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Abstract

Transplantation of hematopoietic stem cells (HSC) has been successfully developed as a part of
treatment protocols for a large number of clinical indications, and cryopreservation of both
autologous and allogeneic sources of HSC grafts is increasingly being employed to facilitate
logistical challenges in coordinating the collection, processing, preparation, quality control testing
and release of the final HSC product with delivery to the patient. Direct infusion of cryopreserved
cell products into patients has been associated with the development of adverse reactions, ranging
from relatively mild symptoms to much more serious, life-threatening complications, including
allergic/gastrointestinal/cardiovascular/neurological complications, renal/hepatic dysfunctions, etc.
In many cases the cryoprotective agent (CPA) used — which is typically dimethyl sulfoxide
(DMSOQ), is believed to be the main causal agent of these adverse reactions and thus many studies
recommend depletion of DMSO before cell infusion. In this paper, we will briefly review the
history of HSC cryopreservation, the side effects reported after transplantation, along with
advances in strategies for reducing the adverse reactions, including methods and devices for
removal of DMSO. Strategies to minimize adverse effects include medication before and after
transplantation, optimizing the infusion procedure, reducing the DMSO concentration or using
alternative CPAs for cryopreservation, and removing DMSQO prior to infusion. For DMSO
removal, besides the traditional and widely applied method of centrifugation, new approaches
have been explored in the last decade, such as filtration by spinning membrane, stepwise dilution-
centrifugation using rotating syringe, diffusion-based DMSO extraction in microfluidic channels,
dialysis and dilution-filtration through hollow-fiber dialyzers, and some instruments (CytoMate™,
Sepax S-100, Cobe 2991, microfluidic channels, dilution-filtration system, etc.) as well. However,
challenges still remain: development of the optimal (fast, safe, simple, automated, controllable,
effective, and low-cost) methods and devices for CPA removal with minimum cell loss and
damage remains an unfilled need.
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INTRODUCTION

Since the pioneering, Nobel-prize winning work by Thomas et al. on transplantation of bone
marrow in the 1950s (1), hematopoietic stem cell (HSC) transplantation as a treatment
option has been evaluated and successfully applied to a wide variety of malignancies and
bone marrow failure syndromes, including Hodgkin’s and non-Hodgkin’s lymphoma (2-10),
other lymphoid/myeloid (2-6,8,11-13) or leukemia malignancies (5-8,14-18),
myelodysplastic syndromes (7,15), certain solid tumors (3,5,6,12,13), sarcomas (3,19),
amyloidosis (2,8,20), and Fanconi anemia (18). Stem cell transplantation has been
performed using HSC from allogeneic, autologous and syngeneic donors. In addition to
bone marrow, HSC collected from mobilized peripheral blood or umbilical cord blood are
currently in wide-spread clinical use, with the potential for transplantation of HSC derived
from embryonic stem cell or induced pluripotent stem cell sources- in the not-too-distant
future (21,22). Each of these HSC-containing populations can have certain advantages/
disadvantages relative to the other sources, such as more rapid availability, easier collection,
reduced risk to donors, reduced incidence of graft versus host disease (GVHD) and lower
requirement of human leukocyte antigen (HLA) compatibility between donors and recipients
(16,18).

Importantly, for most types of transplants, cryopreservation of HSC is a necessary and
essential component of the clinical protocol. Long-term storage provides a solution to
various logistical aspects such the obligatory time interval needed between collection of the
patient’s HSC product, treatment with high-dose therapy, and subsequent infusion of the
product in the case of autologous transplantation, or in the case of cord blood transplantation
the mismatch between supply (when the baby is born) and demand (when the patient is
ready to receive the unit). Cryopreservation also supports better HSC product
characterization and quality control, improved donor screening for HLA or other markers
that can impact successful outcomes, and optimal transportation from the point of collection
to the site of infusion. Since the first studies of HSC freezing by Barnes and Loutit in 1955
(23), many experiments have been performed to optimize cryopreservation protocols to
enhance overall recovery and functional capacity of HSC after freezing-thawing and
transfusion. Numerous excellent reviews of stem cell cryopreservation have been published,
ranging from basic scientific principles to clinical cell processing protocols (24-28). The
most widely applied cryopreservation protocols for HSC have the following general
features: after collection, cells are washed and resuspended in a basal salt solution
supplemented with some protein, which also contains one or more cryoprotective agents
(CPA). Dimethyl sulfoxide (DMSQ) is the most commonly used CPA, typically at a final
concentration of 5-10% (v/v). The cell suspension is frozen using a rate controlled freezer or
mechanical passive cooling methods with an optimal cooling rate of —1 to —2.5°C/min
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(27,28) to a low temperature such as —80°C (25,27,29,30), then transferred to a liquid
nitrogen tank for long-term storage at temperatures < —=150°C.

Just prior to transplantation, most cryopreserved cell products are thawed quickly in a 37°C
water bath and infused immediately into the patient. Infusion of thawed products has been
associated with several types of adverse reactions (AR), ranging from mild events like
nausea/vomiting, hypotension or hypertension, abdominal cramps, diarrhea, flushing and
chills to more severe life-threatening events like cardiac arrhythmia, encephalopathy, acute
renal failure and respiratory depression (4,5,8,20,31-49). In some cases, these adverse
reactions have been directly attributed to DMSO (20,33,36,44), while others have suggested
additional factors such as red cell lysate (46—48), or infusion of high numbers of damaged
granulocytes that do not survive cryopreservation (4,8,37,45) are the main causal trigger of
these adverse reactions. To minimize such adverse infusion reactions, many institutions have
chosen to limit the total amount of DMSO that can be infused at any one time, while others
have evaluated washing protocols to first remove the DMSO and other damaged cell
products prior to infusion (2,5,7,16,32,39,50-60). This review article will focus on
summarizing the reports of AR seen after stem cell transplantation with cryopreserved
products, the role of DMSO in these adverse events, and new options for removal of DMSO
before transfusion in an attempt to reduce these adverse reactions.

ADVERSE REACTIONS AFTER INFUSION OF CRYOPRESERVED HSC

Listed in Table 1 are a summary of the categories of adverse events reported after infusion
of cryopreserved HSC, restricted mostly to publications from the last 10 years.

MANY FACTORS MAY CONTRIBUTE TO ADVERSE REACTIONS

The biological mechanisms that cause adverse reactions after cryopreserved HSC infusion
are complex and not yet completely understood. Likely factors include:

1. DMSO itself, by virtue of direct physiological impact (13,15,62)

2. Post-thaw cell aggregation and dead cell debris (19)

3. Lysis of red blood cells, with release of hemoglobin, electrolytes and membrane
fragments (13)

4. Total nucleated cell content and volume of cell suspension (4,5,8)

5. Low temperature of infused products (13)

6. Electrolyte imbalance (13,20)

7. Premedication given before transfusion, e.g., anti-emetics, corticosteroids,

diuretics, and anti-histamines, which are used to neutralize DMSO-induced
histamine release but may cause bradycardia at the same time (8,13)

In addition, patient-specific factors such as age, weight, gender, specific disease can also
contribute to development of adverse infusion reactions (e.g., older and male patients have a
lower incidence of adverse events compared to younger and female patients, and more
adverse reactions occur in patients with Hodgkin’s lymphoma compared to non-Hodgkin’s
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lymphoma or multiple myeloma (8)) or the type of prior treatments given and
chemotherapeutic agents received (15), as can the infusion procedure itself (speed of
injection, pausing for short periods, and the time gap between thawing of frozen cells and
infusion can influence the risk for development of adverse reactions) (8,55).

PHYSIOLOGICAL ROLE OF DMSO IN ADVERSE REACTIONS

The first trial of DMSO usage for prevention of freezing damage to living cells was reported
by Lovelock and Bishop in 1959 (78). Since then DMSO has become the most widely used
cryoprotective agent for freezing of both cells and tissues. As part of its protective
mechanism of action, DMSO can readily permeate across cell membranes to both inhibit
intracellular ice formation, and to prevent cell injury triggered by severe dehydration as
extracellular ice causes withdrawal of water from the intracellular milieu. The chemical
structure of DMSO [(CH3),S0] results in an amphipathic molecule with one highly polar
and two nonpolar domains, making it soluble in both aqueous and organic media, and thus
useful for diverse laboratory and clinical purposes. DMSO is a very efficient solvent for
water-insoluble compounds, a hydrogen-bond disrupter, a cell-differentiating agent, a
hydroxyl radical scavenger, an intracellular low-density lipoprotein-derived cholesterol
mobilizing agent, and so on. It first became commercially available as a solvent in the 1950s
and following several clinical use studies in the 1960-70s, it was approved by the United
States Food and Drug Administration for the treatment of interstitial cystitis in 1978.
Subsequently DMSO has been evaluated for brain edema, amyloidosis, schizophrenia,
urinary musculoskeletal and gastrointestinal disorders, pulmonary adenocarcinoma,
rheumatologic and dermatologic diseases, chronic prostatitis, Alzheimer’s disease, and as a
topical analgesic (18,79-81).

Studies have shown that prolonged exposure to DMSO can directly impact cellular function
and growth by affecting metabolism, enzymatic activity, cell cycle and apoptosis (82,83).
DMSO is also thought to interfere with intracellular calcium concentration (80). DMSO can
affect (induce or inhibit) cell apoptosis and differentiation (81-90). This effect depends on
type of cell, the stage of cell development and differentiation, the specific DMSO
concentration and the duration of exposure (83,89). Lin et al. found that DMSO at
concentrations higher than 1-2% could induce apoptosis in lymphoma cells (90). Ji and
Hegner found that DMSO can promote uncontrolled differentiation of stem cells (89,91).
Zyuz’kov et al. reported that DMSO can inhibit proliferation, stimulate maturation or
change biological properties of the transplanted bone marrow stem cells even when the
DMSO concentration was low (0.02-0.25%)(88). Pal et al. studied exposure of embryoid
bodies to DMSO and found effects on phenotypic characteristics, alternations in gene
expression, differentiation patterns, and functionality of derived hepatic cells (83). All these
findings imply that DMSO exposure could affect the function of HSC and influence short
and long-term engraftment ability, but it seems likely the short-term exposure and cold
temperatures minimize any detrimental impact. It is also important to acknowledge that a
typical 10% DMSO concentration is very hyperosmotic (2500-3000 mOsm), and thus rapid
infusion of cryopreserved cells (with 10% DMSO inside the cells) into a normal isosmotic
blood system can cause extreme cell volume expansion and potential osmotic injury to cells,
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leading directly to cell death (92,93). Thus, loss of cell viability can occur right after
transfusion of HSC-DMSO suspension, again potentially affecting engraftment.

A significant uncomfortable response of injected DMSO is a garlic-like odor and taste,
caused by its metabolite—dimethyl sulfide (DMS). About 45% of infused DMSO can be
excreted through the urine, but a proportion of the injected DMSO is reduced to DMS in the
body and subsequently secreted through the skin, breath, feces, and urine for up to 2 days
after infusion, causing the “noxious” malodor. DMSO can also induce histamine release and
can affect the central limbic-hypothalamic pathways, leading to nausea, vomiting, diarrhea,
headache, flushing, fever, chills, dyspnea, anaphylaxis, vasodilatation and hypotension,
pulmonary or abdominal complaints and complex reactions of cognition and emotion, etc.
(3,4,10,13,18,31,42,44,62,77,94,95). As such, premedication with antihistamines is typically
prescribed to minimize/neutralize DMSO-induced histamine release, especially in cases
where it may cause some other more serious complications, such as bradycardia (13).

DMSO, in a dose-dependent manner, has been associated with neurotoxic adverse reactions
(4,10,12,43,96-99). Hanslick et al. found that DMSO produced widespread apoptosis in the
developing central nervous system (96). Cavaletti et al. reported that DMSO administration
could induce a reduction in nerve conduction velocity and structural changes in the sciatic
nerves of rats (98). Animal studies also showed that DMSO affected the sleep structure in
rats by increasing light slow wave sleep and reducing deep slow wave sleep (80). Similarly,
DMSO can cause renal, hepatic dysfunctions and cardiovascular complications after
transplantation (20,63,79). Ruiz-Delgado et al. found that cryopreserving hematopoietic
stem cells with 5% rather than 10% DMSO could result in less toxic reactions of cardiac
dysfunction and acute renal failure (18). Donmez et al. found that DMSO content was
significantly higher in patients with side effects than those without side effects, and higher in
patients with cardiac side effects compared to non-cardiac side effects (8). Infusion of
DMSO can cause acute vasospasm in swine, suggestive of angiotoxicity (100). Pal et al.
suggested potential DMSO-induced hepatotoxicity by severely affecting the endodermal and
hepatic lineage in a concentration-dependent manner (83).

Many studies have suggested the adverse effects related to DMSO are dose-dependent and
can even be cumulative when multi-dose cell therapies are implemented
(4,18,19,42,44,59,63,77,83,95,98,101). Studies of HSC transplants in children have shown
that side effects in this pediatric population were more severe (77,102,103), perhaps because
of their lighter bodyweight. On that basis, Junior et al. recommended the maximal dose of
DMSO to be infused should be adjusted to bodyweight (1g DMSO/kg) (10). It should again
be pointed out the adverse reactions described above are likely multifactorial in origin, often
it is difficult to directly confirm whether the pathogenesis of the complications was due to
only to infusion of the DMSO or whether other characteristics of the HSC graft and patient
specific factors played a role as well. In that vein, there is still some debate in the field on
the benefits of removing DMSO before transfusion. Cordoba et al. found that, despite
DMSO depletion and adequate histamine blockage, side effects continued to appear,
suggested other factors such as number of granulocytes in the thawed product were more
important than DMSO content, and perhaps removal of DMSO was not needed (4).
However, most investigators believe removing DMSO before infusion is beneficial (2,3,5,8—
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11,13,15,18,20,36,52,56,59,62,64,69,73,74,104). In addition, most DMSO depletion
strategies will also concomitantly remove cell debris and reduce neutrophil, platelet and
other blood cell-derived soluble mediators, which may further contribute to decreasing the
adverse event incidence and severity (2). Indeed, many studies have suggested that DMSO
depletion can reduce adverse reactions, with minimum effects or even improvements on
engraftment after HSC transplantation (2,5,7,13,55,105,106). Given the lack of consensus,
no specific requirements regarding removal of DMSO from HSC grafts prior to infusion
have been issued by the regulatory agencies or accreditation associations, instead leaving the
decision to the discretion of physicians and clinical institutions to set their own policies and
guidelines.

REDUCING THE INFUSIONAL SIDE EFFECTS OF CRYOPRESERVED HSC

GRAFTS

Many approaches have been applied to reduce the adverse effects of cryopreserved
hematopoietic stem cell transplantation, such as: (1) systematic premedication before
infusion (62), (2) hydration and allopurinol administration after infusion (62); (3) slowing
down the infusion speed and prolonging the infusion time (2,62), (4) dividing the infusion
into multiple aliquots given several hours or days apart (10,62); (5) further concentrating
HSC grafts to reduce the cryopreservation volumes and corresponding DMSO content (2);
(6) reducing % DMSO concentration for cryopreservation to lower than 10%, or use
alternative CPA to mix with or replace DMSO (2,108-110); and (7) removing DMSO
before infusion (2,5,7,13,55,105,106). Since the side effects are idiosyncratic thus
unpredictable so far to our knowledge, all these approaches are suggested to be combined to
reduce the reaction incidence as low as possible. Several studies examining the use of
DMSO with lower concentrations or alternative CPA are listed in Table 2. Simply reducing
% DMSO concentration may decrease the toxicity and improve the kinetics of engraftment
(108,109); however, it is also likely to reduce the recovery rate of the HSC after
cryopreservation and thawing as well. Therefore, other cryoprotective agents, such as
hydroxyethyl starch or trehalose, are recommended to be combined with any proposed
reduction in % DMSO.

REMOVAL OF DMSO

A summary of methods and devices used for removal of DMSO from cryopreserved
products is presented in Table 3. Conventional manual methods of removing DMSO from
cell suspensions based on centrifugation have changed little since the 1970s. The most
widely used procedure was proposed in 1995(57). This process can result in cell clumping
and HSC loss, cell activation, and carries a risk of product contamination. This procedure is
also time-consuming and labor intensive. Several devices, commercially developed for other
purposes, have been evaluated for CPA removal, such as the CytoMate™, Sepax S-100 and
Cobe-2991 instruments. Using user-definable programs DMSO can be efficiently reduced
by these automated systems, resulting in reduced labor and risk of contamination due to the
closed fluid path. However, these devices are expensive, and since they are all still based on
centrifugation as their primary mode of operation can again cause cell clumping, osmotic
injury, and loss of cells.
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Several new methods/technology for DMSO removal without using centrifugation have
recently been developed. Fleming et al. investigated an elegant and effective microfluidic
method for small samples based on diffusion (116,117). It is expected that this method could
be scaled up to prepare HSC units for transplantation. Ding et al. proposed an effective
dialysis method for DMSO removal using hollow fiber modules with semi-permeable
membranes (118,119). Zhou et al. have recently developed a novel dilution-filtration method
and system (93), which can be used to precisely control the removal process to effectively
reduce CPA concentration and prevent cell osmotic injury. Research data suggests this
method promises to be a fast, safe, easy to operate, automated, and cost-effective approach
with low cell loss and low contamination risk.

To go along with these approaches, DMSO-washing solutions are needed (some examples
are listed in Table 4). Generally, washing solutions consist of saline or cell culture medium
together with non-permeable macromolecules (dextran, albumin and/or ACD), which are
non-toxic, infusible and provide a mild hyperosmotic environment to help extract the DMSO
from cells. This is also why slow addition of such solutions (e.g. dripping) is preferable, it
allows the cells to slowly equilibrate to the changing osmotic environment, and minimize
the rapid uptake of water that can damage the cell membranes.

Briefly speaking, much progress on effective devices and methods for removal of DMSO
from cryopreserved HSC grafts has been achieved in the last decade, but challenges still
remain: further studies are highly needed to develop the optimal (fast, safe, simple,
automated, controllable, effective, and low-cost) methods and devices for CPA removal with
minimum cell loss and damage.

QUANTIFICATION OF RESIDUAL DMSO CONCENTRATION IN WASHED
CELL SUSPENSION

To help advance this field the development of a reliable methodology to accurately
quantitate the residual amount of DMSO left after such removal interventions is needed. As
indicated above, addition of DMSO to a solution will result in increased osmotic pressure,
thus osmolality measurements with osmometer can be used to estimate residual DMSO
concentration in a washed cell suspension. However, this technique measures total
osmolality, including effects of not only residual DMSO, but also other electrolytes,
macromolecules, and cells themselves. Capillary zone electrophoresis (13,50,120) and
chromatography, such as high-performance liquid chromatography (HPLC)(55,56) or gas
chromatography (54), were proposed to directly measure residual DMSO concentration and
sometimes applied in clinical practice. But these methods have significant disadvantages
including using special expensive chemical agents and devices, complex procedures, and
taking long time to complete. Recently, Chen et al. found that CPA concentration and
electrical conductivity of cryopreservation solutions have a deterministic correlation, thus
they proposed a novel method of electrical conductivity measurements to predict CPA
concentration in cryopreservation medium (121). This method is very simple, minimum
invasive, and cost-effective.
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ALTERNATIVE CRYOPROTECTIVE AGENTS FOR HSC
CRYOPRESERVATION

Although DMSO has been widely accepted and utilized for HSC cryopreservation and
transplantation, in some situations it may be desirable to employ other alternative CPAsS,
combining with or even replacing DMSO. The criteria of selecting optimal CPA include: (1)
providing protective function to cells during cryopreservation; (2) no need to be removed
prior to infusion, which means the CPAs should be non-toxic and can be metabolized or
digested by the body with minimum effects; and (3) cost and availability. Some agents, such
as ethylene glycol, hydroxycellulose, disaccharides sucrose, maltose, trehalose and some
macromolecules (dextran, hydroxyethyl starch, etc.) could be potentially used as alternative
CPAs. In the last two decades, trehalose has drawn lots of interests in this field due to its
unique properties. It has very high glass transition temperature, and is extremely effective in
forming a fragile glass state to protect cells during freezing/thawing and drying, maintaining
the thermodynamic stability of cell membranes, and inhibiting lipid-phase transition and
separation during freezing and drying (122-124). However, for HSC, DMSO is still the
most widely used CPA. In the future, searching for alternative CPAs could be another
strategy to reduce the adverse reactions after HSC transplantation with DMSO.

CONCLUSIONS

Adverse reactions after infusion of cryopreserved-HSC transplantation grafts are generally
believed to be directly or indirectly related to the concomitant infusion of the CPA, DMSO.
Fortunately, by premedication, limiting exposure, and other techniques, most patients’
adverse reactions are not severe. Several studies have investigated removal of DMSO from
cryopreserved HSC suspension before infusion, these have suggested one can reduce but
probably not completely eliminate these side effects. Currently-used DMSO removal
techniques are mostly centrifugation-based; these can generate mechanical and osmotic
stress to HSCs, causing osmotic injury, aggregation and cell loss. Along with concerns about
potential contamination of grafts by additional post-thaw manipulations, this means that at
present most cryopreserved HSCs are infused into patients without any attempt to remove
DMSO. Some progress has been made in alternative DMSO removal methods and
technology that do not rely on centrifugation; however the development of more optimal
(fast, safe, simple, automated, controllable, effective, and low-cost) methods and devices for
DMSO removal with minimum cell loss and damage remains an unfilled need. Any efforts
and significant progress to meet this urgent and increased need will be greatly beneficial for
HSC transplantation, in particular, and for the growing field of cellular therapy, in general.

Acknowledgments

This study is supported, in part, by funding from NCI (CA18029) and NIDDK (DK56465) to SH, and a pilot grant
from NIH to DG.

References

1. Thomas ED, Lochte HL, Lu WC, Ferrebee JW. Intravenous Infusion of Bone Marrow in Patients
Receiving Radiation and Chemotherapy. N Engl J Med. 1957; 257:491-496. [PubMed: 13464965]

Bone Marrow Transplant. Author manuscript; available in PMC 2015 May 05.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shuetal.

11.

12.

Page 9

. Akkdk CA, Holte MR, Tangen JM, @stenstad B, Bruserud &. Hematopoietic engraftment of

dimethyl sulfoxide-depleted autologous peripheral blood progenitor cells. Transfusion. 2009;
49:354-361. [PubMed: 18980622]

. Bakken AM, Bruserud O, Abrahamsen JF. No Differences in Colony Formation of Peripheral Blood

Stem Cells Frozen with 5% or 10% Dimethyl Sulfoxide. Journal of Hematotherapy & Stem Cell
Research. 2003; 12:351-358. [PubMed: 12857376]

. Cordoba R, Arrieta R, Kerguelen A, Hernandez-Navarro F. The occurrence of adverse events during

the infusion of autologous peripheral blood stem cells is related to the number of granulocytes in the
leukapheresis product. Bone Marrow Transplant. 2007; 40:1063-1067. [PubMed: 17906706]

. Fois E, Desmartin M, Benhamida S, Xavier F, Vanneaux V, Rea D, et al. Recovery, viability and

clinical toxicity of thawed and washed haematopoietic progenitor cells: analysis of 952 autologous
peripheral blood stem cell transplantations. Bone Marrow Transplant. 2007; 40:831-835. [PubMed:
17724443]

. Hidalgo J, Krone R, Rich M, Blum K, Adkins D, Fan M, et al. Supraventricular tachyarrhythmias

after hematopoietic stem cell transplantation: incidence, risk factors and outcomes. Bone Marrow
Transplant. 2004; 34:615-619. [PubMed: 15258562]

. Hirata Y, Kishino K, Onozaki F, Nakaki Y, Yamamoto C, Matsuyama T, et al. Use of

cryoprotectant-depleted allogeneic peripheral blood stem cells for transplantation. Hematology
Hematology. 2011; 16:221-224.

. Donmez A, Tombuloglu M, Gungor A, Soyer N, Saydam G, Cagirgan S. Clinical side effects during

peripheral blood progenitor cell infusion. Transfusion Apheresis Sci. 2007; 36:95-101.

. Otrock ZK, Beydoun A, Barada WM, Masroujeh R, Bazarbachi A, Hourani R. Transient global

amnesia associated with the infusion of DMSO-cryopreserved autologous peripheral blood stem
cells. Haematologica Haematologica. 2008; 93:e36—e37.

10. Junior AM, Arrais CA, Saboya R, Velasques RD, Junqueira PL, Dulley FL. Neurotoxicity

associated with dimethylsulfoxide-preserved hematopoietic progenitor cell infusion. Bone Marrow
Transplant. 2008; 41:95-96. [PubMed: 17934528]

Hentschke S, Hentschke M, Hummel K, Salwender HJ, Braumann D, Stang A. Bilateral thalamic
infarction after reinfusion of DMSO-preserved autologous stem-cells. Leuk Lymphoma. 2006;
47:2418-2420. [PubMed: 17107921]

Mueller LP, Theurich S, Christopeit M, Grothe W, Muetherig A, Weber T, et al. Neurotoxicity
upon infusion of dimethylsulfoxide-cryopreserved peripheral blood stem cells in patients with and
without pre-existing cerebral disease. Eur J Haematol European Journal of Haematology. 2007;
78:527-531.

13. Calmels B, Houze P, Hengesse J, Ducrot T, Malenfant C, Chabannon C. Preclinical evaluation of

an automated closed fluid management device: CytomateTM, for washing out DMSO from
hematopoietic stem cell grafts after thawing. Bone Marrow Transplant. 2003; 31:823-828.
[PubMed: 12732892]

14. Kersting S, Verdonck LF. Stem Cell Transplantation Nephropathy: A Report of Six Cases. Biology

of Blood and Marrow Transplantation. 2007; 13:638-643. [PubMed: 17531773]

15. Konuma T, Ooi J, Takahashi S, Tomonari A, Tsukada N, Kobayashi T, et al. Cardiovascular

toxicity of cryopreserved cord blood cell infusion. Bone Marrow Transplant. 2008; 41:861-865.
[PubMed: 18209718]

16. Petropoulou AD, Bellochine R, Norol F, Marie J, Rio B. Coronary artery spasm after infusion of

cryopreserved cord blood cells. Bone Marrow Transplant. 2007; 40:397-398. [PubMed:
17572711]

17. Sahin F, Turk UQ, Yargucu F, Donmez A, Cagirgan S. Hypothermia during the infusion of

cryopreserved autologous peripheral stem cell causes electrocardiographical changes: Report of
two cases. Am J Hematol. 2006; 81:627-630. [PubMed: 16906591]

18. Ruiz-Delgado GJ, Mancias-Guerra C, Tamez-Gomez EL, Rodriguez-Romo LN, Lopez-Otero A,

Hernandez-Arizpe A, et al. Dimethyl Sulfoxide-Induced Toxicity in Cord Blood Stem Cell
Transplantation: Report of Three Cases and Review of the Literature. Acta Haematol. 2009;
122:1-5. [PubMed: 19590176]

Bone Marrow Transplant. Author manuscript; available in PMC 2015 May 05.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shuetal.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Page 10

Schlegel PG, W6lfl M, Schick J, Winkler B, Eyrich M. Transient loss of consciousness in pediatric
recipients of dimethylsulfoxide (DMSO)-cryopre-served peripheral blood stem cells independent
of morphine co-medication. Haematologica. 2009; 94:1473-1475. [PubMed: 19608681]

Zenhdusern R, Tobler A, Leoncini L, Hess OM, Ferrari P. Fatal cardiac arrhythmia after infusion
of dimethyl sulfoxide-cryopreserved hematopoietic stem cells in a patient with severe primary
cardiac amyloidosis and end-stage renal failure. Ann Hematol. 2000; 79:523-526. [PubMed:
11043425]

Huang S, Law P, Young D, Ho AD. Candidate hematopoietic stem cells from fetal tissues,
umbilical cord blood vs. adult bone marrow and mobilized peripheral blood. Exp Hematol.
1998:26.

Tian X, Kaufman DS. Hematopoietic development of human embryonic stem cells in culture.
Methods in Molecular Biology. 2008; 430

BARNES D, LOUTIT J. The Radiation Recovery Factor - Preservation by the Polge-Smith-Parkes
Technique. J Natl Cancer Inst. 1955; 15:901-905. [PubMed: 13233934]

Berz D, McCormack EM, Winer ES, Colvin GA, Quesenberry PJ. Cryopreservation of
hematopoietic stem cells. Am J Hematol. 2007; 82:463-472. [PubMed: 17266054]

Fleming KK, Hubel A. Cryopreservation of hematopoietic and non-hematopoietic stem cells.
Transfusion Apheresis Sci. 2006; 34

Sputtek, A.; Sputtek, R. Cryopreservation in Transfusion Medicine and Hematology. In: Fuller, B.;
Lane, N.; Benson, E., editors. Life in the frozen state. CRC Press; Boca Raton, FL: 2004. p.
483-504.

Woods EJ, Pollok KE, Byers MA, Perry BC, Purtteman J, Heimfeld S, et al. Cord blood stem cell
cryopreservation. Transfus Med Hemother. 2007; 34:276-285.

Hunt CJ. Cryopreservation of Human Stem Cells for Clinical Application: A Review. Transfusion
Medicine and Hemotherapy. 2011; 38:107-123. [PubMed: 21566712]

Kuwano K, Aruga Y, Saga N. Cryopreservation of the conchocelis of Porphyra (Rhodophyta) by
applying a simple prefreezing system. J Phycol. 1994; 30:566-570.

Shu ZQ, Kang XJ, Chen HH, Zhou XM, Purtteman J, Yadock D, et al. Development of a reliable
low-cost controlled cooling rate instrument for the cryopreservation of hematopoietic stem cells.
Cytotherapy. 2010; 12:161-169. [PubMed: 19929459]

Alessandrino P, Bernasconi P, Caldera D, Colombo A, Bonfichi M, Malcovati L, et al. Adverse
events occurring during bone marrow or peripheral blood progenitor cell infusion: analysis of 126
cases. Bone Marrow Transplant. 1999; 23:533-537. [PubMed: 10217182]

Bauwens D, Hantson P, Laterre P, Michaux L, Latinne D, De Tourtchaninoff M, et al. Recurrent
seizure and sustained encephalopathy associated with dimethylsulfoxide-preserved stem cell
infusion. Leuk Lymphoma. 2005; 46:1671-1674. [PubMed: 16236621]

Benekli M, Anderson B, Wentling D, Bernstein S, Czuczman M, McCarthy P. Severe respiratory
depression after dimethylsulphoxide-containing autologous stem cell infusion in a patient with AL
amyloidosis. Bone Marrow Transplant. 2000; 25:1299-1301. [PubMed: 10871736]

Bojanic I, Cepulic BG, Mazic S, Batinic D, Nemet D, Labar B. Toxicity related to autologous
peripheral blood haematopoietic progenitor cell infusion is associated with number of granulocytes
in graft, gender and diagnosis of multiple myeloma. VVox Sanguinis. 2008; 95:70-75. [PubMed:
18422859]

Davis JM, Rowley SD, Braine HG, Piantadosi S, Santos GW. Clinical toxicity of cryopreserved
bone marrow graft infusion. Blood. 1990; 75:781-6. [PubMed: 2297578]

Hoyt R, Szer J, Grigg A. Neurological events associated with the infusion of cryopreserved bone
marrow and/or peripheral blood progenitor cells. Bone Marrow Transplant. 2000; 25:1285-1287.
[PubMed: 10871734]

Milone G, Mercurio S, Strano A, Leotta S, Pinto V, Battiato K, et al. Adverse events after
infusions of cryopreserved hematopoietic stem cells depend on non-mononuclear cells in the
infused suspension and patient age. Cytotherapy. 2007; 9:348-355. [PubMed: 17573610]
Rapoport AP, Rowe JM, Packman CH, Ginsberg SJ. Cardiac arrest after autologous marrow
infusion. Bone marrow transplantation. 1991; 7:401-403. [PubMed: 2070152]

Bone Marrow Transplant. Author manuscript; available in PMC 2015 May 05.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shuetal.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5L

52.

53.

54.

55.

56.

Page 11

Rowley SD, Feng Z, Yadock D, Holmberg L, MacLeod B, Heimfeld S. Post-Thaw Removal of
DMSO does not completely abrogate infusional toxicity or the need for pre-infusion histamine
blockade. Cytotherapy. 1999; 1:439-446. [PubMed: 20426544]

Rowley S, MacLeod B, Heimfeld S, Holmberg L, Besinger W. Severe Central Nervous System
Toxicity Associated with the Infusion of Cryopreserved PBSC Components. Cytotherapy. 1999;
1:311-317. [PubMed: 20440908]

Smith DM, Weisenburger DD, Bierman P, Kessinger A, Vaughan WP, Armitage JO. Acute renal
failure associated with autologous bone marrow transplantation. Bone Marrow Transplant. 1987;
2:195-201. [PubMed: 3332166]

Stroncek D, Fautsch S, Lasky L, Hurd D, Ramsay N, McCullough J. Adverse reactions in patients
transfused with cryopreserved marrow. Transfusion Transfusion. 1991; 31:521-526.

Windrum P, Morris TCM. Severe neurotoxicity because of dimethyl sulphoxide following
peripheral blood stem cell transplantation. Bone Marrow Transplant. 2003; 31:315. [PubMed:
12621472]

Zambelli A, Poggi G, Da Prada G, Pedrazzoli P, Cuomo A, Miotti D, et al. Clinical toxicity of
cryopreserved circulating progenitor cells infusion. Anticancer Res. 1998; 18:4705-4708.
[PubMed: 9891544]

Calmels B, Lemarié C, Esterni B, Malugani C, Charbonnier A, Coso D, et al. Occurrence and
severity of adverse events after autologous hematopoietic progenitor cell infusion are related to the
amount of granulocytes in the apheresis product. Transfusion. 2007; 47:1268-1275. [PubMed:
17581163]

Oziel-Taieb S, Faucher-Barbey C, Chabannon C, Ladaique P, Saux P, Gouin F, et al. Early and
fatal immune haemolysis after so-called ‘minor’ ABO-incompatible peripheral blood stem cell
allotransplantation. Bone Marrow Transplant. 1997; 19:1155-1156. [PubMed: 9193761]

Salmon JP, Michaux S, Hermanne JP, Baudoux E, Gérard C, Sontag-Thull D, et al. Delayed
massive immune hemolysis mediated by minor ABO incompatibility after allogeneic peripheral
blood progenitor cell transplantation. Transfusion. 1999; 39:824-827. [PubMed: 10504116]

Sauer-Heilborn A, Kadidlo D, McCullough J. Patient care during infusion of hematopoietic
progenitor cells. Transfusion. 2004; 44:907-916. [PubMed: 15157259]

Schwella N, Zimmermann R, Heuft HG, Blasczyk R, Beyer J, Rick O, et al. Microbiologic
contamination of peripheral blood stem cell autografts. Vox Sang. 1994; 67:32-35. [PubMed:
7975449]

Decot V, Houze P, Stoltz J, Bensoussan D. Quantification of residual DiMethylSulfoxide after
washing cryopreserved stem cells and thawing tissue grafts. Biomed Mater Eng. 2009; 19:293—
300. [PubMed: 20042796]

Laroche V, McKenna DH, Moroff G, Schierman T, Kadidlo D, McCullough J. Cell loss and
recovery in umbilical cord blood processing: a comparison of postthaw and postwash samples.
Transfusion Transfusion. 2005; 45:1909-1916.

Lemarie C, Calmels B, Malenfant C, Arneodo V, Blaise D, Viret F, et al. Clinical experience with
the delivery of thawed and washed autologous blood cells, with an automated closed fluid
management device: CytoMate. Transfusion. 2005; 45:737-742. [PubMed: 15847663]
Nagamura-Inoue T, Shioya M, Sugo M, Cui Y, Takahashi A, Tomita S, et al. Wash-out of DMSO
does not improve the speed of engraftment of cord blood transplantation: follow-up of 46 adult
patients with units shipped from a single cord blood bank. Transfusion. 2003; 43:1285-1295.
[PubMed: 12919432]

Perotti CG, Fante CD, Viarengo G, Papa P, Rocchi L, Bergamaschi P, et al. A new automated cell
washer device for thawed cord blood units. Transfusion Transfusion. 2004; 44:900-906.
Rodriguez L, Velasco B, Garcia J, Martin-Henao GA. Evaluation of an automated cell processing
device to reduce the dimethyl sulfoxide from hematopoietic grafts after thawing. Transfusion.
2005; 45:1391-1397. [PubMed: 16078930]

Rodriguez L, Azqueta C, Azzalin S, Garcia J, Querol S. Washing of cord blood grafts after
thawing: high cell recovery using an automated and closed system. VVox Sang. 2004; 87:165-172.
[PubMed: 15569068]

Bone Marrow Transplant. Author manuscript; available in PMC 2015 May 05.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shuetal.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Page 12

RUBINSTEIN P, DOBRILA L, ROSENFIELD R, ADAMSON J, MIGLIACCIO G,
MIGLIACCIO A, et al. Processing and Cryopreservation of Placental Umbilical-Cord Blood for
Unrelated Bone-Marrow Reconstitution. Proc Natl Acad Sci U S A. 1995; 92:10119-10122.
[PubMed: 7479737]

Scerpa MC, Daniele N, Landi F, Ciammetti C, Rossi C, Isacchi G, et al. Automated washing of
human progenitor cells: Evaluation of apoptosis and cell necrosis. Transfus Med Transfusion
Medicine. 2011; 21:402-407.

Syme R, Bewick M, Stewart D, Porter K, Chadderton T, Gliick S. The role of depletion of
dimethyl sulfoxide before autografting: on hematologic recovery, side effects, and toxicity.
Biology of blood and marrow transplantation: journal of the American Society for Blood and
Marrow Transplantation. 2004; 10:135-41.

Rubinstein P, Carrier C, Scaradavou A, Kurtzberg J, Adamson J, Migliaccio A, et al. Outcomes
among 562 recipients of placental-blood transplants from unrelated donors. N Engl J Med. 1998;
339:1565-1577. [PubMed: 9828244]

Essayan DM, Schilder R, Kagey-Sobotka A, Jenkens MK, Korzeniowski O, Lichtenstein LM, et al.
Anaphylaxis during autologous peripheral blood progenitor cell infusion. Bone Marrow Transplant
Bone Marrow Transplantation. 1997; 19:749-752.

Ferrucci PF, Martinoni A, Cocorocchio E, Civelli M, Cinieri S, Cardinale D, et al. Evaluation of
acute toxicities associated with autologous peripheral blood progenitor cell reinfusion in patients
undergoing high-dose chemotherapy. Bone Marrow Transplant. 2000; 25:173-177. [PubMed:
10673676]

Davis JM, Rowley SD, Braine HG, Piantadosi S, Santos GW. Clinical toxicity of cryopreserved
bone marrow graft infusion. Blood. 1990; 75:781-6. [PubMed: 2297578]

Windrum P, Morris TCM, Drake MB, Niederwieser D, Ruutu T. Variation in dimethyl sulfoxide
use in stem cell transplantation: a survey of EBMT centres. Bone Marrow Transplant. 2005;
36:601-603. [PubMed: 16044141]

Hazar V, Gungor O, Guven AG, Aydin F, Akbas H, Gungor F, et al. Renal Function After
Hematopoietic Stem Cell Transplantation in Children. Pediatric Blood & Cancer. 2009; 53:197-
202. [PubMed: 19353620]

Graves V, Danielson C, Abonour R, McCarthy L. How to ensure safe and well-tolerated stem cell
infusions. Transfusion. 1998; 38:30S-30S.

Keung YK, Lau S, Elkayam U, Chen SC, Douer D. Cardiac-Arrhythmia After Infusion of
Cryopreserved Stem-Cells. Bone Marrow Transplant. 1994; 14:363-367. [PubMed: 7994256]
Lopez-Jimenez J, Cervero C, Munoz A, Hernandez-Madrid A, Pineda J, Larana J, et al.
Cardiovascular Toxicities Related to the Infusion of Cryopreserved Grafts - Results of a
Controlled-Study. Bone Marrow Transplant. 1994; 13:789-793. [PubMed: 7920316]

Perseghin P, Balduzzi A, Bonanomi S, Dassi M, Buscemi F, Longoni D, et al. Infusion-related
side-effects in children undergoing autologous hematopoietic stem cell transplantation for acute
leukemia. Bone Marrow Transplant. 2000; 26:116-118. [PubMed: 10918419]

Zager RA. Acute renal failure in the setting of bone marrow transplantation. Kidney Int. 1994;
46:1443-58. [PubMed: 7853806]

Marcacci G, Corazzelli G, Becchimanzi C, Arcamone M, Capobianco G, Russo F, et al. DMSO-
associated encephalopathy during autologous peripheral stem cell infusion: A predisposing role of
preconditioning exposure to CNS-penetrating agents? Bone Marrow Transplant Bone Marrow
Transplantation. 2009; 44:133-135.

Frisk P, Bratteby LE, Carlson K, Lénnerholm G. Renal function after autologous bone marrow
transplantation in children: a long-term prospective study. Bone Marrow Transplant. 2002;
29:129-136. [PubMed: 11850707]

Higman M, Port J, Beauchamp N, Chen A. Reversible leukoencephalopathy associated with re-
infusion of DMSO preserved stem cells. Bone Marrow Transplant. 2000; 26:797-800. [PubMed:
11042664]

Bauwens D, Hantson P, Laterre P, Michaux L, Latinne D, De Tourtchaninoff M, et al. Recurrent
seizure and sustained encephalopathy associated with dimethylsulfoxide-preserved stem cell
infusion. Leuk Lymphoma. 2005; 46:1671-1674. [PubMed: 16236621]

Bone Marrow Transplant. Author manuscript; available in PMC 2015 May 05.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shuetal.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.

Page 13

DHODAPKAR M, GOLDBERG S, TEFFERI A, GERTZ M. Reversible Encephalopathy After
Cryopreserved Peripheral-Blood Stem-Cell Infusion. Am J Hematol. 1994; 45:187-188. [PubMed:
7908165]

YELLOWLEES P, GREENFIELD C, MCINTYRE N. Dimethylsulfoxide-Induced Toxicity.
Lancet. 1980; 2:1004-1006. [PubMed: 6107630]

OKAMOTO Y, TAKAUE Y, SAITO S, SHIMIZU T, SUZUE T, ABE T, et al. Toxicities
Associated with Cryopreserved and Thawed Peripheral-Blood Stem-Cell Autografts in Children
with Active Cancer. Transfusion. 1993; 33:578-581. [PubMed: 8101399]

LOVELOCK JE, BISHOP MW. Prevention of freezing damage to living cells by dimethyl
sulphoxide. Nature. 1959; 183:1394-5. [PubMed: 13657132]

Santos NC, Figueira-Coelho J, Martins-Silva J, Saldanha C. Multidisciplinary utilization of
dimethyl sulfoxide: pharmacological, cellular, and molecular aspects. Biochem Pharmacol. 2003;
65:1035-1041. [PubMed: 12663039]

Cavas M, Beltran D, Navarro JF. Behavioural effects of dimethyl sulfoxide (DMSO): Changes in
sleep architecture in rats. Toxicology Letters Toxicology Letters. 2005; 157:221-232.

Qi W, Ding D, Salvi RJ. Cytotoxic effects of dimethyl sulphoxide (DMSO) on cochlear
organotypic cultures. Hear Res. 2008; 236:1-2. [PubMed: 17920797]

Aita K, Irie H, Tanuma Y, Toida S, Okuma Y, Mori S, et al. Apoptosis in murine lymphoid organs
following intraperitoneal administration of dimethyl sulfoxide (DMSQ). Exp Mol Pathol. 2005;
79:265-271. [PubMed: 16154562]

Pal R, Bhonde R, Mamidi MK, Das AK. Diverse effects of dimethyl sulfoxide (DMSO) on the
differentiation potential of human embryonic stem cells. Arch Toxicol Archives of Toxicology.
2012; 86:651-661.

Jasmin, Spray DC, Campos de Carvalho AC, Mendez-Otero R. Chemical Induction of Cardiac
Differentiation in P19 Embryonal Carcinoma Stem Cells. Stem Cells Dev. 2010; 19:403-411.
[PubMed: 20163207]

Marks PA, Breslow R. Dimethyl sulfoxide to vorinostat: Development of this histone deacetylase
inhibitor as an anticancer drug. Nat Biotechnol. 2007; 25:84-90. [PubMed: 17211407]

Miller D, Allison D, Rorvik M, Slaga T. Inhibited Morphological Terminal Differentiation and
Enhanced Proliferation of Cultured Mouse Epidermal-Cells at Different Concentrations of
Dimethyl-Sulfoxide. Cell Prolif. 1991; 24:191-210. [PubMed: 1706945]

Lin C, Kalunta C, Chen F, Nguyen T, Kaptein J, Lad P. Dimethyl-Sulfoxide Suppresses Apoptosis
in Burkitts-Lymphoma Cells. Exp Cell Res. 1995; 216:403-410. [PubMed: 7843285]

Zyuz’kov GN, Gur’yantseva LA, Simanina EV, Zhdanov VV, Dygai AM, Goldberg ED. Effect of
dimethylsulfoxide on the functions of mesenchymal and hemopoietic precursors. Bull Exp Biol
Med. 2007; 143:535-538. [PubMed: 18214317]

Hegner B, Weber M, Dragun D, Schulze-Lohoff E. Differential regulation of smooth muscle
markers in human bone marrow-derived mesenchymal stem cells. J Hypertens. 2005; 23:1191-
1202. [PubMed: 15894895]

Lin C, Kalunta C, Chen F, Nguyen T, Kaptein J, Lad P. Dimethyl Sulfoxide Suppresses Apoptosis
in Burkitt’s Lymphoma Cells. Exp Cell Res. 1995; 216:403-410. [PubMed: 7843285]

Ji L, de Pablo J, Palecek S. Cryopreservation of adherent human embryonic stem cells. Biotechnol
Bioeng. 2004; 88:299-312. [PubMed: 15486934]

Gao DY, Liu J, Liu C, McGann LE, Watson PF, Kleinhans FW, et al. Prevention of osmatic injury
to human spermatozoa during addition and removal of glycerol. Hum Reprod. 1995; 10:1109-22.
[PubMed: 7657750]

Zhou X, Gao F, Shu Z, Chung J, Heimfeld S, Gao D. Theoretical and Experimental Analyses of
Optimal Experimental Design for Determination of Hydraulic Conductivity of Cell Membrane.
Biopreserv Biobank. 2010; 8:147-152. [PubMed: 24836483]

Ozdemir E, Akgedik K, Akdogan S, Kansu E. The Lollipop with Strawberry Aroma May Be
Promising in Reduction of Infusion-Related Nausea and VVomiting during the Infusion of
Cryopreserved Peripheral Blood Stem Cells. Biology of Blood and Marrow Transplantation. 2008;
14:1425-1428. [PubMed: 19041066]

Bone Marrow Transplant. Author manuscript; available in PMC 2015 May 05.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shuetal.

95.

96.

97.

98.

99.

Page 14

Kessinger A, Armitage JO. The evolving role of autologous peripheral stem cell transplantation
following high-dose therapy for malignancies. Blood. 1991; 77:211-3. [PubMed: 1670758]

Hanslick JL, Lau K, Noguchi KK, Olney JW, Zorumski CF, Mennerick S, et al. Dimethyl
sulfoxide (DMSO) produces widespread apoptosis in the developing central nervous system.
Neurobiol Dis. 2009; 34:1-10. [PubMed: 19100327]

Authier N, Dupuis E, Kwasiborski A, Eschalier A, Coudoré F. Behavioural assessment of
dimethylsulfoxide neurotoxicity in rats. Toxicol Lett. 2002; 132:117-21. [PubMed: 12044545]

Cavaletti G, Oggioni N, Sala F, Pezzoni G, Cavalletti E, Marmiroli P, et al. Effect on the peripheral
nervous system of systemically administered dimethylsulfoxide in the rat: a neurophysiological
and pathological study. Toxicol Lett. 2000; 118:1-2. [PubMed: 11137303]

Topacoglu H, Karcioglu O, Ozsarac M, Oray D, Niyazi Ozucelik D, Tuncok Y. Massive
intracranial hemorrhage associated with the ingestion of dimethyl sulfoxide. Vet Hum Toxicol.
2004; 46:138-40. [PubMed: 15171490]

100. Chaloupka JC, Huddle DC, Alderman J, Fink S, Hammond R, Vinters HV. A reexamination of

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

the angiotoxicity of superselective injection of DMSO in the swine rete embolization model.
AJINR American journal of neuroradiology. 1999; 20:401-10. [PubMed: 10219404]

Martino M, Morabito F, Messina G, Irrera G, Pucci G, lacopino P. Fractionated infusions of
cryopreserved stem cells may prevent DMSO-induced major cardiac complications in graft
recipients. Haematologica. 1996; 81:59-61. [PubMed: 8900855]

GARAVENTA A, PORTA F, RONDELLI R, DINI G, MELONI G, BONETTI F, et al. Early
Deaths in Children After Bmt. Bone Marrow Transplant. 1992; 10:419-423. [PubMed: 1464003]

THOME S, CRAZE J, MITCHELL C. Dimethylsulfoxide-Induced Serum Hyperosmolality After
Cryopreserved Stem-Cell Graft. Lancet. 1994; 344:1431-1432. [PubMed: 7968087]

Beaujean F, Bourhis J, Bayle C, Jouault H, Divine M, Rieux C, et al. Successful cryopreservation
of purified autologous CD34+ cells: influence of freezing parameters on cell recovery and
engraftment. Bone Marrow Transplant Bone Marrow Transplantation. 1998; 22:1091-1096.

Kurtzberg J, Laughlin M, Graham ML, Smith C, Olson JF, Halperin EC, et al. Placental blood as
a source of hematopoietic stem cells for transplantation into unrelated recipients. N Engl J Med.
1996; 335:157-66. [PubMed: 8657213]

Lee S, Kim S, Kim H, Baek EJ, Jin H, Kim J, et al. Post-thaw viable CD34" cell count is a
valuable predictor of haematopoietic stem cell engraftment in autologous peripheral blood stem
cell transplantation. VVox Sang. 2008; 94:146-152. [PubMed: 18028260]

Shpall E, LeMaistre C, Holland K, Ball E, Jones R, Saral R, et al. A prospective randomized trial
of buffy coat versus CD34-selected autologous bone marrow support in high-risk breast cancer
patients receiving high-dose chemotherapy. Blood. 1997; 90:4313-4320. [PubMed: 9373242]
Rowley S, Feng Z, Chen L, Holmberg L, Heimfeld S, MacLeod B, et al. A randomized phase 11
clinical trial of autologous blood stem cell transplantation comparing cryopreservation using
dimethylsulfoxide vs dimethylsulfoxide with hydroxyethylstarch. Bone Marrow Transplant.
2003; 31:1043-1051. [PubMed: 12774058]

Halle P, Tournilhac O, Knopinska-Posluszny W, Kanold J, Gembara P, Boiret N, et al.
Uncontrolled-rate freezing and storage at —80 degrees C, with only 3. 5-percent DMSO in
cryoprotective solution for 109 autologous peripheral blood progenitor cell transplantations.
Transfusion. 2001; 41:667-673. [PubMed: 11346704]

Hayakawa J, Joyal EG, Gildner JF, Washington KN, Phang OA, Uchida N, et al. 5% dimethyl
sulfoxide (DMSO) and pentastarch improves cryopreservation of cord blood cells over 10%
DMSO. Transfusion. 2010; 50:2158-66. [PubMed: 20492608]

111. Richter E, Eichler H, Raske D, Leveringhaus A, Zieger W, Kerowgan M, et al. 5% Me2SO is

sufficient to preserve stem cells derived from cord blood. Bone Marrow Transplant. 1998;
22(Suppl 1):S16. [PubMed: 9715875]

112. Abrahamsen JF, Bakken AM, Bruserud @. Cryopreserving human peripheral blood progenitor

cells with 5-percent rather than 10-percent DMSO results in less apoptosis and necrosis in
CD34+ cells. Transfusion. 2002; 42:1573-1580. [PubMed: 12473137]

Bone Marrow Transplant. Author manuscript; available in PMC 2015 May 05.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shuetal.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Page 15

Galmés A, Besalduch J, Bargay J, Novo A, Morey M, Guerra JM, et al. Long-term storage at —80
degrees C of hematopoietic progenitor cells with 5-percent dimethyl sulfoxide as the sole
cryoprotectant. Transfusion. 1999; 39:70-3. [PubMed: 9920169]

Donaldson C, Armitage WJ, Denning-Kendall PA, Nicol AJ, Bradley BA, Hows JM. Optimal
cryopreservation of human umbilical cord blood. Bone Marrow Transplantation. 1996; 18:725—
731. [PubMed: 8899187]

BEAUJEAN F, HARTMANN O, KUENTZ M, LEFORESTIER C, DIVINE M, DUEDARI N. A
Simple, Efficient Washing Procedure for Cryopreserved Human Hematopoietic Stem-Cells Prior
to Reinfusion. Bone Marrow Transplant. 1991; 8:291-294. [PubMed: 1756326]

Fleming Glass KK, Hubel A, Longmire EK. Optimization of a microfluidic device for diffusion-
based extraction of DMSO from a cell suspension. Int J Heat Mass Transf International Journal
of Heat and Mass Transfer. 2008; 51:5749-5757.

Fleming KK, Longmire EK, Hubel A. Numerical characterization of diffusion-based extraction in
cell-laden flow through a microfluidic channel. J Biomech Eng. 2007; 129:703-11. [PubMed:
17887896]

Ding W, Yu J, Woods E, Heimfeld S, Gao D. Simulation of removing permeable cryoprotective
agents from cryopreserved blood with hollow fiber modules. J Membr Sci. 2007; 288:85-93.
Ding W, Zhou X, Heimfeld S, Reems J, Gao D. A Steady-State Mass Transfer Model of
Removing CPAs From Cryopreserved Blood With Hollow Fiber Modules. J Biomech Eng. 2010;
132:011002. [PubMed: 20524740]

Houzé P, Dal Cortivo L, Anselme M, Bousquet B, Gourmel B. Quantification of residual
dimethyl sulfoxide in supernatants of haematopoietic stem cells by capillary zone
electrophoresis. Journal of Chromatography B, Biomedical Sciences and Applications. 1999;
728:75-83.

Chen H, Zhou X, Shu Z, Woods EJ, Gao D. Electrical Conductivity Measurements for the
Ternary Systems of Glycerol/Sodium Chloride/Water and Ethylene Glycol/Sodium Chloride/
Water and Their Applications in Cryopreservation. Biopreserv Biobank. 2009; 7:13-17.
[PubMed: 24845766]

Sum A, Faller R, de Pablo J. Molecular simulation study of phospholipid bilayers and insights of
the interactions with disaccharides. Biophys J. 2003; 85:2830-2844. [PubMed: 14581188]
Crowe J, Crowe L, Oliver A, Tsvetkova N, Wolkers W, Tablin F. The trehalose myth revisited:
Introduction to a symposium on stabilization of cells in the dry state. Cryobiology. 2001; 43:89-
105. [PubMed: 11846464]

Crowe J, Crowe L. Preservation of mammalian cells - learning nature’s tricks. Nat Biotechnol.
2000; 18:145-146. [PubMed: 10657114]

Bone Marrow Transplant. Author manuscript; available in PMC 2015 May 05.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Shuetal.

Table 1

Adverse Reactions (AR) after Cryopreserved HSC Transplantation

Page 16

Adverse Reaction category

Symptoms

Reference

Adverse Reaction (AR) Incidence

Allergy Flushing, rash, pruritus, erythema (5,10,18,39,59,61-64)
Edema, anasarca (8,18)
Bronchospasm (61)
Gastro-intestinal Headache (5,7-9,15,18,69)

Chest tightness, dyspnea

(5,9,15,62,63)

Abdominal cramping/pain,
gastrointestinal distress, diarrhea

(5,8,14,16,18,59,61-63,69)

acute renal failure

Nausea, emesis, vomiting (5,8,12,15,16,18,39,43,63)
Renal Hemoglobinuria, proteinuria, mild (59,69,70)

azotemia

Hemolytic-uremic syndrome (HUS) (70)

Urine incontinence (11,71)

Thrombocytopenia, hemolytic anemia | (14,70)

Renal insufficiency, nephropathy, (14,64,65,70,72,73)

Cardio-vascular

Hypotension, hypertension

(5,8,12,14-16,18,31,40,61-63,67)

Arrhythmias/bradycardia, tachycardia

(6,8,12,15,17,18,20,43,61-63,67,69,73)

Hypothermia, hyperthermia

(5,8,16,17,70,73)

Rigor, tremor

(8,39,70)

Ischemia, hypoxia

(39,40,43)

Syncope, coma, somnolence, shock,
loss of consciousness, trismus

(10,11,19,40,43,74-76)

Respiratory arrest, shortness of
breath, cardiac arrest, coronary artery
spasm

(10,12,16,18,19,33,40,43,59,61,64, 77)

Seizure (5,10,12,14,19,73, 74)
Heart block (18,63,67)

Neurological Mydriasis, miosis, Dysarthria, (9-12,19,71)
bilateral thalamic infarction,
ophthalmic deviation, blurred vision
Dysgeusia (59)
Reversible leukoencephalopathy (39,40,71,73,74)
(RPL), severe encephalopathy,
Central nervous system affected (10,64)
Transient global amnesia (9,19,36,43,71)
Cerebral infarction (36,43)
Cognition problem (9,39,43,71)
Numbness, muscle weakness (8,9,40,43,71)
Mental acuity, anxiety (39,71)

Hepatic Progressive jaundice (64,70)
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. Cordoba(4): 67.36%
developed AR.
Specifically,

- 43.75%
allergic
reactions

- 25%
gastrointestinal
symptoms

- 20.83%
respiratory
symptoms

- 11.81%
cardiovascular

- 347%
neurological
symptoms

. Donmez(8): 25.25%
developed AR.
Specifically,

- 7.73% cardiac
AR

- 1.54% sinus
bradycardia

- 15.97% non-
cardiac AR

. Kersting(14):

- Nephropathy
incidence
0~29%

. Konuma(15):

- 58% systolic
hypertension,
64% diastolic
hypertension

- 32%
bradycardia

. Alessandrino(31):

- 8% non-
cardiac
complications

- 57.33%
cardiac AR,
where 36%

- hypertension

. Zambelli(44): 50%
developed AR, wherein

- 22%
hypotension

- 454%
hypertension
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Page 17

Adverse Reaction category

Symptoms

Reference

Adverse Reaction (AR) Incidence

4.5%
bradycardia

. Hazar(65): for children

34-50% renal
insufficiency
in the early
phases

41%, 31% and
11% renal
inefficiency at
1,3and 7
years after
infusion,
respectively

. Graves(66):

0.4% severe
AR and 50%
non- cardiac
AR

. Keung(67):

65% sinus
bradycardia

29.41% heart
block

41%
hypertension

82%
arrhythmias

. Lopez-Jimenez(68):

41% non-
cardiac AR

no bradycardia
and
arrhythmias
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Trials using lower

Table 2

DMSO concentrations in cryopreservation

Page 18

DMSO concentration

References

Cryopreservation medium and comments

10%

(2,5,13,16,18, 19,24,36,39,40,43,50,55-57,62,64,68,69,73,74)

Generally, 10% DMSO + plasma
(concentration: 2-22.5%) in saline,
culture media or electrolyte injection
solutions (e.g., Normosol-R).

9%

(12)

7.5%

(8,64,104)

Donmez (8): 3% HES was added.

5%

(3,7,64,67,108,110-113)

5% DMSO instead of 10% DMSO
could

- decrease DMSO toxicity (109)

- reduce the release of
intracellular components from
dead cells (109)

- improve the kinetics of
engraftment (108)

Hayakawa (110): 5% DMSO+6%
pentastarch+25% human albumin,
heparin and DNAse, which was
equivalent to/better than the 10%
DMSO medium.

Keung and Rowley (67,108): 6% HES
+ 5% DMSO

<5%

(64,109,114)

Cell recovery rate may be reduced with
reduced DMSO concentration

Other CPAs (e.g., HES, trehalose) are
recommended to be combined.

HES: hydroxyethyl starch
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Methods and Devices for DMSO Removal

Table 3

Page 19

Methods or devices

Mechanism

Comments, pros and cons

References

Centrifugation

Centrifugation

Most widely applied procedure for CPA
removal so far.

Pros: conventional devices available widely

Cons: high time and labor consumption, cell
loss, high risk of contamination, etc.

(2,7,13,16,39,50,56-58,74)

through hollow-fiber
dialyzer

and controlled
filtration through
semi-permeable
hollow fiber
membranes

contamination, low-cost, controllable, effective
CPA removal

Cons: optimization needed for samples with
small volume

CytoMate™ Filtration by spinning . Pros: automated, effective and allowing a step- | (13,54,107)
membrane by-step user definable programming, low risk
of contamination
. Cons: high cost and cell loss due to clumping
Sepax S-100 Consisting steps of . Pros: fast, automated processing, low risk of (56,58)
dilution and contamination
centrifugation using a . .
rotating syringe . Cons: high cost and cell loss due to clumping
Cobe 2991 Centrifugation . Pros: fast, automated processing, low risk of (5,50,115)
contamination
. Cons: high cost and cell loss due to clumping
Microfluidic method Diffusion-based . Pros: automated processing, elegant, effective (116,117)
extraction in for CPA removal for samples with small
microfluidic channels volumes
. Cons: hard to be scaled up for samples with
large volume
Dialysis through Dialysis across semi- . Pros: automated processing, effective CPA (118,119)
hollow-fiber dialyzer permeable hollow removal, low risk of contamination
fiber membranes L .
. Cons: optimization needed for samples with
small volume
Dilution-filtration Controlled dilution . Pros: fast, automated processing, low risk of (93)
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Table 4
DMSO-washing solutions

DMSO-washing solution References
10% dextran-40 and 5% HSA” in saline (39)(51)
PBS supplemented with 5% dextran-40, 5% ACD**-A and 1% HSA. (13)
10% ACD in saline (2)(50)
7.5% dextran-40 and 5% human albumin in saline (56)
One-third ACD-A anticoagulant+two thirds albumin 4% 74)
Saline solution with 10% acid citrate dextrose anticoagulant (5)
2.5% w/v HSA and 5% wi/v dextran-40 in isotonic saline (57)
15% ACD-A in RPMI-1640 medium (]
5% dextran, 2.5% human albumin, 10% acid citrate dextrose (ACD-A) (58)

*
HSA: human serum albumin,

*%

ACD: acid citrate dextrose.
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