overall, 47 patients died; the 3-year cumulative incidence
of TRM was 34.3% (95% CI 27.0–43.5). The most common

Table 2 Median TNC and
CD34+ cell counts of the units
released during the study
period according to
storage year.

UCB
storage year

UCB units
releaseda

(n)

Median
TNC count
at freezing
(×108)

Median
TNC count
at UCBT
(×108)

TNC
loss (%)

Median
CD34+
count at
freezing
(×106)

Median
CD34+
count at
UCBT
(×106)

CD34+
cell
loss (%)

1995 6 19.9 12.5 37 7 5.2 26

1996 4 18.4 9.4 49 3.9 2.9 26

1997 6 18.1 13.4 26 4.9 3.3 33

1998 7 16.9 13.1 22 9.9 4.9 51

1999 48 19.1 14.7 23 6.7 4 40

2000 85 18.8 14.8 21 6.1 5.1 16

2001 64 19.4 15.1 22 6 3.6 40

2002 45 18.6 13.4 28 7.4 3.6 51

2003 32 19.1 15.4 19 6.1 3.8 38

2004 9 17.6 10.5 40 5.9 5.7 3

2005 14 17.4 11.9 32 5.4 4.5 17

2006 29 18.1 13.1 28 6.7 4.8 28

2007 36 17.3 13.6 21 6.5 4.8 26

2008 39 19.4 15.3 21 7.5 5.3 29

2009 53 17.0 14.5 15 6.8 4.6 32

2010 90 19.5 13.7 30 8.6 5.9 31

2011 127 19.8 15.4 22 7.8 5.3 32

2012 142 19.8 15.3 23 7.5 5.3 29

2013 111 22.4 17.3 23 8.3 5.7 31

2014 39 24.9 19.6 21 11.7 7 40

2015 10 22.9 21.4 7 7.8 6.6 15

2016 3 25.1 21.6 14 11.6 9.7 16

aEligible units released during the study period.
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Table 3 Patients and transplant characteristics.

Malignant diseases Non-malignant disorders

UCBT period 2008–2012 2013–2017 2008–2012 2013–2017

No. of patients, N (%) 313 (47%) 348 (53%) 52 (39%) 83 (61%)

Median age, years (IQR) 35 (11–53) 34 (9–54) 1.65 (0.9–7.7) 1.5 (0.7–7)

Children (<18 y) 100 (32%) 133 (38%) 48 (92%) 77 (93%)

Adults (≥18 y) 213 (68%) 215 (62%) 4 (8%) 6 (7%)

Median weight, kg (IQR) 60 (40–72) 60 (31–74) 11 (8–25) 11 (7–24)

Gender, Male, N (%) 167 (53%) 189 (55%) 31 (60%) 48 (58%)

Recipient CMV serology, N (%)

Negative 137 (46%) 151 (47%) 19 (38%) 35 (47%)

Positive 161 (54%) 170 (53%) 31 (62%) 39 (53%)

Not reported 15 27 2 9

Diagnosis, N (%)

Acute leukemias 209 (67%) 237 (68%)

Myelodysplastic/Myeloproliferative
disorders

42 (13%) 71 (21%)

Lymphoproliferative disorders 49 (16%) 35 (10%)

Plasma cell disorders 13 (4%) 5 (1%)

Primary immune deficiency 15 (29%) 33 (40%)

Bone marrow failure syndromes 16 (31%) 19 (23%)

Inborn errors of metabolism 14 (27%) 21 (25%)

Other non-malignant disorders 7 (13%) 10 (12%)

Time from diagnosis to UCBT, median
months (IQR)

11.5 (6–33) 7.86 (5–22) 9.16 (3.4–20.6) 5 (2.6–15)

Graft type

sCBT 215 (69%) 248 (71%) 49 (94%) 81 (98%)

dCBT 98 (31%) 100 (29%) 3 (6%) 2 (2%)

HLA parity (low-intermediate resolution)

6/6 17 (5%) 23 (8%) 6 (12%) 18 (22%)

5/6 93 (31%) 126 (43%) 37 (71%) 41 (49%)

4/6 183 (59%) 131 (45%) 8 (15%) 15 (18%)

3/6 13 (4%) 12 (4%) 1 (2%) 0

2/6 2 (1%) 0 0 0

Missing 5 56 0 9 (11%)

HLA parity (high resolution)

8/8 2 (1%) 6 (3%) 1 (4%) 10 (19%)

7/8 7 (4%) 26 (13%) 5 (19%) 11 (21%)

6/8 26 (16%) 55 (27%) 6 (23%) 17 (32%)

5/8 64 (40%) 56 (27%) 8 (31%) 9 (17%)

4/8 42 (26%) 52 (25%) 5 (19%) 3 (6%)

3/8 18 (11%) 10 (5%) 1 (4%) 3 (6%)

2/8 3 (2%) 1 (<1%)

ABO compatibility, N (%)

ABO compatible 117 (38%) 120 (36%) 24 (46%) 31 (38%)

Minor ABO Incompatibility 80 (26%) 76 (23%) 12 (23%) 18 (22%)

Major ABO Incompatibility 112 (36%) 135 (41%) 16 (31%) 32 (40%)

Missing 4 17 0 2

Gender compatibility, N (%)

M/M or F/F 126 (40%) 160 (47%) 26 (50%) 44 (54%)

M/F or F/M 187 (60%) 182 (53%) 26 (50%) 38 (46%)

Missing 6 0 1

Conditioning regimen

MAC 164 (53%) 223 (66%) 32 (63%) 60 (75%)

RIC 146 (47%) 115 (34%) 19 (37%) 20 (25%)

Not reported 3 10 1 3

TBI containing regimen 186 (59%) 141 (41%) 8 (16%) 12 (20%)

ATG administration 149 (49%) 145 (62%) 39 (77%) 66 (93%)
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causes of TRM were infection (n= 17) and GVHD (n= 8).
Twenty-seven patients developed primary graft failure, 19
died in a median time of 3.9 months, seven patients were
alive at last follow-up after a second allogeneic transplant,
and one patient after autologous reconstitution. Three-year
OS was 59% ± 6 for patients transplanted before 2012 and
65% ± 5 for those after 2012 (Fig. 3B) with large hetero-
geneity among diagnosis (49% for BMF, 53% for HIS, and
75% for both IE and HbP). In MVA (Table 5), positive
recipient CMV serology was the only factor associated with
adverse OS [HR= 2.66; 95% CI(1.36–5.19); p= 0.004]
and TRM [HR= 2.76; 95% CI (1.37–5.55); p= 0.004].
Other factors did not show any significant impact on
transplant outcomes.

Discussion

The first successful UCBT was performed in 1988 at Saint-
Louis hospital in Paris [1] in a patient with Fanconi anemia
who received an UCB unit from his HLA-identical sibling.
Subsequently, encouraging outcomes of HLA-matched
sibling UCBTs provided the proof-of-concept that UCB
was a good alternative source of hematopoietic stem cells.
The first promising unrelated UCBT results were reported
shortly after in children [26–29] and adults, promoted by
improved patient and UCB unit selection and better sup-
portive care [3, 4].

The first French CBB was set in Paris in 1990 and started
collecting UCB units and developing its registry. With the
growing evidence that UCB units could be stored without
compromising their biological properties [30] and the
acceptance of UCB as an alternative stem cell source,
several public institutions, started to create CBBs in the US
[31, 32] and Europe [33–37].

Subsequently, an international cooperative CBB net-
work, the NetCord group, was created in 1998 to ensure the
high and uniform quality of all UCB units [38]. The group
promoted the creation of registries, such as Eurocord, to
document and evaluate transplant outcomes in recipients of
units released by CBBs.

According to the World Marrow Donors Association
(WMDA) reports [39], more than 790,000 UCB units are
available worldwide in the public CBBs and more than
40,000 UCBTs have been performed to date [40]. Such
numbers highlight the significant clinical achievements over
the last 30 years which established UCB as an alternative
stem cell source for transplantation in children and adults.
However, the use of new transplant protocols involving
related haploidentical donors in recent years, has led to a
dramatic decrease in utilization of UCB worldwide, thus
challenging the sustainability of the public CBB economic
model. Many publications addressing this issue advised the
CBBs to re-calculate the size of their inventory defining
banking decisions based on higher thresholds for cell counts
and stronger quality criteria [41–43].

Despite setting up its first bank in 1990, the French
Network had stored only 7051 allogeneic UCB units in
three operational CBBs by the end of 2008. Adapted from
the French bone marrow registry model [44], the optimal
size for the French Network was estimated to include
46,737 CBU, which would provide national patients an
83% chance of finding a compatible CBU. To respond to
the increase in demand for UCB grafts by transplant centers
and to reduce the costly dependence on imported UCB
units, the Network, supported by the French health autho-
rities, set a target to store 30,000 UCB units by 2015, then
adopted in 2015 a qualitative approach for banking UCB
based on higher thresholds for cell counts (prefreezing
TNC > 16 × 108). More importantly, the Network imposed

Table 3 (continued)

Malignant diseases Non-malignant disorders

UCBT period 2008–2012 2013–2017 2008–2012 2013–2017

GVHD Prophylaxis

CSA ±MMF based 300 (96%) 305 (88%) 45 (87%) 74 (89%)

Others 13 (4%) 43 (12%) 7 (13%) 9 (11%)

UCB characteristics

• UCB median volume, ml (IQR) 136 (117–163) 162 (140–183) 124 (108–143) 145 (126–168)

• UCB volume reduction, n (%) 191 (46%) 410 (92%) 23 (43%) 76 (89%)

Cell dose, Median (IQR)

• TNC collected (×107/kg) 4.8 (3.8–6.5) 5.1 (3.9–7.2) 11 (7.0–20.1) 12.9 (6.9–21.1)

• CD34 collected (×105/kg) 1.9 (1.3–2.8) 2.3 (1.5–3.4) 4.3 (2.3–9.3) 4.5 (2.5–7.9)

• TNC infused (×107/kg) 3.7 (2.9–5.3) 4.1 (3.0–6.1) 8.3 (5.1–15.41) 9.2 (4.8–15.1)

• CD34 infused (×105/kg) 1.4 (1.0–2.3) 1.7 (1.1–2.5) 2.5 (1.3–5.4) 3.1 (1.5–5.5)

Follow-up, median months (range) 65.8 (1.9–128) 23.6 (2.5–67) 74 (3.4–124) 25 (2.9–60)

UCBT cord blood transplant, IQR interquartile range (Q1–Q3), sCBT single unit UCBT, dCBT double unit UCBT, MAC myeloablative
conditioning, RIC reduced intensity conditioning, TBI total body irradiation, ATG anti-thymocyte globulins, GVHD graft versus host disease, CSA
ciclosporine A, MMF mycophenolate mefotil, UCB umbilical cord blood unit, TNC total nucleated cells.
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very stringent quality standards for collection procedures.
These standards used to be regularly modified and updated in
the context of a quality improvement process using recipients’
outcomes results provided yearly by Eurocord. Consequently,
on 31 December 2017, more than 36% of the units in the
Network inventory had a cell content exceeding 15 × 108

TNCs, compared to only 20% of the units listed worldwide in
WMDA 2018 reports [39], underscoring a successful quality
improvement process adopted by the Network.

In our study, we report 999 UCB units collected and
released by the Network for transplantation in EBMT cen-
ters. The units collected in recent years were characterized
by higher cell counts and allele-level HLA typing which
translated into an enhanced utilization rate and a shorter
storage period, mainly for those collected after 2015.
When compared to current unit selection guidelines
[5, 15, 18, 45, 46], 98% of the donor-recipient pairs had 0-2/
6 HLA disparities at antigen level HLA- A, -B and allele-

Table 4 Outcomes for malignant
and non-malignant diseases by
transplant period.

Total 2008–2012 2013–2017 P value

3 y Overall survival

Malignant diseases 49% ± 3 46% ± 3 53% ± 3 0.241

Non-malignant disorders 62% ± 4 59% ± 6 65% ± 5 0.500

3 y Event-free survival

Malignant diseases 46% ± 2 42% ± 3 50% ± 3 0.108

Non-malignant disorders NA NA NA

d60 CI Engraftment

Malignant diseases 88.2% (85.7–90.7) 85.5% (81.7–89.6) 90.7% (87.7–93.8) 0.001

Non-malignant disorders 79.3% (72.6–86.5) 71.2% (59.6–85.0) 84.3% (76.7–92.7) 0.02

d100 CI aGVHD

Malignant diseases 36.4 % (32.9–40.3) 33.1% (28.2–38.8) 40.1% (35.2–45.7) 0.044

Non-malignant disorders 33.1% (25.9–42.2) 35.3% (24.2–51.4) 31.7% (23.0–43.7) 0.736

3 y CI cGVHD

Malignant diseases 25.5% (22.0–29.6) 26.0% (21.1–32.2) 24.8% (20.1–30.5) 0.968

Non-malignant disorders 20.9% (14.2–30.7) 20.9% (11.2–39.1) 15.2% (8.5–27.0) 0.585

3 y CI relapse

Malignant diseases 23.0% (19.7–26.7) 25.9% (21.3–31.6) 19.7% (15.7–24.9) 0.088

Non-malignant disorders NA NA NA

3 y CI TRM

Malignant disorders 31.1% (27.5–35.1) 31.8% (26.8–37.7) 30.1% (25.3–35.7) 0.861

Non-malignant disorders 34.3% (27.0–43.5) 37.9% (26.4–54.3) 31.7% (23.0–43.7) 0.495

Statistically significant p-values are in bold italic and Statistically non-significant p-values are in italic.
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Table 5 Multivariate analysis
for overall survival, engraftment,
aGVHD, cGVHD, TRM and
relapse by disease type.

Malignant diseases

Covariatesa HR 95% CI p value

Lower Higher

Overall survival

Recipent CMV (positive vs negative) 1.32 1.04 1.66 0.020

Age (≥18y vs <18y) 1.59 1.18 2.15 0.002

Pre-cryopreservation TNC (≥3.5 vs <3.5) 0.67 0.50 0.91 0.009

PMN engraftment

UCBT period (>2012 vs ≤2012) 1.20 1.01 1.43 0.040

Pre-cryopreservation CD34 (≥2.5 vs <2.5) 1.38 1.14 1.65 0.0016

aGVHD

RIC vs MAC 0.63 0.45 0.89 0.008

ATG vs No ATG 0.31 0.19 0.50 <0.001

Pre-cryopreservation CD34 (≥2.5 vs <2.5) 1.39 1.02 1.92 0.040

cGVHD

dCBU vs sCBU 1.34 0.95 1.91 0.098

TRM

Recipient CMV (positive vs negative) 1.49 1.10 2.03 0.010

Age (≥18y vs <18y) 2.24 1.47 3.39 <0.001

Pre-cryopreservation TNC (≥3.5 vs <3.5) 0.67 0.46 0.97 0.030

RI

ATG vs No ATG 1.47 1.01 2.15 0.040

Event-free survival

Recipent CMV (positive vs negative) 1.35 1.06 1.73 0.020

Age (≥18y vs <18y) 1.40 1.02 1.93 0.030

No CR vs CR 1.51 1.14 1.99 0.004

TBI vs no TBI 0.67 0.52 0.87 0.003

Non-malignant disorders

Overall survival

Recipient CMV (positive vs negative) 2.66 1.36 5.19 0.004

Median age (≥1.5y vs <1.5) 1.80 0.95 3.38 0.077

PMN engraftment

UCBT period (>2012 vs ≤2012) 1.38 0.90 2.10 0.130

Pre-cryopreservation CD34 (≥3 vs <3) 1.240 0.76 2.03 0.611

aGVHD

No significant factor

cGVHD

Median age (≥1.5y vs <1.5y) 2.39 0.67 8.54 0.180

RIC vs MAC 2.15 0.81 5.72 0.126

Pre-cryopreservation CD34 (≥3 vs <3) 0.32 0.08 1.33 0.119

TRM

Recipient CMV (positive vs negative) 2.76 1.37 5.55 0.004

Statistically significant p-values are in bold italic and Statistically non-significant p-values are in italic.

aGVHD acute graft vs host disease, ATG anti-tymocyte globulins, cGVHD chronic graft vs host disease,
CMV cytomegalovirus, CR complete remission, dCBT double cord blood transplant, MAC myeloablative
conditioning, PMN polymorphonuclear cells, RI relapse incidence, RIC reduced intensity conditioning, sCBT
single-unit cord blood transplant, TBI total body irradiation, TNC total nucleated cells, TRM transplant-
related mortality, UCBT umbilical cord blood transplant.
aCovariates included in the multivariate model: transplant period, age, recipient CMV, myolablative nature
of the conditioning regimen, TBI, ATG, remission status, cell dose and graft type.
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level HLA_DRB1) and 52% had 0-4/8 allele level HLA
mismatches. In addition, 86% of the patients received a pre-
freezing cell dose exceeding the minimum requirement for
TNC (>3.5 × 107/kg), and 75% received a CD34+ cell
dose ≥ 1.5 × 105/kg, with higher cell doses in the non-
malignant setting reflecting younger population age and
lower body weight. The median TNC loss after thawing was
23% and was not affected by the length of storage or the
processing CBB, demonstrating well-standardized methods
of cryopreservation across the Network through time.
UCBTs performed after 2012 were significantly associated
with faster neutrophil recovery both for malignant (90.7%
vs 85.5%, p= 0.001) and non-malignant disorders (84.3%
vs 71.2%, p= 0.02) reflecting improved selection criteria
for patients and UCB units in recent years.

As previously reported by other groups, we were not able
to detect a clear association of HLA disparity with acute
[2, 29] or chronic GVHD [10, 47, 48] occurrence, although
46% of the transplants had ≥2/6 HLA mismatches.

The reduced incidence of relapse (25% relapse at 3
years) in our cohort was broadly similar to that reported in
hematological malignancies [15, 49, 50] with significantly
higher rates in ATG-recipients (p= 0.04). The incidence of
TRM was 33.1% for malignant and 34.3% for non-
malignant disorders and did not improve overtime despite
better unit selection. The OS rate was 49% ± 4 in hemato-
logical malignancies and 62 ± 4% in non-malignant dis-
orders and compares favorably with previously published
results for UCBT. When looking at MVA of outcomes in
malignant diseases, cell dose was the only unit-related
factor for OS, EFS, engraftment, acute GVHD, and TRM
indicating that improvement could be obtained by further
increase of the cell dose, especially in adults. None of the
unit-related factors was predictive of outcomes in the non-
malignant disorders probably due to younger age and higher
cell counts.

Despite lower release rates in recent years with the
emergence of haploidentical transplants, 6% of the network
inventory were released over the 10-year study period and
2.7% were exported (2% after 2012), reflecting the high-
quality standards of the French banked units and their
probable HLA diversity. This high release activity repre-
sented a significant source of income for the Network close
to €8500 per unit transplanted nationally and €17,000 per
exported unit.

Based on the data from the WMDA reports [39], France
maintained the greatest utilization rates (0.3–0.4% of the
Network inventory) in Europe over the last 10 years and the
highest ratio of exporting units (0.1%), promoted by high-
quality of the units facilitated by the Network, and an
exportation fee 15–20% lower than the average fee charged
by other countries (€20,000–€25,000).

Our study has limitations inherent to its retrospective
registry-based nature and the heterogenous group of dis-
eases included. Another limitation is the consequence of the
unavailability of donor’s ethnical background data due to
restrictions imposed by the French legislation. Conse-
quently, the analysis of the diversity of HLA haplotypes
available in the network inventory (including rare and eth-
nic minorities) could not be performed. Finally, with the
very strict and ambitious criteria for selecting the units
eligible to be stored, the Network had to regularly address
the economic challenges to remain viable and increase the
utilization rates of the units available in its inventory.

Like the French Network, many National banks around
the world [5, 51–58] started to question how to reach the
optimal size of their inventory in the best cost-effective way
and to reorganize their CBB networks to become econom-
ically sustainable without compromising the probability of
finding optimal grafts for their patients. Consequently, the
2018 WMDA report [39] summarizing trends in stem cell
registries in Europe, showed dramatic decrease in the
numbers of new banked unrelated UCB units, from 90,000
new CB units listed worldwide in 2010 to less than half
(40,000) in 2015, and 10,000 in December 2017.

In conclusion, despite the obvious decrease in the use of
CBT in the latest years, with the development of haploi-
dentical transplants, UCB remains an important source of
stem cells mainly in children and for patients belonging to
ethnic minorities [56, 59]. The Network still has to face two
major challenges: expanding the diversity of HLA profiles
represented in its inventory and achieving financial sus-
tainability while maintaining the same or improved quality
standards. Because all cryopreserved units are tested and
ready for immediate use, UCB is also an invaluable
resource in urgent situations as in the recent COVID-19
epidemics which resulted in a 15% increase in the number
of units released by the Network to transplant national
recipients over 2020 (82 units from January through Octo-
ber 2020 compared to 71 in the same period in 2019). Novel
approaches aiming to speed-up hematopoietic recovery
using ex-vivo expansion systems for hematopoietic stem
cells and innovative cell and gene therapies using cord
blood-derived immune cells (CAR, NK, MSC) are still
being explored for the treatment of hematological diseases
as well as autoimmune, neurological, and inflammatory
disorders, thus determining the beginning of a new era in
UCB therapy.
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