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Summary

Cell therapies based on hematopoietic stem cells (HSCs)
have become the standard of care for a variety of dis-
eases, and the number of patients and disorders being
treated using HSCs continues to grow. Effective methods
of preservation are critical for the clinical implementa-
tion of HSC-based therapies. Preservation permits the
completion of safety and quality control testing, trans-
portation to the site of use and coordination of the thera-
py with patient care regimes. This review discusses ad-
vances in the basic science of preservation that will per-
mit us to improve preservation protocols for HSCs and
other cell types. Recent advances in preservation tech-
nology can also be used to reduce cell losses during cell
processing for preservation and improve the safety of
HSCs used therapeutically. Finally, the growth of HSC
therapy worldwide has created interest in alternative
methods of preservation. This review also includes a dis-
cussion of different methods of freezing and storage. Im-
proved methods for preserving HSCs will improve not
only therapies based on these cells but can improve and
speed development of preservation protocols for other
cell types used therapeutically.

Schliisselworter
Hamatopoetische Stammzellen - Kryokonservierung -
Microfluidics - Lagerung

Zusammenfassung

Zellulare Therapien mit hamatopoetischen Stammzellen
(HSCs) sind zur Standardbehandlung fur eine Vielzahl
von Erkrankungen geworden. Die Anzahl der Patienten
und Krankheiten, die mit HSCs behandelt werden,
wachst. Effektive Konservierungsmethoden sind erfor-
derlich fir die Etablierung HSC-basierter Therapien in
der Klinik. Das Haltbarmachen erlaubt auch die Vervoll-
standigung der Sicherheits- und Qualitatstestung, den
Transport an den Anwendungsort und die patientenbezo-
gene Koordinierung der Therapie. Diese Ubersichtsarbeit
diskutiert die Fortschritte der zugrundeliegenden wissen-
schaftlichen Erkenntnisse, die es uns erlauben werden,
die Konservierungsprotokolle fiir HSCs und andere Zell-
arten zu verbessern. Die neuesten technologischen Fort-
schritte bei der Konservierung konnen auch dafiir ge-
nutzt werden, Zellverluste wahrend der Prozessierung zu
verringern und die therapeutische Sicherheit der HSCs
zu verbessern. Die Zunahme HSC-basierter Therapien
hat das Interesse an alternativen Methoden zur Haltbar-
machung geweckt. Diese Ubersichtsarbeit enthalt des-
halb auch eine Diskussion der verschiedenen Methoden
des Einfrierens und der Lagerung. Verbesserte Konser-
vierungsmethoden fiir HSCs werden nicht nur die Thera-
pien verbessern, die auf diesen selbst basieren, sondern
konnen auch dazu beitragen, Methoden der Haltbarma-
chung fiir andere therapeutisch genutzte Zellarten zu ver-
bessern.
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Introduction

Studies of the freezing response of hematopoietic stem cells
(HSCs) has started in the mid 1950s, and cryopreservation of
HSCs in conjunction with HSC transplantation has been com-
monly used for over 20 years [1-3]. The first studies focused
on the freezing response of bone marrow [4]. Protocols for pe-
ripheral blood progenitor cells from drug-mobilized donors
and umbilical cord blood were developed after the transplan-
tation potential of these cells was determined [5-16].

The use of cells for therapeutic purposes is associated with
specific challenges, preservation being one of them (table 1).
The ability to preserve cells facilitates patient access to cell-
based therapies as it permits transportation from the site of
processing to the site of use. For HSC-based therapies, the
ability to freeze cells increases the genetic diversity of patients
that can be treated. The ability to preserve cells permits the
development of a ‘manufacturing’ paradigm for cell therapy
by facilitating inventory control and staffing. Finally, effective
methods of preservation can improve the safety and quality of
cell-based therapies by permitting time for completion of safe-
ty and quality control testing and increasing the shelf life of
the product.

The purpose of this article is not a comprehensive review of
historical studies of HSC freezing. Readers interested in a
more comprehensive review of HSC preservation should read
reviews by Sputtek and colleagues [17-20]. A more recent re-
view also described studies regarding the influence of cell
source, concentration and liquid storage prior to cryopreser-
vation [21]. In this review, we will summarize emerging sci-
ence, technology and issues in the HSC cryopreservation field.
Specifically, we will discuss advances in our understanding of
molecular level responses of HSCs to the stresses of freezing
and thawing, advances in technology for preservation process-
ing, and emerging issues in HSC preservation.

For some, cryopreservation of HSCs is a fait accompli. HSCs
are cryopreserved, patients receive frozen and thawed cells
many of which engraft and reconstitute hematopoiesis. Our
ability to preserve the cells does not abrogate the need to im-
prove the process. In a review of challenges to cell processing,
Gee [22] stated: ‘It is evident that both techniques adequately
preserve the hematopoietic potential of cells, but it is not clear
whether they are truly optimal’. Further work is needed to im-
prove post-thaw viability and decrease adverse reactions from
the infusion of cryopreserved HSCs. Improvements in HSC
preservation has the potential to impact in a positive fashion
not only the transplantation of this cell type but also other cell
therapies. Our experiences with processing and transplanta-
tion of HSCs have created an important foundation for the
use of hematopoietic and non-hematopoietic cells for thera-
peutic applications (e.g. lymphocytes, dendritic cells, mes-
enchymal stem cells) [23]. As the variety of cells, the number
of patients, and the variety of disorders treated with cells in-
creases, the need for safe and effective methods of cell preser-
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vation will only grow. Improvement in HSC preservation has
the potential to improve and accelerate the development and
preservation of cell therapies using other cell types.

Emerging Science

Our ability to detect and characterize progenitor/stem cells in
hematopoietic cell products permits further studies into the
freezing response of these cells. Over a decade ago, Zaheer
and colleagues [24] documented a greater sensitivity of
leukemic HSCs to freezing (versus HSC from normal do-
nors). More recent studies have documented sensitivity of
megakaryocyte progenitor cells from cord blood to freezing
[25]. In contrast, Hubel and colleagues [23] observed an im-
provement in post-thaw recovery for frozen and thawed lym-
phocytes if they were cryopreserved 3 days after antigen stim-
ulation. Whereas these studies do not suggest specific mecha-
nism(s) for the sensitivity (or resistance) of these cell types,
these studies underscore the need to understand the molecu-
lar basis for freeze sensitivity and cell-specific mechanisms of
damage.

Studies examining the post-thaw behavior of HSCs points to-
ward one potential location/subcellular site of freezing dam-
age. Specifically, several investigators have studied the post-
thaw apoptosis of hematopoietic cells. The expression of
apoptosis markers in HSCs both before and after freezing
[26-28] has been observed. DeBoer and colleagues [26-27]
noted that, if corrected for the fraction of cells expressing
early stage apoptosis, the post-thaw viability of CD34+ cells
was observed to decrease from 78% (measured with viability
stains alone) to 42% (measured with apoptosis and viability
stains combined). The authors further asserted that post-thaw
apoptosis may influence the dose of CD34+ cells required for
engraftment. The specific mechanism for post-thaw apoptosis
was studied by Stroh and colleagues [29]. They observed that
post-thaw apoptosis was mediated by the mitochondria and
activated specifically by caspase 3. Furthermore, they also ob-
served that overexpression of BCL-2 and the use of caspase
inhibitors protected the cells from post-thaw apoptosis. Post-
thaw apoptosis was also noted in other hematopoietic cells,
specifically lymphocytes [30, 31]. As with the studies using
HSCs, caspase inhibitors were observed to rescue cells from
post-thaw apoptosis. The initiation and evolution of post-thaw
apoptosis may in turn reflect other upstream events. Further
work is needed to determine the location of injury and the se-
quence of events that results in cell losses for cells undergoing
the stresses of freezing and thawing.

A variety of osmolytes including sugars are synthesized by or-
ganisms adapting to environmental stresses such as cold or
desiccation [for review see 32]. Recent studies have demon-
strated that one of those osmolytes, trehalose, improves post-
thaw viability when used with conventional cryopreservation
protocols. Limaye et al. [33-35] demonstrated that catalase
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Table 1. Role of preservation in cell therapy.

Patient access Manufacturability

Product safety and quality

Permits transportation to the site of use
(hospital, doctors office, clinic, battlefield).

Increases genetic diversity of cells available.

Permits coordination of therapy with patient
care regimes (cells are ready when patient is).

Help management of staffing requirements at
cell processing facilities.

Time for completion of safety and quality control
testing prior to product release.

Increased shelf life for product.

Permits inventory management of therapies.

Facilitates transportation between site of

collection and processing.

and trehalose were effective in the cryopreservation of HSCs.
Scheinkonig and colleagues [36] found that the total number
of colony-forming units was highest for cryopreservation solu-
tions containing 0.5 mol/l trehalose in 10% dimethyl sulfoxide
(DMSO) solution. Zhang et al. [37] found similar results with
umbilical cord blood. Buchanan and colleagues [38] studied
the use of trehalose for the preservation of a HSC line. Low
levels of trehalose (0.2 mol/l) introduced into the cells using a
genetically engineered membrane pore produced comparable
levels of post-thaw colony formation to that observed for con-
ventional DMSO-based solutions. Very low levels of post-
thaw viability measured with a fluorescent dye were observed
in control studies (incubation of the cells in trehalose without
the membrane pore) implying that trehalose has to be inside
the cell to be effective. Other human cells such as fetal skin
cells [39], oocytes [40, 41], pancreatic islets [42], platelets [43,
44], and red blood cells [45] have been frozen in solutions
containing trehalose with improved outcome. Most mam-
malian cells do not synthesize trehalose, and it is not actively
transported across the cell membrane, at least not in concen-
trations needed for preservation (0.2-0.3 mol/l). As such, the
transport of trehalose into the cells is a major technical hurdle
for its use in cell preservation. Trehalose has been introduced
into a cell using various methods: osmotic shock, thermotropic
loading, microinjection, electroporation, and membrane dis-
ruption using sound waves [for review see 46]. Preservation of
HSCs using sugars will require the development of methods
for their introduction to a large number of cells (10°-10'0
cells) using clinically appropriate methods with minimal cell
losses.

Emerging Technology

Advances in preservation science need to be supported by ad-
vances in preservation technology to improve the overall effi-
cacy of the preservation process. New technologies to improve
cell processing for preservation has the potential to benefit
HSC-based therapies and other types of cell therapies under
development.
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Cryoprotectant (CPA) solutions are not physiological. For ex-
ample, a 10% DMSO solution is approximately 1.4 Osm (ver-
sus 270-300 mOsm for isotonic solutions). When transferred
from an isotonic solution to a CPA solution containing
DMSO, cells exhibit a rapid efflux of water as the cell at-
tempts to reduce the difference in chemical potential between
intracellular and extracellular solutions (fig. 1a). Slowly, the
DMSO from the surrounding solution permeates the cell
membrane. Both the rate of volume change and the absolute
volume changes experienced by the cell can produce cell lysis
[for review see 47]. Cells also experience volumetric excur-
sions upon dilution or removal from a cryopreservation solu-
tion. Transfer of a cell equilibrated with a CPA solution into
an isotonic solution will produce a rapid influx of water to de-
crease the chemical potential of the intracellular solution fol-
lowed by a slow efflux of DMSO (fig. 1b). Cells are much
more sensitive to lysis upon expansion (versus dehydration) so
post-thaw removal protocols are critical for preventing cell
losses. Current processing protocols for cord blood include a
dilution step with a dextran/albumin solution in order to re-
duce osmotic stresses during washing of the cells [10].

Cell losses can result not only from introduction or removal of
CPA solutions but also from exposure to the solution. Early
studies demonstrated the sensitivity of HSCs to DMSO both
pre freeze and post thaw [for review see 17]. Thus, processing
protocols require that after DMSO is added to the cell sus-
pension it be placed immediately into a controlled rate freezer
or mechanical freezer to begin the freezing process. Although
the sensitivity to DMSO was found to be less than previously
thought [48], conventional wisdom still minimizes exposure to
DMSO both pre freeze and post thaw. Thus, cryopreserved
HSC suspensions are routinely thawed at the patient bedside
and infused directly into the patient.

The direct infusion of cryopreserved HSC products has been
associated with adverse reactions in patients. Less severe ad-
verse reactions, including nausea, hypotension, dyspnea, chills
and cardiac arrhythmia [48-51], are experienced by the major-
ity of patients. Smaller numbers of patients experience more
severe reactions, including cardiac arrest [52, 53], transient
heart blockage [54], neurological toxicity [55], renal failure
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Fig. 1. Osmotic
excursions when cells
are a introduced into
a CPA solution con-
taining penetrating
CPA; and b removed
from a CPA solution A B

containing penetrat- e Tme  »
ing CPA.

[49, 56], and respiratory arrest [57]. Studies on HSC trans-
plants in children show that reactions in this patient group are
more severe [58-60]. Several of these studies examined the re-
lationship between transfusion reactions and DMSO content
of the transplanted cells [54, 56, 61-63]. These studies noted
that the greater the dose of DMSO, the more severe the ad-
verse reaction or that removing DMSO reduced the incidence
and severity of the transfusion reaction.

Protocols for transplantation of umbilical cord blood specify
post-thaw washing of cells for the removal of DMSO [10].
Post-thaw washing of cord blood using centrifugation has been
associated with significant losses. Losses of 27-30% of nucle-
ated cells were observed by Antonenas and colleagues [61],
with slightly lower losses observed in a subsequent study [64]
using modified centrifugation technique to maximize cell re-
covery. Using an automated cell washer to remove DMSO
from frozen and thawed cord blood resulted in similar losses
[65].

Technologies have been developed for the removal of CPA so-
lutions from frozen and thawed blood cells (not HSC prod-
ucts). Red blood cells are frozen using high-concentration
glycerol solutions (17.5 or 40%) requiring post-thaw washing
to prevent extensive intravascular hemolysis upon re-infusion
[66]. Valeri and colleagues [67, 68] have demonstrated the re-
moval of glycerol using an automated cell washer (Haemonet-
ics ACP-215) with good cell recovery. Arnaud and colleagues
[69] have experimented with a hollow fiber membrane filtra-
tion system for DMSO removal from platelets suspensions.
The device was successful at removing the DMSO present,
and the cell losses were comparable to those after convention-
al cell washing using centrifugation. The automated cell wash-
er and hollow fiber membrane filtration systems are designed
specifically for the products used in those systems and cannot
be directly applied to frozen and thawed HSC products. In ad-
dition, neither product improves the overall outcome when
compared to centrifugation.

Microfluidics is one technology under investigation that could
be used to improve preservation processing of cells. In this mi-
crofluidic device, diffusion-based extraction can be used to re-
move DMSO without centrifugation. This type of device has
several advantages, including low power requirements, porta-
bility, and controllability of cell motion. Fleming and col-
leagues [70] modeled the diffusion-based transport in mi-
crofluidic channels to remove DMSO from a cell suspension.
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Early studies have demonstrated the ability to remove DMSO
with little cell loss [71]. Further studies are underway to deter-
mine the behavior of a clinical scale device capable of process-
ing 2-3 ml/min of cell suspension. A microfluidic device for
post-thaw processing of cells to remove the CPA solution can
be easily integrated into closed cell processing systems at the
patient’s bedside or in the cell processing laboratory. Intro-
duction of CPA solutions also requires care, and this same
type of device could be used to introduce a solution.

Emerging Issues

Controlled rate freezers are most commonly used to freeze
HSC products followed by storage on liquid nitrogen [1, 2].
This approach requires the purchase of a controlled rate freez-
er and liquid nitrogen storage units (with appropriate moni-
toring). In addition, infrastructure for delivery of liquid nitro-
gen to both the controlled rate freezer and storage units must
be developed. As HSC transplantation and cell therapies
based on HSCs spreads around the globe, there is consider-
able interest in development and validation of effective meth-
ods of freezing and storage of cells that does not require liquid
nitrogen, in particular for locations in which liquid nitrogen
may not be readily available.

The freezing and storage of HSCs are separate processes with
the freezing process defined as processing of cells from the ini-
tial temperature (typically room temperature or 4 °C) to a
final storage temperature, and storage as the holding of a sam-
ple for a long period of time at a given constant low tempera-
ture. Evaluation of methods of freezing or storage centers on
accurate, meaningful methods of post-thaw viability/function-
ality assessment. As such, we will also discuss some of the par-
ticular challenges associated with post-thaw assessment for
HSCs.

Freezing and/or Storage in Mechanical Freezers

Early studies on cryopreservation of cells using a —-80 °C me-
chanical freezer (versus a controlled rate freezer) and a modi-
fied cryopreservation solution containing 5% DMSO and 6%
hydroxyethyl starch (HES) were performed by Stiff and col-
leagues [72, 73]. These studies established the feasibility of
using uncontrolled freezing in a mechanical freezer with a
modified solution. Katayama and colleagues [74] extended
these studies by freezing peripheral blood stem cells (PBSCs)
using a mechanical freezer followed by storage on —80 °C for
up to 5 years. Declines in viability (as determined by a fluores-
cent dye) were observed for cells stored on -80 °C, but colony
formation did not show any significant declines. The influence
of thawing temperature (i.e. warming rate) was also studied,
and the use of higher (37 °C) temperatures was associated
with increased post-thaw recovery. Halle and colleagues [75]
cryopreserved PBSC products in a mechanical freezer using
a modified cryopreservation solution composition (3.5%

Transfus Med Hemother 2007;34:268-275 271



DMSO and 2.5% HES). The post-thaw recovery for the cells
frozen in a mechanical freezer were compared to that ob-
served using controlled rate freezing and little difference in
measures (CD34+, colony formation and cell counts) were ob-
served. The cells were stored up to 6 months and thawed with
comparable recovery. Many of the units that were cryopre-
served were transplanted into patients, and the average time
to engraftment was 11 days for patients infused with cells
stored at —80 °C for less than 6 months. The average number
of days to engraftment increased to 12 days for cells stored at
-80 °C for more than 6 months. Galmes and colleagues [76-78]
cryopreserved PBSCs using a —80 °C mechanical freezer and
either 5 or 10% DMSO and observed little loss in colony form-
ing capability of the cells for short term storage, but storage of
more than 22 weeks resulted in a significant decline in colony
forming capability. Almici and colleagues [79] studied the
freezing of PBSC products in a 10% DMSO solution using a
mechanical freezer followed by storage on liquid nitrogen. In
addition to studying the typical measures of post-thaw assess-
ment, they measured the frequency of long-term culture-initi-
ating cells (LTC-IC) both pre freeze and post thaw. The fre-
quency of LTC-IC was not observed to vary with freezing.
Sputtek and colleagues [80, 81] demonstrated a decrease in the
clonogenic potential of PBSCs as well as loss of membrane in-
tegrity for these same cells during storage of PBSC products at
-80 °C. Fowke et al. [82] studied the influence of storage tem-
perature on apoptosis expression in PBSC products. Samples
stored at 30 °C exhibited significantly higher levels of apopto-
sis than those stored at =70 and 150 °C.

The studies described above use a wide array of experimental
conditions (solution composition, storage conditions, product
frozen, etc). Interpretation of the studies is also confounded
by the fact that both freezing and storage was performed in
—-80 °C mechanical freezers for most (but not all) studies.
Thus, it is difficult to determine if declines in post-thaw viabil-
ity result from freezing or storage or both. In interpreting
these studies, certain basic biophysical principles should be
considered. Cell suspensions contain two basic components:
the CPA solution and cells. For typical CPA solutions used in
conventional freezing methods, the CPA solution is not fully
solidified until the sample is at or below the eutectic tempera-
ture [83]. For a solution containing 10% DMSO, the eutectic
temperature is approximately —70 °C. Storage of cells at or
near those temperatures will imply that the CPA solution may
not be fully solidified. Cells will still be surrounded by highly
concentrated solutions and ice crystals can continue to grow
and coalesce. The eutectic temperature of a solution is a func-
tion of solution composition [84]. Thus, it is not possible to
translate the results of storage studies using one solution com-
position to another.

The biological activity of the cells is also influenced by tem-
perature. Many cell functions are fully suppressed at tempera-
tures <50 °C (water transport, metabolism) but enzymatic ac-
tivity persists at much lower temperatures [85]. In the study by
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Fowke and colleagues [82] described above, the expression of
apoptosis markers measured in whole blood at various storage
temperatures was determined. Much higher levels of expres-
sion of apoptosis markers were measured for whole blood
stored at temperatures greater than —150 °C but their studies
using PBSC products did not observe the same difference.
Thus, storage studies on one cell type cannot be directly trans-
lated to other cell types.

Post-Thaw Assessment

A major difficulty in determining the influence of freezing/
storage conditions on post-thaw recovery involves limitations
with post-thaw viability assessment of HSCs. Sputtek and col-
leagues [80, 81, 86] noted difficulties in obtaining accurate
measures of post-thaw viability for HSC products. Total nucle-
ated cell count, ‘viability’, CD34+ enumeration, and colony
formation in methylcellullose (CFU) are the most commonly
determined measures of post-thaw viability [1, 2]. Each of
these measures suffers from specific issues that make quanti-
tative interpretation of the measure difficult. Specifically,
quantification of CFU has been shown to be highly variable
and influenced by operator/location. In a study by Burger and
colleagues [87], colony formation in fresh (not frozen) HSCs
demonstrated significant variability resulting from sample
preparation. Thus comparison of the frequency of colony for-
mation between locations or even different operators at the
same location is difficult.

‘Viability’ of HSC:s is traditionally determined using either try-
pan blue exclusion or fluorescent membrane integrity dyes [7].
Dyes that rely on membrane integrity as a measure of viability
may (or may not) correlate with functional outcome for cells
in culture. It has been known for decades that membrane in-
tegrity measures correlate poorly with post-thaw function for
cells that have been frozen and thawed [for review see 88].
The freezing of cells results in significant dehydration of the
cells and phase transitions in the cell membrane [for review
see 89, 90]. As such, intact cells that have been frozen and
thawed can exhibit transient changes in membrane permeabil-
ity so the fraction of cells ‘viable’ using membrane integrity
dyes can vary with time post thawing, and ‘viability’ may not
correlate with more functional measures of outcome (colony
formation, engraftment, etc).

Typically, enumeration of CD34+ cells (HSCs) has been per-
formed using flow cytometry. Considerable work has been put
into standardization of methods for enumerating CD34+ cell
content of fresh, non-frozen cells using flow cytometry [91,
92]. Uniformity for CD34+ cell quantification across different
platforms and institutions has not, however, been achieved,
and a recent study delineated differences between instruments
and protocols for CD34+ cell enumeration [93]. Quantifying
CD34+ cell content in frozen and thawed HSC products is
also challenging for some of the same reasons described
above. For example, studies have reported CD34+ cell recov-
ery of >100% and as high as 200% [65, 94]. There is no evi-
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dence that the freezing process spurs proliferation of HSCs.
High levels of post-thaw recovery of CD34+ cells suggest
problems with flow cytometric quantification of CD34+ cell
content. Further work is needed to determine if changes in the
membrane structure resulting from freezing could result in an
increase in the non-specific binding of the antibodies used for
analysis. Changes in optical properties resulting from the
freezing process (forward and side scatter) may require the
use of different gating techniques. These studies will be im-
portant in making quantification of CD34+ cell content before
and after freezing more accurate.

Post-thaw assessment is also complicated by the method of
sample preparation. Almost all assays performed require cen-
trifugation of the cells followed by further manipulation
(staining with antibodies or membrane integrity dyes, plating
into culture media). The steps involved in the assays can result
in a measurement bias. Typically, the frequency of a target cell
(viable cell, CD34+ cell or colony forming cell) is determined
for the population of intact cells before freezing. A similar
measurement is made post thawing where the frequency of
the target cell is determined as a function of intact cells post
thawing. The basic problem is that the two populations stud-
ied (pre-freeze and post-thaw) are different. Specifically, the
population of intact cells is less than the pre-freeze popula-
tion because a significant fraction of cells have been lysed by
the stresses of freezing and thawing. Thus, calculating the re-
covery of cells by dividing the frequency of target cells post
thawing by the frequency of target cells before freezing biases
the measurement because the fraction of cells lost during
freezing (including target cells) is not included in the calcula-
tion. There are several methods of correction for this mea-
surement bias. For example, the total number of target cells
can be calculated before and after freezing (versus the fre-
quency). This method should permit correction for the cells
lost during the freezing process. Many of the studies discussed
previously in this review reported ~100% recovery in CD34+
cell content or CFU post thawing. It is unclear if the high lev-
els of post-thaw recovery reported in various studies reflect
actual post-thaw recovery or a systematic measurement bias.

Conclusion

Much of the preservation practice at the present time could be
described as ‘empirical cryopreservation’ in which protocols
are developed by varying solution composition and cooling
rate to determine the ‘optimal’ protocol for cell preservation.
This approach does little to determine specific mechanisms of
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damage and to facilitate the development of rational ap-
proaches to cell preservation. Recent advances in molecular
biology and adaptation of organisms to stress are permitting
us to gain insight into the molecular level mechanisms of dam-
age and to develop methods of stabilizing cells [for review see
32]. Further work is needed to identify subcellular sites of
damage and methods of stabilizing those structures against the
stresses of freezing and thawing. The development of the next
generation of cryoprotective agents is needed and will require
rational methods of designing or screening of molecules with
protective properties. This work will permit us to advance the
science of preservation and provide the foundation for trans-
forming cell preservation for HSCs and other cell types.
Effective methods of preservation also required development
of the supporting relevant technology. Preservation technolo-
gy has changed little since the 1950s. Current technologies
such as microfluidics can be adapted to the cell preservation
process to improve the introduction and removal of the spe-
cialized solutions used in cell preservation and thereby im-
proves the overall safety and efficacy of the process. Further
technology development is needed. Specifically, knowledge of
the temperature history of each vial/bag during freezing and
during storage is important for process monitoring and quality
control. The basic technology for temperature monitoring of
each unit exists but has not been adapted to cell preservation.
The preservation process is only as good as the container that
contains the product. Containers that do not fail at liquid ni-
trogen temperatures and permit sterile introduction and re-
moval of cells have been developed but need to be expanded
to provide a full range volumes used in cell preservation and
integrate easily into inventory control systems to facilitate
product retrieval from a repository.

The spreading of HSC-based therapies around the globe has
led to interest in different methods of preserving cells for clin-
ical use. Further work is needed to develop a ‘menu’ of meth-
ods that can be used to effectively preserve HSCs by methods
appropriate for the clinical cell processing laboratory. The de-
velopment and validation of these methods is, however, ham-
pered by limitations in the assay of post-thaw viability. Cells
that have been subjected to the stresses of freezing and thaw-
ing do not respond in the same manner to assays as fresh, non-
frozen cells. Much has been done to standardize assays per-
formed on fresh products, and those efforts need to be extend-
ed to frozen and thawed products. The development of more
representative post-thaw viability assays will benefit existing
cell preservation processes as well as the development and
validation of new processes.
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