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Abstract

Background: Cord blood plays a very important role in stem cell transplantation and therapy with an emerging
implication also in regenerative medicine. The number of cells available in a single cord blood unit (CBU), in particular,
the CD344-and total nucleated cell (TNC) content influences the transplantation clinical outcome. We analysed a very
large series of CBUs, collected for private banking without any specific volume restriction, to deeply investigate the
best predictors of cord blood stem cells content.

Methods: Maternal and neonatal clinic laboratory data of a total 2583 UCBs were obtained from the InScientiaFides
cord blood bank based in Republic of San Marino. Univariate and multivariate analysis were conducted to better inter-
pret the data and to build a predictive model to select, the CBU with high CD34+- content.

Results: Our univariate analysis shows that seasonality and the geographical area affects the quality of umbilical
cord blood. Gestational age, babie’s gender and birth weight have a positive correlation with CB TNC content. The
babie’s birth weight affects positively also CD344- content and CBU volume while the cesarean delivery affect the CB
volume only. Our predictive model, based on multivariate analysis, shows that male babie’s, gestational age lower

to 39 weeks, cesarean delivery and CBUs with a content of TNC higher than 3.44 x 10® (group A) have a significant
higher CD34+ content than group B (female babie’s, gestational age higher than 39 weeks and vaginal delivery). The
group A have a 37.5% of CBUs with a concentration of CD34+ >2 x 10°, while no CBUs with high concentration of
CD344 were detect in group B.

Conclusion: This study, conducted on a very large series of CBUs without any specific volume constraint, highlighted
the prenatal and maternal factors that significantly influence the quality of the CBU collected. Specifically, it highlights
that volume is not the best predictor of CD344 CBU content; for this reason it cannot be taken into consideration
alone for the analysis of the collected samples. Our final aim is to identify relevant factors, immediately available, that
help to choice UCB with high CD34+4-cell content, especially in simultaneous deliveries.

Keywords: Umbilical cord blood, CD34+-, TNC, Volume, Predictive model, Prenatal and maternal factors, Newborn,
Transfusion

Background
The first cord blood (CB) transplant for hematopoi-
etic reconstitution, occurred 33 years ago in France for

InScientiaFides Foundation, San Marino, Republic of San Marino a child with Fanconi anemia [1] and represented the
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groundwork for CB positioning as alternative source of
stem cells. Nowadays, CB plays a very important role in
stem cell transplantation and cell therapy, with an emerg-
ing implication also in regenerative medicine. Recent
studies showed how umbilical stem cells exerted thera-
peutic effects also for the treatment of autism [2], type 1
diabetes [3], acquired sensorineural hearing loss in chil-
dren [4] and cerebral palsy [5]. Beside the well-known
advantages related to the use of CB, this source of hemat-
opoietic stem cells (HSC) contains a higher proportion
of primitive HSC, resulting in longer lasting potency and
long-term reconstitution [6]. Clinical outcomes after
cord blood stem cell transplantation are influenced by
the number of cells available in a single cord blood unit
(CBU), in particular of CD34+, CD45+ and total nucle-
ated cell (TNC). Some national networks or public banks
have adopted a fixed threshold for CB volume to deter-
mine the best CBU: most institutions for example discard
units with a volume lower than 60 to 80 mL. Actually, is
a matter of debate whether the volume of a cord blood
is the best predictor for HSC content. In fact, in reports
where CB were collected and analysed irrespective of
their initial volume, as performed in autologous and
family-related context, some smaller collection showed
more stem cells than a slightly larger one. For this reason,
it is important to widen the analysis of predictive factors
to have access to CBU endowed with adequate reconsti-
tuting/cellular potential. With respect to TNC content,
international institutes adopt a range of CBU eligibility
ranging from 5 x 10° to 10 x 10® [7, 8]. In recent years,
several private structures have started cord HSC pro-
grams of conservation for autologous use (or extended
for family use) for future treatments. In this case, the
retention policies are less stringent. In unrelated alloge-
neic setting, recent reports indicate that a dose ranging
for 1.0 x 10° to 1.2 x 10°/kg CD34+-cells or higher con-
fers to CBU the capacity to reconstitute stable haemat-
opoiesis after transplantation [9, 10]. For autologous CB
the safe minimum dose of CD34+-cells is unknown but,
due to the lack of histocompatibility diversities, is sup-
posed to be less than that for allogeneic transplantations.
Previously, we observed that volume is a less important
predictor than TNC for CD34+ cell content and may not
be used as a selection criterion [11]. In order to estab-
lish a CBU quality, the number of CD34+and TNC cells
in each CBU represent well defined predictors but also
maternal and neonatal factors should be evaluated for
a more accurate quality prediction of individual CBU,
also considering future perspectives where CBU might
be used in autologous or family related settings for new
therapeutic indications. In this report, we analysed a very
large series of CBUs, collected for private banking (autol-
ogous and family related), without any specific volume
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restriction, to deeply investigate the best predictors of
stem cells taking also into account some maternal and
neonatal factors such as: maternal age, gestational period,
mode of delivery (vaginal vs. cesarean delivery), baby’s
birth weight, infant’s gender, birth season, geographical
area of birth, and child blood group. The present study
gives a complete univariate and multivariate analyses of
predictors on very large series of CB collection and, dif-
ferently from the majority of previous studies in this field,
is not affected by a preset volume restriction.

Methods

CBU selection and collection

For this study, a retrospective analysis of 2583 processed
samples was performed from July 2016 to June 2021
(study sample); 180 CBUs collected from July 2021 to
December 2021 were analyzed to test a predictive model
(test sample). In study sample we assessed volume and
cell number during time which were found homogenous
considering collections of the first 2 years and of the last
2. The samples were collected in various Italian (birth
units) collection points, in both private and public hos-
pitals and subsequently shipped with a dedicated courier
for the transport of organs and tissues at a controlled
temperature and then processed at the InScientiaFides
cord blood bank (CBB) based in Republic of San Marino
(accredited FACT-NETCORD on 5 October 2012). All
pre and post-natal data, together with those related to
the CBU have been made available by the Foundation
InScientiaFides (non-profit organization which operates
in the Republic of San Marino) that promotes research
in the field of stem cell procurement and conservation.
All participants provided a written informed consent.
Parents were given a kit, complete with all the material
necessary for the collection of the CB. The collection kits
are produced and packaged in compliance with the Ital-
ian Ministry of Health rules for the safety and transport
of infected materials and diagnostic samples. The kit
components are certified according to directive 93/42/
EEC implemented in Italy with legislative decree 46/97.
CB collections were performed by trained collection staff
using either in-utero or ex-utero collection procedures.
At the time of collection, the umbilical cord was stabi-
lized and sterilized with Neoxinal 0.05%; (Nuova Farmec,
Settimo di Pescantina (VR), Italy). The umbilical vein
was punctured with a 12-gauge needle attached to the
collection bag containing 21 mL of CPD anticoagulant
(Maco Pharma, Mouvaux, France). The CB was drained
by gravity into the collection bag and gently rocked on a
rotating scale to ensure adequate mixing. Differences in
collection for the two delivery modalities were the fol-
lowing: the collection of the UC in utero involves the
positioning of clamps on the UC at a distance of 5 cm
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from the newborn. The bag was positioned at a lower
level to ensure blood flow until it was stopped. Then, the
procedure was repeated with the second needle, chan-
neling the umbilical vein at the highest point of the UC,
closer to the placenta. The collection of cord blood with
placenta ex utero instead involves the removal of the
placenta from the uterus and its positioning in a sterile
container. The UC was placed downwards to exploit the
force of gravity and the cord was punctured at multiple
sites using both needles. For both delivery modalities, the
UC was repeatedly milked after venipunctures. The sam-
ple was placed in the refrigerated kit (Dryce, Milan, Italy),
validated for maintenance the temperature between 2
and 8°C for at least 60 h and then sent to the CBB.

The shipping time, on average, was 35 h 60 min, while
the entire average processing time was 43 h 56 min, never
exceeding 72 h, as required by the Italian law “State-
Regions Agreement April 2011” and the FACT-NET-
CORD provisions.

CBU processing

The processing of the samples took place in a clean room
(Grade B GMP classification) while the collection bag was
opened under a sterile hood in laminar flow conditions.
All CBUs were processed by manual method which pro-
vides the red blood cell depletion and plasma reduction
as previously reported by Page et al. 2014 [12]. Briefly, the
CBU treatment begins with the isolation of the bufty coat
(BC) fraction by transferring the bag content in a suit-
able number of 50 mL tubes (Euroclone, Pero, Italy) using
a 50 mL syringe with a G18 needle and subsequently
centrifuged at 3500 rpm for 12 min with acceleration
value=2 and braking value=0 in a Eppendorf centri-
fuge 5804 (Eppendorf SE, Hamburg, Germany). After the
separation of the components, the plasma was removed
with a 10 mL syringe (RAYS S.PA., Osimo, Italy) and
the BC collected using a pasteaur pipette; then, BC was
inserted into another 50 mL tube until a volume of 20 mL
was reached. TNC and CD34+ were enumerated in the
BC to determine final cell count recovery. This process-
ing method allowed the average recovery of 70% TNC,
80% CD34+ and 70% removal of red blood cells RBC.
DMSO/Dextran (10% dimethyl sulfoxide in 5% dextran
40, WAK-Chemie Medical GmbH, Steinbach/Ts, Ger-
many) was added as a cryoprotectant and the product
was cryopreserved by controlled rate freezing in a 25mL
double-compartment cryopreservation bag (Pall Corpo-
ration, Covina, CA). Cryopreserved CBUs were stored in
air phase of liquid nitrogen.

CBUTNC count
TNC analyses were performed through an automated
haematology system (ADVIA-2120, Siemens Healthcare
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Diagnostics, Munich, Germany), which is based on per-
oxidase staining to provide white blood cell (WBCs)
counts. Leukocyte count, RBC, hemoglobin (Hb), hema-
tocrit, mean RBC volume, average Hb content in RBC,
RBC distribution width, platelets (PLT) count, mean
volume of PLT, distribution width of PLT, and nucleated
RBC were analyzed. Differential WBC count included
lymphocytes, monocytes, neutrophils, eosinophils, baso-
phils and large unstained cells. CBU’s TNC counts were
obtained by multiplying the absolute WBC counts by
CBU volumes.

CBU CD34+ cell count and viability

Quantification of CD34+- cells was performed with a BD
FACSCanto " II flow cytometer using reagents of BD
Stem Cell Enumeration Kit (BD Biosciences, San Jose,
CA). This kit uses a combination of CD45 FITC antibod-
ies (clone 2D1), and CD34 PE (clone 8G12). The assay
simultaneously enumerates the total viable dual-positive
(CD45+/CD34+) hematopoietic stem cells giving an
absolute count of CD34+ cells/uL and the percentage of
viable CD45+ /CD34+cells. Dead cells were excluded
from the count by co-staining with 7-aminoactinomycin-
D (BD Biosciences, San Jose, CA).

ABO group Rh type confirmation

DiaClon ABD-Confirmation was used for the ABO/
RhD blood group control of CB units (DiaMed
GmbH,Cressier, France). Brefly, 50 uL of whole blood
has been added to 0.5 mL of diluent (DiaMed GmbH,
Cressier, France) in a 1.5 mL tube. Subsequently, 12.5 pL
of suspension has been withdrawn and pipetted into the
microtubes of the ABD cards containing the monoclonal
antibody. After centrifugation, (10 min) ABD cards were
analysed and blood group determined according to the
manufacturer’s instructions.

Statistical analysis

For the statistical analysis of predictors (independent
variables) for distinct CD34+ and TNC targets (depend-
ent variables), the age of the mother, the type of birth,
the age of gestation (a term pregnancy was considered in
the range of 37—41 weeks), the birth weight of the new-
born, the volume of CB (intended as the sum of CB vol-
ume and anticoagulant), the blood group of the newborn,
the geographical area of birth, the birth season and the
sex were processed. In a first set of analysis, all continu-
ous and dichotomic independent variables were evalu-
ated. Linear regression and one-way analysis of variance
(ANOVA) followed by Tukey’s honest significant differ-
ence post hoc test (p<0.05) were used. Two multivariate
analysis models were then conducted using the number
of CD34+and TNC as independent variables, against all
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other dependent variables using multiple linear regres-
sion analyses. Moreover, based on multivariate results for
CD34+ content, we built a predictive model stratifying
the test samples (see “CBU selection and collection”) in
two groups: group A (male babie’s, gestational age lower
to 39 weeks, cesarean delivery and CBUs with a content
of TNC higher than 3.44 x 10 this TNC threshold was
chosen considering the median value of the study sam-
ple) and group B (female babie’s, gestational age higher
than 39 weeks, vaginal delivery and a count of CBUs TNC
lower to 3.44 x 10%). Data were analyzed using the Stu-
dent’s t-test to check for a significant difference between
groups (p<0.05). All descriptive data were presented as
mean, median, range and standard deviation. Univariate
and multivariate regression analysis as well as compari-
sons by one-way ANOVA and Student’s t-test were car-
ried out by Minitab® 16.2 (RMIT University, Melbourne,
Australia).

Results

CBUs characteristics

The analyses of CBUs collected and processed at InSci-
entiaFides from July 2016 to June 2021 (study sample)
demonstrated that 1319 (51.06%) of the CBU collected
derived from males, while the remaining 1264 (48.93%)
from females. Furthermore, the majority of samples
resulted from vaginal 1555 (62.95%) compared to 941
(36.43%) of caesarean deliveries, respectively, with a

Table 1 Clinical characteristics of maternal and infant CBU
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median birth weight of 3.17 kg (range 1.02-5.04 kg;
mean 3.29+1.23). The majority of pregnant women
give birth at 39 (median value with a range 30-45;
mean 39.09 £ 1.34) weeks of gestation with a median
age of 38 years (range 20—58 years, mean 37.56 £ 5.42).
The demographic Italian analysis showed that 1054
(40.81%) of the samples come from the north of Italy,
while 719 (27.84%), 554 (21.45%), and 256 (9.81%) from
the center, south and islands, respectively. In addi-
tion, the birth distribution of our series in the vari-
ous seasons was 600 (23.23%) in winter, 721 (27.91%)
in autumn, 632 (24.47%) in spring and 633 (24.51%) in
summer (Table 1).

The clinical characteristics of the samples were the
following: the CBUs collected had a median volume
of 72 mL (range 15-205 mL; mean 74.46+26.54)
with a median time to processing from birth to freez-
ing of 43 h (range 6-127 h; mean 43.67 +14.66). After
processing, the CBUs median TNC and CD34+ con-
tent were 3.44 x 10® (range 2.40 x 10° — 18.83 x 10°,
mean 3.86x10°+£2.14) and 7.69 x10° (range
2.40 x 10°~1.35 x 10’; mean 1.14 x 10°+1.18), respec-
tively. Post-process CD34+ viability was, on overage,
95.10% while the analysis of CB blood group showed
that 1143 (44.25%) babies had 0 blood group respect to
the 954 (36.93%), 280 (10.84%) and 84 (3.25%) A, B, and
AB group, respectively (Table 2).

N (%) Median (range) Mean (+-SD)

Number of CBU collected 2583 (100%)
Babies'gender

Male 1319 (51.06%)

Female 1264 (48.93%)
Infant gestational age (weeks) 39 (30-45) 39.09 (£1.34)
Maternal age (years) 38 (20-58) 37.56 (£542)
Birth weight (kilograms) 3.17(1.02-5.04) 329 (+1.23)

Type of delivery

Caesarean 941 (36.43%)

Vaginal 1555 (62.95%)
Geographical birth area (Italy)

South 554 (21.45%)

Islands 256 (9.91%)

Center 719 (27.84%)

North 1054 (40.81%)
Season of birth

Spring 632 (24.47%)

Summer 633 (24.51%)

Autumn 721 (27.91%)

( )

Winter 600 (23.23%
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Table 2 Characteristics of the processed cord blood units
including post-processing cellular content

N (%) Mean (:=SD) Median (range)

Number of CBU
collected

2583 (100%)

Collection volume 7446 (£26.54) 72 (15-205)

(mL)

Time to processing
from birth to freez-
ing (hours)

CBUTNC count
(x 109

CBU CD34+4 count
(x 109

CD34™ Viability (%)

Blood group of
babies:

A 954 (36.93%)
B 280 (10.84%)
0 1143 (44.25%)
AB 84 (3.25%)

43.67 (£14.66) 43 (6-127)

3.86 (+£2.14) 344 (0.002-88.3)

1.14 (£1.18) 0.769 (0.0002-13.5)

95.10

Post process CBU analyses
A first set of single-regression analysis strongly confirms
in our large-series CBU (study sample) the correlation
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previously reported by us [11] between CBU TNC
and CD34+ (r=0.5368, p<0.001), TNC and CBU vol-
ume (r=0.5149, p<0.001) and between volume and
CD34+ (r=0.3175, p<0.001). A regression analysis
between CD45+4 cells and TNC count was performed to
confirm the accuracy of our TNC count, showing high
correlation with TNC (r=0.8022, p <0.001) (Fig. 1).

Maternal and prenatal data analyses

Taking into account the gestational age, we found a
positive correlation with CBU TNC content (r=0.0213,
p=0.0001) while no correlations were found with
CD34+ and volume (r=0.00008, p =0.65; and r =0.0008,
p=0.15, respectively). Under 39 weeks of gesta-
tional age we had an average CD34+4/TNC content of
1.28 x 10°/361 x 10°, while over 39 weeks we observed a
CD34+ /TNC content of 1.1 x 10%/401 x 105, respectively
(p=0.043 for CD34+and p <0.0001 for TNC). No corre-
lations were obtained for TNCs and CD34+ content with
mother age (r=0.0006, p=0.198; r=0.002, p=0.442,
respectively) while significant was the correlation with
volume (r=0.0024, p=0.013,) and mother age. Then,
we confirmed the correlation between birth weight and
CD34+ (r=0.0772, p<0.005), also showing significant as
well as correlation of birth weight with TNC and volume
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Fig. 1 Correlation among the UCB characteristics (N = 2583). Significant positive correlation were observed between (A) CD34+ and TNC
(r=0.5368; p<0.001); (B) volume and TNC (r=0.5149; p <0.001); (C) volume and CD34+ (r=0.3175; p<0.001); (D) Positive correlation observed
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(r=0.1152, p<0.005 and r=0.1024, p<0.005, respec- (3.97 x 108+2.2 x 10%) showed a higher TNC content
tively) (Fig. 2). than males (3.75 x 108 £2.2 x 10®). Concerning the type

One-way ANOVA analyses showed that child gen- of delivery, it influences CBU volume only: cesarean
der affects CBU TNC content while birth modality deliveries showed higher volumes (79.76 mL 428 mL)

affects only the CBU volume. Particularly, females compared to vaginal (71.06 mL +24.47 mL) (Fig. 3).

A B
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E 3 100
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Fig. 2 Correlation among the UCB characteristics (N=2583) and obstetrics and neonatal factors. Significant positive correlation were observed
between (A) TNC and gestational age (r=0.0213; p<0.0001); birth weight and volume (B) (r=0.1024; p <0.0001);, TNC (C) (r=0.1152; p<0.0001)
and CD34+ (D) (r=0.0772; p<0.0001)
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Fig. 3 Relation between babies gender and type of delivery with UCB volume and TNC. One-way ANOVA analysis (using Tukey Method post
hoc test) showed that child gender affects TNC content (A) while birth modality affects the volume (B). Particularly females showed a higher TNC
content than males (A) and the cesarean delivery (B) showed more abundant volumes compared to vaginal. All reported values are expressed as
mean = standard deviation (**p < 0.005; **** p<0.0001)
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The blood group of the child did not show any cor-
relation with sample characteristics considering TNC,
CD34+ and CBU volume (Data not shown).

Seasonal and geographical data analyses

The birth seasonal analyses demonstrated that
the CBU volume collected in winter and autumn
(76.71 mL £ 28.23 mL for winter and 75.63 mL 4= 25.84 mL
for autumn, on average) are more abundant than those
collected in the hot months (71.74 mL+24.12 mL for
spring, and 73.82 mL=£26.11 mL for summer, on aver-
age) (Fig. 4). No significant differences were observed
in TNC and CD34+ amount during the seasonal analy-
sis. Finally, the evaluation of Italian geographical area
showed (Fig. 4) that samples collected in the middle-
south have higher volumes and higher TNC/CD34+ con-
tent than those of north area. For CBU collected in
islands, we did not observe any significant difference for
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TNC and CD34+ counts as compared to the rest of Italy,
while lower volumes were observed as compared to CBU
collected in the middle-south.

Multivariate analyses

In order to determine the best predictor of CBU qual-
ity, a multivariate analysis was performed taking into
account the influence of maternal, pre and postnatal data,
as well as geographical and seasonal data. As highlighted
in Table 3, the independent variables explain 71% of the
variability of the content of TNC (p =0.000).

The content of CD34+ (p=0.000) and volume
(p=0.000) are the main factors that positively influ-
enced the CB TNC content, as well as delivery method
(p=0.000), gestational age (p =0.000) and babie’s gender
(p=0.000), (vaginal higher than cesarean, higher gesta-
tional age higher than lower, females higher than males).
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Fig. 4 Correlation among the UCB characteristics and seasonal and geographical data. One-way ANOVA analysis (using Tukey Method post hoc
test) showed that CBU volume collected in winter and autumn are more abundant than those collected in spring. No significant differences
were observed between UCB collected in summer and those collected in other months (A). CBU collected in central-southern Italy showed
higher volumes (B) and higher TNC/CD34+ content (C, D) than those of northern Italy. For CBU collected in italian islands we did not observe
any significant difference as compared to the rest of the country in terms of volume and TNC/CD34+. All reported values are expressed as
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Table 3 Clinical characteristics predictive of TNC content in
multiple regression analyses

Donor-related variables Standardized t p value
coefficients 3
Sex? —0.06 —6.08 0.000
Gestational age 0.15 14.01 0.000
Delivery method® 0.10 830 0.000
Volume 045 35.16 0.000
Geografical area“ 0.00 0.13 0.899
CD34+ 0.49 37.74 0.000
Season? 000 - 027 0.790
Mother age 0.01 0.71 0478
Birth weight —0.01 — 048 0.633

Significant correlation are shown in bold

@ Female as the reference group

b Cesarean delivery as the references group
€ South as the references group

4 Winter as the references group

The independent variables considered in multiple regres-
sion explain 56% of the variability of the CD34+ content
(p=0.000). TNC count represents the most important
variable that influenced the CD34+- cells. The gestational
period had negative correlation with the CD34+ cell con-
tent (p=0.000). Concerning type of delivery (p=0.004)
and babie’s gender (p=0.000), we found that cesarean
delivery and male infants increase the CD34+ cells con-
tent (Table 4).

In order to validate our results, a predictive model
based on results of our multivariate analyses was built
using the CBUs data collected from July to December

Table 4 Clinical characteristics predictive of CD34+4 content in
multiple regression analyses

Donor-related variables Standardized t p value
coefficients 8

Sex? 0.07 5.14 0.000
Gestational age —0.09 —6.23 0.000
Delivery method® — 004 —291 0.004
Volume 0.02 091 0.362
Geografical area® — 001 —0.91 0.364
TNC 0.74 37.01 0.000
Season? 0.00 - 021 0831
Mother age —0.02 —132 0.189
Birth weight 0.02 1.48 0.140

Significant correlation are shown in bold

@ Female as the reference group

b Cesarean delivery as the references group
€ South as the references group

dWinter as the references group
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2021 (test samples; see Materials and Method). T- stu-
dent test results highlighted that CD34+ content of
group A (male babie’s, gestational age lower to 39 weeks,
cesarean delivery and CBUs with a content of TNC
higher than 3.44 x 10®) was significant higher than group
B (female babie’s, gestational age higher than 39 weeks,
vaginal delivery and a count of CBUs TNC lower to
3.44 x 10%) (t-value=7.18; p <0.00001); in addition 37.5%
of CBUs had a CD34-+ content >2 x 10° in group A, while
no CBUs with a content of CD34+ >2 x 10° was detected
in group B (Table 5).

Prediction of CD34+ content can also occur when
we excluded TNC count from the above mentioned
model. Excluding TNC from the model we have access
to a cheaper prediction (this prediction may be obtained
prior to delivery and avoiding CB collection and TNC
count) that, unfortunatly, is characterized by a lower pre-
diction potency (in this case the average CD34+- cell con-
tent was 1.12 x 10° for group A and 0.97 x 10° group B
respectively; p=0.0459).

Discussion

To date, the success of a transplant strongly depends
on the injected cell dose. CB stem cells have a several
strengths: immediate availability, low risk of graft versus
host disease and an adequate level of hematopoietic pro-
genitor cells. For these reasons, cord blood represents an
alternative source to bone marrow and peripheral stem
cells, albeit with a smaller quantity of cells. Investigators
suggest some ways to solve this problem: (1) screening
and selection cell-rich CB for public banks, (2) choos-
ing the optimal methods to collect, (3) increasing the
recovery rate of CB in processing, and (4) promoting an
ex vivo expansion of CB stem cells. Numerous studies
have been carried out with the aim to identify the fac-
tors that influence the cord blood sampling and therefore
the content of stem cells. In this retrospective study, we
examined a very large series of CBUs, collected in Italy
for private banking without any specific volume restric-
tion, to deeply investigate the best predictors of stem cell

Table 5 Application of the predictive model on the test CBU

sample

Group A (+SD) Group B (£SD) pvalue
N° 36 144 -
CD34+mean (x 109 163 (£0.78) 044 (£0.27) <0.00001
CD34+ median (x 10° 154 (0.22-809)  0.35 (0.04-1.71)
Frequency of CBwith ~ 37.5% 0% -

CD344 >2x 10°

Comparison of CBU of group A (male babie’s, gestational age lower to 39 weeks,
cesarean delivery and CBUs with a content of TNC higher than 3.44 x 10%) versus
group B (female babie’s, gestational age higher than 39 weeks, vaginal delivery
and a count of CBUs TNC lower to 3.44 x 10%)
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content, taking into account some maternal and neona-
tal factors such as: maternal age, gestational period, type
of delivery, baby’s birth weight, infant’s gender, birth
season, geographical birth area and child blood group.
Worldwide, CB banks adopt multiple criteria of selection,
including TNC count and volume of collected CBUs.
The threshold for volume ranges between 60 and 80 mL:
in this way, only CBUs with a higher volume were ana-
lysed and enrolled based on the number of TNCs. Actu-
ally, higher CB volumes appear as a good predictor of
CD34+cell content in collection series with a volume
higher than 80 mL, also in multivariate analysis [12].
However, for a better understanding of independent fac-
tors influencing CB TNC/CD34+cell content in large
series, CB volume restrictions or stratifications during
analysis could affect or weaken the impact of all analysed
variables. In a first set of analyses, we performed uni-
variate linear regression that shows as several maternal,
obstetric, and neonatal factors were related to the TNC
and CD34+ content of CBU. This data show a signifi-
cantly higher TNC count in heavier babies. In particular,
the increase of one kg of baby weight seems to increase
of around 7.66 x 10’ CD34+ content, of 19.5 mL vol-
ume and of 2.00 x 108 TNC [13, 14]. Like Sparrow et al.
[15], we report a significantly higher CB volume in cae-
sarean compared to vaginal deliveries. On the contrary,
delivery modality does not influence the content of TNC
and CD34+, at variance with univariate results reported
by Mohyeddin et al. in a very small series where vaginal
deliveries lead to an increase in TNC content [14]. In
accordance with our findings, Ballen et al. [16] showed
that newborns with longer gestational age had higher
TNC counts but lower CD34+ cells at univariate regres-
sion analyses. Our univariate data also show that the
female babies had more TNC content than male babies.
A very slight correlation between mother age and the
CBU volume was observed, even though age does not
affect the CBU TNC/CD34+ content. In our univari-
ate analyses, the UCB collected in the months of winter
and autumn have higher volumes than those collected in
spring and summer. We also demonstrated that the sam-
ples collected in central-southern Italy have higher CBU
volumes and higher TNC/CD34+ content than those of
northern Italy, while for CBUs collected in Italian islands
no significant differences were observed for TNC and
CD34+ content. This phenomenon was then explained
by our multivariate analysis that identifies cesarean deliv-
ery as significant independent factor: in fact, in south
and center of Italy we have observed a significantly
higher frequency of cesarean deliveries (data not shown).
The relations between obstetric and neonatal factors
and CBU cell composition were further investigated
on a multiple regression analyses. By the multivariate
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approach, gestational age, CB volume, babies’ gender and
type of delivery show a significant positive influence on
the TNC content accordingly to Wen et.al [13]. Recent
reports indicate that a dose of 1.0 x 10° or 1.2 x 10°/kg
CD34+ cells or higher confers to CBU the capacity to
reconstitute stable haematopoiesis after transplantation
[9, 10]. Hence, considering the relevance of CD34+for
engraftment, we focused our attention on relations
between them and obstetric and neonatal factors. In
reference to this, male babies, short gestational age and
cesarean delivery significantly increase CD34+UCB
content in our multivariate approach. Thus, a predictive
model based on these criteria was applied on a second
CBU sample (test sample) to assess its ability to select
CBU with high CD34+- cell content. As a result, we found
that group A of CBU including male babie’s, gestational
age lower than 39 weeks, cesarean delivery had a very
higher CD34+ content as compared to group B (female
babie’s, gestational age higher than 39 weeks and vagi-
nal delivery). A cheaper and immediate prediction may
be also obtained excluding TNC from the model (this
approach avoids CB collection and TNC count) but
with lower performances (see results). Reportedly, Mail-
lacheruvu PF et al. [17] claimed the gravity as positive
influencer of blood/CD34+ collection in cesarean deliv-
eries. Moreover, a faster manual extraction of the pla-
centa may reduce the chance of clot formation in UCB
[18]. As to the gestational age as predictor, in not so
trivial to hypothesize that CD34+ recirculation is higher
in younger newborns, as a possible physiological mecha-
nism of stem cells redistribution. Male gender has been
identified as a favorable condition for UCB CD34+ cell
collection due to a possible influence of a larger haema-
topoiesis cell mass in males and of genetic mechanisms
that regulate to its maturity, size and recirculation of
the stem cells pool [19]. Finally, if we refer to unrelated
UCB collection where a CD34+cell content>2 x 10°
is recommended, our data suggest a possible selection
approach based on a gestational age <39 weeks and TNC
content >680 x 10°. Combining these selection criteria,
the data from our series indicated the possible collec-
tion of UCB with a mean CD34+ content of 3.19 x 10°
(median 2.77 x 10°) with a 70% frequency of UCB with a
CD34+ content > 2 x 10°,

Conclusion

This study, conducted on a very large series of CBUs
without any specific volume constraint, highlighted the
prenatal and maternal factors that significantly influence
the quality of the collected UCBs. Specifically, it demon-
strated that volume does not represent the best predic-
tor of CBU quality and, for this reason, it cannot be taken
into consideration alone for the choice of the CB sample
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to be collected. Our final aim is to identify relevant fac-
tors, immediately available, that help to choice UCB with
high CD34+cell content, especially in simultaneous
deliveries. Thus, the best scenario for UCB collection is
male baby, a gestational age < 39 weeks, a caesarean deliv-
ery and the cheap and fast evaluation of a TNC content
high than 3.44 x 10%. Limiting discussion to unrelated
UCB collection, our data suggest a reasonable strategy
to harvest CD34-rich UCB in mother with gestational
age <39 weeks when TNC are > 680 x 10°.

Abbreviations

CBU: Cord blood unit; UC: Umbilical cord; TNC: Total nucleated cell; CB: Cord
blood; HSC: Hematopoietic stem cells; CBB: Cord blood bank; BC: Buffy coat;
WBC: White blood cell; RBC: Red blood cells; PLT: Platelets.

Acknowledgements
Not applicable.

Author contributions

SF, LP collected the clinical data. SF, AL, GL, PL, PL contributed to data analysis.
SF, LP analyzed results, planned the study and wrote the manuscript. All
authors critically revised the manuscript and approved the final version.

Funding
Not applicable.

Availability of data and materials
The datasets used and/or analysed during the current study are available on
request, by contacting the corresponding author.

Declarations

Ethics approval and consent to participate

All participants provided written informed consent prior to the data analyses.
Consent for children data analyses were provided by parents/guardians.

The study protocol was reviewed by InScientiaFides Foundation (document
No. 00001/3/21). All methods were carried out in accordance with relevant
guidelines and regulations.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
'InScientiaFides Foundation, San Marino, Republic of San Marino. zDepart—
ment of Experimental Medicine, Sapienza University, Rome, Italy.

Received: 15 March 2022 Accepted: 3 May 2022
Published online: 11 June 2022

References

1. Gluckman E, Broxmeyer HA, Auerbach AD, Freidman HS, Douglas GW,
Devergie A, et al. Hematopoietic reconstitution in a patient with Fanconi’s
anemia by means of umbilical-cord blood from an HLA-identical sibling. N
Engl J Med. 1989. https://doi.org/10.1056/NEJM198910263211707.

2. Dawson G, Sun JM, Davlantis KS, Murias M, Franz L, Troy J, Simmons R,
Sabatos-DeVito M, Durham R, Kurtzberg J. Autologous cord blood infusions
are safe and feasible in young children with autism spectrum disorder:
results of a single-center phase | open-label trial. Stem Cells Trans| Med.
2017. https;//doi.org/10.1002/sctm.16-0474.

Page 10 of 10

3. StinerR, Alexander M, Liu G, Liao W, LiuY, Yu J, Pone EJ, Zhao W, Lakey JRT.
Transplantation of stem cells from umbilical cord blood as therapy for type |
diabetes. Cell Tissue Res. 2019. https://doi.org/10.1007/500441-019-03046-2.

4. Baumgartner LS, Moore E, Shook D, Messina S, Day MC, Green J, Nandy R,
Seidman M, Baumgartner JE. Safety of autologous umbilical cord blood
therapy for acquired sensorineural hearing loss in children. J Audiol Otol.
2018. https://doi.org/10.7874/ja0.2018.00115.

5. SunJM, Song AW, Case LE, Mikati MA, Gustafson KE, Simmons R, Goldstein R,
Petry J, McLaughlin C, Waters-Pick B, Chen LW, Wease S, Blackwell B, Worley
G, Troy J, Kurtzberg J. Effect of autologous cord blood infusion on motor
function and brain connectivity in young children with cerebral palsy: a
randomized, placebo-controlled trial. Stem Cells Transl Med. 2017. https//
doi.org/10.1002/5ctm.17-0102.

6.  Gluckman E, Ruggeri A, Volt F, et al. Milestones in umbilical cord blood
transplantation. Br J Haematol. 2011. https://doi.org/10.1111/j.1365-2141.
2011.08598 x.

7. Guidance for Industry. Minimally manipulated, unrelated allogeneic pla-
cental/umbilical cord blood intended for hematopoietic reconstitution for
specific indications. October 2009. Blood/UCM187144.pdf.

8. Italian Conference between State and Regions and the Autonomous
Provinces of Trento and Bolzano. Accordo, ai sensi dellarticolo 6, comma 1,
del decreto legislativo 6 novembre 2007, n. 191, tra il Governo, le Regioni e
le Province autonome di Trento e Bolzano sul documento recante: «Linee
guida per I'accreditamento delle Banche di sangue da cordone ombelicale».
(Rep. Atti n. 75/CSR del 20 aprile 2011). 2011

9. Matsumura T, Kami M, Yamaguchi T, et al. Japan Cord Blood Bank Network
Allogeneic cord blood transplantation for adult acute lymphoblastic leuke-
mia: retrospectivesurvey involving 256 patients in Japan. Leukemia. 2012.
https://doi.org/10.1038/leu.2012.11.

10. PetzL, Jaing TH, Rosenthal J, et al. Analysis of 120 pediatric patients with
non malignant disorders transplanted using unrelated plasma-depleted
or -reduced cord blood. Transfusion. 2012;52:1311-20. https://doi.org/10.
1111/].1537-2995.2011.03452.x.

11. Mazzocchettl D, Berti AM, Sartini R, Lucarini A, Ragusa G, Caroli M, Pierelli L.
Total nucleated cells as a sole predictor of distinct targets of hematopoietic
potential (CD34+4 cells) in cord blood units: the results of a large series
analysis in autologous cord blood units. Transfusion. 2014. https://doi.org/
10.1111/trf.12458.

12. Page KM, Mendizabal A, Betz-Stablein B, Wease S, Shoulars K, Gentry T, Rasad
VK, Sun J, Carter S, Balber AE, Kurtzberg J. Optimizing donor selection for
public cord blood banking: influence of maternal, infant, and collection
characteristics on cord blood unit quality. Transfusion. 2014. https://doi.org/
10.1111/trf.12257.

13. Wen SH, Zhao WL, Lin PY, Yang KL. Associations among birth weight,
placental weight, gestational period and product quality indicators of
umbilical cord blood units. Transfus Apher Sci. 2012. https://doi.org/10.
1016/].transci.2011.10.031.

14.  Mohyeddin Bonab MA, Alimoghaddam KA, Goliaei ZA, Ghavamzadeh AR.
Which factors can affect cord blood variables? Transfusion. 2004. https://doi.
org/10.1111/j.1537-2995.2004.03227 x.

15. Sparrow RL, Cauchi JA, Ramadi LT, et al. Influence of mode of birth and collec-
tion on WBC yields of umbilical cord blood units. Transfusion. 2002;42:210-5.

16. Ballen KK, Wilson M, Wuu J, Ceredona AM, Hsieh C, Stewart FM, Popovsky
MA, Quesenberry PJ. Bigger is better: maternal and neonatal predictors
of hematopoietic potential of umbilical cord blood units. Bone Marrow
Transplant. 2001;27:7-14.

17. Maillacheruvu PF, Engel LM, Crum [T, Agrawal DK, Peeples ES. From cord to
caudate: characterizing umbilical cord blood stem cells and their paracrine
interactions with the injured brain. Pediatr Res. 2018,83(1-2):205-13.

18. Nunes RD, Zandavalli FM. Association between maternal and fetal factors
and quality of cord blood as a source of stem cells. Rev Bras Hematol
Hemoter. 2015;37(1):38-42.

19. Bijou F, Ivanovic Z, Fizet D, Dazey B, Boiron JM, Lafarge X. Neonatal sex
and weight influence CD34(+) cell concentration in umbilical cord blood
but not stromal cell-derived factor 1-3'A polymorphism. Cytotherapy.
201517(1):68-72.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1056/NEJM198910263211707
https://doi.org/10.1002/sctm.16-0474
https://doi.org/10.1007/s00441-019-03046-2
https://doi.org/10.7874/jao.2018.00115
https://doi.org/10.1002/sctm.17-0102
https://doi.org/10.1002/sctm.17-0102
https://doi.org/10.1111/j.1365-2141.2011.08598.x
https://doi.org/10.1111/j.1365-2141.2011.08598.x
https://doi.org/10.1038/leu.2012.11
https://doi.org/10.1111/j.1537-2995.2011.03452.x
https://doi.org/10.1111/j.1537-2995.2011.03452.x
https://doi.org/10.1111/trf.12458
https://doi.org/10.1111/trf.12458
https://doi.org/10.1111/trf.12257
https://doi.org/10.1111/trf.12257
https://doi.org/10.1016/j.transci.2011.10.031
https://doi.org/10.1016/j.transci.2011.10.031
https://doi.org/10.1111/j.1537-2995.2004.03227.x
https://doi.org/10.1111/j.1537-2995.2004.03227.x

	Predictors of cord blood unit cell content in a volume unrestricted large series collections: a chance for a fast and cheap multiparameter selection model
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	CBU selection and collection
	CBU processing
	CBU TNC count
	CBU CD34+ cell count and viability
	AB0 group Rh type confirmation
	Statistical analysis

	Results
	CBUs characteristics
	Post process CBU analyses
	Maternal and prenatal data analyses
	Seasonal and geographical data analyses
	Multivariate analyses

	Discussion
	Conclusion
	Acknowledgements
	References


