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Graphical Abstract

Materials and Methods: Cord blood was processed using TotiCyte,
Hydroxyethyl Starch (HES), AXP, Sepax 2 or MacoPress Smart to
allow comparison. Viability was assessed using flow cytometry for
CD45+ and CD34+. Colony Forming Unit Assays (CFU), were performed to establish post-thaw recovery.
Results: TotiCyte depleted >99% of the erythrocyte fraction while
maintaining good recovery of CD45+ and CD34+ cells. No significant
difference in viable CD34+ post-processing was evident between the
systems tested. However, post-thaw viable recovery of CD34+ cells
using TotiCyte was significantly greater (66.24% SD ± 9.9) compared
to AXP (42.42% SD ± 17.1), HES (41.05% SD ± 27.4), MacoPress
Smart (37.92% SD ± 20.9) and Sepax 2 (40.02% SD ± 14.0). CFU
assays showed a 1.4- to 1.7-fold increase of viable CD34+ cells using TotiCyte versus the other technologies. Overall, TotiCyte provided a 2.2 to 3.0-fold improvement in CD34+ cell recovery at the point
of use.
Conclusion: We provide evidence to support the use of TotiCyte as
a novel volume reduction technology capable of significantly improving CD34+ stem cell recovery.

Introduction
Stem cell transplantation has been used to great effect to treat several disease states. There are several sources of stem cells for transplantation, such as adipose, bone marrow and apheresis treated peripheral blood. However, Umbilical Cord Blood (UCB) is regarded as
the best source of stem cells due to its associated benefits, including
lower incidence of acute Graft-versus-Host Disease (GvHD), and tolerance of a partial HLA match between donor and recipient [1-3].
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However, the application of UCB transplants in larger individuals
has been constrained, by cell-dose limitations, which is regarded as
the single biggest disadvantage of using UCB [1,4-5]. To overcome
this limitation, various strategies have been suggested, including the
use of double UCB unit grafts [6-9] combining unrelated UCB with
haploidentical peripheral blood stem cells [10,11], and performing
direct infusion omitting washing steps. Some of these studies have
demonstrated positive results [12,13].
With the introduction of delayed cord clamping, which has been
shown to be beneficial for the development of both term and preterm
infants, and is now supported by the World Health Organization, The
American Academy of Paediatrics and The Royal College of Obstetricians and Gynaecologists; UCB volumes are becoming smaller. This
is likely to exacerbate cell dose constraints.
There have been several attempts to develop methods to enable
more efficient cell recoveries and improve the cryogenic storage of
UCB; however, each has drawbacks [12-21]. These methods include
whole blood storage and volume reduction techniques, that remove
either most of the erythrocyte content to isolate the buffy coat selectively (volume reduction for erythrocyte removal - VRE), or to reduce
plasma whilst retaining the erythrocyte fraction (volume reduced by
plasma removal -VRP). Whilst VRP results in minimal loss of nucleated cells, its use has been associated with transfusion related adverse
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effects [22] whilst other volume reduction methodologies document
nucleated cell losses as high as 40% [14]. In addition, all volume reduction methodologies result in significant numbers of erythrocytes
being harvested along with the white cell fraction. In some instances,
the erythrocyte content can exceed 50% of the resulting product.
In order to address these deficiencies, we developed a novel reagent,
TotiCyte, and compared its efficacy against other methodologies used
by both private and public UCB storage banks. Parameters assessed
included recoveries of various cell types (CD34+ cells, CD45+), colony forming ability by assessment of (CFU)-Granulocyte–Monocytes
(CFU-GM), CFU-Erythrocytes (CFU-E), CFU-Granulocyte–Erythrocyte–Monocyte–Megakaryocytes (CFU-GEMM), total CFU, and
haematocrit.
Overall TotiCyte appeared superior, eliminating >99% of the
erythrocyte fraction and significantly improving the recovery of viable CD34+ stem cells post thaw. This latter point is potentially the
most important improvement seen when using TotiCyte and is reflected in colony forming unit assays (CFU) widely accepted as the “gold
standard” signifying clinical utility [23].

This solution was mixed by inverting the blood bag several times.
The bag was suspended for 60 minutes to allow the blood solution
to separate by gravity. The white cell rich plasma was expelled into
the secondary bag that was centrifuged at 750 x g for 20 minutes to
sediment the cellular fraction. The plasma was expressed off leaving
between 20-25 ml in which to cell pellet was resuspend. The volume
of cells was adjusted to contain 10% DMSO (CryoSure-DEX40) prior
to controlled rate freezing at –1°C/minute.

Sepax 2 (Centrifugal-based automated device)
Sepax 2 is an automated separation system, controlled by computer software. The machine concentrates the haematopoietic stem
cell rich buffy coat from 35-290 ml of cord blood to a final volume of
10-50 ml. In this study a final volume of 20 ml was used. Each cord
blood unit was separated with a single use kit, inserted into the apparatus. Each sample was spun at 1900 x g and processed according to
the manufacturer’s instructions. As previous, pre-and post-processing
samples were acquired for downstream analysis. DMSO, to a final
concentration of 10% (CryoSure-DEX40), was added to the samples
prior to controlled rate freezing at –1°C/minute.

Materials and Methods

MacoPress smart

Fresh umbilical cord blood units combined with Citrate Phosphate
Dextrose Adenine (CPDA) (n=76) were purchased from Cells4Life
LLP and stored at 4°C upon receipt and processed in <48 hours. Sample volumes processed were optimal for each comparator system.
Prior to processing a 500 µl aliquot of whole blood was taken for
analyses and acted as the baseline for cell loss calculations. Further
samples were taken post-processing and post-thaw for comparisons
of the various technologies.

Processing Technologies and cryogenic storage

MacoPress is an automated volume reduction system utilising optics to determine the position of the erythrocyte fraction. The machine
concentrates the buffy coat from blood volumes >50 ml. In summary VRT0000XU (Top and bottom bag system Macopharma) was
connected to the collection bag via spike and the contents drained
into central bag of the three-bag system. The bag was centrifuged at
2200 x g for 18 minutes. The MacoPress parameters were then set
according to the manufacturer’s instructions to give a final volume
of 21ml. The resulting sample was adjusted to 10% DMSO (CryoSure-DEX40) prior to freezing.

TotiCyte

AXP

TotiCyte is a CE marked medical device which consists of dextran
500 (2.5% (w/v)), Dimethyl Sulfoxide (DMSO) (2.5% (v/v)) combined with phosphate buffered saline. An equal volume of TotiCyte
was added to the cord blood/CPDA mix and a second receiving bag
attached to the first. All ports were locked. The sample was mixed by
gentle inversion and the blood bag suspended from a clamp stand for
30 minutes, allowing formation of rouleaux. The blood bag was then
pressed using a Mikromatic press under manual setting. The appropriate locks were opened, and pressure applied to the cord blood bag.
The white cell rich plasma was expelled into the secondary bag. Upon
entry of the erythrocytes into the tubing, the connecting locks were
sealed. The secondary bag containing the white blood cell fraction
was centrifuged at 750 x g for 20 minutes to sediment the cellular
fraction. The plasma was expressed off leaving between 20-25 ml in
which the cell pellet was resuspend. A 500 µl aliquot was taken by
syringe and labelled post-processing. The volume of cells was adjusted to contain 7.5% DMSO (CryoSure-DEX40 - 55% w/v Dimethyl
Sulfoxide USP Grade, 5% w/v Dextran 40 USP Grade. WAK-Chemie
Medical GmbH). After cryoprotectant addition, the cord blood samples were subjected to controlled rate freezing at –1°C/minute. After
24 hours the samples were placed in liquid nitrogen for long term
storage.

The AXP platform also uses optical sensor technology to formulate precision separation and retention of the target mononuclear cell
population. The minimum volume that can be processed is 40ml.
Volume reduction was conducted as described in the manufacturer’s
instructions to give a final volume of between 20-21 ml. The resulting
sample was adjusted to 10% DMSO (CryoSure-DEX40) prior to controlled rate freezing at –1°C/minute.

HES
Hydroxyethyl starch (6% solution (Baxter, Deerfield, IL)) was
added to the cord blood/CPDA at 30% of the blood/CPDA volume.
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Haematocrit measurement
Pre- and post-processed bloods were drawn into a haematocrit
tube until the tube was approximately two-thirds full. The tube was
inverted slowly to allow the blood to migrate towards the bottom of
the tube. The base of the tube was sealed with sealant. The tube was
assessed to ensure little to no air was interspersed in the column of
blood. The tubes were centrifuged at 5000 x g for 5 minutes. Using a
ruler, the length of the column of the packed red cells was measured
and divide by the length of the whole column of blood (cells and plasma). To obtain the haematocrit, this value was multiplied by 100%.

Flow cytometry and cell enumeration
Nucleated cell recovery was assessed using Haematology Analyser (Horiba, UK) according to the manufacturer’s instructions. Flow
cytometric analysis was carried out using Becton Dickinson (BD)
FACS Caliber apparatus employing TruCount tubes. For blood samples, the gates were set based on Stem cell control CD34+ whole blood
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process control (BD Catalogue No: 340991). Samples were prepared
as follows: 100 µl blood was added to a TruCount tube containing 20
µl of CD34+/CD45+ antibody mix together with viability dye 7AAD
(5 µl). Tubes were then incubated at room temperature, in the dark for
20 min. Cells were then lysed using BD FACS lysis buffer.

Post-thaw analysis and Colony forming unit (CFU) assays
Frozen aliquots (1.5 ml) of the processed samples were rapidly
thawed at 37°C. FACS analysis was conducted to establish the number of viable CD45+ and CD34+ cells post thaw. CFU assays were
conducted to evaluate the content of the stem and progenitor cell
compartments. In the case of AXP, Sepax 2 and MacoPress Smart,
Lymphoprep was used to remove the contaminating erythrocyte fraction followed by flow cytometry to determine viable CD45+ cells post
extraction. Viable CD45+ cells were then diluted in DMEM-F12 (Gibco UK) containing 2% foetal bovine serum (Gibco UK) to a final
concentration of 1.5x105 cells/ml. A 0.3ml aliquot was combined with
3ml of Methocult (StemCell, UK) according to the manufacturer’s instruction. The resulting sample was pipetted equally across two wells
of a 6-well plate. The remaining empty wells were filled with sterile
distilled water. The plates were incubated at 37°C, 5% CO2 and >95%
humidity for 14 days. The colonies were then characterised based on
morphology into: BFU-E – Burst-forming unit-erythroid. Consisting
of over 200 erythroblasts in single or multiple clusters. CFU-GM –
colony forming unit-granulocyte, macrophage. In which colonies
contain at least 20 granulocytes and or macrophages. CFU-GEMM –
colony forming unit granulocyte, erythroid, macrophage, megakaryocyte. These consist of progenitors that produce erythroblasts and at
least two other recognisable lineages. CFU-GEMM tend to produce
large colonies of >500 cells.

Data analysis
In order to determine variability, mean recoveries of CD45+ and
CD34+ for both post processing and post thaw were expressed relative
to the whole blood starting material, which was considered as 100%.
For colony forming unit assays, the assumption was made, that one
viable CD34+ was capable of generating a single colony. This allowed
a ratio of actual CFU/predicted CFU to be calculated. In order to remove bias when comparing ratios, only predicted CFU above 100
were used for downstream comparative analyses.

Statistical analysis
Test for normality was conducted using Kolmogorov-Smirnov
and Shapiro-Wilk. Outlier analysis was conducted using ROUT. For
multiple comparisons, Dunnett’s test was performed by computing a
Student’s t-statistic for each treatment, where the statistic compares
the treatment group to a single control group, in this case TotiCyte

Results
TotiCyte effectively recovers total nucleated and mononucleated cells
In order to determine the ability of TotiCyte to recover nucleated
cells from human blood, samples (n=3) were processed and assessed
for various cell population using a haematology analyser. Total nucleated cell recovery was >90%, of which 100% monocyte, 80% lymphocyte and 90% of neutrophils were evident (Supplementary Figure
S1).
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Supplementary Figure S1: TotiCyte effectively recovers total nucleated
and mononucleated cells.

Comparison of the post-processing recovery of viable
CD45+/CD34+ cells to examine haematological stem and
progenitor cell compartments
Comparison of the viable recovery of CD45+ and CD34+ cells
using TotiCyte, AXP, HES, MacoPress Smart or Sepax 2 was conducted using flow cytometry. The minimum volume of blood/CPDA
processed using TotiCyte or HES was 30 ml, for AXP the minimum
volume was 40ml and for MacoPress Smart and Sepax 2, 50 ml. All
data are expressed in relation to the whole blood prior to processing. The average viable CD45+ recoveries (Figure 1A) were: TotiCyte
(84.79%, SD ± 12.6, n=24), AXP (80.90%, SD ± 19.4, n=18), HES
(76.48%, SD ± 9.3, n=19), MacoPress Smart (71.97%, SD ± 22.7,
n=11) and Sepax 2 (99.38%, SD ± 11.9, n=10). No significant difference in post-process recovery of viable CD45+ cells was evident with
the exception of Sepax 2 (p=0.02).
Assessment of post-processing viable recovery for CD34+ cells
showed no significant difference between the technologies with average viable recoveries for TotiCyte (89.76, SD ± 11.9, n=24), AXP
(87.28%, SD ± 19.6, n=18), HES (82.15%, SD ± 13.6, n=19), MacoPress Smart (86.77%, SD ± 27.9, n=11) and Sepax 2 (95.02%, SD ±
8.9, n=10) (Figure 1B). Of note, the overall loss of the hematopoietic
progenitor cell population for all technologies tested in this study was
on average 11.8%, which is below previous reported estimates of 1442% [14].
Taken together these data suggest TotiCyte post-processing is
equally as effective as current industry and public health cord blood
bank standard technologies and capable of dealing with blood/CPDA
volumes as small as 30 ml.

Comparison of viable post-thaw recovery of CD45+/CD34+
cells
Post-thaw cell recovery was assessed by flow cytometry for viable CD45+ and CD34+ as previously described. Comparisons were
Volume 7 • Issue 3 • 100073
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plating. Viable CD45+ cells (2 x104) were plated and the number of
viable CD34+ within the given population calculated. This provided
the absolute expected colony number on the assumption 1 CFU arose
per CD34+ cell. By dividing the absolute number of colonies by the
predicted number the recovery rate could be calculated. In order to
remove ratio bias, only samples with predicted CFU >100, were analysed. TotiCyte was significantly better compared with all systems
tested producing on average CFU/viable CD34+ cell (0.47, SD ± 0.09)
compared to AXP (0.34, SD ± 0.11, adjusted p=0.025), HES (0.32,
SD ± 0.12, adjusted p=0.0012), MacoPress Smart (0.28, SD ± 0.11,
adjusted p<0.0001) and Sepax 2 (0.27, SD ± 0.09 adjusted p=0.0053)
(Figure 2). This equated to a 1.4-fold increase in CFU compared to
AXP, 1.5-fold compared to HES, 1.7-fold compared to MacoPress
Smart and Sepax 2.

Figure 1: Comparison of TotiCyte processing with AXP, Sepax 2, HES
and MacoPress Smart. Box and whisker plots show post processing recoveries for A. CD45+ and B. CD34+ cell recoveries for TotiCyte (n=24),
AXP (n=18), HES (n=19), Sepax 2 (n=10) and MacoPress Smart (n=11).
Post thaw recoveries for C. CD45+ and D. CD34+ for Post thaw recoveries
for TotiCyte (n=24), AXP (n=18), HES (n=19), Sepax 2 (n=10) and MacoPress Smart (n=11). Adjusted p values are shown in relation to TotiCyte.

assessed for TotiCyte (n=24), AXP (n=18), HES (n=19), MacoPress
Smart (n=11) and Sepax 2 (n=10). No significant difference in postthaw viable CD45+ cell recovery was evident between TotiCyte
(36.28%, SD ± 9.5), HES (31.13%, SD ± 21.7) or MacoPress Smart
(32.32%, SD ± 17.8). It is noteworthy, that the variability in samples
processed using HES was particularly marked (Figure 1C). However,
AXP (53.98%, ± SD 17.3 adjusted p=0.025) and Sepax 2 (57.7%, SD
± 9.4 adjusted p=0.0024) showed higher post-thaw CD45+ recovery
compared to the other technologies.
Contrastingly, assessment of viable CD34+ cell recovery was significantly improved when comparing TotiCyte with the other methodologies. Mean post-thaw viable cell recovery for TotiCyte processed
samples (66.24%, SD ± 9.9), AXP (42.42%, SD ± 17.1, adjusted
p=0.0004), HES (41.05%, SD ± 27.4, adjusted p=0.0001), MacoPress
Smart (37.92%, SD ± 20.9, adjusted p=0.0003) and Sepax 2 (40.02%,
SD ± 14.0, adjusted p=0.0012) (Figure 1D). This equated to TotiCyte
giving a 1.6-fold improvement in CD34+ cell recovery compared to
AXP and HES, and 1.7-fold compared with MacoPress Smart and
Sepax 2.

Colony formation assays post-thaw
As post-thaw viability of cryopreserved cord blood does not
guarantee functional activity, we conducted Colony Forming Unit
(CFU) assays. In order to remove any potential impact of downstream processing used to remove contaminating erythrocytes from
Sepax 2, MacoPress Smart and AXP samples, flow cytometry was
used to re-determine viable CD45+ and viable CD34+ cells prior to
J Stem Cell Res Dev Ther ISSN: 2381-2060, Open Access Journal
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Figure 2: Post thaw colony unit forming assay. Viable CD45+ (1.5 x104)
extracted using TotiCyte (n=20), AXP (n=7), HES (n=13), Sepax 2 (n=4)
and MacoPress Smart (n=10) were cultured for 14 days. Colony unit formation shown is relative to the calculated number of colonies assumed if
1CFU was derived from 1 CD34+ viable cell. Adjusted p values are shown
in relation to TotiCyte.

Depletion of erythrocytes and haemoglobin
One of our major aims in developing TotiCyte was the effective
removal of the contaminating erythrocyte population from UCB without compromising stem cell recovery. We measured depletion using
a standard capillary assay. TotiCyte deleted >99% of the haematocrit, post processing haematocrit: TotiCyte (0.9%, SD ± 0.06); AXP
(54.5%, SD ± 9.2); HES (1.8%, SD ± 0.4), MacoPress Smart (27.6%,
SD ± 9.8); Sepax 2 (38.2%, SD ± 4.4). TotiCyte was significantly
superior to Sepax 2, MacoPress Smart and AXP (adjusted p<0.0001)
but was similar to HES, as expected (Figure 3).

Summary of TotiCyte recoveries compared to the most
common systems used in UCB processing
By combining the information from our analyses (Table 1), TotiCyte was capable of separating blood/CPDA volumes as low as 30
ml, showed a 2.2-fold improvement in CD34+ viable cell recovery
compared to AXP, 2.3-fold increase compared to HES, 3.0-fold compared to MacoPress Smart and 2.8-fold increase compared to Sepax
2. Importantly, TotiCyte depleted >99% of the contaminating erythrocytes population. These observations have clinical relevance as the
Volume 7 • Issue 3 • 100073
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Figure 3: Haematocrit level expressed as % remaining after red cell depletion compared to whole blood control. TotiCyte (n=10), AXP (n=9), HES
(n=4), Sepax 2 (n=4) MacoPress Smart (n=4). Adjusted p values are shown
in relation to TotiCyte.

significant reduction in erythrocytes is likely to avoid ABO/Rh incompatibilities whilst the superior CD34+ cell viability and recovery
would be expected to impact positively by enhancing “take-rates”.
Processing method

Post-thaw viable
CD34+ recovery

CFUs

Overall viable postthaw CD34+ and CFUs
relative to TotiCyte

TotiCyte

1.00

1.00

1.00

AXP

0.64

0.72

0.46

HES

0.62

0.69

0.43

MacoPress Smart

0.57

0.59

0.34

Sepax 2

0.60

0.58

0.35

Table 1: Overall comparison of TotiCyte versus industry standard technologies for volume reduction on CD34+ recovery at point of use.

Discussion
Many methods of processing UCB prior to cryopreservation have
been used since the first cord blood banks were established at the
New York Blood Centre, Düsseldorf and Milan in 1992 [12,14-21].
One of the key issues for storage of cryoprotected whole cord blood
units is the necessity for large amounts of costly liquid nitrogen storage space [17]. As such, to establish an adequate panel of hematopoietic cells, cord blood units need to be concentrated into a much
smaller volume. It is for this reason that cord blood volume reduction
technologies, which remove the bulk of the erythrocytes and plasma
have been developed. However, all processing methods that reduce
the erythrocyte fraction, suffer significant loss of nucleated cells and
more importantly, the hematopoietic progenitor cell population, with
loss quoted between 14-42% dependent on the technology used [14].
This is critically important as it is well established that the success of
a cord blood transfer is dependent on cell dose, and insufficient cell
dose is widely regarded as the most important limitation for umbilical
cord blood transplantation, especially for adults and larger children
[4,5,7,8,10,12 24-27]. This fact is now compounded by the introduction of DCC which has further impacted the volumes of cord blood
procured.
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We sought to develop a new processing methodology to remove
the erythrocyte fraction and allow enrichment of the total nucleated
cell population. To this end we developed TotiCyte reagent. TotiCyte
causes rapid formation of rouleaux in less than 30 minutes without
significant loss of the white cell fraction. The resulting volume of
cord blood product post-processing with TotiCyte, is broadly similar
to the volumes obtained by alternative processing methods (approximately 23 ml) but residual haematocrit is less than 1% as opposed to
>40% for AXP, Sepax 2 and MacoPress Smart. In our hands, HES performed similarly although there is discrepancy in the literature as to
the level of erythrocyte contamination using this methodology. More
importantly, a dramatic improvement in post thaw recovery of CD34+
cells was evident with TotiCyte compared to the other systems tested,
with greater than 66% overall viable recovery. Furthermore, TotiCyte
recoveries were less variable particularly in comparison with HES
and AXP. One important feature of our study is that it reports percent
recovery post processing and post thaw in relation to the un-processed
whole blood at the start. This allows absolute losses at each stage to
be reported unlike other studies, which report post thaw in relation to
post processing thereby artificially elevating reported recoveries.
It is clear that TotiCyte improves total nucleated cell recoveries
post-thaw. However, it has been suggested that the measurement of
total nucleated cell dose as measure of the efficiency of processing
methods can be misleading [28] and that a ‘correction factor’ of 0.75
should be applied to the reported total nucleated cell count of erythrocyte replete units, as they will contain non-critical nucleated red cells
and neutrophils, hence the likelihood of engraftment success may be
overestimated due to the higher nucleated erythrocyte content, which
in turn could lead to the assumption of a higher haematopoietic stem
cell content. However, it has been countered that if this is incorrect, it
could lead to underestimation of the progenitor cell content resulting
in the inappropriate rejection of suitable units by transplant centres
[29].
An alternative measure to determine the engraftment potential of
a cord blood unit is the Colony Forming Unit (CFU) assay. Post-thaw
CFU dose has been shown to be a strong predictor of engraftment
success [23]. Similarly, our study shows that post-thaw viability does
not directly correlate with CFU potential. This further supports the
need for post-thaw CFU analysis as an important pre-requisite for the
validation of processing methods and for the ongoing validation of
processing platforms utilised by cord blood banks.

Conclusion
We found that TotiCyte dramatically improved the viable recovery of haemopoietic stem cells compared to standard industry methods. TotiCyte is cost effective, allowing storage of reduced volumes,
whilst removing >99% of the erythrocyte content with little loss of
the white cell fraction. The importance of the improved post-thaw
recoveries cannot be over emphasised and could result in transplants
with dramatically improved outcomes. In addition, the results of the
CFU assays clearly indicate that these should become standard for the
validation of cord blood processing methodologies. Our data clearly
demonstrate that TotiCyte processing of UCB provides a significantly
more efficient method of harvesting the valuable progenitor cell populations.
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