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Abstract Keywords

Platelet transfusions are given to patients in hospital who have a low blood platelet count
(thrombocytopenia) either because of major bleeding (following trauma or surgery) or because
the bone marrow production of platelets is impaired often due to chemotherapy, infiltration with
malignant cells, fibrosis or genetic disorders. We are currently entirely reliant on blood donors as
a source of platelets in transfusion medicine. However, the demand for platelets continues to rise,
driven by an aging population, advances in medical procedures and ever more aggressive cancer
therapies, while the supply of blood donors continues to remain static.

In recent years, several groups have made major advances toward the generation of platelets
in vitro for human transfusion. Recent successes include results in both generating mature
human megakaryocytes as well as in developing bioreactors for extracting platelets from these
megakaryocytes. Platelets made in vitro could address several issues inherent to platelets
derived from blood donors - the ability to scale up/down more flexibly according to demand
and therefore less precarious supply line, reduction of the risk of exposure to infectious agents
and finally the possibility of engineering stem cells to reduce immunogenicity.

Here we define the quality control tools and suggest measures for implementation across the field
for in vitro platelet genesis, to aid collaboration between laboratories and to aid production of the
burdens of proof that will eventually be required by regulators for efficacy and biosafety. We will
do this firstly, by addressing the quality control of the nucleated cells used to make the platelets
with a particular emphasis to safety issues and secondly, we will look at how platelet function
measurement are addressed particularly in the context of platelets derived in vitro.

Bioreactors, differentiation, in vitro, quality
control, stem cells
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Introduction comparison, a unit of red blood cells cost £120.00 (approx.
$155.00 USD) in 2016/17, making platelets units the most expen-
sive of all the common blood components to be collected[4].

At present, we are fully dependent on volunteer donors for our
supply of platelets which can present many issues. When donor
attendance drops, such as happened in North America in 2018/19
during multiple severe snowstorms, the available inventory of plate-
let units can become critically low, risking patients’ lives[5]. Adding
to this, platelets have a short shelf-life of 5-7 days compared to
35 days for red blood cells, which makes the platelet supply much
more susceptible to reductions in donor attendance [6,7].

The use of blood donor-derived products has also been marred in
recent years by incidents of infected components, particularly for
components where several donations are pooled such as clotting factor
concentrates. The pooling of 4 donations to make one unit of platelets
remains one of the main production methods although the use of
apheresis to provide single-donor platelets has markedly increased
in the last two decades following the UK Bovine Spongiform
Encephalopathy outbreak and the fear of transmission of variant

Platelet transfusions are often given to patients in hospital who
have a blood platelet count below 10x10”/ml (thrombocytopenia)
either because of major bleeding following trauma or surgery or
because the bone marrow production of platelets is impaired due
to, for example, chemotherapy, infiltration with malignant cells or
fibroblasts, or genetic disorders [1,2]. We are currently entirely
reliant on blood donors as a source of platelets in transfusion
medicine. However, the demand for platelets continues to rise
driven by an aging population, advances in medical procedures
and ever more aggressive cancer therapies, while the supply of
blood donors continues to remain static (Figure 1).

One unit of platelets from NHS Blood & Transplant (NHSBT,
UK donor blood distributor) costs £193.15 (approx. 250 USD
USD) to produce. Issuing 250,000 units for the population of
the UK (66 million people) cost the NHS £52 m (approx.
$67.2m USD) in 2015/16 according to NHSBT figures[3]. For
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Creutzfeldt-Jakob disease through blood transfusion (now 60-80%
of all units).

For patients who receive multiple transfusions, or multiparous
women, exposure to HLA Class I epitope on donor cells, or fetal
cells, respectively can lead to alloimmunisation against HLA
Class I. For these patients, “random” platelets that are only
matched for ABO antigens have a very short life in circulation
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Figure 1. Demand for platelet units increasing over time in the UK, adapted from [3].

post-transfusion and therefore these patients are transfused from
selected donors who have been typed based on HLA Class I and
are recalled according to demand. This represents a logistical
challenge and a great cost to blood providers. In the UK, HLA-
matched units cost over £400.00 per unit (approx $488.00 USD).

In recent years, several groups have made major advances
toward the generation of platelets in vitro for human transfusion.
Recent success stories include the generation of human megakar-
yocytes as well as the development of bioreactors for extracting
platelets from these megakaryocytes [8—12]. Theoretically, plate-
lets made in vitro could address several issues inherent to platelets
derived from blood donors — the ability to more flexibly adjust the
supply with the demand, reduction of the risk of recipient expo-
sure to infectious agents and finally the possibility of engineering
stem cells to reduce immunogenicity.

In this opinion paper, we will attempt to define the quality
control tools and measures that we suggest should be implemen-
ted across the field of in vitro platelet genesis, to aid collaboration
between laboratories and start to build burdens of proof that will
eventually be required by regulators for efficacy and biosafety.
There might be two different potential use-cases of in vitro plate-
lets as a therapy; as prophylaxis following chemotherapy and for
an acute correction of the platelet count, e.g. during trauma or
cardiac surgery and different criteria may be required to assess
suitability for each of these use cases. In this opinion piece, we
focus on the prophylactic use-case, but many of the same lessons
will likely apply to the acute use-case. We will do this firstly, by
addressing the quality control of the nucleated cells used to make
the platelets with a particular emphasis to safety issues and
secondly, we will look at how platelet function measurement are
addressed particularly in the context of platelets derived in vitro.

Stem Cells and Megakaryocytes: issues of Safety

One of the major risks associated with cellular therapies is the poten-
tial emergence of tumors following transplant/transfusion of the pro-
duct into patients. Platelets and red cells have often been perceived as
a “safer” cellular product with regards to tumorigenic risk because
these cells do not contain a nucleus. In fact, regulators such as the
European Medicine Agency do not consider platelets as an “Advanced
Therapy Medicinal Product”, the umbrella designation under which
cellular therapies are categorized, but as an “Investigational Medicinal
Product” because they are not a cell due to the lack of a nucleus.

However, this is only valid if we can remove all the nucleated
precursor cells from the transfusion product. Given the number of
platelets contained in one therapeutic unit (3x10'") even a 0.1% con-
tamination with nucleated cells would still lead to 3 x 10® nucleated
cells administered to the patient with each transfusion. Frequently the
use of irradiation is suggested to induce apoptosis in any nucleated
cells present in the final product. This procedure is routinely used to
eliminate the risk of transfusion acquired “graft versus host disease” in
severely immunocompromised patients where donor lymphocytes are
able to engraft and mount an immune response against the recipient’s
tissue. Irradiation protocols have been developed to create enough
damage in donor lymphocytes to induce apoptosis. However, it
remains to be seen how effective irradiation would be in reducing
nucleated cell contamination from megakaryocyte cultures, and
whether this degree of irradiation would affect platelet biology. We
would have to demonstrate that this is equally effective against culture-
derived cells that may have acquired a survival advantage from the
culture process itself (or through immortalization). These mutations
that provide culture cells with growth advantage will inherently be
varied which may create major differences in the way each nucleated
cell would respond to irradiation.

Measuring Genomic Integrity

The seed material for in vitro derived platelets are usually pluripo-
tent stem cells or immortalized megakaryocyte progenitors derived
from pluripotent stem cell lines [8,9]. Maintaining cell lines in
culture presents major challenges with regards to genome stability.
Several papers have shown how pluripotent stem cells acquire
mutations in cultures and that these mutation confer a survival
advantage to the stem cells so that within a few passages that
whole culture is dominated by the mutant clone [13,14].
Immortalized cells are usually generated by manipulating the apop-
tosis pathway, but we need to bear in mind that apoptosis is one of
the ways cells will protect themselves from acquiring mutations
[15]. Genomic instability is therefore even more of a concern when
deriving platelets from megakaryocytes that have been generated
through a process that involves immortalization at some point.
Therefore, it is crucial that we quantify genomic instability of
both seed material or cellular intermediates as nucleated cells will
inevitably find their way into the final product. Recent work has
shown that cells acquire mutations directly as a result of adapta-
tion to the tissue culture process, as there are no cell-extrinsic
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Figure 2. In vitro-produced platelet population as defined by FS/SS can also contain DAPI positive cells. Cord blood-derived megakaryocytes,
permeabilised with saponin were stained for DAPI and analyzed by flow cytometry. Gates set with unstained cells.

mechanisms (e.g. an immune system) to remove any cells that
might have the potential to become dangerous. In fact, between
12.5% and 34% of all human pluripotent stem cell lines acquire
specific nonrandom chromosomal abnormalities over time (parti-
cularly in chromosome structure and number in chromosomes 1,
12, 17 and 20) that were reminiscent of changes also observed in
cancers[16]. Additionally, immortalized cells have had their cell-
intrinsic mechanisms for DNA damage control suppressed.
Studies on other cell types, forced to overexpress c-Myc, show
that this can directly drive the formation of tumors in vivo, mak-
ing it vital that we are vigilant of this in our cell banks if we are to
use these immortalized cells as a source [17,18].

Several approaches for the analysis of genomic integrity of
cellular products have been proposed, each presenting pros and
cons in terms of feasibility, sensitivity and interpretation of the
results. Some methods such as karyotyping are routinely used in
clinical practice but may present “low definition” results. At the
other end of the spectrum whole genome sequencing would
provide a comprehensive picture of the genome of the cell culture
in question but is more costly than other assays and requires
specialist analyses. The various methodologies to assess the cul-
ture have been reviewed elsewhere[19]. Finally, the question of
what genomic abnormalities are ‘“safe” for clinical application
remains unanswered.

However it remains that transparency about genomic integrity
of cell lines used to produce platelets should be standardized,
even when describing methodologies that are yet to leave aca-
demic laboratories as the culture methods themselves may have an
influence on the “genomic profile” of the culture and therefore
future safety of clinical grade products.

Measuring Cellular Product Differentiation

Pluripotent stem cells have the ability to engraft and form terato-
mas and in fact, this is still used as one of the measures of
pluripotency. In addition, it may be that intermediate progenitors
of megakaryocytes may also be able to engraft and proliferate
post-transfusion. A key metric of the safety of the final product is
therefore the assessment of how well differentiated and mature
the megakaryocytes are, from which platelets are generated, and

the purity of the culture including the identification and quantifi-
cation of partially differentiated proliferative precursors.

Most laboratories use surface marker expression of major platelet
receptors to assess megakaryocyte differentiation. This includes
CD41 (ITGA2B) and CD61 (ITGB3). Together these form the hetero-
dimeric integrin o33, a fibrinogen receptor, which is expressed early
during differentiation[9]. Various members of the von Willebrand
receptor complex GPIb-V-IX (CD42a = glycoprotein IX,
CD42b = glycoprotein Iba, CD42d = glycoprotein V) are often
used as markers of megakaryocyte maturity as they are expressed
later during differentiation[9]. However, measuring the presence of
remaining precursors in the culture is much less well established. They
can be identified functionally using colony forming assays which are
laborious and time-consuming and therefore poorly suited to the
monitoring of culture. Flow cytometry would again be the default
choice but defining which surface markers would clearly identify the
progenitors in culture is at this stage unclear.

Measuring Nucleated Cell Contamination

Ideally, none of the nucleated cells would be present in the final
platelet product removing all tumorigenic concerns, however in
reality, this will be impossible to accomplish due to the very large
numbers of platelets in the final product (see Figure 2).
Essentially two different methods have been used to separate the
platelet progeny from the megakaryocytes. For methods where
platelets are released in liquid culture subsequent steps involve
filtration and centrifugation to separate platelets from megakar-
yocytes based on cell-size difference[11]. Other methods involve
the generation of platelets using devices where the megakaryo-
cytes are “trapped” within bespoke bioreactors or within 3-dimen-
sional sponges and the platelets harvested in the effluent medium
flown through the device [10,20-22].

Regardless of the methodology used to generate platelets from
megakaryocytes, the contamination of the final platelet concen-
trate with nucleated cells should be routinely disclosed not only
because it would clearly be a vital part of the measurement of the
product safety but also because it would allow comparison
between the different methods used to release and separate plate-
lets from the megakaryocytes.
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In conclusion, with the emergence of cellular therapies, consensus
around issues of safety and what testing may be required have started
to emerge[23]. We would advocate that this guidance is applied to
platelet production in vitro. Therefore, any document pertaining to this
field, be it an academic original manuscript, application for funding or
regulatory approval should clearly seek to address these issues and
present supportive data. We propose three steps for the quality control
of the nucleated cellular product that precedes platelet production.
This should include ongoing documentation of the genome integrity
of stem cells/immortalized cell lines from which megakaryocytes are
cultured, the documentation of the level of differentiation achieved
and finally, within the final product, a measure of the number of
nucleated cells that remain post-platelet release.

Assessing Potency
Defining and Counting Platelets

Addressing the “potency” of the final platelet product is not trivial.
To begin with, even counting the number of platelets produced
requires rigor and most importantly, consensus between laboratories.
Most groups will use flow cytometry and counting beads to count
platelets, usually using the forward/side scatter to identify the right
size events compared to peripheral blood platelets, with the addition
of cell surface markers such as CD41 or CD61, sometimes comple-
mented by the use of other surface receptors such as CDA42.

a Forward programmed megakaryocyte culture
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However, due to their small size (<5 microns), platelets can be of
a similar size to cellular debris. Such cellular debris can also non-
specifically bind antibodies, thereby overestimating the numbers of
platelets produced. Some groups, including ours, have therefore
additionally used metabolic viability stains such as Calcein-AM, to
prove firstly that we have intact cells and not just debris and secondly
that they metabolically active, therefore reducing the number of
events described as “platelets” by 82% (CD41" versus CD41%/
CD42*/Calcein® events, Figure 3)[22].

We have also shown that functionality within an in vitro-derived
platelet suspension was limited to those that met all 4 the criteria
described above (see Figure 4); forward and side scatter consistent
with platelets, expression of both CD41 and CD42 and retention of
the viability stain Calcein-AM. The lack of commonly accepted
definition of what constitutes platelet when looking at flow cyto-
metry data on cell cultures (and how to distinguish these from
debris, dead platelets or intact megakaryocyte blebs) has presented
a barrier preventing true comparison of the number of platelets
produced by various technologies published to date.

To this end, the WHO recently agreed the development of a flow
cytometry standard to assess platelets preparation with the aim to
provide a lyophilized preparation that will, once reconstituted, allow
all users to assess their flow cytometry protocol and allow effective
comparison between laboratories. Crucially, this standard will allow
the calibration of instruments used for the comparison of samples
using all 4 proposed markers described above.
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Figure 3. CD41 alone is not an adequate marker to define platelets. iPSc-derived megakaryocytes analyzed by flow cytometry using antibodies against
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Measuring Platelet Function

In the world of transfusion medicine, the only measure of the
quality of the platelets that is required within a donated unit is the
measurement of the pH[24]. In contrast, when assessing platelet
function for diagnostic purposes in patients or in the field of
platelet research, we are offered the choice between a plethora
of assays. Some of these tests only interrogates very specific
platelet function such as aggregation (light transmission aggrego-
metry), adhesion and procoagulant activities (thrombin genera-
tion) whilst others look at more complex functionality such as
thrombus formation (PFA-100) or clot formation/retraction
(thromboelastography). [24-26]

Unfortunately, applying the above assays to our in vitro produced
platelets requires numbers of platelets that are unachievable using
current small-scale in vitro platelet culture systems. As a result, most
papers published so far have been limited to the use of low volume
alternatives, often flow cytometry-based assays. The most com-
monly used assays analyze two different activation events; firstly
the presence of fibrinogen bound to CD41/CD61 using an anti-
fibrinogen antibody or PAC-1 antibody (which recognizes only the
activated form of the receptor) and secondly evidence of degranula-
tion based on the exposure of P-selectin on the platelet surface.
Whilst these assays are regularly used, published results are often
difficult to interpret for several reasons. Firstly, samples are often not
compared to isotype controls or in the case of anti-fibrinogen anti-
bodies, where for the polyclonal antibody there is no isotype control,
an EDTA control is not used. Secondly, there is absence of compar-
ison with donor platelets so that the amplitude of the response is not
assessed against the “gold standard”. Finally, and more importantly,
within the field the non-publication and comparison of resting and
activated samples has become a major issue. Resting samples,
especially when analyzing P-selectin exposure, can be relatively
high, but through the non-disclosure of this data, agonist induced
activation will be over-estimated and potentially misleading conclu-
sions drawn. We believe that without a well-defined strategy for
gating on to the “true platelet population”, as is described above,
interpreting and comparing results from these flow cytometry-based
assays can be difficult.

Other low volume assays have emerged such as the use of micro-
chambers looking for thrombus formation under flow, or microchips
containing pillars made of PDMS (“nanoposts™) to ascertain platelet
retraction following adhesion [27,28]. The microchamber assay is
based on coating a flow chamber with a substrate promoting platelet
thrombi formation (often fibrillar collagen) into which anticoagulated
whole blood is flown at a chosen shear rate. In vitro-derived platelets
(or donor derived platelets) can be labeled and their incorporation into
the thrombi recorded and quantified[22]. The nanopost technology
involves adhering platelets on top of “nano-pillars” and following
activation of the platelets, recording how these pillars are “pulled”
by the platelets using confocal microscopy[28]. These are relatively

new assays and so their quantitative value for assessing platelet
functionality has not been rigorously tested, but they offer
a promising addition to more traditional assays.

In vivo mouse or rabbit models are also used to quantify platelet
quality by studying either recovery/survival in circulation or hemo-
static effect. Due to the xenogenic barriers, platelets have a very short
survival in circulation, even when using immunosuppressed animals
such as NSG mice[29]. Some authors have used clodronate lipo-
somes to deplete macrophages in these animals to prolong the
presence of platelets in circulation, but suppressing macrophage
phagocytic activity in the mouse may obscure clinically relevant
defects in the transfused platelets[30]. Interpretation of the results
of transfusion when using an artificial environment such as that
found in animal models and, in particular, extrapolation of this
data as an indication of what may happen post-transfusion to humans
is unknown at this stage. The measure of hemostatic activity has
usually limited itself to recording the accumulation of platelets
(usually fluorescent labeling and intravital microscopy) at the site
of blood vessel injury but so far only one group has produced
platelets in significant enough quantities to truly assess the hemo-
static power of in vitro-derived platelets in the context of bleeding in
a thrombocytopenic animal model [11,31]. It should be noted that
these functional experiments all compare in vitro generated platelets
to freshly prepared donor-derived platelets as a control, as platelets
from a blood bank may be several days old and this would over-
estimate the functionality of the in vitro platelets.

There are other considerations that are tentatively being
addressed with these in vitro generated platelets, including infectious
risk management and immunogenicity Although not susceptible in
the same way as donor-derived pooled platelets, the effect of an
infected batch of in vitro platelets may present similar issues to that
of infected donor-derived blood products. Current studies are
ongoing which aim to address immunogenicity by looking at HLA
knockout platelets and their effects on NK cell responses[32].

At present, measurement of the half-life of these products
in vivo is limited to up to 6 hours post-transfusion and does not
attempt to quantify these half-lives in comparison to platelets
from donors[32]. Even if in vitro platelet products produced by
certain methods prove to have a shorter half-life than donor-
derived platelets, the resultant transfusion products could be
split into two categories — those with a short half life, suitable
for trauma and acute bleeding, and those with a longer half life
that are suitable for prophylactic purposes. These two types of
products may require different functional assessments and thus
different standards.

Final Conclusions

In this paper, we have tried to give an overview of the issues
faced when assessing quality control of in vitro-derived plate-
lets. Firstly, we have particularly focused on the seed material
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(stem cell lines) and intermediate nucleated products (megakar-
yocytes) and the potential safety issues they can pose. Secondly,
we looked at the challenge of assessing the potency of the
product, namely how we count the produced platelets and
thirdly how we measure their functionality. The required
potency of the final product may depend on the intended use
in patients, i.e. as a prophylactic product where consideration of
half-life in circulation are more important than for therapeutic
platelet transfusion in case of acute bleeding. As we near the
first in human clinical studies, it is a sign of how far the field
has come that we now find the need to ask ourselves these
questions, notwithstanding the urgency with which these
answers become apparent. It is down to the researchers them-
selves, peer-reviewers (and editors) of manuscripts or funding
application and regulatory bodies to have the integrity to ask the
hard questions and ask for standardization in the field of asses-
sing the quality of these products. We owe it to the volunteers
and patients who may one day be transfused with these novel
cellular products.
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