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Abstract

In this chapter we consider the particular preservation storage procedures applied
to a range of cell types used to produce cell-based medicines. Specifically, it deals
with the scientific considerations for preserving each cell type and the kinds of
cryopreservation protocols used to successfully preserve these different cell
types. The cell types addressed include both those commonly in current use for
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patient treatment, such as whole blood and hematopoietic stem cells and also
examples of new cell-based medicines including tissue progenitor cells (MSCs),
(The use of the term Mesenchymal Stem Cell (MSC) has been hotly debated in
the literature as it actually applies to several different cell types. The term “tissue
specific progenitor cells” has been proposed as a more accurate term (Robey
2017) and where the abbreviation “MSC” appears elsewhere in this chapter it can
be assumed this is a reference to Mesenchymal Stromal cells or the more generic
term for this group of cell types Tissue-Specific Progenitor Cells (TSPCs).) tissue
engineered constructs, CAR-T cells and pluripotent stem cells. However, the
chapter does not consider the preservation and storage of organs or cells and
tissues used in reproductive medicine. A second part of the chapter addresses best
practice in meeting regulatory requirements for preservation and storage of both
unfrozen and cryopreserved materials, including core requirements for the design
of storage facilities. Also considered is best practice for packaging and shipment
of cell-based medicines and their reception at the clinic and control within the
hospital environment under pharmacy rules. The authors have used examples of
regulatory documents primarily from the European Union and the USA, but also

include reference to key international standards and WHO guidance.

Abbreviations

ACT Adoptive cell therapy

ATMPs Advance therapy medicinal products
B-ALL B-cell acute lymphoblastic leukemia
BC Blood component
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CAR-T cell
CB
CFU-GM
cGMP
CIDOCD
CPA
DCs
DMSO
DOCD
EBMT
ECM
EG
EMA
ESCs
FBS
FFP
GCS-F
GDP
GF
GMP
GS
GVHD
HCBCL
HES
hESCs
hiPSCs
hPSCs
HSA
HSC
LN,
LS-HP
MCR
MMP
MPCs
MSCs
NC
OBC
PBMC
PBPCs
PBSC
PC
PCTS
PSCs
PVP
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Bone marrow

Chimeric antigen receptor T-cell

Cord blood

Colony forming unit-granulocyte/macrophage
Current good manufacturing practice
Cryopreservation-induced delayed-onset cell death
Cryoprotective agent

Dendritic cells

Dimethyl sulfoxide

Delayed-onset cell death

European Society for Blood and Marrow Transplantation
Extracellular matrix

Ethylene glycol

European Medicines Agency
Embryonic stem cells

Fetal bovine serum

Fresh frozen plasma

Granulocyte colony-stimulating factor
Good distribution practice

Growth factors

Good manufacturing practice
Granulocytes
Graft-versus-host-disease

Human cord blood cell leucoconcentrate
Hydroxyethyl starch

Human embryonic stem cells

Human induced pluripotent stem cells
Human pluripotent stem cells

Human serum albumin
Hematopoietic stem cells

Liquid nitrogen

Liquid state hypothermic preservation
Mean cooling rates

Metalloproteinase

Multipotent progenitor cells
Mesenchymal stromal cells
Nucleated cell

On board courier

Peripheral blood mononuclear cells
Peripheral blood progenitor cells
Peripheral blood stem cells

Platelet concentrate

Precision-cut tissue slices

Pluripotent stem cells
Polyvinylpyrrolidone
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RBC Red blood cell
RCC Red cell concentrate
ROCKIi Rho-associated kinase inhibitor Y-27632
RT Room temperature
SOPs Standard operating procedures
SucC Sucrose
TE Tissue establishment
TECs Tissue-engineered constructs
TSPCs Tissue specific progenitor cells
TWEs Transient warming events
U.S. FDA  United States Food and Drug Administration
uw University of Wisconsin
WB Whole blood
WHO World Health Organization
1 Introduction

This section describes a range of interventional therapies where cryopreservation
plays an important role in delivery of cell therapies, and which are in wide use from a
global perspective.

The explosion in the development of advanced therapies and bioengineered
constructs within medicine and biotechnology increasingly involves the in vitro
manipulation of living cells and complex manufacturing processes. Successful
cryopreservation is crucial to enable provision of reproducible starting cell stocks
and cell-based products which can be thawed after quality and safety testing is
completed and at the time they are needed by patients. Storage of large batch
numbers of cells in a biologically stable state that can be recovered with consistent
functional properties is crucial to delivering acceptable and effective cell-based
medicines (Stacey et al. 2017a). While the technologies for isolation and manufac-
ture of cell-based products have seen dramatic advances in recent years,
biopreservation of these complex cell preparations remains an area for research
and development and is a key road-block in the capability to deliver widespread
access to the exciting potential benefits of these new medicines. In this chapter both
nonfrozen live cell storage and cryopreserved storage methods are considered for a
range of different cell-based medicines already in use and others that may form the
basis of future medicines. While a detailed review of regulations applicable to
storage and shipment of cells in different jurisdictions is beyond the scope of this
chapter, we have considered the strategies to address regulatory considerations for
the development of storage and shipment of cell-based products with reference to
specific regulations in the European Union (EU) and the USA.
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2 Applications

2.1 Cryopreservation of Hematopoietic Progenitor Cells: From
the Past to Future Perspectives

Cryopreservation of bone marrow (BM) has been connected with the HPC trans-
plantation since its beginning (Thomas et al. 1957; Westbury et al. 1959; Berz et al.
2007). In the late 1970s peripheral blood progenitor cells (PBPCs) (Barr et al. 1975)
were started to be used alternatively (Fliedner et al. 1977; Weiner et al. 1977;
Korbling et al. 1980). After introduction of the granulocyte colony-stimulating factor
(GCS-F) (Gianni et al. 1989) for PBPC mobilization and introduction of
phenotyping and viability assessment of HPC progenitors by flow cytometry (Sasaki
et al. 1987; Serke et al. 1991) they became a dominant HPC source for both
autologous (To et al. 1987; Blaha et al. 1990; Garritsen et al. 2009) and allogeneic
(Amouzegar et al. 2019) transplantations. At present autologous HPC transplanta-
tion is used predominantly in patients with multiple myeloma (Barlogie et al. 2010;
Radocha et al. 2013; Cowan et al. 2020) and malignant lymphoma (Armitage et al.
1986; Kessinger et al. 1989; von Tresckow and Engert 2011) as in leukemias
allotransplantations led to better results (Stockschldder et al. 1997; van Gelder
et al. 2017; Canaani et al. 2019) and in solid malignancies HPC autotransplantations
(Sumida et al. 1984; Vanasek et al. 1998; Chakraborty et al. 1999) were replaced by
more efficient therapies. Usually the HPC dose sufficient for more than one auto-
transplantation is collected (Areman et al. 1990; Barlogie et al. 2010; M¢ficka et al.
2017) and the cells are stored by cryopreservation for months or years for repeated
use. Since 2020 cryopreservation of allogeneic HPCs has been introduced on basis
of the European Society for Blood and Marrow Transplantation (EBMT) recom-
mendation to prevent the COVID-19 transmission.

Cord blood (CB) (Gluckman et al. 1989; Rubinstein et al. 1995; Passweg et al.
2015) represents always the second option used in cases in which the standard HPC
donor is not available (Fales et al. 2005; Bhattacharya and Stubblefield 2009;
Sputtek 2008). Because of low cell content it is preferably used in pediatric
hemato-oncology (Smythe et al. 2007; Paviglianiti et al. 2016) and in the treatment
of inborn immunity defects (Kogler et al. 2009). Due to the high content of early
stages of HPC prolongation of the engraftment is frequently encountered (Kindwall-
Keller and Ballen 2020).

2.1.1 HPC Collection and Processing for Cryopreservation

The collected volume, nucleated cell (NC) concentration, hematocrit (Table 1), and
contamination with fat and tissue debris are the main variables influencing the need
of HPCs secondary processing.

The BM is collected by repeated punctures of iliac crest bones under general
anesthesia into a set containing anticoagulant (Thomas and Storb 1970).
Intraoperatively the NC number is assessed to achieve the target of 1-2 x 10°
NC/kg of the patient’s weight. After filtration the pure marrow is sent to the tissue
establishment (TE), where red blood cell (RBC) depletion can be performed in case
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Table 1 Comparison of parameters of collected HPCs and mature MNCs — median values

Volume NC concentration

(mL) (10°/L) Hematocrit
Bone marrow for allotransplantation 1300 14.89 0.356
(5 cases)
Autologous peripheral blood progenitor 200 216.99 0.0225
cells (30 cases)
Allogeneic peripheral blood progenitor cells | 341.5 189.97 0.0265
(10 cases)
Cord blood (6 cases) 95 10.96 0.3255
Peripheral blood mononuclear cells 154 76.71 0.022
(18 cases)

Countries of origin: BM: Czech Republic (3), Germany (2). Allogeneic PBPC: Czech Republic (3),
Germany (5), Poland (1), Turkey (1). Allogeneic PBMC (donor lymphocytes): Czech Republic (9),
Germany (6), Poland (2), Great Britain (1). All autologous PBPC and CB collections originated
from the Czech Republic, only

of ABO incompatibility or RBC depletion followed by volume reduction in case of
cryopreservation. If BM for manufacturing advanced therapy medicinal product
(ATMP) is collected, usually small volumes (10-20 mL) are taken under local
anesthesia (Pudil et al. 2005; Marquez-Curtis et al. 2015; Sponer et al. 2018).
PBPCs are collected by leukapheresis after mobilization (Korbling et al. 1980;
Gianni et al. 1989; Ikematsu et al. 1992). ACD-A solution is used to prevent
coagulation. Due to low hematocrit the need of RBC depletion in case the ABO
incompatibly is avoided. In case of low HPC yield, the process may be repeated
several times. The target is to achieve 2 x 10® NC and/or 4 x 10° CD34+ cells/kg of
patient’s weight. High NC concentration and low hematocrit, however, make the
collected HPCs highly susceptible to damage due to longer duration of storage at
+4 °C and/or subsequent cryopreservation (Keung et al. 1996; Liseth et al. 2005;
Lioznov et al. 2008). For this reason the NC concentration should not exceed 400 x
10°/1 L, if the product is processed within 24 h and 200 x 10°/1 L, if the product will
be processed after this limit. In such cases the product is usually diluted by the donor
plasma. On the other hand in NC concentrations below 100 x 10°/1 L volume
reduction is recommended.

Similar issues may be encountered in case of collection of non-mobilized periph-
eral blood mononuclear cells (PBMCs) for manufacturing of ATMPs. Cryopreser-
vation should be performed as soon as possible after collection and volume reduction
may be necessary.

In the case of CB usually a volume of 80—-150 mL is collected from umbilical
veins into a set containing anticoagulant. Collections below 60 mL (without antico-
agulant) are regarded not suitable for cryopreservation. High hematocrit indicates
that RBC depletion is necessary in case of ABO incompatibility. The sufficient
transplantation dose is 2 x 107 NC/kg of patient’s weight.
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2.1.2 HPC Cryopreservation

The first experimental BM cryopreservation protocol (Barnes and Loutit 1955) used
15% glycerol and slow cooling — 1 K/min to —15 °C and —10 K/min to —79 °C.
Thawing was rapid and glycerol was removed by the concentrated glucose solution.
In the case of human BM freezing of large volume was unavoidable and special
devices able to achieve an acceptable cooling rate were constructed (Pegg and
Trotman 1959). Glass ampoules were replaced by laminated foil bags (Playfair
and Pegg 1962), metal containers (Rowe et al. 1967; Malinin et al. 1970; Méricka
et al. 1991) and plastic bags enclosed within metal cassettes (Fig. 1) to guarantee
uniform temperature profile during slow freezing and rapid thawing by immersion
into the water bath. Double plastic bags are obligatory now (Sputtek et al. 2011).

Slow controlled rate freezing is achieved in programmable freezers based on
cooling by liquid nitrogen (Scheiwe et al. 1981; Areman et al. 1990; Mé&ficka et al.
1995) and later also on the Stirling cooling principle (Massie et al. 2014; Hunt 2019).
Figure 2 shows a controlled rate cooling protocol being used.

At present DMSO in concentration of 5-10% is a dominant cryoprotectant for
HPCs (Horacek et al. 2009; Fry et al. 2015; Carreras et al. 2019). Safety of
application of thawed HPCs can be achieved by strict control of the DMSO load
that should not exceed the daily dose of 1 g/kg of the patient’s weight (EDQM 2019;

a b

Fig. 1 Plastic Cryocyte bag used by the authors since 1994 (a). A more advanced version has a
label pocket and bags are closed into a cassette with an observation window (b)
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Fig. 2 The programmable freezer with the backup vessel in the clean room of the tissue establish-
ment (a) and the freezing protocol used (b). The temperature is monitored in a control bag filled
with a 10% DMSO solution
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Ve

Meéficka et al. 2019a). Good cryoprotection of non-mononuclear cells is also impor-
tant as their damage may cause adverse reactions, too (Milone et al. 2007). Post-thaw
DMSO should be removed in special cases, such as in patients suffering from severe
cardiac diseases or from chronic renal failure, for example, due to secondary
amyloidosis of kidneys, a frequent complication of multiple myeloma (Akkdk
et al. 2009).

Removal of DMSO with automated cell washers (Perotti et al. 2004) and reducing
of the DMSO concentration by addition of other cryoprotectants, such as hydroxy-
ethyl starch or trehalose are other contributions to the safety of application of
cryopreserved HPCs. In future the use of DMSO-free media is expected (Awan
et al. 2020).

2.1.3 Storage, Warming, and Clinical Delivery of Cryopreserved HPCs
Since 2006 the storage of HPCs at —80 °C (Stiff et al. 1987; Makino et al. 1991;
Mefticka et al. 2000) has not been recommended due to reports on impaired viability
and membrane integrity (Rowe et al. 2006; Sputtek and Rowe 2006; Méficka et al.
2010). Submerged storage in liquid nitrogen was replaced by storage in the vapor
phase, after the description of the risk of cross contamination (Tedder et al. 1995;
Fountain et al. 1997; Blaha et al. 2003) and the new containers using a copper heat
shunt for stimulation of evaporation able to guarantee more uniform temperature
field above the level of liquid nitrogen became available (Hunt and Pegg 1996). The
risk of recrystallization because of temperature fluctuations during storage has been
reduced by introduction of automatic filling. Another technical solution avoiding the
possibility of the direct contact of the liquid nitrogen with the stored material is based
on placing a stainless steel internal vessel with frames for cassettes with cryobags
into a container. Liquid nitrogen is only in the narrow space between the wall of the
vessel and the internal wall of the container. Adequate number of control samples
with temperature history as close as possible to the history of bags for re-check of
HPC viability and colony-forming capacity must be stored to assure safe application
after years or decades. Figure 3 shows the typical durations of PBMC storage in our
practice.

Rapid thawing in the water bath of 37 °C has been recommended since the
beginning (Barnes and Loutit 1955; Pegg and Trotman 1959; Hunt 2019). It is
usually completed within 3—5 min. Now, this method is being replaced by use of
programmed thawing device (Hunt 2019; Yakoub-Agha et al. 2020). In the past,
when metal containers were used, the thawed concentrate was transferred into a
National Blood Service jar or transfer bags, now it is infused directly from the
cryobag, or, in case of DMSO removal, from a transfusion transfer bag. The
transport to the clinical department (Sputtek et al. 2002) is performed in the vapor
phase of liquid nitrogen in simple isolation boxes or in dry shippers (Hunt 2019;
Yakoub-Agha et al. 2020) at temperatures below —140 °C. In the wards the bags
should be thawed successively, in case of any complication it should be possible to
postpone thawing of the next bag and to provide the patient adequate treatment.
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Fig. 3 Distribution of storage times for autologous PBPC concentrates. The most patients (66) are
in the group of 13—60 months, storage times up to 180 months are not an exception. The figure
documents long survival of patients after autologous transplantation. The concentrates stored for
more than 5 years can be used clinically only after the re-check of viability and colony-forming
capacity of HPC progenitors (Méticka et al. 2017)

2.1.4 Quality Control of the HPC Collection, Cryopreservation,
and Storage Processes

The precise control of all processes is crucial for the final result of the HPC
transplantation. The data of WBC count including detailed differential results of
phenotyping and membrane integrity assessment by flow cytometry, as well as of
HPC colony-forming capacity (Yang et al. 2005; Reich-Slotky et al. 2008) and
sterility, are essential for the release of the cryopreserved HPC concentrates for
clinical application. The accreditation manuals (FACT-JACIE 2018) and the
European Directorate for Quality of Medicines (EDQM) recommendations
(EDQM 2019) require that the tissue establishments have validated processes with
declared acceptability criteria for individual parameters. Shelf life of stored HPCs
should be determined by a cryostability study and repeated test for HPC membrane
integrity and colony-forming capacity should be performed before clinical applica-
tion after long-term storage. The product released for clinical application must be
properly labeled using TE identification code (Mé&ficka et al. 2019b), donation
identification sequence, and product code as given in the ISBT 128 product list.
Besides estimation of recoveries (Table 2) and of cell doses from thawed control
samples (Yang et al. 2005) it is recommended to perform additional control of
thawed HPC concentrates at infusion (Wagner et al. 2006; M¢ficka et al. 2011,
2019a). In this way it is possible to identify possible deviations from the estimated
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HPC doses that may occur for different reasons (Douay et al. 1986; Lioznov et al.
2008; Wats et al. 2020) and to perform efficient corrective actions.

Recoveries of nucleated, mononuclear CD34+ and CD3+ cells were calculated
according to the Eq. 2.1:

Total number of cells x viability post-freeze
Total number of cells x viability pre-freeze

Recovery% = 100 (1)
CFU-GM recovery (%) was calculated as the (number of colony-forming units post-
freeze/number of colony forming units pre-freeze) x 100

There has been a substantial progress in the HPC collection, processing, and
cryopreservation techniques in the last decades. While at the beginning the major
HPC source was BM and the cryoprotectant glycerol, the most autologous and
allogeneic transplantations are performed, now with PBPCs and the dominant
cryoprotectant is DMSO. A new technical background is represented by the use of
clean rooms for HPC processing, reliable double plastic bags, new generation of
programmable freezers, and improved storage containers avoiding the contact of the
stored material with liquid nitrogen. Cryopreservation is performed in licensed or
accredited tissue banks/establishments. Combination of these factors together with
application of current methods of assessment of HPC content, viability, and colony-
forming capacity leads to achieving of high HPC recoveries (Mé&ficka et al. 2021a, b).
For the future a significant challenge will be the development of protocols for
cryopreservation of the starting material for ATMP manufacturing and storage of the
manufactured products distributed in the cryopreserved form (Hunt 2019; Yakoub-
Agha et al. 2020; Jandova et al. 2020).

2.2 Tissue-Specific Progenitor Cells

Multipotent progenitor cells (MPCs) often referred to as mesenchymal stromal cells
(MSCs) provide wide opportunities for regenerative medicine and tissue engineering
due to their ability to stimulate the regeneration processes in damaged tissues.
Besides three-lineage differentiation capacity, the therapeutic action of MSCs is
associated with their ability to produce a cocktail of growth factors, cytokines,
micro-vesicles, and exosomes in response to microenvironment of the target tissue
(Lunyak et al. 2017; Parekkadan and Milwid 2010; Petrenko et al. 2020). Such
interaction may provide essential support for the resident cells, improve angiogen-
esis, prevent cell death, and modulate the inflammatory processes or immune
response (Petrenko et al. 2017b; Marquez-Curtis et al. 2015). MSC-like cells with
similar properties have been isolated from the variety of adult or perinatal human and
mammalian tissues and usually the correspondence of fibroblastic cells to MSCs in
separate studies is based on the minimal criteria proposed for characterization of
MSCs in research studies by the International Society for Cellular Therapy
(Dominici et al. 2006).
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Before clinical application, MSCs should be thoroughly analyzed to confirm their
identity and safety, paying special attention to the absence of viral and microbial
contamination. The microbiological sterility control is usually validated in each
laboratory according to European Medicinal Agency (EMA) or FDA guidelines
(Galvez et al. 2014). It is favorable that the final determination of sterility is prepared
in the finished cell-based graft, meaning after cell harvesting and packaging. Other-
wise, the additional cell manipulations (re-seeding, passaging, washing) in opened
environment may lead to the need of repeated quality control analysis. Despite this, the
FDA has recently reported the possibility of using several rapid tests for fast detection of
microorganisms in liquid systems (e.g., BacT/ALERT®, BACTEC™, Rapid Milliflex®)
and there is a strong need to preserve cellular properties during at least 48—72 h,
necessary to perform the tests. The storage of harvested MSC suspensions in normo-
thermic conditions is challenging, since without the substrate the aggregation or apo-
ptotic processes in MSCs usually occur. Therefore, the cryobiological strategies can be
considered as the only possibility to preserve functional and structural properties of
MSC:s for clinical applications.

Two distinct approaches can be used to preserve the viability of MSCs during
short or long periods. The hypothermic storage in nonfrozen conditions represents
probably the most reproducible system for short-term cell preservation. However, in
nonspecific conditions such a stressful hypothermic environment would lead to
perturbation of ion balances, osmotic cell swelling, oxidative stress and pH switch,
driving cell apoptosis, and death (Fuller et al. 2013; Guibert et al. 2011). Therefore,
the development of specially formulated media for hypothermic preservation of
MSCs has become a demand in MSC-based research and therapy. Currently there
are several commercially available solutions with confirmed protective effects during
hypothermic storage of MSCs. The University of Wisconsin Solution (UW solution),
available on the market under the trademarks VIASPAN®, SPS-1* (Organ Recovery
Systems, USA), and Belzer UW® Cold Storage Solution (Preservation Solutions Inc.,
USA) is a gold standard medium for organ and tissue preservation prior to transplan-
tation. Several reports have shown the use of UW solution for hypothermic preservation
of MSCs (Tarusin et al. 2015; Corwin et al. 2014). HypoThermosol® FRS (BioLife
Solutions, USA) represents another effective option for the storage of cells and tissues.
The preservation has been confirmed for several cell types, including MSCs monolayers
(Ginis et al. 2012), suspensions (Petrenko et al. 2019), and for the hypothermic storage
of MSCs (Petrenko et al. 2019). The mentioned storage media usually are based on
specially formulated ionic composition, extracellular supporting substitutes (sugars
and/or high molecular weight compounds), buffering agents, and/or additional com-
pounds (antioxidants and others), aimed to preserve the ionic balance in stored cells and
provide the essential protection. However, despite the special cold storage solution
showing efficiency in MSC preservation, their clinical application has several challenges
associated with the need to confirm their safety when administered to a patient.

Cryopreservation is the only established method to ensure long-term preservation
and rapid delivery of MSC grafts for clinical use. The most applied research and
clinical-grade cryopreservation method is based on the application of 10% of DMSO
in saline solutions of various compositions (Marquez-Curtis et al. 2015; Thirumala
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et al. 2013; Hunt 2011). However, it is already well documented that high concen-
trations of DMSO are toxic toward cells at close to normothermic temperatures and
may cause different adverse reactions when administered to a patient (Notman et al.
2006; Cox et al. 2012; Awan et al. 2020). Although it is now common practice to
remove DMSO prior to application, in research practice, the washing of cells for
clinical use from CPA is associated with several challenges, discussed previously.
Many efforts have been made to reduce or completely remove the DMSO from the
preservation media aiming to neutralize the possible toxicity of cellular grafts. In a
recent comprehensive review, authors thoroughly analyzed the use of DMSO in
cryobiology and discussed different ways for the reduction or exclusion of this
highly effective CPA during cell cryopreservation, including MSCs (Awan et al.
2020). Summarizing the available information, the commonly applied strategy for
reducing toxic concentration of DMSO is based on the supplementation of cryopro-
tective media with different non-permeable substances, including sugars (dextrose,
trehalose, sucrose, raffinose), high molecular weight compounds (PVP, PEG), mac-
romolecules (HES, albumin, dextran, ZENALB 4.5), and others (Naaldijk et al.
2012; Yuan et al. 2016b; Liu et al. 2011; Marquez-Curtis et al. 2015; Awan et al.
2020). For clinical application, components of CPA solutions should be suitable as
raw materials for the manufacture of GMP products and the validation of cryopres-
ervation procedures (including safety and toxicity studies) should be performed. For
example, the addition of HES, commonly used in clinic as plasma expander, is
allowed to be used to reduce DMSO concentration during cryopreservation of MSCs
but this change will require validation (Naaldijk et al. 2012). Besides reducing the
concentration of DMSO during MSC cryopreservation, more and more studies are
currently focused on complete removal of this CPA from the medium, aiming to
develop xeno- and DMSO-free solutions that may ensure off-the-shelf availability of
the cellular graft (Pollock et al. 2017; Matsumura et al. 2013; Freimark et al. 2011;
Petrenko et al. 2014). Using carboxylated poly-I-lysine authors showed successful
preservation of MSCs, compatible to 10% DMSO (Matsumura et al. 2013). Suc-
cessful results have also been shown using the mixture of proline and ectoin in the
presence of methylcellulose (Freimark et al. 2011) or the mixture of ethylene glycol,
glucose, and sucrose (Shivakumar et al. 2016). Several alternative methods have
been recently proposed, which are based on the intracellular delivery of sugars by
either electroporation (Dovgan et al. 2017; Mutsenko et al. 2019) or 24 h of in vitro
pretreatment. These authors showed the preservation of functional properties of
MSC:s after cryopreservation in DMSO- and xeno-free conditions (Petrenko et al.
2014; Rogulska et al. 2017, 2019).

Therefore, the development of nontoxic hypothermic storage and cryopreserva-
tion methods, providing ready-to-use availability of MSCs as well as efficient and
safe protective solutions, capable to be administered to a patient as a vehicle for cell
delivery would have great advantages in faster translation of MSCs-based therapeu-
tics to clinical settings.
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23 Human Pluripotent Stem Cells

Human Pluripotent Stem Cells (hPSCs), including human embryonic and induced
pluripotent stem cells (hESCs and hiPSCs), are still at a very early stage of clinical
application. They are not intended for clinical use in their undifferentiated state as
they have the potential to generate teratomas, but as differentiated cell products they
are now being used in numerous clinical trials (Kobold et al. 2020). Undifferentiated
hPSCs have been cryopreserved by both nonequilibrium vitrification and classical
slow-cooling techniques (Hunt 2011, 2017; Li and Ma 2012). The colonial nature of
both types of PSCs in culture and their propensity, in early comparative studies, for
increased differentiation and cell death when dissociated into single cell suspensions
for classical freeze/thaw (Richards et al. 2004; Zhou et al. 2004), led initially to the
adoption of vitrification protocols, based on those for bovine embryos (Reubinoff
etal. 2001). These protocols adopted the manual cutting methods used for passaging,
vitrifying the PSCs as colony fragments (i.e., clusters of cells) in straws (Hunt and
Timmons 2007).

A vitrification solution (VS) of EG, DMSO, and sucrose (SUC) was used in a
short two-stage addition protocol (<60 s) to avoid cryoprotectant toxicity. This
necessitated ultra-rapid cooling in small (~20 pL) volumes using open-straws
plunged directly into liquid nitrogen (LN,); producing a metastable glass prone to
devitrification unless maintained at temperatures below the glass transition. This
technically challenging, operator-dependent, lengthy process was really only suited
to producing small “insurance” stocks of newly developed hPSC lines. Despite
measures to reduce risks from contamination (Kuleshova et al. 2009; Nishigaki
et al. 2011), such protocols posed significant problems in the application of Good
Manufacturing Practice, both microbiological and logistical, while resisting scale-
out/scale-up.

2.3.1 Recent Advances in Nonequilibrium Vitrification Technologies
Attempts have been made to address two major criticisms: contamination and scale
out. “Bulk” vitrification (Li et al. 2010a) and surface-based vitrification of adherent
hPSC colonies in specially designed dishes (TWIST), which separate the cryogen
from the cells (Neubauer et al. 2017; Kaindl et al. 2019), offer two possible methods
for upscaling. The latter is applicable to high-throughput, multi-well format, tech-
nologies and addresses contamination issues. Alternative high-throughput, non-
contact techniques, utilizing inkjet printing onto surfaces cooled by LN,, produce
pL-size droplets which apparently avoid recrystallization using standard warming
methods (Dou et al. 2015; Shi et al. 2015; Akiyama et al. 2019). However, droplets
remain prone to devitrification by accidental rewarming during transport to/from
storage; a major drawback of all nonequilibrium techniques. Nano-warming coupled
with alginate encapsulation has been advocated as a way to increases warming rate
thereby minimizing devitrification and recrystallization and improving immediate
post-thaw survival (Liu et al. 2018), while an EG/SUC VS, employing the ice
recrystallization inhibitor (IRI) poly-L-lysine instead of DMSO, has been shown to
be effective for hiPSCs (Matsumura et al. 2011).
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2.3.2 Classical Slow-Cooling

Despite early studies reporting poor survival, others reported relatively high recov-
ery (Lee et al. 2010; Li et al. 2010b), possibly reflecting the empirical nature of these
studies and the choice/timing of viability assessment post-thaw. Intrinsic factors may
also affect recovery. Genetic variation has been proposed to partially explain line-to-
line variation in post-thaw recovery of mouse ESCs (Kashuba et al. 2014), while Xu
et al. (2014) have highlighted differences in membrane biophysical parameters
between hPSCs.

Extrinsically, the influence of undercooling (Li et al. 2020a) and controlled
nucleation (Morris and Acton 2013) have both been highlighted (Ware et al. 2005;
Yang et al. 2006; Huang et al. 2017), particularly in the cryopreservation of aggre-
gates (Li et al. 2018) and adherent cells (Daily et al. 2020). Results indicated an
optimal seeding range between —7 °C and —10 °C, though Li et al. (2020a) suggest
an optimum of —4 °C for cooling rates between 1 °C/min and 3 °C/min.

Cooling rate studies have indicated an optimum in the range 0.5-5 °C/min (Ware
and Baran 2007; T’Joen et al. 2012). Two-step cooling without seeding (Orellana
et al. 2015) and multistep cooling with/without seeding (Katkov et al. 2011; Li et al.
2020a) have also been reported to achieve satisfactory outcomes with most steps
within the above range. To date, the use of IRIs and antifreeze proteins with slow-
cooling has not been reported for hPSC. However, the antioxidant catalase, incor-
porated into the CPA, has been shown to improve recovery (Fernandes et al. 2019)
indicating a potential avenue of future research.

Cryopreservation outcomes cannot be divorced from culture conditions including
hPSCs passaging and state prior to and following cryopreservation (Ko et al. 2018;
Liu et al. 2019). Reversible adaptation to feeder-free monolayer culture allows
successful cryopreservation of hPSCs as single cell suspensions (Kunova et al.
2013) as has mild and enzyme-free dissociation (Ware et al. 2005; Beers et al. 2012).

Originally used during subculture to minimize dissociation-induced apoptosis
and improve re-attachment (Kurosawa 2012; Liu et al. 2019), the Rho-associated
kinase inhibitor (ROCKi) Y-27632 significantly improves cryopreservation out-
comes assessed by standard viability methods (Li et al. 2008; Baek et al. 2019).
However, though its routine use in culture does not significantly change the mutation
rate of hPSCs (Thompson et al. 2020), negative effects have been reported during
passaging (Gao et al. 2019) and for non-hPSCs, post-cryopreservation (Heng 2009;
Bueno et al. 2010); arguing for its removal shortly after both. A considerably
cheaper, clinically approved alternative to Y-27632, Fastudil, has also been shown
to improve outcomes for hPSCs (So et al. 2020). Nicotinamide, used in the treatment
of a wide range of diseases, possibly acting in its capacity as a kinase inhibitor, has
also been shown to promote cell survival in hPSCs (Meng et al. 2018).

These improvements in classical cryopreservation outcomes, together with the
development of xeno-free, serum-free defined medium (e.g., E8) has allowed not
only derivation and banking of hPSCs (Crook et al. 2007; Baghbaderani et al. 2016;
De Sousa et al. 2016) but also their scale-out/scale-up in 2D culture and 3D
bioreactor systems (Pandy et al. 2020; Rivera et al. 2020) under current Good
Manufacturing Practice (¢cGMP). Such cryopreserved hPSCs have demonstrated



18 J. P. Acker et al.

both stability and maintenance of differentiation capacity in long-term culture (Shafa
et al. 2020).

2.3.3 Issues with DMSO

CP-induced toxicity (at 37 °C) and osmotic damage have both been demonstrated in
hPSCs (Katkov et al. 2011; Valbuena et al. 2008). These can be ameliorated by
reducing exposure temperature, multistep addition/elution protocols and/or lowering
the CP concentration (Lee et al. 2010; T*Joen and Cornelissen 2012; Imaizumi et al.
2014).

Transient, reduced levels of the pluripotency marker Oct-4 have been detected
after cryopreservation in DMSO (Katkov et al. 2006), though this is reversible by
using ROCKi (Martin-Ibafiez et al. 2008). Changes to gene expression have been
reported following cryopreservation in DMSO (Wagh et al. 2011), as have effects on
differentiation potential and the epigenetic status of ESCs (Iwatani et al. 2006; Pal
et al. 2012; Chatterjee et al. 2017). While these changes are generated by exposure
times/temperatures not usually associated with cryopreservation, a recent study has
suggested that changes may occur after as little as 2 h exposure to DMSO (Verheijen
et al. 2019). This, together with other safety considerations (Awan et al. 2020), have
led to calls for care in the continued use of DMSO in novel cellular therapies (Stacey
et al. 2017a) and a search for DMSO-free alternatives (Weng and Beauchesne 2020).
Lists of suitable cGMP-compliant alternatives to DMSO have been published (Hunt
2019; Awan et al. 2020).

2.3.4 Cryopreservation-Induced Delayed-Onset Cell Death (CIDOCD)
Figure 4 shows the effect of classical slow-cooling on a hiPSC line in the absence of
ROCKIi. Immediately post-thaw, viability (as measured by a membrane permeability
assay) is high. However, 24 h after seeding, the surviving cells form two subpopu-
lations: those that have adhered (~2%) and those that remain viable but fail to
re-attach (~7%). The viability of the unattached cells declines with time in culture
while the reattached cells will, after a period in culture and passaging, expand and
re-constitute the cell line.

The results are typical for slow-cooling hPSCs in the absence of a ROCK
inhibitor and emphasize the difficulties associated with both the type and timing of
assays used to determine viability. Neither assays undertaken immediately post-thaw
nor those carried out following an extended period in culture will accurately reflect
the level of cryopreservation-induced delayed-onset cell death or the severe loss of
cells that can occur in the hours post-thaw. The results also indicated that, even in the
absence of ROCK, there is a subpopulation of cells that, while unable to attach in the
early post-thaw period, are nonetheless still viable, at least by the standard of live/
dead staining, and potentially rescuable.

This pattern of post-thaw cell loss is well documented in hPSCs (Xu et al. 2009),
occurring through the activation of apoptotic pathways post-thaw through various
stresses imposed by the cryopreservation process. CIDOCD has been the subject of a
number of reviews (Baust et al. 2016, 2017b). Inhibitors have been added to the CP
solutions to target the various pathways involve in activating the apoptotic cascade.
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Fig.4 Post-thaw viability of slowly-cooled hiPSCs in the absence of a ROCK inhibitor. The hiPSC
line NIBSCS, generated by mRNA/miRNA reprogramming of a human fetal fibroblast cell line
MRC-9, was cultured on Matrigel-coated plates in mTeSR™I1. Undifferentiated cells were
sub-cultured every 5 days using 1x TrypLE™ Express. Colonies at p29 were dissociated into a
mixed population of single, duplet and triplet cells and resuspended in pre-cooled 90% (FBS)/10%
DMSO at +4 °C. After 10 min equilibration, aliquots of 3 x 10° cells/mL were cooled at 1 °C/min
to —80 °C in a Mr. Frosty and stored in the gas phase of LN,. Samples were thawed at ~160 °C/min
and assayed using an AO/DAPI live/dead stain (membrane integrity test) in a Nucleocounter™
NC3000™ imaging cytometer capable of counting not only single cells but cells in aggregates.
Experiments were performed in triplicate, with three biological replicates from each of three
separate cryovials per experiment, at three time points: immediately after thawing/prior to seeding
(t0) and after 24 and 48 h in culture. Inset shows total cells recovered post thaw (the dotted line is
only shown for purposes of clarity). Similar results were obtained for the hESC cell line H9 and for
NIBSCS5 cooled in a controlled-rate freezer (data not shown). Immediately after thawing and prior to
seeding, over 95% of the cells were viable (i.e., excluded DAPI). Twenty-four hours after seeding
total cell recovery was low (see inset), for cells both adherent to the Matrigel coated plates (~3%) or
free-floating within the culture medium (~12%). Viability assessment of these two subpopulations
indicated that over 75% of the adherent cell population was viable, while the nonadherent popu-
lation also showed a significant proportion of viable cells (>50%). After 48 h the proportion of
viable, attached cells showed no significant increase while the “viable” cell population of non-
adherent cells had significantly declined. Surviving attached cells exhibit typical hPSC pluripotency
stem cell markers when assayed some five passages post-thaw (data not shown). This work was
undertaken as part of the TSB project “Development of a GMP cryogenic cold chain for clinical
delivery of regenerative medicine therapeutics” (project no. 101103) (Data courtesy of J. Mann).

These inhibitors and the mechanism by which they operate are detailed in a review
by Bissoyi et al. (2014).

Figure 4 also exemplifies the dilemma over viability assessment: what to assess
and when to assess it. Timing is crucial if reliable evaluation is to be achieved and the
type of assay should reflect the functional outcomes expected of the cell or therapy.
Baust et al. (2017a) have argued for a four-tier approach involving assays for
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membrane integrity, molecular (apoptotic/necrotic) mechanisms, functionality, and
genomic/epigenetic assessment. This fits well with regulatory requirements to dem-
onstrate identity, potency, and stability of cell therapy products.

2.3.5 Storage of hPSCs

Storage at —80 °C or above typically leads to progressive deterioration and loss of
viability, with storage limited to weeks or, at best, a few months. Though the use of
Ficoll 70 in the CP solution has been shown to extend storage times for hPSCs to at
least 1 year (Yuan et al. 2016a), long-term storage below the glass transition is
required in gas-phase LN, or ultra-low(—140 °C) mechanical refrigerators to main-
tain cell viability.

A number of recent studies suggest alternatives to cryopreservation where short-
term storage is logistically preferable. Deep-supercooling has been shown to pre-
serve human stem cells for periods up to 7 days (Huang et al. 2020). This process
relies on undercooling the cell suspension in supplemented UW solution without
CPAs. Freezing is avoided by preventing surface-catalyzed nucleation through the
layering of an immiscible oil phase onto the surface of the sample. However, this
nonequilibrium approach to undercooling leaves open the possibility of uncontrolled
nucleation should the immiscible oil phase be breached.

Seven-day storage at ambient temperature (20-25 °C) of hESCs has also been
achieved using a technique termed spheropreservation (Jiang et al. 2017). Here,
hESC colonies were cut into small aggregates and cultured on low-attachment plates
to produce cell spheres which were stored in hPSC medium (E8)-filled cryovials for
up to 7 days. Alginate encapsulation has also been used to store PSCs at ambient
temperature for up to 5 days in culture medium (Chen et al. 2013) and 7 days at 4 °C
using Hypothermasol as the storage solution (Correia et al. 2016).

2.3.6 Cryopreservation of Organoids

hPSC-derived organoids have been generated for a wide variety of organ systems.
Their ability to increasingly mimic the three-dimensional structure and complexity
of human organs has great potential in many areas of pharmaceutical medicine,
beyond that of traditional human and animal model systems, for evaluation of drug
efficacy/metabolism and toxicity testing (Miranda et al. 2018; Kim et al. 2020).
Unlike spheroids (3D clusters of cells) or embryoid bodies (hPSC aggregates which
spontaneously generate the three germ lineages), organoids are self-organizing
structures generated by guided differentiation of embryoid bodies or hPSCs during
3D culture in extracellular matrices such as Matrigel™ (Lancaster and Knoblich
2014).

Successful cryopreservation, using conventional slow cooling, has been reported
in a number of studies: Reichman et al. (2017) for hiPSC-derived retinal organoids;
Han et al. (2017) for small intestinal organoids treated with ROCKi and Lu et al.
(2017) for encapsulated gastrointestinal organoids — the last of these showing a
significant improvement in post-thaw recovery compared to organoids
cryopreserved using a standard non-scalable process in Matrigel™.
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Cryobiologically, the size, 3D architecture, and multicellular nature of organoids
present a unique set of problems beyond those of single cell suspensions. The effect
of extracellular (i.e., interstitial) ice, as well as differences in behavior with respect to
intracellular freezing between similar cells, in tissue and in suspension, are well
documented (Pegg 2020). Moreover, the osmotic response and the influence this
exerts on intracellular ice formation have been demonstrated in hepatic spheroids
(Korniski et al. 1999) and cell aggregates (Li et al. 2018), while the size (diameter) of
neural stem cell spheres has been shown to influence post-thaw recovery (Ma et al.
2010).

Given the variety of organoids generated from both hPSC and adult stem cells, if
optimal recovery is envisaged, it is unlikely that all will be amenable to a one-size-
fits-all approach to cryopreservation. The difficulties likely to be encountered and the
approaches available to improving cryopreservation outcomes are similar to those
encountered in the cryopreservation of pancreatic islets (Taylor and Baicu 2009;
Kojayan et al. 2018) which are, in terms of size and complexity, comparable to many
organoids and for which a wealth of information on cryopreservation, using both
slow cooling and vitrification approaches to preservation, exist.

24 Preservation and Storage of Whole Blood and Blood
Components

2.4.1 Blood Products in Transfusion Medicine

Blood component (BC) therapy has become the standard of care in medicine for the
treatment of the anemic, bleeding, or cytopenic patient. The widespread adoption
and retention of BC therapy have been driven by innovations in refrigeration, blood
bag design, anticoagulant and preservative solution composition, infectious disease
testing, and other means of donor screening (Mollison and Engelfriet 1999; Freed-
man 2014). Whole blood (WB) of healthy donors is often separated into BCs
including a red cell concentrate (RCC), platelet concentrate (PC) or plasma with
post-processing modifications including leukocyte, pathogen and volume reduction,
gamma irradiation, washing, pooling, or cryopreservation (Acker and Razatos
2020). However, WB can be stored without further processing for up to 35 days
and has recently seen increased use in prehospital and military trauma resuscitation
(Spinella et al. 2016; Cap et al. 2018; Chipman et al. 2020).

2.4.2 Blood Component Preparation and Storage

WB collection and separation systems are designed in different configurations
depending on the needs of the blood manufacturer. All current methods for prepa-
ration of the major BCs — RCCs, PCs, and plasma — rely on one or more semi- or
automated centrifugation and extraction steps. Apheresis devices are continuous
systems that remove WB from a donor, isolate the component of interest, and return
the remaining components back to the donor, allowing the concurrent collection of
BCs from a single donor depending on the regulatory approval of each individual
device. Automated production devices can improve the standardization of BCs by
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fully controlling all the centrifugation and extraction steps, providing more consis-
tent preparation of BCs.

Hypothermic storage of BCs: While the availability of donated BCs has facili-
tated widespread transfusion, the ex vivo storage of BCs in an artificial environment
impairs natural processes required for cell viability and function. Room temperature
(RT) or refrigerated storage of BCs, aimed to minimize cell injury, can suppress
biochemical reactions with residual metabolic activity eventually resulting in nutri-
ent depletion and accumulation of cell waste (Tinmouth and Chin-Yee 2001; Scott
et al. 2005). This is termed the “storage lesion” and has been well documented for
BCs (Germain et al. 2017; Alshalani et al. 2018; Yoshida et al. 2019). Acceptable
standards for the hypothermic storage of BCs to ensure product safety and quality are
outlined in government regulations and by standard-setting organizations. In gen-
eral, RCCs can be stored the longest — for up to 56 days at 1-6 °C — which ensures
there is no more than 1% hemolysis at expiry (0.8% in Canada and Europe) and 75%
in vivo cell recovery (Hess and BEST 2012). WB units are also stored at 1-6 °C for
up to 35 days. PCs have a shelf life about 5 days (or up to 7 days if bacterial
screening is performed) at 20-24 °C with constant agitation. Granulocyte-rich white
cell concentrates can be stored only up to 24 h at room temperature.

Cryopreservation of BCs: Cryopreservation remains the only technology that
provides preservation and long-term storage of cell quality and biological function.
However, inappropriate logistics or handling of cryopreserved samples during
routine banking operations can cause transient warming events (TWEs) (Gulliksson
and Nordahl-Kéllman 2014; Briard et al. 2016; Chabot et al. 2017) and affect
resulting product quality. Rising evidence of TWE-induced product impairment
caused by ice recrystallization emphasizes the need for more robust storage technol-
ogies that can support expanding regulations on the length of stable storage of BCs.

Cryopreservation of RCCs is used for the long-term storage of rare blood
products or products of a strategic nature (i.e., military or strategic stockpile of
universal RCCs) (Hess and Thomas 2003). Currently, there are two methods used for
the cryopreservation of RBC products: low glycerol/rapid cooling (Rowe et al. 1968)
and high glycerol/slow cooling (Meryman and Hornblower 1972; Valeri and
Zaroulis 1972).

The more common cryopreservation method found in the USA and most inter-
national blood centers is the use of a high concentration of glycerol (40%) in
conjunction with slow (~1 °C/min) and following storage at <—65 °C. In each
method, controlled addition and removal of glycerol using semi- or automated
methods are used to prevent osmotic lysis of the RBC and to minimize patient
exposure to the chemical cryoprotectant. Cryopreserved RBCs must be stored at less
than —65 °C and expire after 10 years unless a policy is in place for release of these
units beyond their expiry. European regulations permit the cryogenic storage of
cryopreserved RBCs for up to 30 years (EDQM 2017). Rare RBC products that were
thawed and deglycerolized can be refrozen and rethawed when needed without
adversely affecting the recovery of the products (Valeri 1973).

With the lifespan of platelet concentrates for several days, cryopreservation can
be used to extend the storage of these labile BCs. Since firstly reported in 1974
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(Valeri et al. 1974), cryopreservation of platelets with 5-6% DMSO and storage for
up to 4 years at —80 °C remains the most widely used method in clinical practice
(Valeri et al. 1974, 2005; Cid et al. 2016). Removal of DMSO prior to freezing
allows PCs to be thawed and reconstituted immediately with plasma making these
units suitable for military and civilian trauma use (Valeri et al. 2005; Noorman et al.
2016). Although PC cryopreservation is time-consuming and more expensive than
standard RT storage, clinical trials are underway to support platelet cryopreservation
(Dumont et al. 2013; Reade et al. 2013; Slichter et al. 2018).

Rapid freezing of plasma without the addition of any cryoprotectants can be
accomplished using a blast freezer, dry ice, or a mixture of dry ice with either ethanol
or antifreeze. In Europe, Fresh Frozen Plasma (FFP) has an expiry time of 36 months
when stored at <—25 °C, or 3 months at —18 °C to —25 °C (EDQM 2017). In the
USA, FFP can be stored for up to 12 months when stored at <—18 °C and up to
7 years at —65 °C.

Despite controversial findings for granulocytes (GC) transfusion efficacy, this
product is widely used to treat neutropenic patients, antibiotic-resistant infections,
patients under chemotherapy, and others (Yoshihara et al. 2016; Gea-Banacloche
2017). The shelf life of 24 h places limits on the availability and inventory manage-
ment of GCs. Unfortunately, traditional approaches to cryopreservation do not
provide a high recovery of GCs after freeze-thawing (Boonlayangoor et al. 1980;
Moss and Higgins 2016).

2.4.3 Emerging Blood Products

As transfusion practices continue to evolve, there is a constant need for new and
innovative approaches to the collection, manufacturing, storage and distribution of
BCs. Two products that are being actively pursued are cold-stored PCs and cultured
RBCs. The short shelf life of PCs and risks of bacterial contamination, despite
universal bacterial testing and pathogen reduction (Jones et al. 2019), requires
alternative strategies to meet emerging transfusion needs and inventory requirements
(Acker et al. 2016). Storage of PCs at 1-6 °C has a number of advantages over RT
storage include prolonged shelf life due to reduced metabolism, enhanced hemo-
static activity, improved bacteriologic safety, and ease of storage and transport
(Waters et al. 2018). Despite the shorter circulation lifespan of cold-stored PCs,
they can improve inventory flexibility by supporting trauma or other bleeding
patients (Stubbs et al. 2017).

Cultured RBCs can be produced by ex vivo erythroid cell generation from
different primary cells, such as human peripheral blood mononuclear cells
(Heshusius et al. 2019) or from cord blood CD34+ cells by co-culturing with
macrophages (Fujimi et al. 2008). The ability to produce universally compatible
RCCs by large-scale production of cultured RBCs would dramatically affect the
current donor-centric approach to BC manufacturing (Giarratana et al. 2011; Zeuner
et al. 2012) and new developments in the differentiation of RBCs and platelets from
pluripotent stem cells opens up exciting possibilities for the future (Focosi and
Amabile 2018).
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Transfusion of blood components is likely to remain the single largest cell therapy
used globally. With more than 118.5 million blood donations made per year
(according to WHO 2020), proper preservation and storage of these important
products remains an important priority for the transfusion medicine community.

2.5 Cryopreservation of T Cells for Adoptive Therapies

Cryopreservation of blood-derived T lymphocytes has been of interest for several
decades. Early studies showed that success could be achieved with slow cooling
methods (Thomson and O’Connor 1971; Knight et al. 1972; Tsutsaeva et al. 1978).
Today, the expanding clinical adoption of T-cell therapies has once again relied on
robust cryopreservation techniques.

2.5.1 Cryopreservation in CAR-T Cell Therapies

Chimeric antigen receptor T cell (CAR-T cell) therapy involves the genetic modifi-
cation of T cells to express recombinant antigen receptors which target cancer cells.
In August 2017, Trisagenlucleucel (Kymriah), a CAR-T cell therapy for patients up
to 25 years of age with B-cell acute lymphoblastic leukemia (B-ALL), became the
first autologous cell-based cancer therapy to receive approval by the US Food and
Drug Administration (FDA) (Maude et al. 2018; Mullard 2018; Schuster et al. 2019).
This was followed by the approval of Axicabtagene ciloleucel (Yescarta) in October
2017, as a second-line treatment for adult patients with diffuse large B-cell lym-
phoma (Mullard 2018; Roberts et al. 2018). These two autologous CAR-T cell
therapies have demonstrated improved remission rates relative to standard chemo-
therapy and their stable establishment in the drug market has been contingent on the
development of a reliable and robust supply chain (Levine et al. 2017; Grigor et al.
2019).

Nonmobilized peripheral blood mononuclear cells (PBMCs) are collected via
leukapheresis, cryopreserved within 24 h of collection, shipped to a central
manufacturing site, and enriched for T cells (Vormittag et al. 2018). Enriched T
cells are then transduced with the CAR transgene, expanded in a bioreactor culture
system for 7-9 days, cryopreserved in an infusible medium, and finally transported
back to the treatment center (Vormittag et al. 2018). Cryopreservation is therefore
crucial to both ends of the supply chain and not only promotes flexibility to the
manufacturing process, but more importantly allows patients to undergo
leukapheresis and receive the therapy at a time that is appropriate based on their
condition. There are consequently two pertinent questions that arise in regard to the
impact of cryopreservation in CAR-T cell therapies: (1) whether it affects the
manufacturing and efficacy of the final CAR-T cell product, and (2) whether it
affects the persistence of CAR-T cells upon infusion. In clinical protocols patient
conditioning with interleukin treatment is used and thus reproducible culture pro-
cesses and cryopreservation protocols that enable reliable recovery from thawing are
vital to enable assure efficient matching of patient and CART preparation.
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Cryopreserved PBMCs are used in functional and phenotypic in vitro immuno-
logical assays and additionally prove effective in numerous clinical applications,
ranging from immunotherapy precursors to direct transplantation (Smith et al. 2007;
Heo et al. 2009; Filbert et al. 2013; Kodama et al. 2013; Li et al. 2017). Therefore, an
abundance of research since the 1980s has gone into not only optimizing PBMC
cryopreservation protocols, but also the impact of these optimized protocols on
PBMC survival and function (Milson and Keller 1982; Prince and Lee 1986;
Weinberg et al. 2000, 2007; Kreher et al. 2003; Disis et al. 2006; Bull et al. 2007).
High levels of delayed onset cell death (DOCD) are endemic to any cryopreservation
protocols that incur a high degree of sublethal stress and are commonplace in
cryopreserved PBMCs, suggesting there is room for further optimization (Baust
2002; Baust et al. 2005; Cosentino et al. 2007). Panch et al. (2019) performed a
retrospective analysis on 158 autologous CAR-T products from six single-center
clinical trials, revealing reduced levels of enriched T cells over the first 2 days in
culture following isolation from cryopreserved PBMCs (Panch et al. 2019). This did
not prove true for fresh PBMCs, suggesting DOCD took place. However, CAR-T
cultures initiated with fresh PBMCs fare similarly to those initiated with
cryopreserved PBMCs based on transduction efficiency, CAR-T fold expansion,
and CD4:CD8 ratios upon harvest (Panch et al. 2019; Tyagarajan et al. 2019).
Therefore, the use cryopreserved PBMCs likely does not pose a significant impact
on either the efficacy of the final CAR-T product or the time required to generate a
sufficient number of CAR-T cells. The latter point is particularly important, as
extended periods of in vitro expansion (9-14 days) have proven to diminish post-
thaw CAR-T cell recovery (Fisher et al. 2014; Berens et al. 2016). In the production
of Kymriah, Novartis uses a multicomponent cryopreservation cocktail consisting of
7.5% DMSO, 20% Human Serum Albumin (HSA), and 10% Dextran 40 (FDA
2019). On the other hand, Kite Pharmaceuticals uses a formulation consisting of 5%
DMSO and 2.5% HSA in the production of Yescarta (FDA 2020b). While the
concentrations vary, the use of DMSO, Dextran, and HSA has been consistent
amongst several CAR-T cell clinical trials (Singh et al. 2013; Garfall et al. 2015;
Kebriaei et al. 2016; Li et al. 2019). As a part of Kymriah’s quality assurance,
Novartis requires that cells be frozen in an insulated freezing container at a rate of
1 °C/min to —40 °C and 10 °C/min from —40 °C to —80 °C (Chamberlain et al.
2019). Products are subsequently stored in the liquid nitrogen vapor phase and
rapidly thawed in a dry thawing device compliant with cGMP regulations (FDA
2020a). Details pertaining to the cooling and warming regimens used by Kite
Pharmaceuticals, as well as those used in most CAR-T cell clinical trials have not
been clearly stated; however, given the relative consistency in these regimens
between different cell therapy applications, they are unlikely to differ substantially.

Cryopreservation protocols for CAR-T have been derived by application of
traditional controlled slow cooling methods with DMSO supplemented by penta-
starch and/or human serum albumin (Panch et al. 2019; Lu et al. 2016). Such
protocols have limited impact on the tumoricidal effects of CAR T cells in vitro
with respect to their specificity and proliferation upon stimulation (Xu et al. 2018).
However, global gene expression analysis has revealed that 1139 genes are
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overexpressed in cryopreserved CAR-T cells, many of which were associated with
apoptotic pathways (Panch et al. 2019). CAR-T cells are infused immediately upon
thawing, making it challenging to form definitive conclusions regarding the in vivo
impact of cryopreservation and resulting DOCD on the effectiveness of the therapy.
There is currently no data to indicate that in vivo levels or persistence of
cryopreserved CARTSs are diminished; however, it is certainly possible that DOCD
would occur in vivo and potentially be followed by compensatory expansion.

The clinical use of cryopreserved CAR-T cells is a logistic necessity and if
ongoing trials show long-term efficacy and safety will become more widespread in
the coming decade, with several ongoing clinical trials exploring novel CAR-T cell
therapies for hematologic malignancies, combined with the potential application of
CAR-T cells to solid tumor treatment (Chavez et al. 2019; Ma et al. 2019; Zhao et al.
2019). To further delineate the impact of cryopreservation on CAR-T cells, it is
necessary that we understand how storage times as well as the frequency and
duration of transient warming events alter phenotypic or functional characteristics.
It will be important to pay special attention to long-term safety of CAR-T medicine
as there are issues which need to be addressed (Eyles et al. 2019). Finally, as is the
case with most cell therapies, there is a need to explore DMSO-alternatives to
minimize infusion-related reactions.

2.5.2 Cryopreservation of Regulatory T Cells

Adoptive cell therapy (ACT) is also used for the treatment autoimmune pathologies.
Experimental studies have demonstrated the effectiveness of adoptive Treg cell
therapy (Eggenhuizen et al. 2020). The possibility of using these cells for allergic
diseases and asthma treatment has also been demonstrated (Esmaeilzadeh et al.
2020). The suppressive effect of Tregs on immunocytes can be implemented directly
during intercellular contact or indirectly, as a result of secretion of biologically active
molecules (Christoffersson and von Herrath 2019). An alternative to the adminis-
tration of Tregs in autoimmune diseases can be the involvement of dendritic cells
(DCs) capable of inducing the expansion of the recipient’s Tregs (Goltsev et al.
2019).

As mentioned above, the effect of deep cooling on a heterogeneous population of
lymphocytes is ambiguous. Indeed, in the report (Chen et al. 2016), the peripheral
blood mononuclear cells by phenotypic characteristics before and after cryopreser-
vation were assessed and a higher cryostability of CD19+ B cells was established as
compared to CD3+ T cells. In other studies, a decrease after cryopreservation in the
percentage of naive lymphocytes (CD45RA+ CD62L+), memory T cells (CD45RO+
CD62L+), as well as HLA-DR+ CD38+, CD39— CD73+ cells among subpopula-
tions of CD4+ and CD8+ peripheral blood lymphocytes was noted (Costantini et al.
2003; Reimann et al. 2000; Turner et al. 2020; Weinberg et al. 2009). A possible
reason for the decrease in CD62L+ cells may be the activation of matrix meta-
lloproteinase (MMP) due to DMSO effect, which causes the cleavage of L-selectin
(CD62L) from the cell surface (Hattori et al. 2001) and a change in its functional
activity. Sparrow et al. (2006) revealed a strong correlation between the reduced
expression of the CD62L receptor and the appearance of apoptotic/SYTO16 (dim)
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lymphocytes, when investigating the post-thaw cord blood lymphocytes. Essentially,
the shading of L-selectin from activated T cells prevents their re-entry into peripheral
lymph nodes (Galkina et al. 2003). The importance of preserving the receptor
repertoire of cryopreserved lymphoid cells is emphasized by a decreased ability of
murine Tregs after low-temperature exposure to bind to a partner in the CD62L-
MADCAMI system in vitro, as well as a disordered homing to secondary lymphoid
organs in vivo (Florek et al. 2015). The same authors showed that during adoptive
transfer, the cryopreserved Tregs protected animals from experimental lethal graft-
versus-host-disease (GVHD) to a far lesser extent than native ones. This can be
likely explained by a high cryolability of Tregs, shading of their surface markers and
ability of triggering an abnormal secretion of cytokines after cryotherapy (Brunstein
et al. 2011; Golab et al. 2013; Weinberg et al. 2009). It is notable that immediately
after thawing most Tregs are assessed as viable; only a part of them exhibit apoptotic
signs leading to cell death upon 12 h of cultivation (Gotab et al. 2018).

Nevertheless, the results of successful cryopreservation of Treg without
disturbing the phenotype and function are presented (Guo et al. 2015; Weiner et al.
2015), as well as the development of a method for lyophilization of human cord
blood cell leucoconcentrate (HCBCL), which provides an increase in the Tregs
concentration in general cell spectrum (Koval et al. 2019). At the same time
Brunstein et al. (2011) did not reveal an increase in the Tregs content in peripheral
blood of recipients with GVHD after infusion of cryopreserved Tregs as it was
observed after infusion of “freshly isolated” Tregs. In general, the controversial
results regarding the successful cryopreservation of Tregs are explained by a limited
number of clinical trials with application of cryopreserved Tregs (Fraser et al. 2018;
Meyer et al. 2019). Recently strategies to move adoptive T-cell therapies to an almost
industrial scale have been proposed, requiring cryopreservation as an essential step
in the production pathway (Iyer et al. 2018).

2.6 Bone Marrow in the Organ Donor Pathway

It was recognized over 60 years ago that bone marrow (BM) recovered from
deceased organ donors is a potential source of viable hematopoietic stem/progenitor
cells (HSPC) for transplantation that exceeds the volumes obtainable from living
donors (Thomas et al. 1957; Ferrebee et al. 1959). Each year in the USA, approx-
imately 10,000 victims of non-survivable traumas donate their organs and a further
30,000 donate their tissues, through which 30,000 organs and over a million tissues
are recovered. The combination of large volumes recovered from each donor with
the substantial number of donors each year gives the potential for building an
extensive BM bank of diverse HLA representation.

Ossium Health is developing such a bank of organ and tissue donor-derived
whole BM as well as selected BM-derived hematopoietic stem/progenitor cells
(HSPCs), mesenchymal stromal cells (MSCs), and mature cells for conventional
medical purposes, to promote tolerance of solid organs and vascular composite
allografts and as radiation-nuclear medical countermeasures. Ossium’s initial
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product, hematopoietic progenitor cell marrow (HPC, Marrow), contains the full
complement of HSPCs and mature immune cells required to treat hematological
cancers and BM failure.

Recovery of functional BM from deceased donors is conceptually similar to the
procurement of organs and tissues. Published studies have confirmed that stem and
progenitor cells within deceased organ donor BM are highly viable and comparable
to living donor cells (Fig. 5) (Blazar et al. 1986; Kenyon et al. 1995; Rybka et al.
1995; Soderdahl et al. 1998; Ahrens et al. 2004; Baumert et al. 2012).

Ossium has developed optimized recovery systems including specialized kits and
shippers for uniform recovery by our multiple OPO partners and has characterized
warm and cold ischemia times for optimum cellular yield (Woods et al. 2020). Our
current processing methodology yields highly functionally viable cells from
deceased donor BM, with colony-forming unit granulocyte/macrophage
(CFU-GM) averaging 170 £ 40 and total CFU averaging 417 £ 50 per 105 total
nucleated cells plated as compared to live donor controls that yielded 140 £ 18 and
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205 + 17, respectively (mean 4+ SEM; n = 4 experimental and 2 control; live donor
BM purchased from Lonza) as well as stable engraftment in a humanized immuno-
compromised mouse model (unpublished data).

For end user ease, Ossium packages HPC, Marrow at 70 mL volumes in 250 mL
cryostorage bags (Origen BioMedical, Austin, TX, USA). Multiple such units are
prepared from each donor, ranging from 3 to 12 based on the donor size and recovery
outcomes. For the bank to service the greatest number of patients, cryopreservation
is essential. Bone marrow or mobilized stem cells have been cryopreserved and
transplanted for decades, with varying protocols mostly consisting of slow cooling
(1-2 °C/min) in a cryopreservative of 10% DMSO and storage in vapor phase or
liquid nitrogen until prepared for use by rapidly warming, typically in a 37 °C water
bath (Berz et al. 2007; Hunt 2011). Controlled rate cooling and passive cryopreser-
vation approaches have both been used with success (Morgenstern et al. 2016). To
develop the protocol for use at Ossium, initially two controlled rate cooling methods
and a passive approach were considered. The VIA Freeze Quad (Cytiva,
Marlborough, MA, USA) and the CryoMed (ThermoFisher Scientific, Waltham,
MA, USA) were evaluated as controlled rate cooling options, and a passive approach
was evaluated utilizing a “box in box” method (Shu et al. 2010). The VIA Freeze
was adapted to cryopreserve six bags at a time to meet Ossium’s requirements. This
initial study indicated no difference among methods, with each yielding high post
thaw survival with mean post thaw CD34 viability and CFU-GM equivalent among
methods (Pennington et al. 2019).

Given the scale of production with multiple donors per day each yielding between
3 and 12 cryostorage bags, and the relative simplicity of the process, a version of the
passive cooling approach was further investigated and subsequently validated for
routine use. For this, an ultracold mechanical freezer (CryoCube F740, Eppendorf,
Enfield, NC, USA) was temperature mapped using a Part-11 compliant data capture
system (Ellab Denver, CO, USA). Preliminary experiments indicated a chamber
setting of —86 °C to be optimum for uniform temperatures across each of the three
freezer shelves. Surrogate bags containing cryoprotectant only (10% DMSO in
saline with 2.5% human serum albumin) were prepared, placed into aluminum
cassettes, and used in further preliminary experiments which indicated that cooling
rates would be faster if cassettes were placed directly against the walls of the freezer
but were consistent across the bulk of the shelves (data not shown). An experiment
was designed in which surrogate bags were prepared including T-type thermocou-
ples placed in the cryoprotectant solution with an Omega OM-USB-TC data capture
system (Omega, Norwalk, CT, USA) utilized to record freeze curves. The bags were
placed in cassettes which were then placed on each shelf of the freezer maintaining a
minimum of 11 cm distance from the walls and held for a minimum of 6 h. The
resulting freezing curves were very consistent. Mean cooling rates (MCR) for each
bag across a range from —10 °C to 40 °C were determined to be —1.39 £ 0.13 °C
(top shelf), —1.38 + 0.16 °C, (middle shelf) and —1.30 & 0.14 °C (bottom shelf)
(mean £ SD), respectively.

Next, experiments were performed with three organ donor bone marrow products.
For these experiments, the same protocol and temperature monitoring system was
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Table 3 Post-thaw viability assessed via flow cytometry (USP<127>) and colony-forming assay

CD34 viability (%) Bag 1 Bag 2 Bag 3 Mean (£SD)
Donor 1 96.71 97.51 97.69 97.3 £0.52
Donor 2 70.87 80.24 79.34 76.8 = 5.16
Donor 3 90.04 88.05 82.06 86.7 £ 4.15
CFU-GM (per 10° cells) Bag 1 Bag 2 Bag 3 Mean (£SD)
Donor 1 40 30 35 350+£5.0
Donor 2 25 35 20 26.7£7.6
Donor 3 45 95 60 66.7 + 25.7

used; however, the thermocouples were taped to the outside of the bags to avoid
contaminating the products, and after 624 h at —86 °C the cassettes were trans-
ferred to vapor LN, storage. Taping thermocouples to the bags allowed for an
approximation of the actual freeze curve but was less accurate than the immersion
method and prone to failure due to detaching. Again, freezing curves were very
consistent, with MCRs of —1.50 £ 0.17 °C (n = 3 bags), —1.52 £ 0.14°C (n =3
bags), and —1.56 °C (only one bag measured due to thermocouple failures)
(mean £ SD), respectively.

After storage for >1 week, bags were thawed and evaluated for CD34+ cell
viability and CFU-GM potential. All donors exhibited high viability and robust
colony growth (Table 3).

This experiment was repeated without the temperature monitoring with three
additional donors and results were confirmed with a post thaw CD34+ viability of
86.81 + 8.35% and mean CFU-GM of 51 & 29 colonies/10° cells plated
(mean £ SD).

With smaller volume products (e.g., umbilical cord blood cryopreserved in 25 mL
volumes), directly placing cassettes in a static —86 °C chamber could result in a
cooling rate faster than desirable. Ossium’s larger volume units carry sufficient
thermal resistance so that the chamber temperature can be easily adjusted to result
in ideal cooling rates. This robust method is relatively insensitive to user error and
equipment failure as well. For clinical production at Ossium, all units banked are
tested for post-thaw viability for 100% verification to allow use of this method for
ongoing clinical production.

2.7 Tissues and Cell/Scaffold Constructs

2.7.1 Preservation of Unprocessed Native Tissues

Cryopreservation of unprocessed native tissues may be considered for the cases
where their transplantation as a whole would be a more preferred treatment choice
(e.g., oocytes vs. ovarian tissues in cancer or prepubertal patients). From a practical
standpoint, compared with the storage of isolated cells, cryopreservation of a whole
tissue implies minimal processing times and has a major advantage of maintaining
cells within their natural microenvironment. Ultimately, upon demand such frozen
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specimens may be subsequently used as a source of cells to be isolated and expanded
for experimental or clinical purposes. This strategy has been the focus of many
studies. For the detailed description of the techniques used for the cryopreservation
of ovarian tissue and whole ovaries the reader may refer to Isachenko et al. (2009)
and the recent review by Arav and Patrizio (2019). Vermeulen et al. summarize the
challenges and perspectives associated with cryopreservation of immature testicular
tissues (Vermeulen et al. 2017). By the refinement of a vitrification protocol, great
success has also been achieved in preservation of intact human articular cartilage
with high chondrocyte recovery and preserved cartilage structure as Jomha et al.
report (Jomha et al. 2012). Slow freezing of intact mucosal tissues using 10% DMSO
has been shown a superior performance versus vitrification; with cryopreservation of
tissue pieces higher cell yields and viability were gained compared to isolated cells
(Hughes et al. 2018). Two-step freezing of cervical explants and their thawing in
pre-warmed (37 °C) culture medium resulted in comparable with fresh tissues
viability over time (Fox et al. 2017). Cryopreservation of cornea has met with
varying degrees of success as Armitage pointed out; the feasibility of using low
cooling rates (0.2 K/min) and impermeable CPAs in slow freezing and some
progress in vitrifying corneas has been reported (Armitage 2009). In a review on
the cryopreservation of adipose tissue Shu et al. recommend a protocol based on the
as a CPA for a broad range of downstream bioanalytical applications (Shu et al.
2015). As a further example, slow freezing of umbilical cord tissue explants using in
10% DMSO has recently been reviewed by Arutyunyan et al. (Arutyunyan et al.
2018).

Carnevale et al. have optimized a protocol for slow freezing of whole trabecular
fragments enclosing the bone marrow through utilization of human serum and
DMSO (Carnevale et al. 2016). Using cryopreservation cocktail composed of
0.05 M glucose, 0.05 M sucrose and 1.5 M ethylene glycol for slow freezing of
human dental follicle tissue Park et al. communicated >70% of cell survival rate
after 3 months of tissue storage (Park et al. 2017). Cryopreservation of ready-to-use
precision-cut tissue slices (PCTS) might become an indispensable tool for pharma-
ceutical applications. Fahy et al. demonstrated a varying degree of success of using
slow freezing and vitrification for PCTS from different tissue sources (Fahy et al.
2013). In addition, vitrification of whole biopsy cancer tissues for the preparation of
PCTS to evaluate anticancer drug responses both in vitro and in vivo has recently
been carried out (Zhang et al. 2020). In an effort to obtain fully functional dissociated
primary neuronal cultures from cryopreserved tissues Cano-Jaimez et al. described
an experimental protocol (using slow cooling and 10% DMSO) for frozen storage of
mouse hippocampi (Cano-Jaimez et al. 2020).

2.7.2 Preservation of Decellularized Tissues

Many reports acknowledge the successful preservation of decellularized tissue
matrix from a range of tissues. The main goal here is to preserve the native
ultrastructure, tissue-specific components of extracellular matrix (ECM) — such as
growth factors (GF) — and its biophysical properties. After cryopreservation acellular
ECM may be either used for in vitro pre-seeding with respective cells or for in vivo
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repopulation. The dual slow freezing of decellularized human amniotic membrane
(without any CPAs) has resulted in preserved mechanical stability and retained levels
of growth factors for the ophthalmological applications (Pogozhykh et al. 2020). The
research team of Urbani et al. provided evidence that slow freezing under protection
of 10% DMSO maintained the architecture and biomechanical properties of
decellularized esophagi for clinical applications (Urbani et al. 2017). Notably, due
to consistent success documented in both in vitro and in vivo studies, vitrification
and freeze drying are becoming increasingly prevalent in preservation of
decellularized tissues. Zouhair et al. have discussed preservation strategies for
decellularized pericardial scaffolds for their off-the-shelf availability (Zouhair et al.
2019). In this study vitrification using VS83 solution and freeze-drying using
sucrose as a lyoprotectant have been shown to better preserve pericardial patches
compared to standard slow freezing in 10% DMSO. Freeze-drying of decellularized
allogeneic heart valves with 80% sucrose resulted in preserved functionality and
repopulation with recipients’ cells after implantation into the juvenile sheep (Goecke
et al. 2018). In good agreement with previous studies, Biermann et al. demonstrated
that vitrification of allogeneic heart valves was accompanied by improved long-term
durability as well as reduced immunogenicity in the orthotopic sheep model
(Biermann et al. 2018).

2.7.3 Cryopreservation of Tissue-Engineered Constructs
Cryopreservation of 3D tissue-engineered constructs (TECs), although not yet
optimized, offers great potential for clinical translation of tissue engineering (Urbani
et al. 2018). Within the tissue engineering workflow a TEC formation is initiated
starting from cryopreserved material followed by cultivation in a bioreactor. In turn,
engineered 3D structure may be frozen and stored for future use. Herein the term
“TEC” we use in a broad sense to define engineered cellular sheets and aggregates,
cells and tissue-like structures enclosed in hydrogels and cell-seeded scaffolds (see
Fig. 6 for illustration).

Ready availability of engineered constructs for the ultimate patient benefits is a
strong argument that favors establishment of uninterrupted cold chains for their
biobanking (Pogozhykh et al. 2018). In this context, an elegant approach to prepare
scaffolds harboring in their structure ice-nucleating or ice recrystallization inhibition
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Fig. 6 Schematic illustration of current technological routes for TEC cryopreservation
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agents to confer them cryoprotective properties at the stage of preparation has been
recently endeavored (Weng et al. 2017; Nagao et al. 2018). The increasing number of
publications related to TEC cryopreservation over the last decade, reflects growing
research interest pertaining to this to matter (many papers are published tissue
engineering-oriented journals) (summarized in the Table 4).

3 Best Practices in Applied Cryopreservation
3.1 Best Practice to Address Current Regulatory Concerns

3.1.1 Key Regulatory Aspects

Core issues that will be required for the suitability of preservation, storage and
shipment of cell-based medicines will include sustained safety, consistent quality,
and documented traceability.

Consistency of quality is assured by Good Manufacturing Practice (European
Commission 2017; FDA 2020a; WHO 2014; ICH 2000) which provides a frame-
work for addressing all aspects of the manufacturing process, including the
manufacturing facility, environmental controls, staff training, raw materials, SOPs,
quality control, storage, and shipment. All critical aspects of manufacturing will
require some form of validation and this also applies to preservation methods,
storage systems, and shipment equipment and procedures.

Traceability is key to robust risk assessment, demonstrates that all products have
been manufactured in the prescribed way, and is crucial for investigations required
following a serious adverse event or serious adverse reaction in patients.

Risk assessment is also a key element in delivery of safe and reliable cell based
medicines, and it is important to apply this to all aspects of manufacture including
the challenging risk assessment required to assure safety of raw materials and donor
cells (Stacey et al. 2018; Petricciani et al. 2017).

The key elements of manufacturing consistency and traceability are delivered
through implementation and careful maintenance of a quality management system
according to GMP regulation and guidance (EMA 2019; FDA 2021). GMP is
required for manufacture of all advance therapy medicinal products (ATMPs)
(European Commission 2007) and also for product manufactured for clinical trials
in the market authorization route to delivering regenerative medicines. However,
certain cell-based medicines may be delivered under local authorization or “hospital
exemption” arrangements which may vary between different regulatory jurisdic-
tions, but in general are expected to meet the standards of GMP as is the storage of
minimally manipulated cell and tissue preparations which do not fall formally under
GMP but other regulations such as the EU Tissue and Cells Directive (European
Commission 2004), its technical annexes (European Commission 2006a, b). Special
guidance for cell-based medicines on topics such as microbial contamination and
selection of raw materials may also be available for cell-based medicines (e.g.,
European Pharmacopoeia 2016; European Pharmacopoeia 2017).
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While each regional jurisdiction will maintain its own laws and regulatory
guidance the International Conference on Harmonisation (https://www.ich.org/
products/guidelines/quality/article/quality-guidelines.html) has established guidance
documents which are adopted in multiple jurisdictions including the EU, Japan, and
USA. Key among these for preservation and storage of regenerative medicines and
cell therapies are ICH documents for risk assessment (ICH 2005), process validation
(ICH 2009), product stability (ICH 1995), and demonstration of comparability
following a process change (ICH 2004).

3.1.2 Importance of Regulatory Science

It is important to recognize that in any regulatory consideration of regenerative
medicines, a fundamental requirement is to have a science-based understanding of
the events and “signals” that may impact on product quality and safety. This is
typically described as a regulatory science perspective, which has been defined by
the US FDA as “the science of developing new tools, standards, and approaches to
assess the safety, efficacy, quality, and performance of FDA-regulated products”
(FDA 2011). Thus, establishing and maintaining a current knowledge of key scien-
tific aspects of the systems involved in preservation, storage, and shipment of
regenerative medicines is critical.

3.1.3 Principles for Operation of Storage Systems

All material stored for clinical use should be recorded in a robust inventory system
which may be required to meet some specific regulatory requirements for data
security/stability and protection of donor personal data, examples of which include
the US Code of Federal Regulations 21, part 11 (FDA 2020c) and the EU General
Data Protection Regulations (European Union 2018).

The storage environment must be secure and clean, although generally it is not
required to provide the highest level of environmental air quality in storage areas, as
the sterility of product is based on aseptic manufacture and product container
integrity.

All critical storage procedures which could impact on the quality of the product
will be controlled under GMP procedures and records, including staff training,
storage access, cryogen filling regimes, inventory inspection/resolution, and pick-
ing/packaging/labeling for shipment. In addition, the integrity of cell and tissue
containers must be assured to prevent contamination during storage, thus attention
should be paid to avoiding direct contact of storage cryogen with cellular material
(e.g., open straws, insecure closures, breakage-prone bags) and ensuring integrity of
vial closures (e.g., internal screw-threads, gaskets, heat-sealable sleeves). In addi-
tion, stored material may need to be separated into isolated storage for new untested
materials, in-process materials (those awaiting completion of quality control),
released materials and quarantined materials that may be known to be contaminated.

Staff safety is clearly a priority for design and operation of storage systems and
should include consideration of specific hazards associated with handling cryogens
such as asphyxiation and frost-bite which will be hazards in the use of liquid nitrogen
or carbon dioxide. In such cases, restricted and monitored personnel access, personal
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protective equipment, environmental and personal monitors for atmospheric oxygen
levels, and adequate ventilation are key issues to address.

Maintenance and storage stability are also crucial aspects requiring routine
cleaning procedures, checks on liquid nitrogen delivery systems and storage vessel
vacuum seals, and frequent monitoring of vessel temperatures to avoid temperature
cycling in stored cell products. Contamination of storage vessels can become
significant over time in use (Grout and Morris 2009; Fountain et al. 1997). Thus,
while cleaning of liquid nitrogen vessels and electric freezers may prove challenging
but approaches to reduce or otherwise manage buildup of contamination in storage
vessels should be considered (Pessoa et al. 2014; Bajerski et al. 2020).

3.1.4 Choice of Low Temperature Storage Systems

Liquid nitrogen inventory vessels are probably the commonest means of mid- to
long-term storage, but require careful backup in terms of assured liquid nitrogen
supply. Safety issues may also be significant considerations for facility design and
staff safety dealt with above.

Ultra-low electric freezer cabinets(—140 °C) can be an alternative to liquid
nitrogen vessels, but require a highly robust and reliable power supply and/or local
backup (e.g., uninterrupted power supply batteries, emergency generators). Other
storage temperatures have been discussed elsewhere in this chapter. Such tempera-
tures are generally not considered suitable for long-term storage of cryopreserved or
vitrified materials, but may be used for shipment or short-term storage and only
where the preservation method is suited for such storage, otherwise product failure
may result.

Systems for sub-normothermic or hypothermic storage of cells for therapy will be
subject to jurisdictional regulations, but different regulatory science considerations
must be addressed regarding the mechanisms of degradation of cellular product
(addressed elsewhere in this chapter) and growth of contamination in the unfrozen
state.

3.1.5 Facility Design
There are a number of issues that need to be addressed for the selection and design of
a storage facility as follows:

1) Location: A space is required which is not prone to high levels of microbial
contamination and not below ground level to avoid the buildup of cryogen gas
such as nitrogen.

2) Fabric considerations: structural considerations (e.g., floor weight baring limits,
drains), finishes (e.g., floors, walls, ceilings) to facilitate cleaning, lighting and
power.

3) Cryogen storage and supply: which may include the need for piped liquid
cryogen or a liquid nitrogen production facility and areas for back up emergency
filling vessels.

4) Environmental considerations: temperature, ventilation and air quality and con-
tamination. NB. Ventilation is a crucial issue for assuring safe working to avoid
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asphyxiation in areas where solid carbon dioxide or liquid nitrogen is used. In
such areas sufficient forced ventilation must be available. Wall-mounted oxygen
monitors should also be included and ideally will automatically trigger ventila-
tion and a remote alarm.

5) Areas for separate storage vessels to allow segregation of materials of different
levels of risk as discussed above.

6) Inventory systems: racking systems should be suitable for the materials and
containers to be stored and must meet requirements of regulations such as the
European Union Tissues and Cells Directive (EUTCD) (European Commission
2004, 2006a, b) and other best practice systems such as FACT (http:/www.
factwebsite.org) to assure security, stability, and backup.

3.2 Best Practices in Shipping and Packaging

The cold chain process, it is necessary to transport advanced therapies to sustain
stability of products transported between clinics and manufacturing sites is crucial
and typically relies on the use of reduced temperature (FACT 2018; Jesson et al.
2016; EMA 2020a; Stacey et al. 2017b; Swioklo and Connon 2017). Sometimes this
may be a finished cell-based medicine, but it could also include the transport of
starting materials such as biopsies and apheresis derived biologicals which form part
of the source material for the manufacture of a therapy (Jesson et al. 2016).

The type of therapy and specific manufacturing conditions dictate whether this
shipment must be at ultra-low temperatures, or if hypothermic, unfrozen, preserva-
tion is preferred, however the need for tight control, and risk of cellular damage,
exists for both conditions (EMA 2001; FACT-JACIE 2018; FACT 2018; ISO 2020;
WHO 2019).

UN3373 regulatory requirements will apply in all cases of shipping and packag-
ing. Within the EU, there are also minimum good distribution practice (GDP)
standards that a wholesale distributor must meet to ensure that the quality and
integrity of medicines is maintained throughout the supply chain, in the case of
advanced therapies (EMA 2001; ISO 2020; WHO 2019).

3.2.1 Unfrozen Shipment

In many situations cold, unfrozen shipment is permissible. With hematopoietic
peripheral blood stem cells (PBSC) and bone marrow for example, fresh transport
is preferable where possible as it avoids the cell loss associated with cryopreserva-
tion and subsequent thaw (Correia et al. 2016; Matsumoto et al. 2002). Unfrozen
shipment also allows for a simpler cold chain, without the risks associated with the
formation and melting of ice and cryoprotectants, as well as the practical challenges
involved in controlled rate cooling and sensitive cryopreservation protocols. How-
ever, transport in the unfrozen state, typically at a hypothermic (0-10 °C) or
subnormothermic (10-20 °C), is usually particularly time sensitive. Cells at these
hypothermic temperatures maintain (albeit reduced) metabolic activity, and so con-
sume oxygen and nutrients which often cannot be added during the transportation
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step. Low temperatures themselves can also be damaging and so special buffers
and/or diluents must be used to prevent damage (Correia et al. 2016; Swioklo and
Connon 2017).

Many products, such as fresh cord blood or bone marrow, are transported at
ambient or hypothermic temperatures, while other products such as PBSC should be
transported under hypothermic or ideally cryopreserved temperatures only. This is
particularly useful for therapies where a simple donor/recipient relationship exists
and where minimal manipulation of the biological is required, and also for cell
therapies where manufacture on demand is the current preferred delivery model.

Fresh products in this situation must be hand couriered and placed in a secondary
sealed container to prevent leakage during transport (FACT 2018; Simione and
Sharp 2017). It is also key to ensure that all relevant documentation is shipped
with the product and not separately. The packaging must be validated against any
impacts and shocks which may occur during transportation, for example it is
recommended that for heat-sealed products, at least three heat-sealed areas are
created to minimize the change of a leak. It is also desirable to avoid x-ray scanning
— OBC (on board courier) shipping is the best way to avoid this (FACT-JACIE
2018; FACT 2018).

Reusable shipping containers should be validated and periodically requalified to
ensure they hold temperature for the maximum time as specified by the manufacturer
under both winter and summer environmental conditions. Additional validation
studies may be necessary if shipping in regions of ambient temperature extremes
(ISO 2020). Calibrated data loggers should be used to ensure that transport was
carried out as per the validated protocol, and maximum shipping times should be
determined prior to shipment. For local and short-term shipments, cold packs may be
sufficient, but more robust cooling systems such as phase-change materials cooling
may be needed for longer transport times or where there is a risk of delay in shipment
(FACT-JACIE 2018; FACT 2018).

3.2.2 Cryopreserved Shipment

Cryopreserved shipments tend to be less time critical as long as the low temperatures
can be assured, although the ultra-low temperatures required (usually around
—135°C or —150 °C for samples cryopreserved with DMSO (EMA 2020a, b) can
be more difficult to achieve physically, and any deviations can be more damaging. In
the case of cryopreserved shipments, the same stringent requirements as for hypo-
thermic shipment must be followed, but with some additional considerations. For
example, the primary container must not only be securely wrapped (FACT-JACIE
2018; ISO 2020), but the materials must not become brittle under the low temper-
atures and impacts or vibration which may occur during transportation.

An immediate consideration of low temperature transport is the risk of transient
warming during transfer of the advanced therapy from its ultra-low temperature
storage condition to the cold temperature shipper. In ambient air, cryopreserved
therapies can warm extremely rapidly, and serious damage can occur to the cells
within even when the advanced therapy appears frozen. Transfer between shipping
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devices must be validated and must be rapid, with stringent precautions taken to
reduce passive warming (Simione and Sharp 2017).

Tamper evident seals on the containment device during shipment must also be
considered, and real-time GPS tracking is often used to track shipping progress,
especially in the cases where patients must be prepared to receive a therapy soon
after its arrival. Additional real-time monitoring such as temperature (often available
in cryoshipper dataloggers and through specialized couriers), tilt, and shock moni-
toring can also ensure safe and effective delivery of a therapy and should be recorded
for traceability of the cold chain (FACT-JACIE 2018).

The parameters of the cold-temperature chamber are also key — they must be
validated to ensure they can maintain the required temperature and hold time
(FACT-JACIE 2018; ISO 2020). These shipping devices must typically be stored
upright as sideways storage will result in more rapid warming, and precautions to
ensure correct handling and storage during transit must be taken. Re-useable ship-
pers typically require decontamination between each shipment, and this should form
part of a best-practice shipment (ISO 2020). Particular attention must be taken to
decontaminate not just any potential leaks from a biological payload, but also
contaminants from the air, LN,, or from previously transported cells.

3.2.3 Receiving Shipments
Hospitals receiving shipments requiring ultra-low storage must be capable of receiv-
ing such a shipment and have processes in place to ensure that the advanced therapy
is transferred effectively to local storage or thawed for use before any shipment
container warms (FACT-JACIE 2018).

Receiving staff should receive appropriate training for the handling of cryogenic
materials, including the use of personal protective equipment (FACT 2018).

As advanced therapies become more prevalent, requirements for local storage
close to patient populations (and close to manufacturing) — especially for allogeneic
therapies, must be considered.

3.2.4 Transport and Manipulation Within a Hospital
The point at which GMP manipulation ends in a given process must be considered.

Steps such as thawing cryopreserved therapies would normally be carried out
under controlled conditions. Most advanced therapies are, and must be, infused
directly after thawing, however those requiring a manipulation, including washing
out of any cryoprotectants, could be considered part of the GMP manufacturing
process depending on local regulations, and the clinic should carry out such manip-
ulations in appropriate facilities (EMA 2001).

For therapies requiring no manipulations after shipment, except thawing, the
manufacturer should have proven that a treatment is stable for a defined length of
time under specific storage and shipment conditions, and if it can be verified that a
therapy was shipped meeting these conditions. In this case a GMP manufacturing
process would not normally be required post-shipment, and pharmacy controls
would suffice as is the case for other temperature-sensitive medicines (including
vaccines).
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4 Conclusions

In this chapter we have considered the biopreservation approaches and methods that
have facilitated the delivery of established cell-based medicines that have provided
healthcare benefits for many decades. Furthermore, we have considered cell types
now being developed for future therapies, such as pluripotent stem cells and
organoids. Complex cell preparations including stem cells used in advanced thera-
pies have brought significant challenges in terms of preserving mixtures of different
cell populations and retention of key cell types and their functionality. Development
of new cryoprotectants and cooling profiles may be needed to provide successful
preservation of the ever more diverse cell therapy products. Vital to the development
of new preservation technologies will be improved understanding of the biology of
the therapeutic cell preparations and development of appropriate analytical
approaches that will include the need for assays that will enable evaluation of
functionality of cell-based therapeutic products. While there are existing regulatory
frameworks for cell-based medicines in many countries, product developers may
need to develop product specific approaches to the establishment of informative
critical quality attributes and assays to evaluate them. Some products that are
currently recalcitrant to cryopreservation will continue to require alternative non-
frozen storage approaches that present potential challenges of instability, short shelf
life, and growth of contaminating organisms. Thus, ongoing research and develop-
ment into preservation technologies for therapeutic cell products will be vital to
enable realization of the full potential of these new advanced medicines.
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