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Background and objectives: Dimethyl sulfoxide has become the most common cryoprotectant

used for cryopreservation of hematopoietic progenitor cells because of its efficiency,

regardless of its potentially toxic side effects. Its application is considered safe, provided

thatxr the daily dose administered does not exceed 1 gram per kilogram of patient weight.

Indications for its reduction after thawing are limited to patients with high risk of malig-

nant arrhythmia and those with severely impaired renal function. However, dimethyl sulf-

oxide reduction can lead to the loss of viable progenitors.

Methods: A retrospective study of viable hematopoietic progenitor cell recovery after

dimethyl sulfoxide reduction was performed with 13 patients (nine men, four women) with

secondary amyloidosis in multiple myeloma (n = 9), primary amyloid light chain amyloid-

osis (n = 3), or severe adverse reaction at the beginning of the hematopoietic progenitor cell

concentrate infusion (n = 1). TheWilcoxon signed-rank test was used.

Results: The results of the dimethyl sulfoxide reduction process showed a high recovery of

viable nucleated cells (median: 120.85%), and of viable mononuclear cells (median:

104.53%). There was a significant decrease in total number of viable CD34+ cells in compari-

son with data obtained after original collection (median: 51.49 %). No significant decrease in

colony-forming unit capacity was observed after dimethyl sulfoxide reduction (median:

93.37%).

Conclusion: The dimethyl sulfoxide removal process and total process recoveries revealed

considerable individual variability. To minimize the risk of prolonged engraftment or non-

engraftment, it is important to apply this process only to high-risk patients.

� 2025 Published by Elsevier España, S.L.U. on behalf of Associação Brasileira de Hematolo-

gia, Hemoterapia e Terapia Celular. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1 Introduction

2 After a period of using glycerol for the cryopreservation of

3 hematopoietic progenitor cells (HPCs) [1], dimethyl sulfoxide

4 (DMSO) has become the most commonly used cryoprotectant

5 for this purpose because of its high cryoprotective efficiency

6 and rapid penetration across cell membranes [2−4]. The great

7 advantage of its use is the possibility of infusing the thawed

8 cell product without removing the cryoprotectant, which was

9 not possible with glycerol. However, the potential toxicity of

10 DMSO has given rise to debates on the safety of its use. Cases

11 of adverse reactions such as increased heart or respiratory

12 rate, facial flushing, increased or decreased blood pressure,

13 dyspnea, nausea, and vomiting have been described after

14 infusion of HPC concentrates containing DMSO [3−9]. DMSO

15 toxicity is dose-dependent. Therefore, strategies are being

16 developed to neutralize the toxicity, to reduce the concentra-

17 tion of the cryoprotectant, or to wash it off before clinical

18 administration. Infusion of an HPC product containing DMSO

19 is generally accepted as safe in concentrations below 10% (v/

20 v) [10] under the condition that the maximal daily dose of

21 DMSO does not exceed 1 g per kg patient body weight [11,12].

22 While the above-mentioned symptoms usually cause only

23 transient discomfort for the patient, serious adverse reactions

24 have been described in patients with preexisting cardiovascu-

25 lar, respiratory, renal or central nervous system diseases,

26 sometimes with fatal outcomes [6−8,13]. In the practice of

27 University Hospital Hradec Kr�alov�e, the most frequent medi-

28 cal indications for DMSO reduction are chronic renal failure

29 caused by secondary amyloidosis in multiple myeloma and

30 primary or secondary amyloidosis of the heart.

31 Themost widely used technique in DMSO washing is grad-

32 ual dilution of the cell suspension with its subsequent centri-

33 fugation and the addition of cryoprotectant-free solution

34 [14,15]. The degree of dilution and the composition of the

35 washing solution are usually adjusted to minimize osmotic

36 changes. The components of the washing medium should be

37 acceptable from a clinical point of view, i.e., it should not con-

38 tain components of animal origin and should contain regis-

39 tered drugs, and use CE-certified medical devices, or products

40 approved by the national competent authority (State Institute

41 for Drug Control in the Czech Republic) [15]. In clinical prac-

42 tice, certified saline solutions/electrolytes, such as 0.9 % NaCl,

43 Normosol-R� (Hospira, Inc., USA), Plasma-Lyte 148� (Baxter,

44 USA), Ringer’s solution (B. Braun, Germany) with dextran-40

45 (5−10%), human serum albumin (1−5%), hydroxyethyl starch

46 (HES - 3−6%), or acid citrate dextrose anticoagulant are

47 acceptable. These media are often supplemented with dex-

48 tran-40, HES, or human serum albumin at various concentra-

49 tions [16−19].

50 Commercially available closed automatic systems devel-

51 oped for hematopoietic cell grafts, which are usually charac-

52 terized by large-transplanted volumes, can also be used to

53 wash out cryoprotectants. Examples of such systems are

54 devices based on the principle of dilution and subsequent

55 centrifugation, e.g., the COBE� 2991 Cell Processor (Terumo

56 BCT, Inc.), Sepax S-100� (Sepax 2 S-100), and Biosafe SA� (GE

57 HealthCare) [13,15,17,19,20], or on the principle of dilution

58 and subsequent filtration, e.g., the Haemonetics ACP215

59Automated Cell Processor� (Haemonetics Corp), CytoMate�

60(Baxter/Nexell), or Lovo� (Fresenius Kabi) [13,15,21,22].

61Our clinical center has long experience with autologous

62HPC transplantation in multiple myeloma [23], and the

63infused DMSO dose is far below the limit [24] in most cases. A

64controlled study performed by Horacek et al. [25] did not

65report any differences in monitored vital functions between

66infusions of autologous and allogeneic HPC concentrates.

67Nevertheless, in a minority of cases, it was necessary to split

68the HPC dose over several days [24,26].

69This retrospective study reviewed cases of primary or sec-

70ondary amyloidosis as a complication of multiple myeloma

71treated by HPC autologous transplantation requiring DMSO

72reduction. Data regarding the influence of the freezing/thaw-

73ing and DMSO reduction processes on the content of nucle-

74ated cells (NC), mononuclear cells (MNC), and CD34+ cells

75were analyzed. This analysis included pre- and post-process

76viability, the recovery of viable cells, and repopulation

77potency, asmeasured by the colony-forming unit-granulocyte

78macrophage (CFU-GM) assay, for samples contained within

79one 100mL cryobag.

80Methods andmaterials

81Patients and study design

82A retrospective study of the influence of freezing/thawing and

83the DMSO removal process on HPC concentrate parameters

84was conducted in 2013−2022. Thirteen patients were

85included. The inclusion criteria this study were complete doc-

86umentation, initial NC concentration not exceeding 400£109/

87L, and processing within 24 h after collection. The DMSO was

88reduced to approximately a quarter of the initial concentra-

89tion and no more than two 100mL bags were infused per day.

90For the purpose of this analysis, data from only one washing

91process of one 100mL cryobag from the total of three or four

92cryobags of HPC concentrate obtained by one leukapheresis

93and stored for clinical application were compared. The pro-

94cess of HPC leukapheresis, transport, processing, and applica-

95tion is presented in Figure 1.

96HPC stimulation and collection

97The HPCs were collected by leukapheresis after mobilization

98by cyclophosphamide (2.5 g per m2 of the patient body surface

99area) and granulocyte colony-stimulating factor (10 mg per kg

100of the patient weight) at a separator, namely Cobe Spectra or

101Spectra Optia (Terumo BCT, USA). Melphalan (140 or 200mg

102per m2 of the patient body surface area) was used for condi-

103tioning.

104HPC cryopreservation

105After transport to the tissue establishment, collected HPCs

106were processed in a laminar flow cabinet and under a lami-

107nary ceiling that adhered to Grade A purity with Class B back-

108ground within 24 h of the harvest. A standard

109cryopreservation protocol for autologous HPCs using CE-certi-

110fied DMSO (WAK Chemie GmbH, FRG) in a final concentration
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111 of 10% (v/v), and HES (Voluven 10%, Fresenius Kabi, GmbH,

112 FRG) in the final concentration of 5% supplemented with 20%

113 (v/v) human serum albumin (5mL per 100mL) were used.

114 Three or four cryobags containing 70−100mL of HPC suspen-

115 sion were created from the initial collection bag with a mean

116 volume of 194mL (154−205mL) and were frozen in a pro-

117 grammable freezer (Planer Biomed, England) with a cooling

118 rate of 1 °C/min to �90 °C and 5 °C/min to �150 °C. Cryopre-

119 served HPCs were stored in the vapor phase of liquid nitrogen

120 at a temperature below �160 °C in a biological container

121 (Chart MVE, USA) with automatic filling and continuous tem-

122 perature recording. The average time of storage was 103 days

123 (range: 26−679 days).

124 DMSO reduction

125 According to the results of estimation of the dose CD34+ cells

126 from thawed control samples, the treating physician decided

127 to use one or more bags. Metal cassettes containing bags with

128 cryopreserved HPCs were removed from the storage container

129 and thawed in a water bath at 37 °C. The thawing of each bag

130 took approximately five minutes. The thawed bags were

131 transferred to a clean room and further processed in the lami-

132 nar flow cabinet (Grade A with Class B background). The total

133 volume of each bag (mean 98mL; range: 70−100mL) was

134 transferred to the washing bag, and was mixed with 258mL

135 of HES and 42mL of ACD-A solution (Fresenius Kabi, GmbH,

136 FRG). Then, the cell suspension was centrifuged for 20min at

137 400 g at 4 °C in the adjacent room (Grade C). In all, 300mL of

138 the supernatant was removed again in the laminar flow cabi-

139 net after the centrifugation. The total time for the DMSO

140 removal of each bag was approximately one hour. Bags con-

141 taining washed HPCs were appropriately labeled and trans-

142 ferred to the clinical department in an insulated box at a

143 temperature of 2−8 °C. The content was administered to the

144 patient within two hours after thawing, without any

145complications. The infusion time of each bag was approxi-

146mately ten minutes.

147Sampling and quality control tests

148The following quality parameters of collected, cryopreserved,

149and DMSO‑depleted concentrates were determined: hemato-

150crit and blood count including detailed white blood cell differ-

151ential, total number of viable NC (TNC), MNC, and CD34+,

152CFU-GM, and sterility.

153Hematological parameters were determined by an auto-

154mated hematological analyzer Sysmex XN3000 (Sysmex,

155Japan). CD34+ phenotyping and viability determination was

156performed with the flow cytometer FACS (fluorescence-acti-

157vated cell sorting) Navios (Beckman Coulter, USA) using SW

158Kaluza, Version 1.2 (Beckman Coulter, USA). Cell suspension

159was incubated with the anti-CD34-PE and anti-CD45-FITC

160monoclonal antibodies (Beckman Coulter, USA), and 7-AAD

161(Beckman Coulter, USA) as a vital dye.

162Sterility testing was performed using a Bactalert (type BTA

1633D 240, SW version B 50, BioM�erieux, France) automatic

164microbial detection system situated in a clean room (Grade A

165with a Class B background) according to Czech Pharmaco-

166poiea [27].

167During CFU-GM assay in a biohazard safety cabinet certi-

168fied for level II handling of biological materials, the defined

169amount of HPC suspension was diluted in Iscove’s modified

170Dulbecco’s medium (Sigma Aldrich, Czech Republic) and then

171cultured in a semi-solid matrix (Metho-CultTM, StemCellTM

172Technologies, USA) in Petri dishes. Cultivation took place in

173an incubator set at 37 °C with 5% CO2 in air and ≥95% humid-

174ity (BBD Herasafe, USA). An inverted microscope (Olympus CK

17540, Japan) was used for colony counting. To perform counting

176of CFU-GM, colonies were observed after 14 days in culture,

177using 10£ objective (50−100£ magnification) according to

178Czech Pharmacopoiea [28].

Figure 1 –Diagram of hematopoietic progenitor cell collection, processing, and application.WBC: white blood cell; CFU-GM: col-

ony forming unit-granulocyte macrophage; DMSO: dimethyl sulfoxide
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179 Cell recovery calculation

180 Values of individual parameters were compared: total num-

181 ber of viable NC, MNC, and CD34+ cells after collection, after

182 cryopreservation, and after DMSO reduction. Recoveries of

183 the individual phases of the DMSO reduction process such as:

184 (1) freezing/thawing process, (2) DMSO removal, and (3) the

185 total process (freezing/thawing +DMSO removal) were calcu-

186 lated according to the following equation:

Recovery ¼

parameter x viability post � process

parameter x viability pre� process
x 100

187

188 Statistical methods

189 The processes described above were evaluated using total

190 numbers of viable NC, MNC, CD34+ cells and CFU-GM. The

191 data were statistically evaluated using MS Excel 2016 (Micro-

192 soft Corp., Redmond, WA, USA) and NCSS 10 statistical soft-

193 ware (2015, NCSS, LLC., Kaysville, UT, USA, and available N

194 ncss.com/software/ncss [accessed on 21 April 2023]).

195 Because the measured data did not exhibit a normal distribu-

196 tion, the median and the first and third quartiles (1st Q, 3rd Q)

197 were utilized as descriptive statistics. Bonferroni correction of

198 the alpha significance level was used for multiple data com-

199 parisons. The data were compared using the Wilcoxon

200 signed-rank test at the corrected alpha value a = 0.017. Corre-

201 lation analysis between the number of viable CD34+ cells and

202 CFU-GM after thawing and DMSO removal was conducted.

203 Results

204 Study inclusion criteria were met by 13 patients (nine men

205 and four women) with an average age of 58 years (range: 44

206 −70 years) and weight of 80 kg (range: 52−103 kg). The retro-

207 spective study period was 2013−2020. The whole process of

208 HPC collection, transport, processing, and administration is

209 presented in Figure 1. Twelve patients had a diagnosis of pri-

210 mary amyloidosis or secondary amyloidosis as a complication

211 of multiple myeloma, and one patient (No. 3) had an allergic

212adverse reaction to DMSO at the beginning of HPC infusion

213(Table 1).

214Cell parameters of key processes

215Descriptive statistics (median, 1st and 3rd quartile) of HPC key

216parameters characterizing individual processes, such as leu-

217kapheresis, freezing/thawing, and DMSO removal process are

218presented in Tables 2, 3, and 4. These parameters were com-

219pared using the Wilcoxon signed-rank test with the aim of

220finding any significant differences between the values charac-

221terizing the pre- and post-processes. The freezing/thawing

222process significantly reduced the NC and MNC viability, TNC

223as well as the CFU-GM dose per kg of patient weight. The

224doses of MNC per kg and CD34+ cells per kg were not affected,

Table 1 – Data of patients included in the retrospective study.

Patient
number

Sex Age
(year)

Weight
(kg)

Diagnosis/reason for washing

1 male 55 81 Multiple myeloma - secondary amyloidosis - suspected amyloidosis of heart

2 female 61 52 Primary amyloidosis of bone marrow, liver, and kidneys

3 male 48 94 Multiple myeloma - allergic adverse reaction (DMSO)

4 male 56 91 Multiple myeloma - secondary amyloidosis - suspected amyloidosis of heart

5 female 55 80 Multiple myeloma - secondary amyloidosis of kidneys

6 female 57 61 Multiple myeloma - secondary amyloidosis - suspected amyloidosis of heart

7 male 69 93 Primary amyloidosis of liver and lungs

8 female 51 58 Multiple myeloma - secondary amyloidosis of gastrointestinal tract and kidneys

9 male 44 102 Multiple myeloma - secondary amyloidosis - suspected amyloidosis of heart

10 male 58 84 Multiple myeloma - secondary amyloidosis of duodenum and heart

11 male 66 77 Multiple myeloma - secondary amyloidosis of gastrointestinal tract

12 male 59 67 Primary amyloidosis of bone marrow and kidneys

13 male 70 103 Multiple myeloma - secondary amyloidosis - suspected amyloidosis of heart

Table 2 – Descriptive statistics of the data characterizing
freezing/thawing process, and their comparison using
the Wilcoxon signed-rank test. Data obtained from 13
patients.

Parameter Pre-process
(leukapheresis)
median (Q1;
Q3)

Post-process
(freezing-
thawing)
median (Q1;
Q3)

p-value

TNC/kg (x 108) 2.46 (1.96; 4.01) 1.79 (1.24; 3.04) 0.006*

NC viability ( %) 100 (100; 100) 82 (74; 95) 0.002*

TMNC/kg (x 108) 1.51 (0.80; 1.78) 1.40 (1.01; 2.09) 0.364

MNC viability

(%)

100 (100; 100) 87 (92; 99) 0.002*

MNC fromTNC

(%)

56 (33; 66) 70 (60; 83) 0.002*

CD34+/kg (x 106) 3.71 (1.64; 6.15) 3.88 (1.42; 6.84) 0.529

CD34+ from

TNC (%)

1.33 (0.80; 2.00) 1.63 (0.87; 2.09) 0.014*

CFU-GM/kg (x

105)

2.97 (1.71; 4.05) 1.68 (1.42; 2.91) 0.002*

* Statistically significant differenceTNC: total number of viable nucleated

cells; NC: nucleated cells; TMNC: total number of viable mononuclear cells;

MNC mononuclear cells; CFU-GM: colony forming unit-granulocyte

macrophage.
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225 and the post-thaw MNC percentage increased significantly

226 (Table 2).

227 The DMSO removal process significantly reduced MNC via-

228 bility and the percentage of CD34+ cells from leukocytes.

229 Other parameters were not significantly affected (Table 3).

230 Data from leukapheresis indicated that the DMSO removal

231 process significantly reduced the number of viable NC and

232 MNC, the percentage of CD34+ cells from leukocytes, CD34+

233 cells, and CFU-GM dose per patient body weight (Table 4).

234 Results of sterility determination

235 Sterility was verified in all samples after cryopreservation and

236 after DMSO removal. All evaluated samples were sterile.

237 Post-thaw recovery of key hematopoietic progenitor cells

238 parameters

239 Figures 2, 3, and 4 show HPC recoveries estimated from the

240 thawed cryobags. Figure 2 shows that after cryopreservation

241 and thawing, the number of all NC was reduced, and CD34+

242 cell potency was also reduced.

243 Figure 3 shows greater inter-individual differences in cell

244 recovery for TNC, TMNC, and CD34+. Recoveries expressed as

245 medians (Q1; Q3) were: TNC 120.85% (61.16%; 154.16%),

246 TMNC 104.53% (38.98%;139.27 %), CD34+ 51.49% (40.35 %;

247 91.82%) and CFU-GM 93.37% (90.86%; 97.59%) on comparing

248 values obtained after freezing/thawing and after DMSO

249 removal.

250 Figure 4 shows that DMSO removal decreased TNC, HPC

251 potency and CD34+ content. Recoveries, expressed as

252 medians (Q1; Q3), were: TNC 83.98% (42.62%; 95.26 %), TMNC

253 98.71% (57.00%; 166.40%), CD34+ 50.69 % (35.90%; 95.96 %),

254and CFU-GM 74.80% (57.92%; 85.07%), on comparing values

255obtained after leukapheresis and after DMSO removal.

256Results of correlation analysis between CFU-GM and

257CD34+ cells

258Table 4 shows considerable decreases in CFU-GM and

259CD34+per kg after DMSO removal. Using Evans Handbook [29],

260the correlation between post-thaw values of viable CD34+

261content and CFU-GM content was found to be significant

262(r = 0.751; p-value = 0.003) (Figure 5). A comparable result was

263found after DMSO removal (r = 0.814; p-value = 0.001) (Figure 6).

264

265Engraftment of neutrophils and platelets

266In the group of patients with DMSO removal, the engraftment

267in neutrophils was on average 13.81§ 2.58 days and of the

268platelets it was 13.77§ 2.36 days, which was compliant with

269the European Society for Blood and Marrow Transplantation

270(EBMT) Handbook criteria [30]. Engraftment did not exceed

271the 21-day threshold for any patient.

272Discussion

273Glycerol was used as a cryoprotectant in the first autologous

274hematopoietic cell transplantations performed before the

275start of the regular hematological transplantation program at

276University Hospital Hradec Kr�alov�e, [31,32]. Later, the use of

277DMSO was introduced, and washing was performed as stan-

278dard. Since the beginning of 1994, routine washing of DMSO

279was stopped, and the rule applied abroad was followed,

280namely that the daily dose of DMSO per kg of the recipient’s

Table 3 – Descriptive statistics of the data characterizing
dimethyl sulfoxide removal process, and their compari-
son using the Wilcoxon signed-rank test. Data obtained
from 13 patients.

Parameter Pre-process
(freezing-
thawing)
median (Q1;
Q3)

Post-process
(DMSO
removal)
median (Q1;
Q3)

P value

TNC/kg (x 108) 1.79 (1.24; 3.04) 1.79 (1.37; 2.20) 0.576

NC viability ( %) 82 (74; 95) 78 (69; 85) 0.025

TMNC/kg (x 108) 1.40 (1.01; 2.09) 1.40 (0.87; 1.75) 0.402

MNC viability

(%)

87 (92; 99) 87 (83; 92) 0.002*

MNC from TNC

(%)

70 (60; 83) 63 (47; 83) 0.081

CD34+/kg (x 106) 3.88 (1.42; 6.84) 1.76 (1.13; 3.65) 0.018

CD34+ from

TNC ( %)

1.63 (0.87; 2.09) 0.90 0.51; 1.51) 0.002*

CFU-GM/kg (x

105)

1.68 (1.42; 2.91) 1.82 (1.31; 2.71) 0.133

* Statistically significant differenceTNC: total number of viable nucleated

cells; NC: nucleated cells; TMNC: total number of viable mononuclear cells;

MNC mononuclear cells; CFU-GM: colony forming unit-granulocyte

macrophage.

Table 4 – Descriptive statistics of the data characterizing
total dimethyl sulfoxide removal process, and their com-
parison using Wilcoxon signed-rank test. Data obtained
from 13 patients.

Parameter Pre-process
(leukapheresis)
median (Q1;
Q3)

Post-process
(DMSO
removal)
median (Q1;
Q3)

P value

TNC/kg (108) 2.46 (1.96; 4.01) 1.79 (1.37; 2.20) 0.036

NC viability (%) 100 (100; 100) 78 (69; 85) 0.002*

TMNC/kg (108) 1.51 (0.80; 1.78) 1.40 (0.87; 1.75) 0.944

MNC viability

(%)

100 (100; 100) 87 (83; 92) 0.002*

MNC from TNC

(%)

56 (33; 66) 63 (47; 83) 0.036

CD34+/kg (106) 3.71 (1.64; 6.15) 1.76 (1.13; 3.65) 0.010*

CD34+ from

TNC (%)

1.33 (0.80; 2.00) 0.90 0.51; 1.51) 0.003*

CFU-GM/kg

(105)

2.97 (1.71; 4.05) 1.82 (1.31; 2.71) 0.006*

* Statistically significant differenceTNC: total number of viable nucleated

cells; NC: nucleated cells; TMNC: total number of viable mononuclear cells;

MNC mononuclear cells; CFU-GM: colony forming unit-granulocyte

macrophage.
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281 weight should not exceed 1 g. Nevertheless, certain doubts

282 persisted in the Czech Republic about the clinical use of

283 DMSO, especially with regard to the quality of the product

284 [12]. These doubts were definitively resolved in 1996 when the

285State Institute for Drug Control fully accepted DMSO for use.

286This acceptance, however, mandated laboratory testing of

287DMSO products at individual transplantation centers until a

288clinically applicable CE-marked product became available in

Figure 2 –Recovery (%) of key hematopoietic progenitor cell parameters after the freezing/thawing process, comparing data

from collection and after freezing/thawing. Blue, orange, and yellow points denote outliers. TNC: total number of viable nucle-

ated cells; TMNC: total number of viable mononuclear cells; CFU-GM: colony forming unit-granulocyte macrophage.

Figure 3 –Recovery (%) of key hematopoietic progenitor cell parameters after the dimethyl sulfoxide removal process, compar-

ing data after freezing/thawing process and after dimethyl sulfoxide removal.TNC: total number of viable nucleated cells;

TMNC: total number of viable mononuclear cells; CFU-GM: colony forming unit-granulocyte macrophage
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289 the Czech Republic. If the DMSO daily dose exceeded the rec-

290 ommended limit, the infusions were spread over several days

291 [12].

292 Currently, there are new trends, the goal of which is either

293 to find other equally effective cryoprotective solutions or to

294 reduce the risk of adverse reactions [15]. In general, the rule

295 of "three Rs" − Replace, Reduce, Remove [33] − is applied.

296 This involves the search for suitable combinations with well-

297 known, but individually less effective, cryoprotectants such

298 as ethylene glycol, hydroxycellulose, sucrose, maltose, treha-

299 lose, and also some macromolecules (dextran,

300polyvinylpyrrolidone, etc.) [13]. Automatic washing systems

301working in a closed system are available. Compared with clas-

302sic manual DMSO washing, their advantage is high viability of

303HPCs and minimal risk of microbial contamination. The dis-

304advantage is the high price of the device [13,17,19,20].

305Previous studies at this center with multiple myeloma

306patients who underwent autologous transplantation dem-

307onstrated that DMSO doses per kg administered at trans-

308plantation were, in the majority of cases, well below the

309maximum allowable daily dose [24]. The problem is posed

310by occasional poorly mobilized patients, with whom it was

Figure 4 –Recovery (%) of key hematopoietic progenitor cell parameters after dimethyl sulfoxide removal, comparing data at

collection and after dimethyl sulfoxide removal.TNC: total number of viable nucleated cells; TMNC: total number of viable

mononuclear cells; CFU-GM: colony forming unit-granulocyte macrophage

Figure 5 –Correlation between post-thaw values of CD34+ cell content and colony forming unit-granulocyte macrophage (CFU-

GM) content (r = 0.751; p-value = 0.003).
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311 necessary to split the transplant dose into two after sev-

312 eral days.

313 In accordance with Yang et al. [34], this study demon-

314 strated a correlation between the level of CD34+ cells and

315 CFU-GM content. This correlation does not mean, however,

316 that in individual cases such a correlation may not exist as

317 demonstrated by Watts et al. [35] and Morgestern et al. [36].

318 The results of this study for the CD34+ cell freeze/thaw recov-

319 ery process were higher that the results of Yang et al. [34],

320 who established a median recovery of viable CD34+ cells in

321 the freeze/thaw process of 66.4% (versus 90.18 % in the pres-

322 ent study), and CFU-GM of 63.0 % (versus 80.6 % in the present

323 study). This difference can be explained by more efficient cry-

324 oprotection based on a combination of DMSO and HES. Mean

325 CD34+ cell recovery after manual DMSO removal, as deter-

326 mined by Chen et al. [37] using Trypan blue solution, was

327 85.4% which was higher than the present results determined

328 by flow cytometry.

329 The results of this study were achieved in a relatively

330 small group, as DMSO reduction after thawing was performed

331 only for patients with a known higher risk of arrhythmia

332 (amyloidosis of the heart) or who were at risk of impaired

333 elimination of the DMSO (renal failure caused by amyloidosis

334 of the kidney). In only one case, the removal of DMSO was not

335 planned but was performed in an emergency situation,

336 namely a severe adverse reaction after initiation of an infu-

337 sion of thawed concentrate.

338 It was confirmed that the removal of DMSO by washing the

339 cells leads to a significant decrease in the viability of MNCs

340 and the dose of CD34+ cells per kg of recipient weight (Table 2)

341 and that the results of the washing process and of the entire

342 process show large individual differences. Decreased viability

343 may be a manifestation of cryopreservation-induced delayed

344 cell death [38]. Nevertheless, in all these patients, a sufficient

345 dose was administered, and delayed engraftments of

346neutrophils or platelets were not reported. In our practice, we

347routinely estimate the dose of CD34+ cells and CFU-GM from

348thawed control samples, always comparing the resulting val-

349ues with the doses determined before cryopreservation.

350The results of this study confirm that DMSO washing

351should be limited to indicated cases only, which is in line

352with the European Directorate for the Quality of Medicines &

353HealthCare (EDQM) 2022 recommendation [11]. Another prob-

354lem is that the result of determining the washed product ste-

355rility is known only after administration to the recipient.

356However, this risk is minimal if the thawed product is han-

357dled in purity Grade A clean rooms with Class B background.

358We still regard the use of DMSO as safe if the daily dose of

3591 g per kg is not exceeded [11].

360Conclusion

361DMSO removal should only be performed in indicated cases,

362as it leads to significant loss of progenitor cells. Despite the

363fact that data from only 13 patients were analyzed and that

364the resulting CD34+ dose was suboptimal, engraftments were

365achieved in all cases. The minimal CD34+ dose should be

3661£ 106 per kg of patient body weight with optimum being

3672£ 106 per kg of patient body weight as recommended by

368EBMT standards. Determination of the CD34+ level should be

369performed simultaneously with determination of CFU-GM to

370minimize the risk of prolonged engraftment or non-engraft-

371ment.

372Financial disclosure statement

373This study was supported by MH CZ-DRO (UHHK, 00179906).

Figure 6 –Correlation between the CD34+ cell content and colony forming unit-granulocyte macrophage (CFU-GM) content after

dimethyl sulfoxide removal (r = 0.814; p-value = 0.001).

ARTICLE IN PRESS

Please cite this article as: M. Jandov�a et al., Post-thaw dimethyl sulfoxide reduction in autologous peripheral blood progenitor cell suspensions,
Hematology, Transfusion and Cell Therapy (2025), https://doi.org/10.1016/j.htct.2025.103965

8 hematol transfus cell ther. 2025;xxx(xx):103965

https://doi.org/10.1016/j.htct.2025.103965


374 ContributionsQ2 X X

375 M.J., M.L., and P.M.: study design, writing, editing; M.J. and J.G.:

376 practical performance of the DMSO reduction and data collec-

377 tion; A.B.: statistical analysis of data; D.C. and J.R.: review and

378 editing.

379 Conflicts of interest

380 The author declares no conflicts of interest.

381 Data availability statement

382 The data will be available upon request to the corresponding

383 author.

384 r e f e r enc e s

385 [1]. Pegg DE, Trotman RE. The preservation of human bone mar-
386 row at -79 c: a temperature-controlled method of two-stage
387 cooling. J Clin Pathol. 1959;12(5):477–82.
388 [2]. Acker J, Bondarovych M, Brunotte R, et al. Preservation and
389 storage of cells for therapy: current applications and proto-
390 cols. In: Gimble JM, Marolt Presen D, Oreffo ROC, Wolbank S,
391 Redl H, eds. Cell engineering and regeneration, Reference
392 series in biomedical engineering, Cham: Springer; 2022..
393 ISBN: 978-3-319-37076-7.
394 [3]. Hornberger K, Yu G, McKenna D, Hubel A. Cryopreservation
395 of hematopoietic stem cells: emerging assays, cryoprotec-
396 tant agents, and technology to improve outcomes. Transfus
397 Med Hemother. 2019;46(3):188–96.
398 [4]. Syme R, Bewick M, Stewart D, Porter K, Chadderton T, Gl€uck
399 S. The role of depletion of dimethyl sulfoxide before auto-
400 grafting: on hematologic recovery, side effects, and toxicity.
401 Biol Blood Marrow Transplant. 2004;10(2):135–41.
402 [5]. Ruiz-Delgado GJ, Mancías-Guerra C, EL Tamez-G�omez, LN
403 Rodríguez-Romo, L�opez-Otero A, Hern�andez-Arizpe A, et al.
404 Dimethyl sulfoxide-induced toxicity in cord blood stem cell
405 transplantation: report of three cases and review of the liter-
406 ature. Acta Haematol. 2009;122(1):1–5.
407 [6]. Shu Z, Heimfeld S, Gao D. Hematopoietic SCT with cryopre-
408 served grafts: adverse reactions after transplantation and
409 cryoprotectant removal before infusion. Bone Marrow Trans-
410 plant. 2014;49(4):469–76.
411 [7]. Cox MA, Kastrup J, Hrubi�sko M. Historical perspectives and
412 the future of adverse reactions associated with haemopoietic
413 stem cells cryopreserved with dimethyl sulfoxide. Cell Tis-
414 sue Bank. 2012;13(2):203–15.
415 [8]. Milone G, Mercurio S, Strano A, Leotta S, Pinto V, Battiato K,
416 et al. Adverse events after infusions of cryopreserved
417 hematopoietic stem cells depend on non-mononuclear cells
418 in the infused suspension and patient age. Cytotherapy.
419 2007;9(4):348–55.
420 [9]. Yi X, Liu M, Luo Q, Zhuo H, Cao H, Wang J, et al. Toxic effects
421 of dimethyl sulfoxide on red blood cells, platelets, and vascu-
422 lar endothelial cells in vitro. FEBS Open Bio. 2017;7(4):485–94.
423 [10]. Verheijen M, Lienhard M, Schrooders Y, Clayton O,
424 Nudischer R, Boerno S, et al. DMSO induces drastic changes
425 in human cellular processes and epigenetic landscape in
426 vitro. Sci Rep. 2019;9(1):4641.

427[11]. European Directorate for the Quality of Medicines, Consell
428d’Europa. Guide to the quality and safety of tissues and cells
429for human application [cited April 13, 2022]. Available from:
430https://freepub.edqm.eu/publications/AUTOPUB_17/detail
431[12]. M�e�ri�cka P, Strakov�aH.Cryoprotectants inmedical practice:May
43212-15, 1997, Hradec Kralov�e, Czech Republic long abstracts.
433Paris: IIR= IIF; 1998 (Refrigeration Science andTechnology).
434[13]. Shu Z, Heimfeld S, Huang Z, Liu C, Gao D. Progress in cryo-
435preservation of stem cells and immune cells for cytotherapy.
436In: Demirer T, ed. Progress in stem cell transplantation,
437InTech; 2015. [cited April 13, 2023]. Available from: http://
438www.intechopen.com/books/progress-in-stem-cell-trans-
439plantation/progress-in-cryopreservation-of-stem-cells-and-
440immune-cells-for-cytotherapy.
441[14]. Meryman HT. Cryopreservation of living cells: principles and
442practice. Transfusion. 2007;47(5):935–45.
443[15]. Awan M, Buriak I, Fleck R, Fuller B, Goltsev A, Kerby J, et al.
444Dimethyl sulfoxide: a central player since the dawn of cryo-
445biology, is efficacy balanced by toxicity? Regen Med. 2020;15
446(3):1463–91.
447[16]. Rowley SD, Feng Z, Yadock D, Holmberg L, Macleod B, Heim-
448feld S. Post-thaw removal of DMSO does not completely
449abrogate infusional toxicity or the need for pre-infusion his-
450tamine blockade. Cytotherapy. 1999;1(6):439–46.
451[17]. Rodríguez L, Azqueta C, Azzalin S, García J, Querol S. Washing
452of cord blood grafts after thawing: high cell recovery using an
453automated and closed system. Vox Sang. 2004;87(3):165–72.
454[18]. Foïs E, Desmartin M, Benhamida S, et al. Recovery, viability
455and clinical toxicity of thawed and washed haematopoietic
456progenitor cells: analysis of 952 autologous peripheral blood
457stem cell transplantations. Bone Marrow Transplant. 2007;40
458(9):831–5.
459[19]. Decot V, Houz�e P, Stoltz JF, Bensoussan D. Quantification of
460residual dimethylsulfoxide after washing cryopreserved
461stem cells and thawing tissue grafts. Biomed Mater Eng.
4622009;19(4−5):293–300.
463[20]. Adamusov�a L, Ko�rístek Z, Smejkalov�a J, et al. Automatizovan�e
464prom�yv�aní transplant�atu� krvetvorn�ych bun�ek pro autologní
465pou�zití. Transf�uzeHematol Dnes. 2018;24(2):115–22.
466[21]. Calmels B, Houz�e P, Hengesse JC, Ducrot T, Malenfant C, Cha-
467bannon C. Preclinical evaluation of an automated closed
468fluid management device: cytomateTM, for washing out
469DMSO from hematopoietic stem cell grafts after thawing.
470Bone Marrow Transplant. 2003;31(9):823–8.
471[22]. Mfarrej B, Bouchet G, Couquiaud J, et al. Pre-clinical assess-
472ment of the Lovo device for dimethyl sulfoxide removal and
473cell concentration in thawed hematopoietic progenitor cell
474grafts. Cytotherapy. 2017;19(12):1501–8.
475[23]. Radocha J, Maisnar V, Zav�relov�a A, et al. Fifteen years of sin-
476gle center experience with stem cell transplantation for mul-
477tiple myeloma: a retrospective analysis. Acta Medica
478Cordoba. 2013;56(1):9–13.
479[24]. M�e�ri�cka P, Strakov�a H, Honegrov�a B, et al. Retrospective anal-
480ysis of dimethylsulphoxide load in autologous peripheral
481progenitor cell transplantation in multiple myeloma. Cryo-
482Letters; 2018264–5.
483[25]. Horacek JM, Jebavy L, Jakl M, Zak P, Mericka P, Maly J. Cardio-
484vascular changes associated with infusion of hematopoietic
485cell grafts in oncohematological patients - impact of cryopres-
486ervation with dimethylsulfoxide. Exp Oncol. 2009;31(2):121–2.
487[26]. Chrz V. Increased qualitative and quantitative requirements
488put on haematopoietic cell establishments as the result of
489the COVID-19 pandemic-own experience. Paris, France:
490International Institute of Refrigeration; 2021 (Refrigeration
491Science and Technology).
492[27]. Ministry of Health of the Czech Republic. 2.6.1 Sterility test-
493ing. Czech pharmacopoeia, 2017. 1st ed. Prague, Czech
494Republic: Grada Publishing; 2017 a.s.s. 1000.

ARTICLE IN PRESS

Please cite this article as: M. Jandov�a et al., Post-thaw dimethyl sulfoxide reduction in autologous peripheral blood progenitor cell suspensions,
Hematology, Transfusion and Cell Therapy (2025), https://doi.org/10.1016/j.htct.2025.103965

hematol transfus cell ther. 2025;xxx(xx):103965 9

https://freepub.edqm.eu/publications/AUTOPUB_17/detail
http://www.intechopen.com/books/progress-in-stem-cell-transplantation/progress-in-cryopreservation-of-stem-cells-and-immune-cells-for-cytotherapy
http://www.intechopen.com/books/progress-in-stem-cell-transplantation/progress-in-cryopreservation-of-stem-cells-and-immune-cells-for-cytotherapy
http://www.intechopen.com/books/progress-in-stem-cell-transplantation/progress-in-cryopreservation-of-stem-cells-and-immune-cells-for-cytotherapy
http://www.intechopen.com/books/progress-in-stem-cell-transplantation/progress-in-cryopreservation-of-stem-cells-and-immune-cells-for-cytotherapy
https://doi.org/10.1016/j.htct.2025.103965


495 [28]. Ministry of Health of the Czech Repiublic. 2.7.28 Determination
496 of the number of colony-forming units in human hematopoi-
497 etic progenitor cells. Czech pharmacopoeia, 2017. 1st ed.
498 Prague, Czech Republic: Grada Publishing; 2017 a.s.s. 1000.
499 [29]. Evans RH. An analysis of criterion variable reliability in con-
500 joint analysis. Percept Mot Skills. 1996;82(3):988–90.
501 [30]. Kr€oger N., Gribben J., Chabannon C., Yakoub-Agha I., Einsele
502 H., European Society for Blood and Marrow Transplantation,
503 et al. The EBMT/EHA CAR-T cell handbook 2022 [cited in May
504 2020]. Available from: https://ezproxy.library.dal.ca/login?
505 url= 10.1007/978-3-030-94353-0.
506 [31]. Blaha M, Mericka P, Zak P, Stepanova V, Vavra L, Maly J, et al.
507 The risk of infection transmission from blood progenitor cell
508 concentrates. J Hematother Stem Cell Res. 2003;12(2):161–4.
509 [32]. Mĕricka P, Schustr P, Vins M, et al. Containers for freezing
510 and storage of bone marrow stem cells. Sb Vedeckych Pr Lek
511 Fak Karlovy Univ V Hradci Kralove. 1991;34(4):367–87.
512 [33]. Buriak IA, Elliott G, Fleck RA, et al. Preservation and storage
513 of cells for therapy: fundamental aspects of low temperature
514 science. In: Gimble JM, Marolt PD, Oreffo ROC, Wolbank S,

515Redl H, eds. Cell engineering and regeneration, Cham:
516Springer International Publishing; 2022. ISBN: 978-3-319-
51737076-7.
518[34]. Yang H, Acker JP, Cabuhat M, Letcher B, Larratt L, McGann LE.
519Association of post-thaw viable CD34+ cells and CFU-GM
520with time to hematopoietic engraftment. Bone Marrow
521Transplant. 2005;35(9):881–7.
522[35]. Watts MJ, Linch DC. Optimisation and quality control of cell
523processing for autologous stem cell transplantation. Br J Hae-
524matol. 2016;175(5):771–83.
525[36]. Morgenstern DA, Ahsan G, Brocklesby M, et al. Post-thaw via-
526bility of cryopreserved peripheral blood stem cells (PBSC)
527does not guarantee functional activity: important implica-
528tions for quality assurance of stem cell transplant pro-
529grammes. Br J Haematol. 2016;174(6):942–51.
530[37]. Chen X, Huang J, Wu J, Hao J, Fu B, Wang Y, et al. Human
531mesenchymal stem cells. Cell Prolif. 2022;55(4):11.
532[38]. Baust JM, Snyder KK, VanBuskirk RG, Baust JG. Changing
533paradigms in biopreservation. Biopreserv Biobank. 2009;7
534(1):3–12.

ARTICLE IN PRESS

Please cite this article as: M. Jandov�a et al., Post-thaw dimethyl sulfoxide reduction in autologous peripheral blood progenitor cell suspensions,
Hematology, Transfusion and Cell Therapy (2025), https://doi.org/10.1016/j.htct.2025.103965

10 hematol transfus cell ther. 2025;xxx(xx):103965

https://ezproxy.library.dal.ca/login?url=
https://ezproxy.library.dal.ca/login?url=
https://doi.org/10.1007/978-3-030-94353-0
https://doi.org/10.1016/j.htct.2025.103965

	Post-thaw dimethyl sulfoxide reduction in autologous peripheral blood progenitor cell suspensions
	Introduction
	Methods and materials
	Patients and study design
	HPC stimulation and collection
	HPC cryopreservation
	DMSO reduction
	Sampling and quality control tests
	Cell recovery calculation
	Statistical methods

	Results
	Cell parameters of key processes
	Results of sterility determination
	Post-thaw recovery of key hematopoietic progenitor cells parameters
	Results of correlation analysis between CFU-GM and CD34+ cells
	Engraftment of neutrophils and platelets

	Discussion
	Conclusion
	Financial disclosure statement
	Contributions
	Conflicts of interest
	Data availability statement
	References


