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Introduction

Cellular therapy involving the transplantation of stem
cells collected from bone marrow (BM) or peripheral blood
(PBSCs) are key to treating diseases of the hematopoietic
system. To do so, there needs to be a careful and reliable
measurement of the viability and quantity of stem cells
available for transplantation and the outcomes post-
transplantation. Measurement of the hematopoietic

stem cells (HSC) via the marker CD34+ has become

is a key indicator for their use, commonly done using

the International Society of Hemotherapy and Graft
Engineering (ISHAGE) protocol. However, methodology
even when using the ISHAGE can varying, with single and
dual platform approaches that can lead to reproducibility
and standardization issue. Properly configured flow
cytometry equipment combined with reliable labelling of
CD34+ cells using reagents such as the BD™ Stem Cell
Enumeration kit with the BD FACSLyric Flow Cytometer
have greatly improved the evaluation of HSCs collected
from bone marrow or peripheral blood collection.

The goal of this article collection is to educate readers as

to the importance for clear and accurate measurements

of CD34+ stem cells in the process of collecting and
enumerating PBSCs for transplantation-based therapeutics.
To open the collection, a review by Duran et al. (2019) serves
to educate the reader on the importance of hematopoietic
stem cells (HSCs) for clinical therapies to hematological
diseases and the difficulties in maintaining and expanding
HSCs in vitro. They discuss recent methods to reprogram
somatic and pluripotent stem cells into clinically viable
HSCs and provide insight into the current state of the field.
In Rimac and Bojanié¢ (2022), an overview on the role of
flow cytometry in evaluating the purity and viability of HSC
for cellular therapies is presented. A discussion of existing
approaches and challenges is given, as well as good practices
for validation and quality control of flow cytometry. In
cellular therapies, the efficient collection of mononuclear
cells after stem cell mobilization is crucial to the success

of peripheral blood cell stem cell (PBSC) transplantation.
Chung et al. (2022) compares the collection efficiency of two
different cell separator systems by measuring the CD34+
using the BD Stem Cell Enumeration kit. They report that
while the collection efficiency between the Spectra Optia
and Amicus system was not significantly different, the
Spectra Optia has increased platelet retention and therefore
clinics should optimize apheresis device selection based

on the patient profile. During collection of PBSCs, a high

patient white blood cell count can negatively impact the
ability to collect CD34+ cells. Boehlen et al. (2019) describes
the development and optimization of a novel collection
protocol for increasing the yield of mononuclear cells (MNCs)
from peripheral blood, reducing the need for repeated
apheresis sessions for patients. Lastly, we present a BD
Bioscience white paper reporting the multi-site evaluation
of the BD Stem Cell Enumeration kit combined with the BD
FACSLyric and BD FACSCanto II flow cytometer. The assay
kit was found to perform equally well based on CD34+ and
CD45+ cell counts from each of the two flow cytometers.

The precise and reproducible enumeration of CD34+
stem cells is critical to the success of cellular therapies
for the hematopoietic system. By introducing readers
to the advantages of clinical flow cytometry combined
with the BD Stem Cell Enumeration kit, we hope to
empower users to investigate the use of this technology
to address their specific diagnostic goals. For more
information and resource, we encourage you to visit
the BD Biosciences Stem Cell Enumeration Kit product
page and explore the resources provided there.

By Jeremy Petravicz, PhD, Senior Editor,
Current Protocols
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Haematopoietic stem cells (HSCs) are the only adult stem cells with a
demonstrated clinical use, even though a tractable method to maintain and
expand human HSCs in vitro has not yet been found. Owing to the introduc-
tion of transplantation strategies for the treatment of haematological malig-
nancies and, more recently, the promise of gene therapy, the need to improve
the generation, manipulation and scalability of autologous or allogeneic
HSC:s has risen steeply over the past decade. In that context, reprogramming
strategies based on the expression of exogenous transcription factors have
emerged as a means to produce functional HSCs in vitro. These approaches
largely stem from the assumption that key master transcription factors direct
the expression of downstream target genes thereby triggering haematopoiesis.
Both somatic and pluripotent cells have been used to this end, yielding vari-
able results in terms of haematopoietic phenotype and functionality. Here, we
present an overview of the haematopoietic reprogramming methods reported
to date, provide the appropriate historical context and offer some critical
insight about where the field stands at present.

Keywords: haecmatopoietic stem cells; pluripotent cell reprogramming;
somatic cell reprogramming

The notion that exogenous gene expression could alter
a cell’s transcriptional programme to the extent of
bestowing the phenotypic profile and even the func-
tionality of an altogether different cellular identity was
first shown in 1987 in Drosophila melanogaster. Condi-
tional overexpression of antennapedia — a homoeotic
gene that specifies the second thoracic segment of the
fly — gave rise to legs in the place of antennae of trea-
ted specimens [1]. Two years later, Weintraub et al.
added to this finding with the development of the first
mammalian conversion experiments in the form of a

Abbreviations

myogenic model. Exogenous expression of a single
gene, MYODI, delivered by retrovirus or DNA trans-
fection into primary or transformed chicken, rat or
human fibroblasts resulted in myotube formation, cell
fusion and expression of myosin heavy chain and des-
min, namely a muscle phenotype [2]. This and further
studies earned MYOD1, now known as a transcription
factor (TF), the moniker of ‘master regulator’ of
myogenic fate maintenance and acquisition.

Landmark work by the group of Thomas Graf
brought the concept of TF reprogramming to the field

AGM, aorta—gonad-mesonephros; CFU, colony-forming unit; EC, endothelial cell; EB, embryoid body; eHB, expandable haemangioblasts;
EHT, endothelial-to-haematopoietic transition; EMP, erythro-myeloid progenitor; hESCs, human embryonic stem cells; HSC, haematopoietic
stem cell; HSPC, haematopoietic stem and progenitor cell; HUVEC, human umbilical vein EC; iPSC, induced pluripotent stem cells; MAF,
mouse adult fibroblast; MEF, mouse embryonic fibroblast; mESC, mouse embryonic stem cell; MOI, multiplicity of infection; NHP, nonhu-
man primate; NOD, nonobese diabetic; NSG, NOD-SCID;//ng’/’; PCS, pluripotent cell sources; rtTA, reverse tetracycline trans-activator;

SCNT, somatic cell nuclear transfer; TF, transcription factor.
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Haematopoietic stem cell reprogramming

of haematology. Their efforts to untangle the TF net-
works that determine haematopoietic lineage decisions
often consisted of exogenous expression of a gene of
interest as a means to drive a haematopoietic progenitor
population towards a specific fate. Following this
methodology, Kulessa et al. [3] studied the role of Gatal
in megakaryocytic lineage determination and cemented
the role of Pu.l (henceforth referred to as Spil) in the
earliest stages of myelopoiesis [4]. In 2002, Xie et al. iso-
lated CD19" B cells from the spleen and bone marrow
of mice, respectively, and transduced them with a retro-
virus encoding Cebpa. Exogenous Cebpo expression was
found to inhibit Pax5 and to synergize with Spil, result-
ing in the upregulation of macrophage-specific genes,
such as CDI1b. Primary B cells were thus repro-
grammed into phagocytotic macrophages, a transdiffer-
entiation event from a lymphoid to a myeloid fate.
Remarkably, the study proposed that the conversion
had taken place in two discrete stages: CD19°'CD11b~
cells became CD19"CD11b" before losing B-cell identity
in favour of a CD19 CD11b" phenotype [5].

In the light of the multiple investigations showing
the plasticity of haematopoietic cells [6], and the ever-
increasing demand for a scalable blood product, the
manipulation of TF networks became a potential
source of HSCs in vitro. In 2014, Riddell et al.
reported the reprogramming of mouse pre-/pro-B and
common myeloid progenitor cells, respectively, using a
cocktail of lentiviruses encoding eight TFs: RunxItl,
HIf, Lmo2, Prdm5, Pbxl, Zfp37, Mycn and Meisl
(Fig. 1, purple labels) [7]. Two days after viral trans-
duction, the cells were transplanted into adult congenic
mice, allowing reprogramming to take place in vivo.
Serially transplanted recipient mice showed multilin-
eage donor chimerism in the peripheral blood for up
to 18 weeks. Notably, the authors also observed
unique V(D)J junction sequences in reprogrammed B
and T cells, granulocytes and macrophage/monocytes
that were common to the four cohorts of pre-/pro-B
cells subjected to reprogramming. Reasoning that Ig
heavy-chain rearrangements from the original pre-/
pro-B cells could be used as an internal barcode to
track the clonal origin of reprogrammed HSCs, they
showed that a single reprogrammed cell could gain
multilineage differentiation potential. As such, using a
‘backward’ reprogramming strategy, Riddell et al.
showed that transient expression of eight transcription
factors in lineage-restricted B-cell progenitors con-
ferred the functional hallmarks of HSCs, including clo-
nal multilineage reconstituting potential, the capacity
to reconstitute bone marrow stem and progenitor cell
compartments, and long-term self-renewal. Further,
they found that partially reprogrammed HSCs had
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been unable to properly upregulate Mpl or cKit recep-
tors, suggesting that a failure to integrate signals in
response to angiocrine factors produced by the
perivascular and vascular niches may explain incom-
plete reprogramming events.

Other than the work by Riddell et al., every major
approach to HSC reprogramming has made use of
nonhaematopoietic cells at the outset. The objective of
these ‘forward’ strategies has been the same: to gener-
ate long-term engrafting HSCs that are able to home
in and populate the bone marrow of serially trans-
planted recipients. Attempts that rely on either somatic
or pluripotent cells have been put forward, each with
compelling advantages and serious drawbacks. To
date, cellular reprogramming has yet to yield a bona
fide HSC in a remotely scalable manner, calling into
question the feasibility of the task, the tests used
for its validation or both. The following is a summary
of the most prevalent approaches, accompanied by a
discussion of their respective achievements.

Direct conversion of somatic cells to
haematopoietic stem and progenitor
cells

Most attempts to reprogramme somatic cells into HSCs
capitalize on the ubiquity and ease of culture of fibrob-
lasts, which constitute a loosely defined cell type under
the umbrella of connective tissue. Fibroblasts from the
embryonic mouse [8—10], human neonatal foreskin
[11,12] and human adult dermis [11,13] are most com-
monly used in these conversion efforts, though two or
more types of fibroblasts are rarely compared in the
same haemogenic approach. The numerous sources
whence fibroblasts can be obtained make them particu-
larly sensitive to batch-to-batch effect, too. Still, some
of the following efforts yield short-term engraftable,
multipotent reprogrammed haematopoietic cells. Sev-
eral even offer some mechanistic insight into the process
of transdifferentiation that converts connective into
haematopoietic tissue. In the end, fibroblasts would
serve as very cost-effective, noninvasive cell sources for
reprogramming-based haematopoietic cell therapies,
even if functional HSCs have proven tough to produce.
The first attempt to generate HSCs using TF overex-
pression in fibroblasts was published in 2010 by Szabo
et al. [11] (Fig. 1, grey labels). OCT4 overexpression
alone, aided by a combination of cytokines in the media
that consisted of SCF, G-CSF, FLT3, IL3, IL6 and
BMP4, was used to reprogramme human dermal fibrob-
lasts into CD45" cells in vitro. Functional tests included
colony-forming unit (CFU) assays that gave rise to gran-
ulocytic, erythrocytic, monocytic and megakaryocytic

FEBS Letters 593 (2019) 3253-3265 © 2019 Federation of European Biochemical Societies
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Fig. 1. Many somatic cell reprogramming approaches towards haematopoietic stem cell fates have drawn from transcription factor (TF, blue
ovals) networks known to interact (adapted and updated) [115]. The TFs employed in eight reprogramming approaches have been classified
into categories based on the literature as well as laboratory head. The haematopoietic heptad refers to the seven TFs described to

physically interact in Wilson et al. [14].

colonies in vitro. The in vivo engraftment data, however,
showed a CD45" shift two orders of magnitude larger for
the cord blood-derived positive controls. In addition,
0OCTH4 did not grant fibroblasts any lymphopoietic ability
in vivo. Despite a follow-up report by the same group
suggesting that exogenous OCT4 expression would be
necessary for most, if not all, somatic cell reprogramming
strategies [13], haemogenic studies going forward have
largely focused on optimizing a cocktail of HSC-specific
TFs to drive conversion.

Transcriptomics data obtained from bulk populations
or single cells have greatly expanded our knowledge and
provided important insights into the gene regulatory
networks involved in HSC generation. These studies,
for instance, have discerned a TF heptad — consisting of
SCL, LYLI1, LMO2, GATA2, RUNXI, ERG and FLII
— that is essential for haematopoietic fate determination
[14]. The more recent HSC reprogramming efforts have
taken advantage of these findings to introduce the
expression of pro-haematopoietic TFs and so endow

somatic cells with haematopoietic transcriptional pro-
grammes. A notable exception is a 2016 study that used
SOX2 and miR125b overexpression in human foreskin
fibroblasts [12] (Fig. 1, red labels). Following a similar
strategy to that of Riddell er al. [7], the investigators
placed the transduced cells within the bone marrow
niche of NSG mice to undergo reprogramming in vivo,
still, this effort yielded cells of the myeloid lineage only.

A key attempt at reprogramming fibroblasts into
HSCs was reported in 2013 by Pereira et al. [8] Over-
expression of Gata2, Gfilb, cFos and Etv6 led to induc-
tion of a haemogenic programme in mouse embryonic
fibroblasts (MEFs; Fig. 1, green labels). Said pro-
gramme was based on positive signal from cells
isolated from a CD34-rtTA;TRE-H2B-GFP reporter
mouse. Inducible H2B-GFP transgenic mice are useful
in pulse-chase studies of long-term repopulating
haematopoietic stem and progenitor cells (HSPCs), as
the GFP signal becomes diluted with each cell division
and only the most immature cells remain brightly

FEBS Letters 593 (2019) 3253-3265 © 2019 Federation of European Biochemical Societies
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labelled. The investigators crossed this mouse strain
with one carrying a reverse tetracycline trans-activator
(rtTA) transgene under the control of the human
CD34 promoter. This second strain was created pre-
cisely to induce expression of heterologous genes, such
as H2B-GFP, in HSPCs. While Gata2, Gfilb and cFos
were sufficient to activate the reporter, Etv6 markedly
increased the efficiency of haematopoietic reprogram-
ming. Transduced fibroblasts segued into circular,
endothelial-like structures that produced phenotypi-
cally marked haematopoietic cells harbouring HSC
gene expression. The resulting reprogrammed cells dis-
played colony-forming potential after placental reag-
gregation culture. However, the human CD34
promoter also marks mouse endothelial cells (ECs)
[15]. For this reason, the transcriptional programme
that Gata2, Gfilb, cFos and Etv6 are said to induce in
these fibroblasts is likely that of mixed haematopoietic
and endothelial fates.

In vivo functional tests were reported in the human
system in 2018, when the same group used three of the
original four TFs — GATA2, GFIIB and FOS — to attain
an engraftable population of HSPCs [16]. This follow-
up report also provided mechanistic insight into the
reprogramming of fibroblasts into haematopoietic cells
in vitro. GATA?2 is shown to sit atop the hierarchy of
TFs, especially during the early stages of reprogram-
ming. Integrating RNA-seq and ChIP-seq analyses, the
investigators observed that GATA2 and GFI1B cooper-
ate at the chromatin level, where the AP-1 motif
appeared as the most enriched target. Yet another
improvement to this method is published in this issue of
FEBS Letters [17]. This time, addition of GFI1 to the
TF cocktail and coculture of the transduced fibroblasts
with a stromal cell line of mouse origin increased the
yield of reprogramming even further. This approach has
now accomplished perhaps the most faithful conversion
of fibroblasts into haematopoietic cells with multilin-
eage engraftment potential to date.

Shortly after Pereira et al. [9], another group used
Gata2, Lmo2, Mycn, Pitx2, SoxI7 and Scl to repro-
gramme MEFs into expandable haemangioblasts (eHBs),
that is tripotent cells that give rise to ECs, haematopoi-
etic cells with multilineage potential, and smooth muscle
cells (Fig. 1, blue labels). In this study, each TF was
cloned under a doxycycline-inducible promoter, which
gave the investigators the ability to control their exoge-
nous expression at will. Directed differentiation of eHBs
under doxycycline-free conditions yielded tubulogenic
ECs and smooth muscles cells. With stimulation by
defined cytokines, such as Epo and Tpo, eHBs generated
phenotypic haematopoietic cells, such as CD71 Ter119"
erythrocytes and CD41°CD42d" megakaryocytes,

B. Durén et al.

respectively. Haematopoietic function was assayed by
means of CFU assays, which showed, albeit quite ineffi-
ciently, burst-forming unit-erythrocytic (BFU-E),
CFU-granulocytic/monocytic (CFU-GM) and CFU-
granulocytic/erythrocytic/macrophagic/megakaryocytic
(CFU-GEMM) ability among the reprogrammed cells.

Using a similar TF combination — Erg, Gata2, Lmo2,
RunxlIc and Scl — Batta et al. [10] reprogrammed MEFs
and mouse adult fibroblasts (MAFs) into haematopoietic
progenitor cells (Fig. 1, orange labels). This conversion
strategy also entailed the acquisition of endothelial traits
before haematopoietic commitment, at least as measured
by gene expression profiling. MEFs and MAFs from
P53 mice yielded more efficient reprogramming than
the wild-type counterparts, but the engraftment potential
of the resulting cells remained negligible. More recently,
a group used Scl, Lmo2, RunxI and Bmil overexpression
in MEFs to generate multipotent haematopoietic cells
with some B lymphoid potential (Fig. 1, pink labels) [18].
By means of small-molecule inhibition, this study also
showed that signalling through Bmp4 and Mapk/Erk
pathways is required for their reprogramming platform,
shedding some light on the mechanism of fibroblast-
to-haematopoietic conversion.

The various approaches to reprogramme fibroblasts
into multilineage, long-term engraftable HSCs using
exogenous TF expression have several commonalities
that go beyond the prevalence of Gata?2 and Lmo2
(Fig. 1). Some have overexpressed OCT4 or SOX2 to
disrupt the entire transcriptional programme of human
fibroblasts. Others have made use of p53~/~ mice
towards a similar end: genetic plasticity. These
approaches, more akin to directed differentiation than
reprogramming, are particularly susceptible to genetic
instability and, potentially, tumour formation. Some
fibroblast-based technologies involve a requisite
endothelial intermediate state prior to haematopoietic
commitment, to an extent that they seem to succeed at
reprogramming fibroblasts into ECs [8,9]. Some even
incorporate canonical endothelial TFs like Erg [19]
and Sox17 [20]. But the haemogenic capacity of the
resulting cells is still lacking, as long-term engraftment
or the semblance of a functional lymphoid compart-
ment has yet to be reported from the direct conversion
of mouse or human fibroblasts into haematopoietic
cells. In addition, the fibroblastic provenance of repro-
grammed haematopoietic cells can be ascertained by
genomic methylation patterns alone [21,22].

With all of these drawbacks in mind, and being aware
that epigenetic memory is an issue, ECs themselves
emerged as a potential starting point for HSC reprogram-
ming. A separate review published in this issue of
FEBS Letters is concerned with the provenance of

FEBS Letters 593 (2019) 3253-3265 © 2019 Federation of European Biochemical Societies
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haematopoietic cells during development, especially
regarding the spatio-temporal expression patterns of key
transcription factors [23]. Here, it suffices to say that the
earliest measurable HSCs emerge from a specialized vas-
cular tissue, haemogenic endothelium, located in the dor-
sal aspect of the aorta—gonad-mesonephros (AGM)
region of the fish [24], amphibian [25], avian [26] and
mammalian [27,28] mesoderm by a process termed
endothelial-to-haematopoietic transition (EHT) [29].
Efforts to generate HSCs have thus sought to capitalize
on the endothelial ontogeny of haematopoietic cells. In
Sandler et al. [30], human umbilical vein ECs (HUVECsS)
as well as adult dermal ECs were transduced with FOSB,
GFIl, RUNXI and SPII and placed in coculture with a
model of the vascular niche. FGRS-transduced ECs were
thus reprogrammed into multipotent haematopoietic
progenitors (Fig. 1, yellow labels). These reprogrammed
cells displayed a VE-Cadherin CD45" immunopheno-
type and engrafted long-term in the bone marrow of
adult, immunocompromised mice after primary and sec-
ondary transplantation. The age of recipient animals
affected this functional readout, as transplantation into
two-week-old NSG mice was shown to enhance B lym-
phoid differentiation. Still, while the transcriptome of the
reprogrammed cells was comparable to that of CD34"
cord blood cells, the former were unable to differentiate
into functional T cells in vivo.

Reasoning that SPI1 interfered with lymphopoiesis,
Lis et al. [31] showed that transient FGRS overexpres-
sion in primary, adult murine lung, liver and brain
ECs yielded haematopoietic cells that displayed long-
term, multilineage repopulation potential, including
T-cell subsets with adaptive immune function upon
serial transplantation into congenic animals (Fig. 1, yel-
low labels). Further, inhibition of TGF-f and CXCR7
or activation of BMP and CXCR4 signalling was shown
to favour HSC reprogramming. Although this updated
strategy yielded cells that harbour all hallmarks of
HSCs, the reprogramming efficiency was still very low
(~ 0.6%). Recent work on the heterogeneous origin of
the cells that comprise adult blood vessel endothelium
may offer some clues to explain such a low reprogram-
ming rate. In Plein et al., the vasculature of the embryo
is shown to develop from two distinct lineages: in addi-
tion to mesoderm-derived ECs, the authors observed
that a complementary source of endothelium is
recruited into the pre-existing vasculature through
transdifferentiation of erythro-myeloid progenitors
(EMPs) that emerge in the yolk sac [32]. This distinct
lineage persists into adulthood, raising the possibility
that vascular endothelium acts as a functional mosaic,
where a distinct lineage may be more amenable to
haematopoietic reprogramming than others.

Haematopoietic stem cell reprogramming

Whether an elite group of ECs, fibroblasts or any
somatic cell used in reprogramming is better suited for
haematopoietic fate acquisition than its phenotypic
equivalents remains to be shown. Either way, the goal
and basis for direct conversion techniques will remain
the development of personalized, nonimmunogenic
haematopoietic cell transplantation therapies where
somatic cells are isolated from patients themselves.
Methods that employ fibroblasts and ECs offer con-
trasting advantages in this context. While connective
tissue cells are easily derived and maintained in vitro,
ECs need to be purified and may be outgrown by
other cells in culture, fibroblasts among them. The
procurement of human ECs alone, unlike that of
fibroblasts, may pose an insurmountable challenge for
technologies based on primary endothelium to reach
the clinic. But haematopoietic and ECs have a shared
ontogeny, and this vestigial identity is reflected in the
faithful yet scarce reprogramming of ECs into HSCs,
at least in the mouse. Reprogramming of fibroblasts,
on the other hand, has yet to produce a serially trans-
plantable haematopoietic cell. The clinical viability of
personalized medicine approaches to HSC transplanta-
tion is also put into question by the sheer cost of car-
rying out cell isolation and reprogramming on a case-
by-case basis. Pluripotent cell reprogramming has
emerged almost in response to the drawbacks of more
intuitive approaches like the ones discussed above.
Genetic manipulation and clonal expansion of pluripo-
tent cells is not only possible but almost routine prac-
tice. As a result, pluripotent stem cell technologies, in
contrast to direct conversion methods that rely on
somatic cells, are tied to the promise of a universal,
off-the-shelf blood product that would significantly
reduce the cost and maximize the chance of translation
of haematopoietic reprogramming to a clinical setting.

Pluripotent cell reprogramming

Not unlike haematopoietic ontogeny, the process of
maturation of any somatic cell is often depicted as a
downward trajectory along one of many branches that
stem from levels of more potency on top. The fertilized
oocyte is said to be totipotent, as it has the potency to
give rise to every other cell type in the body of the
organism, including those of extra-embryonic tissues
like the yolk sac and the placenta. Once the blastocyst
is formed, the inner cell mass — from which human
embryonic stem cell (hESC) lines are derived — is
pluripotent; that is, it can no longer generate extra-em-
bryonic tissues. Instead, these cells have the potency to
differentiate into all three germ layers of the embryo
proper. As cells continue to differentiate in utero and
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through birth, they lose potency. Somatic cells such as
hepatocytes or cytotoxic T cells are said to become ter-
minally differentiated; adult stem cells, including
haematopoietic stem cells (HSCs), are able to retain
their multipotent quality. Somatic cell fate was consid-
ered irreversible until seminal work by Sir John Gur-
don in Xenopus leavis. In 1962, he reported that the
nucleus from a terminally differentiated intestinal cell
of a tadpole, when introduced into an enucleated
oocyte of the same species, would yield normal adult
frogs [33]. Sir Gurdon’s method and results would not
be replicated in a mammalian species for another
35 years [34], but his insight had immediate effect: the
process of differentiation was no longer assumed to
involve irreversible nuclear changes.

As a result, the seeming plasticity of the nucleus
allowed researchers to delve into more mechanistic
questions long before the cloning of a Finn Dorset
ewe [35]. As soon as 1969, cell fusion was proposed as
an alternative method to nuclear transfer. The earliest
studies in cell fusion suggested the existence of trans-
acting repressors, or ‘some special feature,” that pos-
sessed tumour-suppressing capacity [36]. Later,
hybridization of two mammalian somatic cells showed
that the nuclei of one could somehow activate genes
not normally expressed in the nuclei of the other [37].
Still, it was through somatic cell nuclear transfer
(SCNT) that Hochedlinger et al. [38] showed unequiv-
ocally that ‘terminally differentiated” T and B cells
could gain totipotency in 2002.

Transdifferentiation  efforts  between  different
somatic fates precede this accomplishment by a long
margin: MYODI was known to induce a myogenic
programme since the 1980s [2,39]. Still, cell reprogram-
ming based on transcription factor (TF) overexpres-
sion would only reach its apex when Shinya
Yamanaka was able to approximate with four genes
what was accomplished by SCNT four years prior in
Hochedlinger et al. [40] Oct4, Kif4, Sox2 and cMyc
overexpression converted mouse fibroblasts into ‘in-
duced pluripotent stem cells’ (iPSCs) that contributed
to the germline and gave rise to embryos through tet-
raploid complementation. One year later, the same
group generated human iPSCs [41]. Until then,
pluripotent cell-derived reprogramming strategies had
relied more ethically fraught approaches, using either
primary or SCNT-derived hESCs [42]. An in vitro sys-
tem such as Yamanaka’s that would generate pluripo-
tent cells from somatic ones likely propelled more
investigators to pursue cellular reprogramming as a
viable avenue of research. iPSCs could be generated in
a patient-specific manner from any tissue of the body
and then converted to the tissue of choice, with or
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without gene correction [43]. By 2008, several groups
had adopted the technique, generating iPSCs that were
considered epigenetically [44] and developmentally [45]
indistinguishable from ESCs of murine [46], nonhuman
primate (NHP) [47] and human origin [48,49]. Concern
that ¢Myc would predispose iPSC-derived cells to
malignant transformation was partially quashed when
the TF was found to be dispensable to attain pluripo-
tency [50]. To this day, pluripotent stem cell
approaches to regenerative medicine have been pro-
posed to address afflictions from cystic fibrosis [51-53]
to diabetes [54-56] to third-degree burns [57-59].

Haematopoietic conversion strategies from pluripo-
tent cell sources (PCS) making use of both iPSCs and
ESCs have been reported. Generally, instead of TF
overexpression, these approaches consist of directed
differentiation by exposure to signalling molecules like
BMP4 and Activin in order to guide pluripotent cells
first towards a mesodermal, then a haemogenic
endothelial and finally a haematopoietic fate [60,61].
The earliest attempts relied on mouse embryonic stem
cells (mESCs) cultured as three-dimensional aggregates
called embryoid bodies (EBs). In 1993, Keller et al.
[62] reported that mouse EBs could be differentiated
into primitive haematopoietic cells with some in vitro
erythro-myeloid progenitor (EMP) potential after Epo
and Scl treatment. Later, hybrid strategies that com-
bined TF overexpression and directed differentiation
of EBs from mESCs were employed to show that
Hoxb4 could be used to obtain haematopoietic cells
with in vivo multilineage potential [63], though these
results did not extend to the human system [64].

Since then, it was reported that hESCs undergo an
endothelial intermediate state prior to haematopoietic
commitment, that is in vitro reprogramming from PCS
somewhat mirrors in utero EHT [65]. The first cells to
acquire haematopoietic identity were predominantly
erythro-megakaryocytic, while cells at a later time
point displayed mostly myeloid potential. More
recently, PCS studies have reported findings via TF
overexpression in both iPSCs and ESCs (Fig. 2). One
group employed different TF combinations to induce
two distinct haematopoietic fates, respectively, parting
from both human iPSCs and ESCs. GATA2 and SCL
overexpression generated EMPs (Fig. 2, blue labels),
while ETV2 and GATA2 produced cells with myeloid
potential (Fig. 2, orange labels) [66]. Similarly, work
on both human iPSCs and ESCs revealed that inhibi-
tion of the WNT/B-catenin pathway was required for
primitive haematopoiesis, while definitive HSC emer-
gence occurred only upon WNT/B-catenin activation
[67]. Manipulation of the WNT pathway was later
used to produce phenotypic ECs with some in vitro
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haemogenic ability from hESCs [68]. While none of
these approaches generated haematopoietic cells with
in vivo function, they contributed to our understanding
of EHT as it takes place in the embryo.

A more successful attempt to obtain HSPCs with
in vivo function from PCS used HOXBY, ERG, RORA,
SOX4 and MYB overexpression on EMPs that were
dedifferentiated to a pluripotent state and then con-
verted to haematopoietic cells (Fig. 2, pink labels). Still,
the resulting reprogrammed cells only displayed short-
term engraftment and under 1% chimerism [69]. Per-
haps the most promising effort to generate HSCs from
PCS was later reported by the same group in Sugimura
et al. [70]. In that investigation, doxycycline-inducible
overexpression of seven transcription factors — ERG,
HOXA5, HOXA9, HOXAI0, LCOR, RUNXI and
SPII — was reported to give rise to HSPCs parting from
both human iPSCs and ESCs, respectively (Fig. 2, green
labels). The cells underwent reprogramming in vivo:
after lentiviral transduction, they were delivered intrafe-
morally into recipient NSG mice, which were treated
with doxycycline in the diet. Human chimerism was
assayed 12 weeks later, showing  multilineage
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Fig. 2. Haematopoietic reprogramming using pluripotent cell
sources has relied on transcription factor (TF, blue ovals) networks
that are active in early development (adapted and updated) [115].
The TFs employed in three pluripotent reprogramming approaches
have been classified into categories based on the literature as well
as laboratory head. The haematopoietic heptad refers to the seven
TFs described to physically interact in Wilson et al. [14].
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engraftment of the reprogrammed cells. In addition, the
TCR repertoire of phenotypic T cells isolated from
engrafted recipients showed high combinatorial diver-
sity. This method thus yielded not only long-term chi-
merism, but also a T-cell pool capable of undergoing
TCR recombination at rates that were comparable to
those of native human HSPCs.

Pluripotent cell sources alone may lack the appro-
priate environmental cues to support haematopoietic
commitment, which would explain why Sugimura
et al. rely on the bone marrow niche of the mouse to
reprogramme human pluripotent cells. In Riddell ez al.
[7], reprogrammed somatic cells were also transplanted
within days of viral transduction for in vivo repro-
gramming. Most of the haematopoietic conversion
platforms reviewed here are designed to take place
in vitro instead, which would offer an obvious advan-
tage in the translation of any technology to the clinical
setting. Some make use of coculture systems like a
model of the vascular niche to provide support for the
nascent haematopoietic cells; other direct reprogram-
ming strategies involve passage through an endothelial
intermediate state prior to haematopoietic commit-
ment, which may serve the same purpose [8,68,71]. In
Sugimura et al. [70], the investigators purposefully
induce a haemogenic endothelial state, and a gene that
is constitutively expressed by endothelium, ERG, is
part of their TF cocktail. Given the endothelial onto-
geny of haematopoietic cells, the ubiquity of fibrob-
lasts and mounting evidence showing the genetic and
epigenetic instability of iPSC technologies [21,72], it
would seem that somatic, rather than pluripotent, cells
are the ideal starting material for the generation of
HSCs in vitro. After all, the translation of iPSCs to
the clinic remains, at most, in the form of tractable
in vitro models for drug testing [73] and modelling
primitive haematopoiesis [65,67]. But iPSCs have
ignited the promise of universal cell therapies at zero
ethical cost and so, despite drawbacks, they remain the
most likely cell source for an off-the-shelf blood prod-
uct. All in all, it is only clear that no one approach to
HSC reprogramming is more cost-effective, scientifi-
cally sound or prudent than the other, at least not at
the moment.

Conclusions and perspectives

Developmental biologists have made great progress
towards disentangling the intricacies of haematopoi-
esis, a process that is now understood less as a single
phenomenon and more as a series of events. Three
waves of haematopoiesis are thought give rise to blood
cells with starkly different characteristics and
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functions, from circulating nucleated erythrocytes to
erythro-myeloid progenitors to HSCs [74,75], though a
fourth, late wave of de novo fetal haematopoiesis has
been reported in perinatal chicken and mouse models
[76]. Haematopoietic cells can emerge from a common
mesodermal progenitor or VE-Cadherin® ECs. They
appear in the yolk sac and the dorsal aorta, but with
the onset of circulation, they are able to migrate to
and interact with multiple niches [77,78].

Yet, it is uncontroversial that much more complex-
ity is likely to belie developmental haematopoiesis,
especially when it comes to the self-renewal capacity of
HSCs. To date, the ecarliest HSCs that have been
found to yield long-term, serial, multilineage engraft-
ment in irradiated adult mice arise from the AGM on
or around embryonic day 10.5 vie EHT. Whether
HSCs can be expanded ex vivo remains a question. A
recent paper reported the 899-fold in vitro expansion
of mouse HSCs over the course of one month using
cytokine supplementation and polyvinyl alcohol in the
medium [79]. Human HSCs, however, were only
shown to expand reliably for 7 days following the
same method.

The challenges to manipulate and reprogramme
HSCs are many. Researchers have drawn from the
field of developmental haematology to induce a hae-
mogenic fate in multiple cell types. Our group and
others have found optimal TF combinations for
somatic and pluripotent cell reprogramming, devised
systems that provide supportive signals, and measured
the capacity of the converted cells to both engraft in
the long term and give rise to myeloid and lymphoid
progeny in mice. Most researchers have pruned a list
of TFs after various iterations, arriving at multiple dif-
ferent combinations [8—10], including our laboratory
[30]. Others have resorted to in vivo reprogramming as
a means to provide a pro-haematopoietic microenvi-
ronment [7,69,70]. Some have drawn from an arsenal
of pluripotency-based strategies [11,12,68,70]. But
despite the approach, the challenge — to produce fully
functional haematopoietic cells efficiently and reliably
— remains unattainable in the human system.

Reasonable hypotheses that account for the failure
to produce human HSCs in vitro abound. Perhaps
another TF is necessary; the lentiviruses are integrating
at unfavourable locations in the genome; the multiplic-
ity of infection (MOI) is suboptimal; the stoichiometry
of the factors is incorrect; the starting population is
heterogeneous; a small molecule will resolve the issue;
and so on. In the field of iPSCs, polycistronic delivery
of the TFs [80], tuning the MOI [81], or using trans-
genic mice [82-84] still only converts < 1% of the
starting population to pluripotency. In a study by
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Biddy et al. [80], the authors carefully tracked the
reprogramming trajectory of single fibroblasts towards
a multipotent endodermal fate. Predictably, they iden-
tified a gene, Mettl7al, that was summarily overex-
pressed in the original population to double the output
of conversion. These forms of experimental design
continue to fail to improve reprogramming efficiency
in any significant way.

Some corners of HSC biology remain unexplored.
For instance, low oxygen tension has been reported to
aid HSC maintenance through HIF1a-mediated reduc-
tion of ROS [85,86]. Expansion of primary HSPCs is
also known to improve with the supplementation of
small molecules like SR1 [87] and UM171 [88], both of
which interact with the aryl hydrocarbon receptor
(AhR) pathway. HIF1la and AhR compete for HIF1
[85,89,90], so inhibition of AhR and the consequent
increase of HIFla signalling would promote HSC
maintenance, a mechanism that may extend to the gen-
eration of haematopoietic cells in vitro. Energy meta-
bolism, too, may offer a way to improve the
haemogenic capacity of current reprogramming meth-
ods. Oxidative phosphorylation is preferentially used
by progenitors to produce ATP, while HSCs favour
glycolysis [85,91,92]. Some have reported that ECs
themselves are mostly glycolytic, too [93-95]. Whether
differential energy metabolism is a hallmark of EHT
remains to be shown, but recent advances on small-
molecule regulation by HSCs certainly allow for this
and other possibilities. Modulation of calcium [96] and
retinoic acid [97] in vitro, for example, may bring
about significant improvements to current reprogram-
ming platforms. Researchers have also begun to untan-
gle the regulation of histone methylation as it affects
HSC metabolism [98] and even multipotency [99], so
the opportunities for hypothesis building and experi-
mentation in the field of reprogramming are far from
scarce.

More urgently, the conventional methods to assess
HSC function are also far from ideal. Increasingly
immunocompromised mouse strains on the nonobese
diabetic (NOD) genetic background have been devel-
oped as a means to improve long-term engraftment of
both normal and malignant haematopoietic cells [100—
103]. To gauge the long-term, multilineage repopula-
tion potential of human blood cells, haematologists
have long relied on such models. This review, too, has
regarded successful xenotransplantation as a decisive
criterion to evaluate the myriad haematopoietic repro-
gramming methods reported to date. Today, many of
these methods call for experiments using substrains
of NOD-SCID:/I2rg”~ (NSG) mice, the hallmark of
which is a lack of mature T, B or NK cells. How can
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the lymphopoietic capacity of a potential HSC,
let alone its own immunogenicity, be assessed in an
immunodeficient system? Further, how does long-term,
serial engraftment constitute evidence of self-renewal?
The initial experiments showing multilineage human
haematopoietic engraftment of immunocompromised
mice were thought of as research and development of
in vivo tools to study blood malignancies, not HSCs
[102,104,105]. SCID mice, derived from a spontaneous
mutation on the Pkrdc locus that resulted in a marked
decrease in T and B cells [106], were in fact instrumen-
tal for the discovery of initiating cells in acute myeloid
leukaemia [107]. More recently, NSG mice have been
used to identify the clonal heterogeneity of the same
cells [108]. Overall, the field of normal haematopoiesis
is likely to have grown because of, and not despite, the
development of immunocompromised mouse models,
but demanding that they be used to test human HSC
reprogramming is ultimately promoting an unsustain-
able standard when the recipient animal is itself inca-
pable of adaptive immunity.

The concept of an HSC was born with the idea of
its self-renewal ability, something that was hypothe-
sized by way of CFU-spleen assays [109]. Serial trans-
plantations, especially in a limiting-dilution manner,
are the superior assay. The logic behind them is sound
in the murine system, as transplantations of homozy-
gous mutants for the pan-haematopoietic marker
CD45 into congenic recipients allow reliable tracking
of donor cells without risk of developing GVHD. Sim-
ilarly, autologous transplantation of nonhuman pri-
mates (NHPs) offers ideal experimental set-ups [110-
112]. In both cases, the innate and adaptive immune
cells from the donor mouse or NHP would not inter-
fere adversely with those of the host and vice versa.
The expense and ethical implications of work on
NHPs are as glaring as are the limitations of xeno-
transplantations. Other researchers have already
brought up similar points [113,114]. Whether TF
reprogramming of somatic or pluripotent cells into
bona fide HSCs is possible and scalable, and how, is a
moot question without better tools or different stan-
dards to assay human tissue function. This is a first-
degree barrier to translational research that has yet to
be reconciled; to do so will require a restructuring
from the bottom up, starting with experimental design.
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more complex adoptive immune therapy for the treatment of malignant diseases, and
gene therapy for inherited immune deficiencies. Broader utilization of cellular therapy
requires extensive quality testing of these products that should fulfil the same
requirements regarding composition, purity, and potency nevertheless they are man-
ufactured in various centres. Technical improvements of the flow cytometers accom-
panied by the increased number of available reagents and fluorochromes used to
conjugate monoclonal antibodies, enable detailed and precise insight into the func-
tion of the immune system and other areas of cell biology, and allows cell evaluation
based on size, shape, and morphology or assessment of cell surface markers, as well
as cell purity and viability, which greatly contributes to the development and progress
of the cell therapy. The aim of this paper is to give an overview of the current use
and challenges of flow cytometry analysis in quality assessment of cellular therapy
products, with regard to basic principles of determining HSC and leukocyte subpopu-
lation, assessment of cells viability and quality of thawed cryopreserved HSC as well
as the importance of validation and quality control of flow cytometry methods

according to good laboratory practice.

KEYWORDS
cellular therapy, flow cytometry, haematopoietic stem cell transplantation

1 | INTRODUCTION

should fulfil the same requirements regarding composition, purity, and
potency nevertheless they are manufactured in various centres.* In

The field of cellular therapy has been constantly evolving since the
first bone marrow (BM) transplantation in the 1950s, and currently
has been successfully implemented as a treatment for patients with
malignant, congenital, or acquired diseases of the haematopoietic sys-
tem.? Cellular therapies that initiated with haematopoietic stem cell
(HSC) transplantation, now are becoming more complex including
adoptive immune therapy for malignant diseases and gene therapy for
the treatment of inherited immune deficiencies.2 The novel promising
cellular therapies are immune effector cells (IECs), such as gene-
modified T cells and natural killer (NK) cells.® Broader utilization of cel-

lular therapy requires extensive quality testing of these products that

order for cellular therapy products to be exported from one centre to
another for further clinical use, it is critical to have mechanisms in
place to ensure that the cell collection and processing procedures
yield safe, effective, and comparable products at all centres.

Initially, the evaluation of the quality of BM graft was limited to
enumeration of total nucleated cells and colony forming unit (CFU)
testing, while nowadays various assays have been used for assessing
the quality of cellular therapy products. The assessment of the cell
type may involve evaluations based on cell size, shape, and morphol-
ogy, or the evaluation of cell surface markers by flow cytometry. The

purity of the cells is also often evaluated by flow cytometry, as well as
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cell viability measured by dye exclusion assays. Flow cytometry has
applications in various fields such as immunology, cellular biology,
bacteriology, virology, cancer biology and infectious disease monitor-
ing. It has seen dramatic advances over the last 30 years, allowing
detailed and precise insight into the function of the immune system
and other areas of cell biology.® This paper aims to give an overview
of the current use and challenges of flow cytometry analysis in the
quality assessment of cellular therapy products used in HSC trans-

plantation setting.

2 | FLOW CYTOMETRY: PRINCIPLES,
INSTRUMENTS, REAGENTS

Flow cytometry is a technique utilized in many different settings,
both in the routine laboratory and in research facilities. With the
advancement of technology, the field of flow cytometry is also
evolving, so today special types of instruments have been designed
for specific purposes, for example, system that combines microscopy
and flow cytometry or flow cytometry with mass spectrometry. This
technique allows simultaneous analysis of cell characteristics of
mixed cell population from peripheral blood (PB) and BM as well as
solid tissues that can be dissociated into single cells, with cell
sorting for further analysis, which is one of the main application of
flow cytometry.®

Technical improvements of the flow cytometer are accompanied
by an increase in the number of available reagents and fluorochromes
used to conjugate monoclonal antibodies which results in the com-
plexity of the analysis and requires the use of newer cluster data anal-
ysis algorithms. All that improves methods of data mining allow useful
information to be extracted from the high-dimensional data now avail-
able from flow cytometry.”

In addition to immunophenotyping, which is the most used appli-
cation in flow cytometry, apoptosis analysis, cell cycle analysis and cell
sorting are also used in the quality assessment of cellular therapy
products.>8

3 | ENUMERATION OF HAEMATOPOIETIC
STEM CELL

HSC sources currently used for transplantation are BM, mobilized PB
and umbilical cord blood (UCB).” Each type of HSC graft requires a
different method of collection and processing, and has its advantages
and disadvantages. BM has been almost completely replaced as a
source of HSC with peripheral blood stem cells (PBSC), due to easier
collection with leukapheresis procedure without the need for general
anaesthesia and more rapid haematopoietic reconstitution after trans-
plantation.2®* HSCs from UCB have a high clonogenic potential and
because they are immunologically naive and immature, can be
transplanted with only partial histocompatibility. But due to their lim-
ited volume, UCB is mainly applicable in transplantation of paediatric

patients.”

Regardless of the source of HSCs, haematopoietic stem and pro-
genitor cells appear morphologically as either small lymphocytes in
the case of the earliest stem cells or in the case of maturing progeni-
tors, as blast forms. Therefore, they can be identified only by func-
tional assays or by immunophenotypic surface marker analysis.
Phenotype of HSC is CD34"/CD45%™/SSC'o%/FSClow and intermediate 12

Later progenitors may be functionally assayed in soft agar culture
systems. When supported by the proper growth factors, they form
colonies of their progeny that can be enumerated and expressed as a
particular number of CFUs per total number of cells plated. Functional
assays for enumerating different species of HSCs require several
weeks of sterile culture incubation. Therefore, these assays have
some disadvantages, and the most significant being poor intra- and
inter-laboratory reproducibility, non-standardization, and long turn-
around time.r®** Hence, functional haematopoietic cell assays in
transplantation clinical practice are generally limited to quality-control
procedures of cryopreserved cells and are rarely used in routine labo-
ratory testing.

The measurement of CD34+ cells by flow cytometry has, how-
ever, become the universal assay for measuring the potency of HSC
products. The evaluation of absolute CD34+ cell count in patient PB
is also important for the decision of optimal timing to start the
leukapheresis procedure. According to the Joint Accreditation Com-
mittee of International Society of Cellular Therapy (JACIE) standards,
enumeration of viable CD34+ cells must be performed in fresh PBSC
products to access the graft quality.2> Minimal CD34+ cell count for
one transplantation is 22 x 10® CD34+ cells/kg of recipient's body
weight, while the optimal is 5 x 10® CD34+ cells/kg of body weight,
which is associated with faster recovery of neutrophil and platelet
count after transplantation.*¢”

Although laboratories for quality control in transplant centres use
different protocols for determining CD34+- cells, the protocol of Inter-
national Society of Hemotherapy and Graft Engineering (ISHAGE) is

the most commonly used (Figure 1).18

This protocol has been continu-
ously updated, by introducing counting beads and including viability
dyes.*> However, there are still differences between laboratories
using the ISHAGE protocol: some use single platform method, while
others dual platform.2” The benefit of the single platform is the simul-
taneous determination of the percentage and absolute count of
CD34+ cells using fluorescent microspheres (beads), which can be in
liquid phase or in lyophilized form. The main advantage of lyophilized
beads is that the tube contains an exact number of beads which
allows the calculation of the absolute cell count. Furthermore, there is
a difference in the cell labelling protocol which depends on whether
the single or dual platform method is used. Some laboratories use
lyse-wash method (dual platform), while others use lyse-no wash
method (single platform) which lasts shorter and potential cell loss is
prevented. Although the ISHAGE protocol for CD34+ cell determina-
tion is used in many laboratories, the mentioned differences indicate
that standardization is necessary.

Although according to EBMT guidelines, CD34+ evaluation is not
mandatory for the assessment of BM many centres include it in qual-

ity testing,2° If the laboratory performs determination of viable
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ISHAGE, International Society of Hemotherapy and Graft Engineering

CD34+ cells in BM samples, it is necessary to carefully set up proto-
cols and templates for cells analysis on flow cytometer. Compared to
CD34+ cells enumeration in PB or in PBSC graft, the analysis of BM
samples is challenging because they contain high red blood cell count
and may contain fat, cell clumps which all complicate the analysis.
Therefore, the settings on the flow cytometer must be adjusted to
reduce debris and allow a more accurate determination of the popula-
tion of CD34+ cells.

4 | ASSESSMENT OF CELLS VIABILITY

The viability of cells was firstly evaluated using the dye exclusion
tests, based on the principle that live cells possess intact cell mem-
branes that exclude certain dyes, whereas dead cells do not. The cell

suspension is mixed with dye and then visually examined to determine

Gating strategy for analysis of CD34+ cells haematopoietic stem cells for single platform using modified ISHAGE protocol.

whether cells take up or exclude dye. The most common dyes used
for performing dye exclusion tests are trypan blue, eosin Y, acridine
orange, or propidium iodide. Dye exclusion is a simple and rapid tech-
nique, but the limitation of the method is that viability is determined
indirectly from the assessment of cell membrane integrity. It is impor-
tant that the test be performed accurately because a small amount of
dye uptake indicative of cell injury may go unnoticed.?%?2

As already mentioned, in addition to the number of CD34+ cells,
according to the JACIE standards it is necessary to determine the via-
bility of collected and processed/cryopreserved cells. In the assess-
ment of CD34+ cells viability, the most commonly used dye is
7-aminoactinomicin D (7-AAD), which binds to GC region of the cell
DNA, and allows the determination of necrotic cells and those in late
apoptosis (7-AAD positive) using flow cytometer.?? Besides 7-AAD,
some laboratories still used dye excluding tests in routine work, but
because 7-AAD has become a standard part of the ISHAGE protocol,



International Journal of

VLADIMIRA anp INES

Laboratory Hematology

most laboratories use it to determine the viability of CD34+ cells.?!
The main disadvantage of the method with 7-AAD, as well as the pre-
viously mentioned dye exclusion tests, is a failure to detect cells in
early apoptosis, which may lead to overestimation of graft cell viabil-
ity.2® Several studies have shown that the method using Annexin V
(Ann V) is suitable for detection of cells in early apoptosis.**?*
Annexin V is a protein that has a high affinity for negatively charged
phospholipids, such as phosphatidylserine, which are characteristic of
the cytoplasmic side of the viable cell membrane. But in early apopto-
sis phosphatidylserine becomes exposed on the cell surface due to cell
membrane asymmetry and can be detected using a reagents con-
taining Ann V protein and Ann V binding buffer with calcium, which
allows binding Ann V to negatively charged phospholipids. It may be
useful to evaluate the apoptotic status of progenitor cells before
beginning ex vivo manipulation procedures such as stem cell expan-
sion or gene therapy.2® Other assays for the determination of apopto-
tic cells that are used in research settings are method with DNA
binding dye Syto 16, method for detecting activation of caspases,
TUNEL (TdT dUTP Nick End Labeling) assay for detection of endonu-
clease digestion of DNA, and method for detection of mitochondrial
apoptosis using dyes that determine mitochondrial membrane poten-
tial and chromation condensation in the nucleus using method with

specific dye.>?®

5 | ASSESSMENT OF QUALITY OF
THAWED CRYOPRESERVED HSC

Fresh HSCs, once harvested, are only viable for several hours to a few
days, limiting their use and geographical reach. Currently, HSCs and
other cell therapies are cryopreserved using the same techniques with
cryoprotectant dimethyl sulfoxide (DMSO) at a slow cooling rate.?”
Cryopreservation of HSCs allows their transportation from the site of
processing to the site of clinical use, creates a larger window of time
in which cells can be administered to patients, and enables sufficient
time for quality control and regulatory testing. Despite these
benefits, during processing, cells are exposed to some factors
(e.g., centrifugation, condition of storage, and thawing process) that
can lead to the reduction of the cell count in graft, but also to a
decline in cell viability after thawing.2”

The gold standard for cryopreservation for HSCs is still DMSO.
The timing of cell exposure to DMSO is very important because
DMSO can directly impact cellular function by affecting metabolism,
enzyme activity, apoptosis, and cell cycle. In addition, the effect of
DMSO depends on the type of cells, the stage of cell differentiation,
the duration of exposure, and DMSO concentration.?® Since DMSO
has the toxic effect on the cells in thawed graft and could also cause
adverse reactions during the infusion, in some transplant centres it is
removed from thawed HSCs before transplantation.?” However, the
question is how many cells are lost and damaged by this process,
because it is known that the number of viable CD34+ cells in a
thawed product is actually a real number transplanted to the
patient.*%?? In addition to the DMSO, some other factors affect the

recovery of the cells after cryopreservation, such as cell concentra-
tion, pre-freeze storage conditions, freezing rate, and storage temper-
ature, which also affect cell viability.27

It is well known that ‘single platform’ method in combination with
7-AAD represents the reference method for determining the count of
viable CD34+ cells in fresh samples. However, for analysing thawed
cryopreserved samples modification of the method is necessary. It is
recommended to adjust the gates Side scatter versus Forward scatter
and CD45 versus SSC in order to allow the acquisition of a higher
number of dead and live cells. Therefore, analysis of thawed samples
requires the adaption of gatting strategy and acquisition settings for
the purpose of more precise and accurate analysis of HSC.*13°

According to NetCord - Foundation for the Accreditation of Cel-
lular therapy (FACT) standards for Cord Blood Banks the post-thaw
CD34+ cell viability should be 270%.3! There are no such recommen-
dations for minimal CD34+ cell post-thaw viability of PBSCs, and it is
only required that the viability of nucleated cells should be >50% after
freezing and thawing of apheresis product.®? It is therefore question-
able how to perform the quality control of the PBSC graft after
thawing and which assays and methods should be used. Although
some studies evaluated the methods for post-thaw viability of PBSC
and CB, as well as attempted to standardize process from sample
preparation to acquisition on flow cytometer, still there are no guide-
lines defining each step in the process after thawing of cryopreserved
samples, for example, exact conditions of sample thawing, is it neces-
sary to wash cells, dilute the samples and remove cryoprotectant
before labelling, and acquisition on flow cytometer.3*34

In quality specifications for UCB, post-thaw CFU is still one of the
requirements, but due to the before mentioned disadvantages of CFU
assay, in routine work it would be desirable to use assay with higher
reproducibility and a shorter turnaround time for faster assessment of
graft quality.3>3¢ Although 7-AAD is the most commonly used dye for
the determination of cell viability on flow cytometer in HSC trans-
plants, the lack of a test is that it cannot determine cells in early apo-
ptosis. Since it is known that in early apoptosis the functioning of the
cell is impaired, the question is whether such damaged cells
have the possibility of proliferation. Thus, it would be useful to deter-
mine the viability of cells, in addition to the method with 7-AAD use
the method for determining cells in early apoptosis, such as the
method with annexin V. Few studies showed that for UCB samples,
assay using 7-AAD and Ann V was a feasible method for prediction of
CFU results.2*?* Duggleby and coworkers?* showed that significant
numbers of CD34+ AnnV+ events were found within the 7AAD-
gated population on their custom protocol for determining viable
CD34+ cells. In their study, the measured results indicated a good
correlation between nonapoptotic cells (CD34+ AnnV-) and CFU
results, so they confirmed the fact that the current standard enumera-
tion of CD34+ viable cells does not fully reflect potency after
-thawing because standard enumeration with 7-AAD does not mea-
sure the early apoptotic cell. Radke and coworkers'* in their study
presented that in comparison to the standard ISHAGE protocol, the
method with AnnV resulted in similar good correlations between CFU

and CD34+ cells seeded, which leads to an improved conformability
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with the theoretically expected colony formation. The results of these
studies were especially important because the Ann V method can be
used in the case the number of viable cells needs to be determined as

soon as possible before transplantation.

6 | ASSESSMENT OF LEUKOCYTE
SUBPOPULATION

In addition to CD34+ cell determination, the quality assessment of
allogenic HSC graf must include enumeration of other leukocyte sub-
population, especially CD3+ T cells. Besides T cells, for different types
of cell therapy it is necessary to determine leukocytes subpopulation
in the graft. Nowadays, flow cytometers used in laboratory work
enable the detection of several cell markers at once, depending on the
laser and detector configuration of flow cytometer (e.g., 10-colour
flow cytometer with three lasers [violet 405 nm, blue 488 nm, and red
638 nml). Therefore, it is possible to determine leukocytes subpopula-
tions using monoclonal antibodies (mAb) in one test tube, reducing
the price and time to test results. Leukocyte subpopulations are usu-
ally detected using anti-CD 19 mAb for B-cells, anti-CD 16 and anti-
CD 56 for NK cells, anti-CD3, anti-CD 4 and anti-CD8 mAb for sub-
population of T-cells and anti-CD 14 and anti-CD16 for monocytes
(Table 1).

When the laboratory defines the protocol for detecting cells of
interest, it is necessary to choose the antibodies (Abs) and
fluorochromes which will allow accurate cell identification. This is
especially important when performing multiple analysis in one step
(e.g., enumeration of lymphocytes subpopulation). In addition to indi-
vidual Ab, there are commercial kits that contain predefined Abs
labelled with fluorochromes and reagents for determining cells of
interest, for example, for determining HSC or lymphocyte subpopula-
tions.2¢3738 The advantage of these kits is that they contain
pre-assembled Ab panels, which facilitates the creation and imple-
mentation of protocols in laboratories that have no experience with
setting up in-house methods. Furthermore, some manufacturers offer
software for acquisition and analysis which have an auto-gating algo-
rithm for isolation of the cells of interest, which also contributes to
more user-friendly cell analysis, for example, BD FACSCanto Clinical

software (BD Bioscience, San Jose, CA).>?

TABLE 1 The antibodies most commonly used in the evaluation
of the cellular therapy products intended for haematopoietic stem cell
transplantation

Antibody Cell line References

Anti-CD34 Haematopoietic  [14,17,18,23,24,33,34,37,39,
stem cells 43,45,47,48,54-56]

Anti-CD3 T cells [38,40,45,47,48,50,52]

Anti-CD19 B cells [38,40,43,45,47,48,50,52]

Anti-CD20

Anti-CD14 Monocytes [50]

Anti-CD56/CD16  NK cells [38,40,48,50]

Transplantation of allogeneic HSC is sometimes followed with
additional administration of donor lymphocytes, for example, donor
lymphocyte infusion (DLI). Lymphocytes for DLI could be collected
during allo-HSC collection procedure or from unstimulated PB, and
cryopreserved as a simple and effective therapeutic option for
patients in case of disease relapse.***! The purpose of DLI is to
enhance donor T-cells potency against leukaemic cells (graft-vs.-
tumour effect), that is, to treat disease relapse and improve immune
recovery.*?

In the fresh apheresis products which will be cryopreserved for
DLI, CD3+ cells are determined on flow cytometer. Since there are
only a few reports on how this cell population tolerates the cryopres-
ervation and thaw process, and because of difference among labora-
tories in cryopreservation protocols, each centre should determine
the viability of CD3+ cells in the thawed sample before infusion.*®

In the case of partial HLA matching, the HSC graft could be
manipulated before administration in order to remove unwanted cells.
The transplantation of HSC graft obtained from haploidentical donors
carries an increased risk of developing graft-versus host disease
(GvHD). In order to avoid that potential complication after transplan-
tation, immunomagnetic techniques can be used prior to the infusion
of the graft: indirect T cell depletion by the enrichment of CD34-+
cells or the depletion of unwanted CD3+ T cells and CD19+ B
cells.***5 The method of enrichment of target CD34+ cells is based
on magnetic isolation technique using anti-CD 34 mAb conjugated to
superparamagnetic iron dextran particles and magnetic cell separa-
tor.*> After selection, the number of viable CD34+ and CD3+ cells is
determined using flow cytometer. The challenge in the analysis is to
determine the count of CD3+ cells in the positive fraction after selec-
tion. The residual number of CD3+ cells is usually less than 1% and
for analysis is needed special protocol for the rare number of T cells.
In addition, multigating strategy protocol should be implemented.*®
Nowadays, two different T-cell depletions are used in haploidentical
HSC transplantation: in vitro T-cell depletion of PBSC and post-
transplantation cyclophosphamide for in vivo T-cell depletion.*’
Immunological techniques for depletion of T-cell receptor alpha/beta
and CD19+ cells is even more demanding than enrichment tech-
niques. After the depletion process, very few residual TCRapt and
CD19+ cells must be determined using flow cytometry.*® For the
analysis of the products obtained using immunological techniques, it
is very important to devise gating strategies, set up a protocol on flow
cytometer and then accurately analyse the cells of interest, because
regardless of their very small number in the product, the effect of the

procedure is assessed according to result from flow cytometer.

7 | IMMUNE EFFECTOR CELLS

Adoptive cellular therapy with IECs is an exciting and rapidly develop-
ing field that is evolving from a clinical manufacturing model, generally
occurring in academic institutions, to an industry model with central-
ized manufacturing. Immune effector cells currently comprise

cells that express broad cytotoxicity against tumours or targeted
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cytotoxicity against tumour-associated antigens, as well as the cells
that induce tolerance by suppressing inflammatory responses or
enhancing immune recognition. Their identity, enumeration, and via-
bility are critical information for initiating manipulation and releasing
the products for infusion.*?>°

Despite rapid development, IECs therapy still faces several chal-
lenges such as manufacturing processes, logistic and coordination
aspects and toxicity profiles. Therefore, the Inmune Effector Cell Task
Force was created the standards and accreditation program for IEC.>?
The standards clearly state that relevant and validated assay should
be employed to evaluate cellular therapy products undergoing manip-
ulation that alters the function of the target cell population, where
multi-colour flow cytometry is the technology of choice for cell sur-
face marker detection, viability and enumeration. Accurate quantifica-
tion of viable absolute numbers of cells is a prerequisite for several
activities: standardization of input cellular material for CAR-
transduced T or NK cell manufacturing, cell selection, in-process qual-
ity controls and dosing of IEC.5%51

CAR-T cell therapy is increasingly applied in clinical practice, in
which genetic modification optimizes the T cells to actively proliferate
and recognize cancer cells.*’ As with CD34+ cells collection for HSC
transplantation, obtaining a sufficient concentration of T-cells is a crit-
ical part of the collection process. It is therefore important to perform
quality control of leukapheresis products using anti-CD3 mAb,
because quality of the final product depends on the quality of the
starting material used in CAR-T cells manufacturing.#>52 After the
manufacturing process, a sample of the CAR-T cell product is taken
for quality control, which includes, among other things, phenotyping,
viability and purity of effector cell population.*?

In addition to the determination of the quality of the
leukapheresis product, flow cytometry is used in the monitoring of
expansion and persistence of the therapeutic cells after the infusion
and in the evaluation of treatment response in patients who received
graft with CAR-T cells.®

8 | QUALITY CONTROL AND VALIDATION
OF FLOW CYTOMETRY METHODS

Before the introduction of new methods in routine work, it is neces-
sary to perform validation that usually includes assessment of preci-
sion and accuracy, linearity, limit of quantification, method
comparison between two or more flow cytometers and carryover, and

sometimes a sample stability study.3”3%->°

8.1 |
samples

Stability of the cellular therapy product

Sample stability study is an important part of validation of the proto-
col used for quality assessment, especially when implementing a new
type of cell therapy product. Several studies have examined the stabil-

ity of fresh leukapheresis samples and thawed cryopreserved UCB

samples.?”3%:5455 The results showed that fresh leukapheresis sam-
ples were stable up to 24 h stored at 4°C.3”%? The results of stability

1.5% in their

studies of thawed UCB samples were conflicting. Lee et a
study showed that thawed UCB samples were stable up to 6 h after
thawing, regardless of whether samples were stored at room tempera-
ture or at 4°C. On the other hand, Huang and colleagues reported that
CD34+ cell viability decreased significantly after only 20 min when

1.5¢ evaluated

thawed UCB samples were stored at RT.>> Krasna et a
the stability of the HSC products after immunoselection and reported
that CD34+ cells after selection were less stable than CD34+ cells in
leukapheresis product during refrigerated storage up to 6 days. Since
the results of the studies conducted so far have varied depending on
the type of cellular therapy products and storage conditions, each lab-
oratory should perform a sample stability study as part of the valida-
tion protocol.

Before performing validation, it is necessary to optimize the set-
tings of clones combined with the best possible fluorochromes and
also antibody concentration to minimize nonspecific background
fluorescence.

In routine work, after initialization and start up procedure, lasers
on flow cytometer need to be adjusted and commercial reagents (fluo-
rescent beads) are most commonly used for this purpose. If necessary,

spectar overlap compensation can be performed.®”

8.2 | Internal and external quality control

According to good laboratory practice, it is necessary to provide qual-
ity control for the methods used in routine laboratory work. Internal
quality control should be performed every day before routine work,
for which commercial controls are used, usually from the same manu-
facturer as the reagents. Beside internal control, it is also important to
participate in external quality assessment (EQA). Samples for EQA are
usually analysed several times per year, and laboratories decide in
which scheme will participate (e.g., for CD34 count, or for lymphocyte
immunofentoyping). Laboratories that are part of HSC transplantation
program usually participate in the UK NEQAS quality scheme and/or
in national schemes.>®>? It is very important that samples from EQA
are processed in the same way as routine samples, because the exter-
nal control allows periodic verification of the method, and at the same
time checks the technical performance of the test. Validation and veri-
fication of the methods, internal and EQA are part of the accreditation
procedure.®® If the laboratory wants to meet the requirements for

accreditation, it is necessary to implement the mentioned procedures.

9 | CONCLUSION

Flow cytometry methods nowadays open new views and insights into
the quality of various cellular products used in the field of HSC trans-
plantation which greatly contributes to the development and progress
of cell therapy. They are now in routine use in clinical as well as in

research laboratory work, and application of good laboratory practice,
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constant education and training are needed for the implementation

and maintenance of the methods in this fast-growing field of labora-

tory testing.
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1 | INTRODUCTION

Introduction: Autologous peripheral blood stem cell (PBSC) transplantation
has become a standard treatment option for many oncology patients. The aim
of this study was to evaluate the performance of two cell separators, Spectra
Optia (Terumo BCT, Japan) and Amicus (Fresenius-Kabi) for autologous PBSC
collection.

Methods: We retrospectively evaluated 56 apheresis by Spectra Optia with
Continuous Mononuclear Cell Collection (¢cMNC) from 20 patients, and
50 apheresis by Amicus from 27 patients between December 2018 and
December 2019. CD34+ collection efficiency (CE2) and platelet (PLT) loss
were evaluated.

Results: There was no significant difference in CD34+ CE2 between Spectra
Optia with cMNC (median, 28.8%) and Amicus (median, 33.1%; P = 0.537).
PLT loss was significantly lower in Amicus (median, 28.6%) than in Spectra
Optia with cMNC (median, 37.8%; P = 0.009).

Conclusion: CD34+ CE2 was comparable between Spectra Optia and Amicus,
and PLT loss was significantly lower in Amicus. To the best of our knowledge,
this is the first report comparing autologous PBSC collection of the Spectra
Optia and Amicus. These results may provide general guidance with regard to
device selection to apheresis clinics that use both separators for optimal out-
comes depending on each patient's characteristics.

KEYWORDS

apheresis, cell separator, collection, peripheral blood stem cell

The leukapheresis procedure is one of the critical factors
affecting the outcome of PBSC transplantation. Optimal

Autologous peripheral blood stem cell (PBSC) transplan-
tation has become a standard treatment option for many
oncology patients."* Stem cell-rich blood cells are gener-
ated through enforced mobilization with granulocyte-col-
ony-stimulating factor (G-CSF) with or without
chemotherapy. After stem cell mobilization, PBSCs are
collected by leukapheresis using blood cell separators.

outcomes require efficient stem cell collection and mini-
mal platelet (PLT) attrition.

There are several blood cell separators used for PBSC
collection. And the currently available separators world-
wide are the Spectra Optia (Terumo BCT, Tokyo, Japan)
and Amicus (Fresenius-Kabi, Lake Zurich, IL). The Spec-
tra Optia system is a recently introduced apheresis
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system, replacing the COBE Spectra (Terumo BCT).
Unlike its predecessor, the Spectra Optia automatically
detects and maintain buffy coat interfaces.’ The Continu-
ous Mononuclear Cell Collection (cMNC) protocol in
Spectra Optia is a single-stage procedure in which target
cells are continuously flushed into a collection con-
tainer.*> The Amicus which has been used for PLT aphe-
resis, with the additional development of software for cell
separation, replaced the CS-3000+ which has been used
for years for leukapheresis.” The Amicus is a continuous-
flow system with cyclic cell harvests, which is also
equipped with automated collection protocols.” The aim
of this study was to evaluate the performance of these
two cell separators for autologous PBSC collection.

2 | MATERIALS AND METHODS

2.1 | Patients and ethics statement

We retrospectively evaluated a total of 106 apheresis data
from 42 adult patients whose PBSC apheresis procedures
were performed at the National Cancer Center between
December 2018 and December 2019. Specifically, 56 aphe-
resis from 20 patients using the Spectra Optia with
c¢MNC, and 50 apheresis from 27 patients using the Ami-
cus. Five patients underwent procedures using both the
Spectra Optia and Amicus. The study was approved by
the Institutional Review Board at the National Cancer
Center, Korea (No. NCCNCS13745).

2.2 | Apheresis procedure

PBSCs were collected according to the institution's mobi-
lization protocol using chemotherapy plus mobilization
agents (G-CSF with or without plerixafor) or mobilization
agents only. It was recommended that PBSCs be collected
on the day that the CD34+ cell count was >5/puL or the
white blood cell (WBC) count was >3.0 x10°/L,*** how-
ever, it was ultimately determined through a clinical
decision. Patients undergoing PBSC collection were
assigned to a Spectra Optia or Amicus in a random man-
ner. Settings as per the manufacturer's recommendations
were used. For apheresis by Spectra Optia, collect rate
was set at 1.0 mL/min. For apheresis by Amicus, the
MNC and RBC offset settings were 1.5 and 6.8. For all
PBSC collections (Spectra Optia and Amicus), a blood
flow rate was 60-70 mL/min. The whole blood to antico-
agulant (3000 IU heparin with 500 mL of acid-citrate-
dextrose solution) ratio was routinely 24:1. The end point
was a total processed volume (TPV) of 3-5 times the
patient’s estimated blood volume. The CD34+ cell dose

(linical Apheresis «..Z®

per kg body weight was determined. The apheresis target
dose for one autologous PBSC transplantation was
>3 x 10° CD34+ cells/kg body weight before freezing.

WBC, PLT, mononuclear cell (MNC), and hematopoi-
etic progenitor cell (HPC) counts in the peripheral blood
and PBSC products were determined using an XE-2100
hematology analyzer (Sysmex Corporation, Kobe, Japan)
with differential counts determined by manual counting.
CD34+ cells were also counted in the peripheral blood
pre-apheresis only and PBSC products by flow cytometry
(FACS Canto II, Becton, Dickinson and Company, San
Jose, CA) using a single-platform assay (BD stem cell
enumeration kit, Becton Dickinson and Company,
Franklin Lakes, NJ).!'"12

2.3 | Collection efficiency and
platelet loss

The collection efficiency (%) was calculated using a
well-known “CE2” model as follows: (total CD34+
cells obtained from apheresis x100)/[peripheral CD34
+ cells/pL X apheresis blood volume processed (pL)].
PLT loss during apheresis was calculated using the for-
mula: PLT loss (%) = [(pre-apheresis peripheral PLT/
pL-post-apheresis peripheral PLT/pL)/pre-apheresis
PLT/pL] x 100.'*'* Patients who received PLT transfu-
sion prior to PBSC collection were excluded from the
PLT loss (%) calculation.

2.4 | Statistical analysis

Descriptive data are presented as a median with range.
The significance of the observed differences between
Spectra Optia and Amicus was assessed with the Chi-
squared test or Mann-Whitney U test, as appropriate. A
Pearson correlation was applied to determine the relation
between pre-apheresis peripheral markers by an auto-
matic hematologic analyzer and the CD34+ cell count by
flow cytometry. SPSS Statistics 24 (IBM SPSS Inc., Chi-
cago, IL) was used for statistical analyses and a 2-tailed
P value of 0.05 was considered statistically significant.

3 | RESULTS

3.1 | Patient characteristics

Of the 42 patients, 26 (61.9%) were male and 16 (38.1%)
were female with a median age of 58 years (range, 22-64).
Diagnosis of patients were as follows: multiple myeloma,
22 (52.4%); diffuse large B-cell lymphoma, 10 (23.8%);

27



— WILEY

Journal of
Clinical Apheresis ....#4SPA

CHUNG ET AL.

No. of patients
Sex
Male
Female
Age (years, median)
Diagnosis
Multiple myeloma
Diffuse large B-cell lymphoma
Non-Hodgkin lymphoma
Others
Mobilization regimens

Chemotherapy plus
mobilization agents

Mobilization agents only

Abbreviation: cMNC, continuous mononuclear cell collection.

No. of apheresis
On the first or second day®
On or after the third day®

Pre-apheresis peripheral blood
parameters

WBC (x10°/L)
PLT (x10°/L)
MNC (x10°/L)
HPC (x10°/L)
CD34+ cells (/uL)

Total processed blood
volume (mL)

Collected products

Total volume (mL)

WBC (x10°%)

PLT (x10%)

MNC (x10°%)

Hematocrit (%)

CD34+ cells (x10°)
Performance

Collection efficiency, CE2 (%)

Platelet loss (%)

Abbreviations: cMNC, continuous mononuclear cell collection; WBC, white blood cell; PLT, platelet;

Spectra Optia with cMNC  Amicus
20 27
13 (65.0%) 17 (63.0%)
7 (35.0% ) 10 (37.0%)
58 (40-64) 58 (22-64)
14 (70.0%) 11 (40.8%)
4 (20.0%) 7 (25.9%)
2 (10.0%) 6 (22.2%)
0 (0.0%) 3(11.1%)
6 (30.0%) 15 (55.6%)
14 (70.0%) 12 (44.4%)
Spectra Optia
with cMNC Amicus
56 50
30 (53.6%) 34 (68.0%)
26 (46.4%) 16 (32.0%)

34.0 (2.0-94.5)
82 (28-279)
4.0 (0.9-25.5)
13 (0-183)
18 (1-144)

15926 (12233-19 845)

270 (204-322)
37 (13-84)
70 (34-335)
25 (4-68)

2.0 (0.6-4.0)
78 (5-1654)

28.8 (4.0-79.7)
37.8(7.1-53.9)

32.7 (1.5-97.5)
90 (35-269)
4.2 (0.5-32.7)
16 (0-233)
17 (1-191)

14 411 (10959-19 090)

234 (157-310)
35 (7-59)
62 (22-173)
21 (2-46)
4.6 (1.1-10.5)
77 (2-691)

33.1(5.7-132.4)
28.6 (3.6-54.2)

P value

.889

325
154

.084

P value
132

.790
.597
924
.657
798
<.001

<.001
161
173
.031
<.001
.695

.537
.009

MNC, mononuclear cell; HPC, hematopoietic progenitor cell; PBSC, peripheral blood stem cell.
Bold shows the statistical significance with P value less than .05.
“The day of collection as autologous PBSC collection is performed as consecutive daily proce-

dures. "PLT loss (%) were analyzed for 50 cases of Spectra Optia with cMNC and 45 cases of
Amicus. Patients who received PLT transfusions prior to PBSC collection were excluded from

the PLT loss (%) calculations.

TABLE 1
clinical characteristics of patients who

Demographic and

underwent peripheral blood stem cell
(PBSC) collection by Spectra Optia and
Amicus

TABLE 2 Laboratory parameters
(medians) of pre-apheresis peripheral
blood and collected products
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non-Hodgkin lymphoma, 7 (16.7%); and others, 3 (7.1%).
Nineteen patients (45.2%) were mobilized with chemo-
therapy plus mobilization agents and 23 patients (54.8%)
with mobilization agents only. There were no significant
differences in sex, age, diagnosis, or mobilization regimen
between the Spectra Optia and Amicus groups (Table 1).

3.2 | Characterization of apheresis
For the 106 apheresis conducted, the median pre-apheresis
peripheral blood parameter values were as follows: WBC,
33.8 X 10°/L (range, 1.5-97.5); PLT, 84 x 10°/L (range,
28-279); MNC, 4.1 x 10°/L (0.5-32.7); HPC by hematology
analyzer, 15 x 10° L (range, 0-233); CD34+ cells by flow
cytometry, 18/pL (range, 1-191). The median TPV was
15 510 mL (range, 11 416-19 885) (Table 2). The number of
apheresis underwent with pre-apheresis peripheral CD34+
cells <5/pL was 11 for Spectra Optia, and 10 for Amicus.
And the number of apheresis mobilized with plerixafor
was 12 for Spectra Optia, and 4 for Amicus.

There were no significant differences in pre-apheresis
values for the peripheral WBC count, PLT count, MNC
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FIGURE 1
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count, HPC count by the hematology analyzer, and CD34
+ cell count by flow cytometry between the Spectra Optia
and Amicus groups. The TPV (mL) was significantly larger
in the Spectra Optia group (median, 15 926) than in the
Amicus group (median 14 411, P < .001). There was no sig-
nificant difference in the frequency of pre-apheresis periph-
eral CD34+ cells <5/pL between the two groups
(P = .963). The frequency of mobilization with plerixafor
was higher in the Spectra Optia group (21.4%) than in the
Amicus group (8.0%) with marginal significance (P = .055).

3.3 | Collection efficiency and
platelet loss

There was no statistically significant difference in CD34+
CE2 (%) between the Spectra Optia group (median, 28.8)
and the Amicus group (median, 33.1, P = .537). There
also were no significant differences in CD34+ CE2 (%)
between the two systems when further analysis was per-
formed excluding apheresis with pre-apheresis peripheral
CD34+ cells <5/puL (P = .107), or excluding apheresis
mobilized with plerixafor (P = .878).

(o9)
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Scatter plots are presented between CD34+ cells (x10°) in products and A, CD34+ cells (/uL), B, HPC (x10°/L), (C) MNC (x10°/L),

and (D) WBC (x10°/L) in pre-apheresis peripheral blood. HPC, hematopoietic progenitor cell; MNC, mononuclear cell, WBC, white blood cell
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PLT loss (%) were analyzed for 50 cases of Spectra
Optia with cMNC and 45 of Amicus excluding cases with
PLT transfusions prior to PBSC collection. PLT loss (%)
was significantly higher in the Spectra Optia group
(median, 37.8) than in the Amicus group (median, 28.6,
P =.009) (Table 2).

3.4 | Correlation between parameters of
peripheral blood and CD34+ cell count

When the correlation between each parameter (WBC
count, MNC count, HPC count by the hematology ana-
lyzer, and CD34+ cell count by flow cytometry) in the pre-
apheresis peripheral blood and final CD34+ count in the
products was analyzed, the CD34+ cell count exhibited the
best correlation (r = .669, P < .001), followed by HPC
(r = 211, P = .030). MNC (r = .020, P = .835), and WBC
(r = —.066, P = .499) showed no significant correlation
(Figure 1). When the correlation between each parameter
by an automated hematology analyzer and CD34+ cell
count in the pre-apheresis peripheral blood was analyzed,
the best surrogate marker for CD34+ cell count was HPC
(r = 497, P < .001), followed by WBC (r = .306, P = .001),
and MNC (r = .232, P = .017).

4 | DISCUSSION
In this study, we compared the autologous PBSC collection
performance between two apheresis devices which are cur-
rently in use, Spectra Optia and Amicus. With regard to
the Spectra Optia, we evaluated the cMNC protocol as it
was developed later than Mononuclear Cell Collection
(MNC) protocol and is currently in use worldwide.

Collection efficiency was comparable between the Spec-
tra Optia with cMNC and the Amicus groups. Our results
were different from that of a recent report which compared
the Spectra Optia with MNC protocol and Amicus in
leukapheresis for adoptive immunotherapies; it was con-
cluded that collection efficiency was higher for the Spectra
Optia with MNC than the Amicus in non-cytokine stimu-
lated donors.'® In terms of PLT loss, Amicus yielded lower
attrition. This result was in line with prior studies which
reported the Amicus generated products with a lower PLT
content than other cell separators, the Spectra Optia with
MNC"® or the previous CS-3000 + .>'°

It is well known that the circulating CD34+ cell/pL
can be correlated with the product CD34+ cell.'”'® This
study also showed a high correlation of CD34+ cell
counts in pre-apheresis peripheral blood with those in
the products. However, the CD34+ cell count using flow

cytometry was impractical for many reasons. It has not
yet been automated and therefore took considerable time
and labor, including experienced technicians and labora-
tory personnel. Moreover, CD34+ cells in peripheral
blood are sparse relative to other nucleated cells, making
it difficult to correctly count such a small cell population.
Among the parameters that could be easily obtained by
an automatic hematology analyzer, the HPC count
showed a better correlation with the CD34+ cell count
and was a better predictor than WBC or MNC counts. In
clinical laboratories where CD34+ count by flow cyto-
metry is not available, the HPC count by a hematology
analyzer can be monitored as a surrogate marker for
CD34+ cell counts.

The limitation of this study is that we were not able
to calculate the CE1 which is a more accurate parameter
than CE2, as post-apheresis peripheral CD34+ cell counts
are not routinely performed at our center. In addition,
the nonmatched retrospective character of the present
analysis imposed inborn limitations.

In conclusion, our results demonstrated that collection
efficiencies were comparable between the two systems and
PLT loss was significantly lower in the Amicus. It would be
considerate to choose a cell separator based on the patient’s
characteristics in apheresis clinics that operate both sys-
tems. From these results, our apheresis clinic favorably
applied the Amicus in patients with low PLT counts. To
the best of our knowledge, this was the first report regard-
ing autologous PBSC collection that compared the Spectra
Optia and Amicus. This result may be of particular interest
for apheresis clinics using both separators and may give
general advice with regard to device selection for an opti-
mal outcome depending on each patient's characteristics.
Further reports with prospective, randomized controlled
clinical trials could provide additional insight for choices of
cell separators for PBSC collection.
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1 | INTRODUCTION

Autologous hematopoietic stem cell transplantation
(HSCT) has become standard of care for various
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| Mario Bargetzi® | Joerg-Peter Sigle'

Abstract

Background: Collection efficiency (CE) of peripheral blood stem cell (PBSC)
collections is negatively affected by increasing white blood cell (WBC) counts
of the patient. This study compared a new optimized mononuclear cell (MNC)
collection protocol (OPP) to the standard MNC collection protocol rec-
ommended by the manufacturer (STP) for PBSC collection in patients with
WBC counts >35 000/pL.

Study design and methods: Single-center, retrospective, and observational
study of 81 autologous PBSC collections on Fenwal Amicus cell separators in
70 adult patients.

Results: Median peripheral WBC count (x10°/pL; 44.2 in OPP group vs 46.5 in
STP group) and median CD34" count (105/puL in OPP group vs 40/pL in STP
group) at the beginning of PBSC collection did not differ significantly. Median
CE2 (45% vs 31%; P < .001) as well as CD34" yield of the apheresis product both
with regards to median absolute CD34" content (x106; 793 vs 188; P = .001) as
well as median CD34" content (x10°)/kg body weight (8.93 vs 2.51; P = .002)
were significantly higher for the OPP. Overall, 18/21 (86%) patients with the OPP
obtained their target CD34* amount with a single apheresis session, compared to
25/50 (50%) with the STP (P = .005). PBSC collections using OPP lasted signifi-
cantly longer (median 377 minutes vs 260 minutes; P < .001) than with the STP.
Conclusions: The OPP significantly improves CE2 for PBSC collections on
Fenwal Amicus cell separators in patients with pre-apheresis WBC counts
>35 000/pL and significantly reduces the necessity for multiple apheresis ses-
sions. The OPP is therefore suited to reduce both patient burden and cost in
autologous PBSC collection.

KEYWORDS

high WBC counts, improved collection efficiency, PBSC collection

hematological disorders in adult patients.' It involves the
collection of peripheral blood stem cells (PBSC) by aphe-
resis through automated cell separators after mobiliza-
tion with granulocyte-colony stimulating factor (GCSF),

J Clin Apher. 2020;35:217-223.
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usually in combination with chemotherapy.”? PBSC col-
lection has to be both safe for the patient and efficient,
that is, yielding an adequate amount of viable CD34"
cells to ensure post-transplant engraftment.> Collection
efficiency (CE) is a measure for the proportion of CD34*
cells harvested per volume processed at a given CD34"
cell count in the peripheral blood.*

Studies have demonstrated that CE is influenced by
various factors such as the type of automated cell separa-
tor or the total processed blood volume (TPV) during
apheresis.”® A relevant patient-related factor with regard
to CE is the patient's pre-apheresis white blood cell
(WBC) count. High pre-apheresis WBC counts have a
negative impact on CE, regardless of the type of apheresis
device.®*°

With regard to the Fenwal Amicus cell separator, CE
can be improved by adjusting various machine settings.
According to the manufacturer, apheresis cycle volume
can be adjusted from 1400 to 1000 mL/cycle, if the pre-
apheresis WBC count exceeds 35 000/pL. The positive
effect of a reduced cycle volume on CE has also been
demonstrated for pre-apheresis WBC counts below
35 000/uL."" Poor CE can also be related to high flow
rates, especially if WBC counts are elevated; therefore,
limiting flow rates is another option to improve CE.%'?
The offsets which control the beginning and end of
mononuclear cell (MNC) transfer into the collection bag
are also adjustable. Monitoring MNC transfer and
adjusting offsets can lead to higher CD34" collection
results.”?

At our institution, a relevant number of patients with
WBC counts >35 000/pL did not reach the target CD34*
cell amount with a single apheresis procedure on the
Fenwal Amicus cell separator, despite adjusting the cycle
volume to 1000 mL/cycle. In order to improve CE and
therefore reduce the necessity of repetitive PBSC collec-
tions and costs, we devised an optimized MNC collection
protocol (OPP) with lower cycle volume and limited flow
rate for the Fenwal Amicus cell separator. This study
compares this new OPP to the standard MNC collection
protocol recommended by the manufacturer (STP) for
PBSC collection in patients with WBC counts
>35 000/pL.

2 | MATERIALS AND METHODS
2.1 | Patient selection and stem cell
mobilization

This is a single-center, retrospective, and observational
study of autologous PBSC collection in adult patients
with WBC counts >35 000/pL from 2010 to 2019. The

study was approved by the local ethics committee. Patient
eligibility and mobilization regime for autologous PBSC
collection were at the discretion of the treating physician.
All patients undergoing PBSC collection gave written
informed consent. The CD34"% cell dose per HSCT was
2.5 x 10° CD34™" cells/kg body weight. The number of
autologous HSCT defining the target amount of CD34%
cells to be collected per individual patient was based on
diagnosis and treatment protocol. Therefore, the target
for PBSC collection was 2.5 x 10° (one autologous
HSCT), 5.0 x 10° (two autologous HSCT), or 7.5 x 10°
(three autologous HSCT) CD34" cells/kg body
weight. PBSC mobilization was performed with GCSF
(10 pg/kg/day) after administration of vinorelbine or
following conventional chemotherapy (non-vinorelbine
chemotherapy).'* PBSC collection was initiated when
peripheral CD34" cell count reached 20/pL. Plerixafor
was used if patients failed to mobilize sufficient CD34"
cells.

If the target amount was not obtained with a single
apheresis procedure, GCSF mobilization was continued
and PBSC collection repeated on consecutive days.

2.2 | Apheresis

All PBSC collections were performed on Fenwal Amicus
apheresis devices (Fresenius-Kabi AG, Oberdorf, Switzer-
land; Version 2.5.15 until January 2011; Version 3.11
from February 2011 until April 2016; Version 4.4 since
May 2016). Mode of vascular access (peripheral vs central
venous) was at the discretion of the apheresis technician.
Anticoagulant Citrate Dextrose Solution (ACD-A,
Fresenius-Kabi) was used at a 1:12 ratio with an infusion
rate of 1.5 to 2.0 mg/kg/min. To prevent citrate-related
side effects, calcium gluconate 10% (B. Braun Melsungen
AG, Melsungen, Germany), diluted in normal saline 0.9%
(Sintetica SA, Mendrisio, Italy), was infused. The STP
comprised a cycle volume of 1000 mL for 14 cycles,
resulting in a TPV of 14 L for all patients, irrespective of
total blood volume. The maximum whole blood flow rate
for the STP was 80 mL/min.

For our OPP, we lowered cycle volume to 600 mL and
increased cycle numbers to 24 to maintain TPV. The
maximum whole blood flow rate was limited to 60 mL/
min. All adjustments were in line with the manufac-
turer's specifications of the cell separator.’> All other
parameters were retained for both protocols (including
MNC collection setpoint at 0.6). MNC offset volume was
2.3 mL, red blood cell (RBC) offset volume 6.5 to 6.8 mL.
Exceptional adjustments of offsets for individual proce-
dures according to Burgstaler et al. were at the discretion
of the apheresis technician.'?
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2.3 | Blood counts and CD34"
measurement

Peripheral CD34" cell counts prior to PBSC collection
were measured by flow cytometry using the BD Stem cell
enumeration Kit on BD FACSCalibur until 2013, thereaf-
ter on BD FACSCanto II instruments (BD Biosciences,
San Jose, California) according to the manufacturer's
instructions. The same protocol was used to quantitate
viable CD34% cells in the apheresis product within
24 hours after PBSC (storage temperature 4°C +/-2°C).
Patients’ blood counts before and after PBSC collection
were determined on ADVIA 2120i (Siemens Healthcare,
Zuerich, Switzerland), Sysmex KX-21 N (Sysmex Suisse,
Horgen, Switzerland) or Sysmex XN-1000 (Sysmex
Suisse). The apheresis product's cellular counts were
obtained on Sysmex XN-5000 (Sysmex Suisse) or Sysmex
XN-20 (Sysmex Suisse).

2.4 | Data collection and statistical
analysis

Data acquisition was performed as part of our institu-
tion's routine quality control program for PBSC collec-
tions. Data recorded included: age, sex, total blood
volume, body weight, diagnosis, mobilization regime,
CD34" target amount, vascular access, pre-apheresis
complete blood and CD34% cell count, CE, product cellu-
lar and CD34% content, duration of apheresis, TPV (with-
out correction for ACD), and product volume. CE was
calculated as follows:

CE2

(linical Apheresis ...

RESULTS

3 |

We analyzed a total of 81 autologous PBSC collections in
70 adult patients with WBC counts >35 000/pL between
May 2010 and April 2019. Between May 2010 and April
2016, we performed 59 collections according to STP in
49 patients. The OPP was used in 22 collections in
21 patients since May 2016.

Patient characteristics are given in Table 1. The distri-
butions of sex, age, total blood volume, body weight, and
diagnoses were similar between both groups. Eight
patients had two PBSC collections according to STP on
consecutive days; one patient had three procedures
according to STP, the first PBSC collection after mobiliza-
tion following non-vinorelbine chemotherapy/GCSF, the
second and third collection on consecutive days after
mobilization with vinorelbine/GCSF. One patient had
two PBSC collections according to OPP on consecutive
days. PBSC mobilization did not differ between groups
with regard to GCSF administration following vin-
orelbine vs non-vinorelbine chemotherapy (P = .46).
However, ten patients (20%) in the STP group received
plerixafor as part of their mobilization regime, none in
the OPP group. There was a significant difference with
regard to central venous vascular access between both
groups (70% STP group vs 33% OPP group; P = .005). For
patients with multiple PBSC collections, the mode of vas-
cular access (central venous vs peripheral) did not change
between procedures. The target CD34% amount of the
individual patient (for one, two or three autologous
HSCT) did not differ significantly between both
groups (P = .35).

absolute CD34 % content product x 10°

In addition, the rate of adverse events during PBSC
infusion graded according to the NCI Common Termi-
nology Criteria for Adverse Events (CTCAE) was
recorded. Data are reported as median with range. Sta-
tistical analysis was performed using Chi-squared test
for categorical variables and Mann-Whitney-U-test for
continuous variables. A P-value <.05 was considered
statistically significant. Data were analyzed with
MedCalc Statistical Software version 19.0.7 (MedCalc
Software bvba, Ostend, Belgium; https://www.medcalc.
org; 2019).

~ whole blood volume processed [mL] x pre-apheresis CD34 * count [/pL] x 10

Table 2 displays the peripheral blood counts at the
beginning of PBSC collection. WBC counts (x10>/pL) did
not differ significantly between study groups (46.5 in STP
group vs 44.2 in OPP group; P = .37); CD34" counts did
also not significantly differ (105/pL in OPP group; 40/pL
in STP group; P = .11). Median hematocrit was signifi-
cantly higher in the OPP group (38% vs 32%; P = .002).
The comparisons of the apheresis protocols are given in
Table 2. CE2 (45% vs 31%; P < .001) and CD34" yield of
the apheresis products both with regards to absolute
CD34" content (x10°% 793 vs 188; P = .001) and CD34%
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TABLE 1  Patient characteristics TABLE 2  Comparison of apheresis protocols
STP OPP P-value STP (n = 59) OPP (n =22) P-value
Number of patients (n) 49 21 WBC count 46.5[35.1;123.1] 44.2 [35.4,62.3] n.s.
Sex male/female (n) 30 (61%)/ 19 14 (67%)/ n.s pre-a3pheresis
(39%) 7 (33%) (x10°/uL)
Age® (years) 57 [20-70] 56[30-72]  n.s Hematocrit 32 [19;43] 38 [26;47] .002
re-apheresis
Total blood volume® (L) 5.04 [3.08-7.84] 5.39 n.s. ?7) P
[3.29-9.80]
d b (k Platelet count 172 [14;428] 214 [70;385] n.s
Body weight* (kg) 72 [44-112] 77 [47-140] n.s. pre-apheresis
Diagnosis (n) n.s. (x103/pL)
Plasmacell Myeloma 21 (43%) 14 (67%) CD34% count 40 [3;851] 105 [17;360] n.s
Hodgkin disease 2 (4%) 0 pre-apheresis
L
Non-Hodgkin 17 (35%) 3 (14%) (uL)
lymphoma CE2 31% [3;74] 45% [21;77] < .001
Acute leukemia 6 (12%) 3 (14%) CD34* content 188 [24;1689] 793 [104;2091] .001
duct (x10°
Solid tumor 3 (6%) 1(5%) product (x10°)
. CD34% content  2.51[0.38;28.62]  8.93 [1.21;41.00] .002
PBSC mobilization n.s
(n)° product/kg bw
(x10%)
i 1bi F 1
vinorelbine/GCS 39 (78%) 8 (86%) WBC content  52.3[22.7:80.4]  97.7 [50.6:333.6] < .001
Non-vinorelbine®/GCSF 11 (22%) 3 (14%) product (x107)
Vascular access for .005 Apheresis 260 [213;402] 377 [231;419] < .001
apheresis (n) duration (min)
Peripheral access 15 (30%) 14 (67%) TPV (L) 16.05 [11.41;19.32] 17.39 .02
Central venous catheter 35 (70%) 7 (33%) [10.87;18.18]
CD34" target amount ns Average whole 62 [40;67] 46 [41;57] <.001
(n)® blood flow rate
1HSCT 2.5 10%kg 28 (56%) 9 (43%) (mL/min)
bw) Apheresis 171 [140;225] 292 [159;312] < .001
2HSCT (5.0 x 10°/kg 18 (36%) 8 (38%) IR IEHEITIE
55) (mL)
3 HSCT (7.5 x 10°/kg 4 (8%) 4(19%) Note: Data are reported as median [range].
bw) Abbreviations: bw, body weight; CE2, collection efficiency 2; n.s.,

Abbreviations: bw, body weight; GCSF, granulocyte-colony stimu-
lating factor; HSCT, hematopoietic stem cell transplantation; n.s.,
not significant; OPP, optimized protocol; PBSC, peripheral blood
stem cells; STP, standard protocol.

*Reported as median [range].

"One patient in the STP group had two separate PBSC
mobilizations.

‘Includes R-CHOP, R-DHAP, paclitaxel, ifosfamide, high-dose che-
motherapy according to HOVON protocols (Ara-C, daunorubicin).

content (x10°)/kg body weight (8.93 vs 2.51; P = .002)
were significantly higher for the OPP. The significant
effect of the OPP compared to the STP on CE2 and
CD34"% yield was maintained when patient subgroups
according to peripheral WBC counts below or above
50 x 10°/uL were analyzed (Table 3). CE2 remained
unchanged for the OPP across both subgroups (45% for
subgroup WBC <50 x 10°/pL vs 44% for subgroup WBC

not significant; OPP, optimized protocol; STP, standard protocol;
TPV, total processed blood volume; WBC, white blood cell.

>50 x 10°/uL; P = .56), whereas CE2 showed a signifi-
cant decline for the STP (38% vs 24%, respectively;
P = .001). Overall, 18/21 (86%) patients with the OPP
obtained their target CD34* amount with a single aphe-
resis session, compared to 25/50 (50%) with the STP
(P = .005). This effect was significant in the subgroup of
patients with a 2.5 x 10°/kg body weight target (8/9
[89%] with OPP vs 11/28 [39%] with STP; P = .01); the
effect did not reach significance in the subgroups with a
target of 5.0 x 10°/kg (7/8 [88%] OPP vs 12/18 [67%] STP;
P = .28) and 7.5 x 10°/kg (3/4 [75%] OPP vs 2/4 [50%]
STP; P = .49).

PBSC collections using OPP lasted significantly longer
(377 minutes vs 260 minutes; P < .001) and had a signifi-
cantly higher TPV (17.39 L vs 16.05 L; P = .02) than with
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TABLE 3  Comparison of subgroups according to peripheral WBC counts
WBC count < 50 x10*/pL WBC count > 50 x10*/pL
STP (n = 38) OPP (n =14) P-value STP (n =21) OPP (n =38) P-value
CE2 38% [5;74] 45% [26;77] .02 24% [3;36] 44% [21;56] .003

CD34" content product (x10°)
CD34™ content product/kg bw (x10°)

256 [26;1534]
3.30 [0.41;28.41]

623 [104;1657] .02
8.16 [1.21;20.21] .03

136 [24;1689]
1.59 [0.38;28.62]

1025 [122;2091] .03
10.39 [1.49;41.00] .02

Note: Data are reported as median [range]. P-values relate to comparisons within each WBC subgroup.
Abbreviations: bw, body weight; CE2, collection efficiency 2; OPP, optimized protocol; STP, standard protocol; WBC, white blood cell.

the STP (Table 2). Average whole blood flow rates
(mL/min) were significantly lower with the OPP (46 vs
62; P <.001). Product volume (292 mL vs 171 mL;
P < .001) and WBC content (x10°) (97.7 vs 52.3;
P < .001) were also significantly higher in PBSC collec-
tion products obtained with the OPP compared to prod-
ucts collected with the STP.

Median platelet content of OPP products was 1.95
(x10"'; range 0.20-5.20). WBC subgroup contents were
available for 19 OPP products: Median granulocyte con-
tent 40.9 (x10% 9.1-181.4), median MNC content 59.6
(x10%; 33.2-195.5). Median RBC contamination (21 OPP
products) was 23 mL (5-55mL) and 8% (2-18%) with
respect to hematocrit. As the majority of patients' target
CD34* amount was for more than one autologous HSCT
in the OPP group, cross-cellular contamination per trans-
plant dose was assessed for 18 patients of the OPP group
who obtained their target CD34" amount with a single
apheresis session: Median platelet content 1.08 (x10';
range 0.07-2.90), median granulocyte content 20.1 (x10°%;
9.1-181.4; data of 16 products), median MNC content 35.9
(x10% 13.6-195.5; 16 products). Median RBC contamina-
tion per transplant was 11 mL (2-55 mL) and 4% (1-18%)
with respect to hematocrit. At the time of data analysis,
57 and 33 autologous HSCT had been performed in
patients of the STP and OPP group, respectively. Grade
1 to 2 adverse events during PBSC infusion occurred in
2/57 (4%) infusions of STP products and 4/33 (12%) infu-
sions for OPP products (P = .11). No grade 3 or higher
adverse events were observed.

4 | DISCUSSION

The collection of peripheral CD34% cells by automated
cell separators is an integral part of the concept of autolo-
gous HSCT. To minimize patient burden and cost, PBSC
collection has to be safe and yield sufficient numbers of
viable CD34" cells with a minimum of apheresis sessions.
CE is defined as the proportion of CD34" cells collected
in relation to the TPV.* In our current study, we

demonstrate that our OPP significantly improves CE2 for
PBSC collections in patients with pre-apheresis WBC
counts >35 000/pL.

According to the manufacturer, cycle volume for the
Fenwal Amicus cell separator should be adjusted from
1400 to 1000 mL/cycle in case the patient's WBC count
exceeds 35 000/pL. Nevertheless, a relevant number of
our patients with WBC counts >35 000/pL did not reach
the target CD34" amount with a single PBSC collection.
We therefore devised a new OPP, which still complies
with the manufacturer's specifications.'® The rationale of
reducing cycle volume to 600 mL was based on data by
Burgstaler et al. who demonstrated a non-significant
trend toward improved CE with a cycle volume of
750 mL.'"® A maximum flow rate of 60 mL/min was cho-
sen according to Hartwig et al.” These modifications
resulted in a significant improvement of CE2. We also
observed a significantly higher CD34" yield of the aphe-
resis product both with regards to absolute CD34" con-
tent (x10°) as well as CD34*" (x10°)/ kg body weight.
Significantly more patients obtained the target amount of
CD34" cells with a single apheresis session. Thus, the
necessity for repetitive PBSC collections was markedly
reduced with our OPP.

In order to maintain target TPV at 14 L for all
patients in analogy to the STP, the number of cycles for
the OPP was set at 24 (24 cycles of 600 mL compared to
14 cycles of 1000 mL with the STP). After each MNC
transfer, the collection chamber of the cell separator is
prefilled to the MNC collection setpoint; this blood vol-
ume used for prefilling will be added to the cycle volume,
thus the actual TPV increases, if cycle numbers increase.
As a result, TPV was significantly higher with the OPP
compared to the STP. It is therefore important to note
that the formula for CE2 accounts for variations in TPV.
The number of cycles affects the duration of PBSC collec-
tion, which was significantly higher with the OPP com-
pared to the STP. Apheresis duration is a relevant factor
with regards to patient comfort, especially when periph-
eral vascular access is used for PBSC collection. Predic-
tive formulas for TPV incorporating target CD34%
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content of the apheresis product, peripheral CD34*
count, and CE have been established.'”*® They can be
used to estimate the TPV of individual PBSC collections
to obtain the target CD34" amount. From these formulas,
it can be predicted that the observed 50% relative increase
of CE2 with the OPP would allow for an approximately
30% reduction in TPV in order to obtain the same target
amount of CD34% cells. The resulting reduction in TPV,
and thus cycle numbers, may offset any prolongation of
apheresis duration caused by the lower cycle volume of
the OPP. Besides, longer duration of PBSC collections
with the OPP must also be interpreted in the context that
the OPP significantly reduces the necessity for repetitive
PBSC collections.

Besides apheresis duration, product volume also sig-
nificantly increased with the OPP. In general, the Fenwal
Amicus cell separator generates lower product volumes
compared to COBE Spectra.'®* The product volumes
obtained with the OPP are in the range of product vol-
umes reported by centers using the COBE Spectra and
Spectra Optia.”**! They remained markedly below the
product volumes that have been associated with
increased risk of cardiac side effects during PBSC infu-
sion.?* In addition, the above-mentioned option to adjust
TPV due to improved CE and the reduction of repetitive
PBSC collections will result in a decrease of the final
product volume for PBSC transfusion. With respect to
cross-cellular contamination, platelet and RBC content of
products obtained with the OPP were in the range that
has been previously reported for PBSC collections with
the Fenwal Amicus.?®*® However, WBC content in the
apheresis products was almost twice in the OPP group,
despite comparable peripheral WBC counts at the begin-
ning of PBSC collection. Therefore, compared to the liter-
ature, granulocyte content of OPP products tended to be
higher even after adjustment for transplant dose.?® Inci-
dence and severity of adverse events during PBSC infu-
sion have been related to granulocyte content.'®**
However, we did not observe a significant increase in the
rate of adverse events during PBSC infusion of OPP prod-
ucts. The lack of grade 3 or higher events in our study is
in line with Camels et al. who reported a median granu-
locyte content of 28 x 10° for grade 1 and 2 adverse
events and 58 x 10° for grade 3 and 4 adverse events dur-
ing autologous PBSC infusion.**

Patient characteristics were not significantly different
between study groups except for type of vascular access
and pre-apheresis hematocrit. The decreased rate of cen-
tral venous access in the OPP group can be attributed to
institutional efforts during recent years to minimize the
use of central venous access for PBSC collection. The type
of access does not affect CE; therefore, any impact of this
observation on our study results can be excluded.”® With

respect to hematocrit, previous studies have either dem-
onstrated a lack of correlation or an inverse correlation
between hematocrit and CE.**>?° Therefore, the
observed improvement in CE2 in the OPP group is
unrelated to differences in hematocrit between study
groups.

A major limitation of our study is that the upper
range of pre-apheresis WBC counts observed in the OPP
group is 62 x 10°/pL. Therefore, we cannot draw any
conclusions on CE2 for the OPP in patients with higher
WBC counts. For the STP group, our data demonstrate
that with increasing WBC counts CE2 decreases even fur-
ther. In addition, our study only included patients for
adult autologous PBSC collection. As TPV was not
corrected for ACD used, CE2 is slightly underestimated
in both study groups. We also cannot exclude an effect of
the various software versions of the Fenwall Amicus
apheresis devices on CE2, as all collections of the OPP
were performed with the most recent version. Further-
more, the calculation of CE2 assumes stable CD34" con-
centrations in the patient's blood and does not account
for changes in the peripheral CD34" count during
apheresis.

5 | CONCLUSIONS

Limiting cycle volume to 600 mL and maximum flow rate
to 60 mL/min during autologous PBSC collection signifi-
cantly increases CE2 and CD34" yield in adult patients
with WBC counts >35 000/pL. Our new OPP results in a
significantly higher rate of PBSC collections, which
obtain the target CD34" count/kg body weight with a sin-
gle apheresis session. The resulting prolongation of aphe-
resis duration and increased product volume can be
alleviated by using validated formulas to adjust TPV of
individual PBSC collections based on target CD34"
amount and the improved CE. The new OPP is therefore
suited to reduce both patient burden and cost in autolo-
gous PBSC collection.
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Background:'+4

Stem cell transplantation therapy is commonly used to treat hematopoietic disease, but the treatment
relies on accurate enumeration of stem cells. What is the best way to approach this measurement?

Transplantation of hematopoietic stem cells (HSC):
Hematopoietic stem cells (HSCs) are CD34+ cells that can differentiate into mature blood cells:

HSC transplantation is an established therapy for

malignant and non-malignant diseases that works
by replacing or rebuilding a patient's hematopoietic @@ Egg:f?? 0(9
system. Flow cytometric enumeration of CD34+ HSCs is ™) Zﬁ?

used to assess HSC transplantation products, as CD34+
cell viability correlates with HSC engraftment. Erythrocytes Platelets Leukocytes

Measuring hematopoietic stem cells:

The marker CD34 is used as a key indicator for measuring
HSCs taken either from:

5 p

EI The International Society of Hematotherapy
and Graft Engineering (ISHAGE) protocol is
commonly used, but:

\—4 A —4

Bone marrow (BM) Peripheral blood (PB)
X Methodology using ISHAGE can vary

X There are single and dual platform approaches

L N . X Reproducibility and standardization are issues
Measurement helps to indicate viability and quantity: ) .
X Evaluation of HSCs is improved through

standardization:
- Correct configuration of cytometry equipment

- Reliable labelling of CD34+ cells using
reagents such as the BD® Stem Cell
Enumeration kit 39

Available for Post-transplantation
transplantation outcomes




The study:

The BD® Stem Cell Enumeration Kit was evaluated
through a study of 501 compliant samples across four
sites. CD34+ HSCs were quantified as absolute counts
and as percentage of leukocytes in various fresh and
thawed specimens that were collected in different
types of anticoagulants.

Method:

Specimens were tested using BD® Stem Cell
Enumeration (SCE) Kit on the BD FACSLyric™ Flow
Cytometer (FC) with BD FACSuite™ Clinical Application.

Instrument
BD FACSLyric™ Flow Cytometer

5

Assay

BD® Stem Cell Enumeration Kit
with BD Trucount™ Tubes

Table 2. Enrolled Specimens

Specimen Type ‘ Target | Current
Normal Peripheral Blood (NPB) 40 48
Mobilized Peripheral Blood (MPB) 60 63
Fresh Cord Blood (FCB) 56 61
Thawed Cord Blood (TCB) 56 71
Fresh Bone Marrow (FBM) 52 60
Thawed Bone Marrow (TBM) 52 61
Fresh Leukapheresis Product (FLP) 60 68
Thawed Leukapheresis Product (TLP) 60 69
Total ‘ 436 ‘ 501

—

compliant samples

Table 1. Viable CD34+ Bin Target
and Current Enrollment

Viable CD34+ Absolute Count

(cells/pL) Target | Current

0-10 60 100

>10 and <100 130 242

>100 and <500 85 134

>500 and <1000 25 25

Total ‘ 300 ‘ 501
Table 3. Anticoagulant Type

Anticoagulant Type ‘ Total

EDTA 202

Heparin 21

ACD-A 87

CP2D 60

CPD 49

CPDA 5

Mix (Heparin + ACD-A) 77

Total ‘ 501

Tables 2 and 3: Fresh and thawed specimen in anticoagulant or anticoagulant combination were tested across

four laboratories.




Results:
Viable CD34+ and CD45+ Absolute Counts

Bland-Altman

o Deming Regression
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Illustrates the Viable CD34+ Absolute Counts Deming
regression (Table 4) and bias results in Bland-Altman
plots with 5.57% percent mean bias and 95% LOA
between -33.78% and 44.92%.
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Presents the Viable CD45+ Absolute Counts Deming
regression (Table 4) and bias results in Bland-Altman
plots with 0.16% percent mean bias and 95% LOA
between -16.41% and 16.09%.
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Shows the Total CD34+ Absolute Counts Deming
regression (Table 4) and bias results in Bland-Altman
plots with percent mean bias of 3.03% and 95% limits
of agreement (LOA) between -38.21% to 44.28%.
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Demonstrates the Total CD45+ Absolute Counts
Deming regression (Table 4) and bias results in Bland-
Altman plots with 1.19% percent mean bias and 95%
LOA between -12.97% and 15.35%.

Table 4. Deming Regression Summary

Table 5. Predicted Bias

Parameter R2 Intercept Slope Viable CD34+ Absolute Count

(95% CI) (95% CI) at 10 Cells/pL Threshold
Viable CD34+ -0.02 1.06 . .
Absolute Count | %983 | (014,010 | (1.04,1.08) | |BiasTyPe (D34 Threshold | - Bias (95% CI)
Viable CD45+ 1.2 1.00 . o/ b
Absolute Count | %98 | (2743, 2984) | (0.99, 1.01) Proportional %Bias | 10 cells/ul | 567 (3.83,7.52)
Total CD34+ -0.03 1.03 .
Absolute Count | %977 | (:0.23,0.16) | (101, 1.05) | | APscluteBias 10 cells/ul. 1 057 (038, 0.75)
Total CD45+ 0.987 6.72 101 Predicted bias was calculated for viable CD34 counts at 10
Absolute Count | ™ (-30.34,43.78) | (1.00, 1.02) cells/uL threshold showing a proportional percent bias of

5.67 (3.83, 7.52) and absolute bias of 0.57 (0.38, 075).

Viable CD34+ cell counts predicted bias at 10 cells/
uL showed values of 5.67% and 0.57 for proportional
percentage bias and absolute counts.

The SCE Deming regression results for viable CD34+ and
viable CD45+ cells provided values for R2 > 0.983, intercept
-0.02 and 1.2 and slope =1.0 (0.99, 1.08) when pooling all
specimen types.




Table 6. Agreement Analysis
SCE Kit on BD FACSCanto™ II FC

Method Positive Negative

Total
(=10 cells/pL) (>10 cells/pL)

Positive (<10 cells/uL) 93

SCE Kit on BD
FACSILyOrirlTM Negative (>10 cells/uL)

501

Overall
Agreement 95% CL (LCL, UCL)
93% (86.3, 96.6) 98.5% (96.8, 99.3) 97.4% (95.6, 98.5)

$ = positive percent agreement (PPA). & = negative percent agreement (NPA)

Agreement analysis exhibited overall percent agreement of 97.4%, 93% PPA and 98.5% NPA. Thirteen samples showed
discrepant results, eight samples had one or two cell differences; two showed three cell differences and the last three
sample showed between 9 and 19 cell differences.

Conclusions

Different types of fresh and thawed specimens were collected in a variety of anticoagulants
and successfully tested using the BD® SCE Kit by collecting and analyzing stained samples
on both BD flow cytometry systems, the BD FACSCanto™ II with BD FACSCanto™ Clinical
Software and test BD FACSLyric™ Flow Cytometer with BD FACSuite™ Clinical Application.

Equivalent performance of the BD® SCE Kit between the BD FACSLyric™ and

BD FACSCanto™ II Flow Cytometers was demonstrated by the Deming regression results
DDD and predicted bias of viable CD34+ absolute counts at 10 cells/uL, by enumeration of

viable CD45+ as well as total CD34+ and CD45+ absolute counts.
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BD Flow Cytometers are Class 1 Laser Products. The BD® Stem Cell Enumeration Kit is for

In Vitro Diagnostic Use with the BD FACSLyric™ Flow Cytometer, BD FACSCanto™ II Flow

Cytometer and the BD FACSCalibur™ Flow Cytometer. The BD FACSLyric™ Flow Cytometer

is for In Vitro Diagnostic Use with BD FACSuite™ Clinical Application for up to six colors. The

‘z BD FACSLyric™ Flow Cytometer is for Research Use Only with BD FACSuite™ Application for

t B D up to 12 colors. Not for use in diagnostic or therapeutic procedures. The BD FACSCanto™ II
w Flow Cytometer is for In Vitro Diagnostic Use for up to six colors. Seven and eight colors are
for Research Use Only. The BDFACSCalibur™ Flow Cytometer is discontinued.

BD, the BD Logo, FACSLyric, FACSuite, FACSCanto and Trucount are trademarks of Becton
Dickinson and Company or its affiliates. All other trademarks are the propertyof their
respective owners. ©2022 BD. All rights reserved. BD-68123 (v1.0) 07
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