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7.1	 �Introduction

The use of peripheral blood (PB) as the cell source for hematopoietic cell trans-
plant (HCT) has been steadily replacing the use of bone marrow (BM). Mobilized 
PB is the major source of HPC for autologous hematopoietic cell transplants 
(auto-HCT) and is currently being used for more than 75% of adult related and 
unrelated allogeneic hematopoietic cell transplants (allo-HCT) (Pasquini and Zhu 
2015). The number of autologous and allogeneic transplants in the USA and 
worldwide is constantly increasing, and the use of PB HPCs in the allogeneic 
transplant setting is increasing as well, despite its higher risk of graft-versus-host 
disease (GvHD) compared to BM grafts. The composition of PB products is dif-
ferent from the traditional BM.  They typically contain two- to fivefold more 
CD34+ progenitor cells and tenfold more T-cells. The collection by apheresis 
results in a relatively smaller volume with significantly lower red blood cell 
(RBC) volume (Snyder and Haley 2004; Kao 2009). Due to the high CD34+ con-
tent, PB products provide much faster hematological reconstitution than BM or 
Cord Blood (CB).  Development of new pharmacologic mobilization agents 
allowed graft collection from patients previously unable to mobilize enough HPC, 
thereby increasing the potential number of total collections and transplants (Brave 
et al. 2010; Keating 2011).
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7.2	 �Cryopreservation of Peripheral Blood Graft

The stability of fresh cellular products is time sensitive, and, if done properly, cryo-
preservation allows long-term storage of viable and potent HPCs. For autologous 
donors, cryopreservation is essential, allowing advanced collection of cells for later 
auto-HCT. This also allows collecting and storing enough cells for possible multiple 
future transplants, which is a common practice for multiple myeloma (MM) patients. 
The use of cryopreservation of HPC for allo-HCT is not as common. PB HPCs are 
collected from related or unrelated donors and are typically infused fresh, within 
<72  h of apheresis collection. The National Marrow Donor Program (NMDP) 
requires products from non-related donors to be used fresh, and any cryopreserva-
tion requires additional approval. However, cryopreservation can be a powerful tool 
for allogeneic products as well. Often the donor availability is limited due to the 
need to travel or other restrictions, or the transplant has to be delayed after the donor 
has already been mobilized for HPC. Additionally, any product leftovers can be 
stored for possible future use, thus eliminating the need to re-collect the donor, i.e., 
donor T lymphocytes.

To allow long-term storage, PB procured HPC products are usually cooled 
slowly at a controlled rate (see Chap. 6) and stored below −150 °C in a vapor 
phase liquid nitrogen (LN2) freezer. The most commonly used cryoprotectant is 
dimethyl sulfoxide (DMSO), but other molecules, such as hydroxyethyl starch 
(HES), are used in combination with DMSO. HES is a high-molecular-weight 
polymer that does not penetrate cells and is used clinically as plasma expander in 
hypotensive patients (Vercueil et al. 2005). It can stabilize RBC and reduce the 
sudden changes in osmolality that occur when thawing cryopreserved cells. 
Adverse events associated with HES are rare, and it was recently shown not to 
have an association with adverse events which were previously described 
(Bothner et al. 1998; Wagner et al. 2002; Pagano et al. 2016). A typical cryo-
preservation media comprises of an isotonic solution containing protein source, 
such as donor plasma or commercially available human serum albumin (HSA), 
and 5–10% DMSO.  Prolonged storage duration was not shown to affect HPC 
potency, and many studies have shown that cryopreserved HPC can retain 
engraftment potential for more than a decade (Spurr et  al. 2002; Donnenberg 
et al. 2002; Broxmeyer et al. 2003; Foïs et al. 2007).

7.3	 �DMSO Toxicity and Cryopreservation-Related Infusion 
Adverse Events

Cryopreservation can induce cell damage due to ice formation and dehydration 
(Mazur et  al. 1972). Lovelock and Bishop described the properties and use of 
DMSO for cryopreservation of living cells (Lovelock and Bishop 1959). DMSO is 
a rapid penetrating molecule that increases the tolerance of cells to the osmotic 
stress induced by cryopreservation. It was originally used as an anti-inflammatory 
reagent but was later found to cause an array of side effects when administered to 
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patients (Yellowlees et al. 1980; Runckel and Swanson 1980; Samoszuk et al. 1983). 
DMSO toxicity in HPC product infusion was shown to affect multiple organs 
including respiratory, cardiovascular, gastrointestinal, hepatic, and renal systems. 
Side effects related to infusion of thawed products are usually mild or moderate, 
most commonly nausea, vomiting, and hypertension. Other side effects such as 
abdominal cramps, chills, flushing, headaches, and diarrhea have been reported as 
well (Zambelli et al. 1998; Alessandrino et al. 1999; Sauer-Heilborn et al. 2004; 
Davis et al. 1990). Severe side effects are rare, but cardiovascular, neurological, and 
respiratory side effects have been reported, with some of them being severe or fatal 
(Windrum et al. 2005; Benekli et al. 2000; Zenhäusern et al. 2000; Rapoport et al. 
1991; Hoyt et al. 2000; Dhodapkar et al. 1994; Smith et al. 1987). The rate of side 
effects was shown to correlate with increase in DMSO volume (Davis et al. 1990). 
Beside DMSO toxicity, thawed products contain cell debris, toxin, and free hemo-
globin, and all of these substances can induce side effects when administered to 
patients.

Infusion toxicity was also shown to correlate with total nucleated cell (TNC) 
dose and granulocytes, which have reduced osmotic tolerance and tend to lyse 
releasing cytokines during cryopreservation (Foïs et al. 2007; Davis et al. 1990). 
RBCs lyse at thaw, and higher RBC concentration was shown to be associated with 
cardiac toxicity and arrhythmia (Alessandrino et al. 1999).

Besides DMSO’s toxicity to the patient, the same levels of DMSO that help 
maintain cells during cryopreservation can be lethal to the cells when thawed 
(Arakawa et al. 1990; Fahy 1986). DMSO destabilizes the phospholipid membranes 
at higher temperatures, increasing the membrane leakage and cell destruction 
(Arakawa et al. 1990; Anchordoguy et al. 1992). Therefore, thawing approaches of 
cryopreserved PB graft should either include steps to minimize the cell exposure 
time to DMSO or include measures that will remove DMSO rapidly after thaw.

7.4	 �Thawing Practices

Methods to process cryopreserved PB graft for transplantation should minimize cell 
loss, maintain cell viability, and prevent introduction of microbial contamination.

Thawing should be done rapidly to avoid the possibility of recrystallization of 
any small intracellular ice nuclei, and steps should be taken to reduce DMSO con-
centration to prevent potentially damaging osmotic swelling (Woods et al. 2000).

7.4.1	 �Bedside Thaw

Direct thaw and administration of a unit to the patient with no additional manipula-
tion are the most commonly used methods for infusion of cryopreserved PB graft 
for adult patients. It is often called bedside thaw because it is typically performed in 
adjacent to the patient bedside, thus limiting the time between thaw and infusion 
and reducing the potential damage to the cells from DMSO exposure.
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To maintain the product frozen, it is delivered in a validated container. Some 
centers transport the bags on dry ice that can maintain the temperature between −75 
and −80 °C; most transplant centers use liquid nitrogen-charged dry shippers that 
maintain the temperature below −135 °C. The thawing rate is as important as the 
cryopreservation rate. Rapid thaw can help reduce intracellular recrystallization of 
ice due to suboptimal cryopreservation procedure (Mazur 2004; Baust et al. 2009). 
HPCs are typically cryopreserved with low cooling rate (1 °C/min; see Chap. 6), but 
it was shown that thawing in 37 °C sustains higher cell viability compared to 4 °C 
(Bowman et al. 1996). Once ready to be thawed, the cryopreserved bag is removed 
from the dry shipper and is placed in an additional overwrap to prevent potential 
leaking in case of compromised bags. The wrapped unit is placed in a water bath 
containing sterile water validated to maintain temperature ranging between 37 and 
40 °C. The unit is removed from the water bath when all the ice crystals dissolve. 
Many laboratories use alternative dry warming devices, instead of a water bath for 
thawing. The advantage of these devices is the fact that the units do not have to be 
submerged in water, a potential source of microbial contamination, and the device 
cleaning between products is easy.

When a unit is thawed, it has to be administered to the patient promptly to reduce 
damage to the cells. If multiple units are required for the transplant, they will be 
thawed sequentially to ensure that the previous unit was infused without adverse 
reaction. Once thawed as described above, the product can be infused directly from 
the bag, or it can be transferred to a syringe. Infusion pumps are usually not used, 
and most centers infuse by gravity. The use of a syringe allows increasing the infu-
sion rate, but transferring the product to a syringe in the noncontrolled environment 
of the patient bedside does increase the risk of introducing contamination.

Bedside thaw is an easy method that does not require highly trained technologists 
and can be performed by the nurses in the unit, if trained properly. Additionally, it 
results in very little cell loss, especially if the empty bag is adequately flushed with 
saline. It is commonly used in adult patients that can tolerate relatively higher vol-
umes of DMSO compared to children.

The direct thaw method carries multiple disadvantages. Larger volumes of 
DMSO are associated with adverse outcomes, and poorly mobilized autologous 
patient often have to tolerate large infusion volume to achieve transplant CD34+ cell 
dose. To reduce the chance of side effects, the maximum recommended dose of 
DMSO is 1 mL/kg of recipient body weight per 24 h, which can sometimes force 
infusion over multiple days (AABB et al. 2016). Adverse events were reported for 
infusion of thawed PB HPCs, some of them severe or even fatal. Once the product 
is thawed, any delay in infusion can further subject the cells to potential damage due 
to exposure to relatively high concentration of DMSO, without the benefit of the 
stabilizing effect of the protein- or colloid-based wash or dilution solution. 
Additional downside is the fact that infusion preparation occurs outside of the con-
trolled laboratory environment, preventing characterization and confirmation of 
product cellular content. If samples are obtained at the bedside for retrospective 
testing, the cell integrity and viability might be compromised due to DMSO expo-
sure by the time they reach the laboratory.
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7.4.2	 �Clumping and the Use of Filter

Delayed infusion of thawed products can result in clumping formation. Granulocyte 
breakage results in release of toxins and DNA which were shown to result in clump-
ing. Clumping can clog the infusion access line and can pose additional risk to the 
patient. A 170-μm blood filter can be used to remove these clots and is used by many 
transplant centers (Alessandrino et al. 1999; López-Jiménez et al. 1994; Kessinger 
et al. 1990); some centers prefer not to use the filter due to potential HPC lost and 
blockage of the filter.

7.4.3	 �Thaw and Wash

The thawing and washing method is designed to reduce the volume of DMSO and 
other elements such as cell debris and cytokines and decrease additional long-term 
cell damage and potential infusion adverse reaction. There is immediate dilution of 
the thawed product with a solution containing protein, colloids, or anticoagulant 
additives. This helps stabilize the membrane and immediately reduces DMSO con-
centration and is followed by centrifugation step and removal of most of the DMSO 
and other toxins. Alternatively, automated wash procedures are used.

The wash procedure is performed in the controlled laboratory environment. The 
wash procedure is based on the method described by Rubinstein and colleagues for 
preparation of CB unit (Rubinstein et  al. 1995). The wash solution described in 
Rubinstein’s report is a mixture of Dextran 40 and HSA. Some laboratories use a 
similar solution for wash of PB HPC product. Additional solutions are described by 
others, which are usually an isotonic based buffer, such as saline or Plasmalyte A, 
combined with additives such as HSA and citrate dextrose (ACD-A) (Foïs et  al. 
2007; Scerpa et al. 2011; Syme et al. 2004). The wash solution is usually prepared 
on the day of infusion and maintained refrigerated until processing. The traditional 
method uses dilution of the product with the wash solution, followed by centrifuga-
tion for DMSO and debris removal. The cryopreserved bag is placed in an overwrap 
and thawed as described above. Multiple bags can be thawed at the same time. The 
thawed unit is slowly reconstituted with an equal volume wash solution and further 
diluted with the same solution. The maximal volume depends on the size of the 
thawed product and the transfer pack that is used. These typically range between 
300 and 600 mL. The cells are than centrifuged in 800–1000 × g for 10–20 min, 
usually in 4–10 °C. The supernatant is removed, and the cells are resuspended in the 
same solution to a final volume that is similar to the original cryopreserved product 
volume. This procedure removes most of the DMSO.

Unlike bedside thaw method, thawing and washing method is done in the con-
trolled laboratory environment with all critical steps being performed in the biologi-
cal safety cabinet, allowing sampling for prospective testing such as viability and 
potency. The major advantage of the wash procedure is the reduction in adverse 
reactions rates, probably due to the much lower volume of DMSO infused. Multiple 
studies have shown significantly lower infusion-related adverse effect of washed PB 
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graft compared to non-washed, across all types of side effects monitored (Syme 
et al. 2004; Sánchez-Salinas et al. 2012; Akkök et al. 2009). This method was proven 
to reduce DMSO osmotic damage and maintain cell viability. When compared to 
the bedside thaw method, cell viability is stable for many hours, providing longer 
expiration time (Rodríguez et al. 2005).

Despite all the benefits listed above, the thaw and wash procedure does carry 
some disadvantages. The wash and centrifugation steps are associated with pro-
genitor cell loss. Comparison studies report an average of 20% loss of TNC count 
post-wash and a similar loss of CD34+ cells (Syme et al. 2004; Akkök et al. 2009). 
Some of these cells can be recovered by applying a second centrifugation step, 
but this will increase the processing time and exposes the cells to additional dam-
age. Akokke and colleagues showed that although time to neutrophil engraftment 
was similar for washed and non-washed autologous products, platelet engraftment 
was significantly delayed for washed products, resulting in a significantly higher 
number of platelet transfusions for patients (Akkök et al. 2009). Another factor to 
be considered when choosing to use the wash procedure is the risk of bag break-
age. Although bag integrity can be compromised due to inappropriate bag sealing 
or during cryopreservation, the risk of bag breakage increases with any additional 
processing step, such as centrifugation. Compromised bag can result in major cell 
loss and potential microbial contamination. Lastly, it is also important to note that 
the thaw and wash method does require the availability of highly trained and quali-
fied laboratory technologists, and for small programs that perform few transplants 
per year, this can be challenging.

7.5	 �Expert Point of View

In order to determine how to prepare PB HPCs for infusion, transplant centers need 
to assess multiple factors including the transplant program setting, the patient 
demographics, and the availability of trained laboratory staff. By reviewing these 
factors and the pros and cons of each method, programs can perform a risk assess-
ment and come up with the best fitting approach.

Bedside thaw method is probably the most commonly used method for infu-
sion of previously cryopreserved PB HPCs and, if done properly, results most of 
the time in hematological reconstitution. But many studies have shown that 
direct infusion of previously cryopreserved PB HPCs results in occurrence of 
adverse events, mostly mild or moderate. Most of these adverse events are 
attributed to the presence of DMSO, which has dose-dependent toxicity (López-
Jiménez et al. 1994; Kessinger et al. 1990; Rowley et al. 1999). Factors such as 
TNC dose and granulocytes concentration are also shown to correlate with 
thawed autologous PB-mobilized HPC infusion adverse events (Cordoba et al. 
2007; Khera et al. 2012).

Despite the relatively higher rates of adverse events, small volume adult trans-
plant programs with limited availability of highly trained laboratory staff, or pro-
grams that do not have processing laboratory on site and use outside services, should 
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consider using the bedside thaw method. The method does not reduce the DMSO 
volume, or any other toxins, but is simple and requires no processing.

On the other hand, programs that serve pediatric patient population or high-risk 
patients (see text above) might consider using the thaw wash method to reduce 
DMSO toxicity. The main disadvantages of the latter method is the complexity of 
the process and the risk of cell loss, but most comparison studies have shown no 
differences in neutrophil and platelet engraftment time between the methods, and 
sometimes the wash method results in a slightly shorter engraftment time, probably 
due to higher cell viability. All studies comparing infusion side effect outcomes 
demonstrate significantly lower rates for the washed products. This is the main rea-
son to use the wash procedure, especially when serving very frail or pediatric patient 
population. This method removes most of the DMSO and other toxins and sustains 
cell viability for extended time.

7.6	 �Future Direction

Future efforts should be directed to improve and standardize cell/graft manufactur-
ing, cryopreservation, and thawing of hematopoietic graft. Better understanding of 
the mechanism of cell damage by cryopreservation will help optimize the process. 
That should include parameters such as sample harvest and preparation, optimal cell 
concentration, additives used in the process, freezing curves, and more. Additionally, 
development of alternative, less toxic cryoprotectant agents will reduce the need to 
wash cells and will result in more stable products with lower toxicity.

There are constantly ongoing attempts to develop alternative cryoprotecting mol-
ecules either without or with reduced DMSO concentration (Bakken et al. 2003; 
Zeisberger et al. 2011). Disaccharide molecules such as trehalose and sucrose were 
shown to maintain membrane and protein integrity during cryopreservation, and 
their combination with DMSO concentration as low as 2.5% in cryopreservation of 
CB was shown to be compatible with the traditional 10% DMSO concentration 
(Woods et al. 2000; Rodrigues et al. 2008; Zhang et al. 2003). Recent publication by 
Svalgaard and colleagues explored the use of low-molecular-weight carbohydrate 
Pentaisomaltose (PIM) as an alternative to DMSO in cryopreservation of PB grafts. 
They demonstrated that progenitor cell recovery and potency were similar between 
PB products cryopreserved with PIM and DMSO (Svalgaard et al. 2016).

Automated wash devices are available for many years but are not often used by 
processing facility for PB HPC wash. They are expensive, require additional train-
ing, and are associated with the risk of additional HPC loss. Few automated devices 
were evaluated for washing of cryopreserved HPC products. Automated washing 
systems can provide a uniform standardized method that, if done properly, can 
increase cell recovery and reduce potential introduction of microbial contamina-
tion during processing. Some of these are 510(k) devices licensed for a specific 
use, and others have more usage flexibility. Regardless, each device has to be vali-
dated for the specific cell source use. Different automated devices were shown by 
few groups to result in high cell recovery and viable progenitor cells (Foïs et al. 
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2007; Scerpa et  al. 2011; Sánchez-Salinas et  al. 2012; Rodríguez et  al. 2005; 
Perotti et al. 2004). All systems apply a single-use disposable set and different cell 
separation methodology. They were all shown to remove most of the DMSO and 
result in high CD34+ cell recovery. TNC recovery with these systems is usually 
between 75% and 90%, probably due to removal of granulocytes that do not sus-
tain the cryopreservation and thawing process. Fois and colleagues used the tradi-
tional COBE 2991 cell washer, which uses centrifugal force to separate cells based 
on their type, size, and density, to wash cryopreserved PB HPCs. They reported 
substantial TNC loss, mainly due to granulocyte presence, and high CD34+ cell 
recovery. Few groups demonstrated the use of SEPAX cell processing system 
(Biosafe, Switzerland), a device designed as CB processing system, for washing of 
PB HPCs. This device separates cellular components through rotation of the 
syringe chamber and component transfer through a syringe piston. The wash with 
SEPAX proves to be at least as good as the manual wash method (see text above) 
and results in high CD34+ cell recovery (Scerpa et al. 2011; Sánchez-Salinas et al. 
2012), CytoMate (Baxter, Chicago, IL), a spinning membrane against cell separat-
ing device, was shown to remove more than 95% of DMSO from products and 
recover more than 80% of CD34+ cells. The products resulted in significantly lower 
rates of infusion adverse reactions, and as demonstrated for washed products, time 
to neutrophil platelet engraftment was compatible to non-washed products, regard-
less of the TNC loss (Rodríguez et al. 2005; Calmels et al. 2003; Lemarie et al. 
2005). Few other devices, such as the Lovo Cell Processing System (Fresenius 
Kabi), were introduced in the last few years. The expansion of the cellular therapy 
field and the introduction of new therapies encourage the industry to manufacture 
smaller and better applications for cell processing that are also in compliance with 
good manufacturing practices (GMPs).
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