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Abstract
Introduction: Autologous stem cell transplantation is a
successful routine procedure with only a small number of
non-engraftment cases, although the time to hemato-
poietic recovery may vary considerably across patients.
While CD34 has been the decisive marker for enumerating
hematopoietic stem and progenitor cells (HSPCs) for more
than 30 years, the impact of CD34-positive cellular sub-
populations in autologous HSPC grafts on hematopoietic
reconstitution remains unclear. Methods: The two-color
ISHAGE protocol represents the current gold standard for
CD34+ cell enumeration but includes only the number of
viable CD45+/CD34+ cells relative to the body weight of
the recipient. We adapted a multicolor flow cytometry
marker panel for advanced characterization of CD34
subpopulations in retained samples of autologous pe-
ripheral blood stem cell products (n = 49), which had been
cryostored for a wide range from 4 to 15 years. The flow
cytometric analysis included CD10, CD34, CD38, CD45,

CD45RA, CD133, and viability staining with 7AAD. The
findings were correlated with clinical engraftment data,
including reconstitution of leukocytes, neutrophils, and
platelets after transplantation (TPL). Results: We dem-
onstrated that the identification of autologous HSPC
subpopulations by flow cytometry after cryopreservation
is feasible. Regarding the distribution of HSPC subpop-
ulations, a markedly different pattern was observed in
comparison to previously published data obtained using
fresh autologous material. Our data revealed the largest
ratio of lympho-myeloid progenitors (LMPPs) after
freezing and thawing, followed by multipotent progeni-
tors and erythroid-myeloid progenitors. A high ratio of
LMPPs, representing an immature stage of differentiation,
correlated significantly with early neutrophilic gran-
ulocyte and leukocyte engraftment (p = 0.025 and p =
0.003). Conversely, a large ratio of differentiated cells
correlated with late engraftment of neutrophilic gran-
ulocytes (p = 0.024). Overall, successful engraftment was
documented for all patients. Conclusion: We established
an advanced flow cytometry panel to assess the differ-
entiation ability of cryostored autologous peripheral
blood stem cell grafts and correlated it with timely he-
matopoietic reconstitution. This approach represents a
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novel and comprehensive way to identify hematopoietic
stem and progenitor subpopulations. It is a feasible way to
indicate the engraftment capacity of stem cell products.

© 2023 The Author(s).

Published by S. Karger AG, Basel

Introduction

Autologous hematopoietic stem cell transplantation
after high-dose chemotherapy is part of the therapeutic
regimen for various hematopoietic diseases, such as
multiple myeloma (MM) and B- and T-cell lymphoma
[1–3]. Since the late 1980s, mobilized peripheral blood
stem cells (PBSCs) have become established as the pre-
ferred source for hematopoietic stem cell transplantation,
as they are less cumbersome to obtain and associated with
faster engraftment than bone marrow (BM) [4, 5].

Approaches for controlling the quality of stem cell
products include flow cytometric enumeration of CD34+

cells and the total number of nucleated cells (TNCs/
WBCs [6]), as well as assessing viability and conducting
colony formation assays (CFAs) [7, 8]. It has been re-
ported previously that the CD34+ cell count and CFA
results do not correlate reliably with timely engraftment
of neutrophilic granulocytes and platelets after trans-
plantation in most diagnosis-specific groups [9–12].
However, there is a consensus in the literature on the use
of 2 × 106 CD34+ cells/kg body weight (bw) as the
minimum dose for autologous transplantation after high-
dose myeloablative chemotherapy [13]. The extent to
which PBSC grafts with a higher CD34+ cell count may
result in clinically relevant accelerated hematopoietic
engraftment in the context of specific conditions is
controversial [14].

Hematopoietic stem cells are routinely identified by a
protocol that was delineated by the International Society
of Hematotherapy and Graft Engineering (ISHAGE) in
1996 [15]. As CD34 is a marker for heterogeneous
subgroups of cells, the composition of hematopoietic
subpopulations as progenitor cells of the hematopoietic
system [16–19] according to the revised model of he-
matopoietic differentiation [20, 21] might be the key for
obtaining a better understanding of graft quality. Online
supplement 1 (for all online suppl. material, see https://
doi.org/10.1159/000533624) provides a schematic over-
view of this concept. Regarding the analysis of cryo-
preserved material, it remains unclear whether a valid
enumeration of CD34+ cells after cryopreservation and
thawing is feasible. In fact, CD34+ recovery rates
of >100% after cryopreservation have been reported
[22–24].

Furthermore, the lack of specific viability testing for the
reinfused cells has been criticized, as viability is usually not
reevaluated after cryopreservation [22, 25, 26]. We used a

novel dual platform protocol to assess post-thaw viability
and evaluate CD34 on the first platform and evaluate
subpopulations on the second platform. As the timing after
thawing may be crucial, we used platform 1 for the
standardized process of CD34 enumeration directly after
thawing using a procedure similar to the initial measure-
ment prior to cryopreservation (ISHAGE protocol). On
platform 2, cells were stained after a recovery phase of 1 h in
an incubator with antibodies to enumerate subpopulations.

It has been presumed that hematopoietic stem and
progenitor cells (HSPCs) follow dedicated differentiation
pathways in which highly immature hematopoietic stem
cells divide asymmetrically, and this has been demon-
strated via multicolor immunophenotyping by flow cy-
tometry for various stem cell-containing grafts [27]. A
varying distribution of subpopulations has been dem-
onstrated for allogeneic and fresh autologous PBSCs, as
well as for BM [1, 28]. A comprehensive approach was
presented by Dymtrus et al. [28], who, in line with Worel
et al. [1], observed a significantly higher ratio of very
immature subpopulations in fresh autologous PBSCs
than in BM. We modified this protocol to analyze the
impact of cryopreservation and the engraftment kinetics
of cryopreserved autologous samples.

The goal of this study was to examine the distribution
pattern of HSPC subpopulations prior to and after
cryopreservation and to correlate the defined HSPC
subpopulations with the clinical engraftment of the re-
spective autografts.

Materials and Methods

Patient Selection and Data Collection
We collected clinical data from 49 patients who had undergone

autologous stem cell transplantation in the Department of He-
matology and Oncology at the University Medical Center Man-
nheim (UMM) between 2006 and 2018. We assessed clinical
characteristics, disease- and transplant-related parameters, and
treatment and follow-up data. All patients except one had received
their first stem cell transplantation. The majority of the patients
were diagnosed with MM or amyloidosis (n = 32; 65%). The other
indications for autologous transplantation included B-cell non-
Hodgkin lymphoma (n = 11; 22.5%) and T-cell lymphoma (n = 3;
6.25%), as well as other diseases (multiple sclerosis, testicular
carcinoma, and acute myeloid leukemia; n = 3; 6.25%). On average,
the patients received 3.15 × 106 CD34+ cells/kg bw (median 2.59;
range 0.52–17.28). The stem cell products had been cryopreserved
for an average of 85.5 days (median 43; range 5–769) prior to
transplantation. The patient characteristics are shown in Table 1.
PBSC retention samples were stored for quality control. Further
validation of our setup and strategy was performed by evaluating a
series of fresh and cryopreserved allogeneic PBSC samples (n = 5).
All patients and donors consented to storage and comprehensive
analysis of quality control samples when autologous or allogenic
stem cells were collected. An Institutional Ethics Committee ap-
proved the analysis of the samples as well as the retrospective
evaluation of clinical data (Ref. 2019-726N).
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PBSC Collection and Cryopreservation
All samples were collected using the Spectra Optia™ (Terumo

BCT®, Garching, Germany) leukapheresis machine. For cryo-
preservation, the collected cells were diluted with autologous
plasma and dimethyl sulfoxide (DMSO) and divided into 2–6
cryobags (average: 4). Before July 2011, the final product included
5.5% DMSO, then the procedure was modified and the final

product included 7.5% DMSO. After controlled-rate freezing, it
was stored in vapor-phase nitrogen at a temperature of ≤−150°C.

For correlation analysis of the CD34 subpopulations and en-
graftment kinetics, we analyzed the time in days after autologous
transplantation until the thresholds of leukocytes >1.0/nL (n = 49),
neutrophilic granulocytes >0.5/nL (n = 41), and platelets >20/nL
and >50/nL (n = 47 and n = 38) were reached.

Table 1. Patient characteristics and stem cell graft composition

Variables Mean/n Median Range

Patients (n = 49)
Age, years 59.6 61 20–74
Gender (female/male) 22/27
Diagnosis and mobilization regimen
MM n = 32 65%*

CAD 12 37.5%**
Cyclophosphamide 19 59.4%**
G-CSF (steady-state) 1 3.1%**

B-NHL n = 11 22.5%*
(R-)CHOP 1 9.1%**
(R-)CHOEP 1 9.1%**
(R-)DHAP 4 36.4%**
(R-)Ara-C/thiotepa 2 18.2%**
Dexa-BEAM 1 9.1%**
Matrix 1 9.1%**
G-CSF (steady-state) 1 9.1%**

T-cell lymphoma/others n = 6 12.5%*
CHOP 2 16.7%**
DHAP 1 33.2%**
TAD/HAM 1 16.7%**
Taxol + ifosfamide 1 16.7%**
G-CSF (steady-state) 1 16.7%**

Body weight, kg 82 82 46–139

Graft composition
Duration of cryostorage, days 85.5 43 5–769
CD34+ cell count prior cryopreservation, ×106/kg 3.15 2.59 0.52–17.28
CD34+ cell count post-cryopreservation, ×106/kg 2.94 2.33 0.33–9.3
viable CD34+ among single cells, % 2.91 1.76 0.05–29.6

CD34+ subpopulations after cryopreservation
MPPs, %*** 18.02 13.6 0.09–51.5
MPPs, ×106/kg bw 0.49 0.32 0.01–2.45
LMPPs, %*** 42.27 43 2.18–74.8
LMPPs, ×106/kg bw 1.42 0.99 0.01–5.7
MLPs + BLPs, %*** 11.44 8.67 0.01–74.16
MLPs + BLPs, ×106/kg bw 0.3 0.2 0.01–1.57
late GMPs, %*** 9.87 8.11 1.44–32.8
late GMPs, ×106/kg bw 0.26 0.14 0.03–1.17
EMPs, %*** 18.12 14.30 0.09–63.20
EMPs, ×106/kg bw 0.46 0.33 0.01–2.69

MM, multiple myeloma; B-NHL, B-non-Hodgkin lymphoma; MPPs, multipotent progenitors; LMPPs,
lympho-myeloid progenitors; MLPs, multi-lymphoid progenitors; BLPs, B-lymphoid progenitors; late GMPs,
granulocyte and macrophage progenitors; EMPs, erythroid-myeloid progenitors; (R-)Ara-C, (rituximab-)cy-
tarabine; CAD, cyclophosphamide, adriamycin, dexamethasone; (R-)CHOEP, rituximab, cyclophosphamide,
doxorubicin, vincristine, etoposide, prednisone; (R-)CHOP, rituximab, cyclophosphamide, doxorubicin,
vincristine, prednisone; Dexa-BEAM, dexamethasone, BCNU (bis-chloroethyl-nitrosourea), etoposide, cy-
tarabine, melphalan; (R-)DHAP, rituximab, dexamethasone, cytarabine, cisplatin; Matrix, rituximab, meth-
otrexate, cytarabine, thiotepa; TAD/HAM, 6-thioguanine, cytarabine, daunorubicin/high-dose cytarabine,
mitoxantrone; G-CSF, granulocyte stimulating factor. *Ratio (n = 49). **% among diagnosis group (MM,
B-NHL, T-cell). ***% among viable CD34+ cells.
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Flow Cytometry Assay Development
After rapid thawing and washing, blood cell counts were ob-

tained using a Casy Cell Counter TT (OMNI Life Science GmbH&
Co. KG, Bremen, Germany). We chose a dual platform approach:
first, the classical ISHAGE protocol was used for CD34 enu-
meration directly after thawing using the BD stem cell kit and BD
Trucount tubes, and second, to enumerate subpopulations, cells
were stained after a recovery phase of 1 h in an incubator with
appropriate titrated antibodies (for details, see below). To ensure
accurate classification of HSPCs into the subpopulations presented
in the lineage tree (online supplement 1), we included the markers
CD10, CD38, CD45RA, and CD133, in addition to evaluation of
CD34, CD45, and the viability dye 7AAD (all antibodies: BD,
Heidelberg, Germany). A FACSCanto™ equipped with three lasers
(FACSDiva™ 8 software) and FlowJo™ 10.6 analysis software were
used (BD, Heidelberg, Germany). To address the question of which
viability dye was most appropriate, we compared trypan blue with
7AAD in previous tests; the latter included in ISHAGE gating.
7AAD turned out to be the most compatible and precise marker
for cell viability measurement via FACS.

For platform 1, a part of the sample (100 μL) was used directly
after thawing for the standardized process of CD34 enumeration
using a BD stem cell kit and BD Trucount tubes; this protocol was
procedurally similar to the initial measurement prior to cryo-
preservation (ISHAGE protocol).

For platform 2, the remaining part of the sample was used for
subpopulation analysis and immediately diluted in MACS buffer
(PBS, Lonza, Walkersville, USA; BSA and EDTA, Sigma, Darm-
stadt, Germany). To allow recovery from cryopreservation, the
cells were kept for 1 h in long-term bone marrow culture medium
(LTBMC: IMDM, FCS, horse serum, penicillin/streptomycin
(Thermo Fisher Scientific, Dreieich, Germany), hydrocortisone
(Stem Cell Technologies, Cologne, Germany), and L-Glutamine
(Sigma, Darmstadt, Germany)) in an incubator at 37°C, with 5%
CO2 and 80% humidity. The cells were resuspended in PBS and
adjusted to 1 × 106 cells/100 μL for staining. FcR blockers were
added to reduce nonspecific staining. Fluorescence minus one
controls were used to define exact gating borders. The stopping
gate was a minimum of either 1,000 CD34+ cells or 150,000WBCs.
The gating strategy was used according to Dmytrus et al. [28] (the
gating strategy is shown in online supplement 2).

Statistical Analysis
Correlation analyses of subpopulations and engraftment or

patient data were performed using Pearson’s and Spearman’s
correlation coefficient. This analysis and the similarly applied
Maloney-Rastogi test or t- and Wilcoxon tests were performed
with SAS (Statistical Analysis System, Version 9.4). p values ≤0.05
were considered statistically significant. Unless otherwise indi-
cated, the data describe the mean, standard deviation, and range in
terms of the minimum and maximum.

Visuals
Visuals have been created using BioRender.com (online sup-

plement 1), Microsoft Excel, and PowerPoint.

Results

Handling of Cryopreserved Material
To obtain high sample quality and to reduce cell

clumping and loss of cell viability, we ensured the absence
of microbial contamination, prevented ice crystal formation

and cell dehydration (via a narrow window for the freezing
rate), and ensured rapid warming rates, a short thawing
time and rapid dilution of DMSO [29]. We achieved the
best results with rapid removal of DMSO, the addition of
FBS to the resuspended samples, and a short recovery
culture in LTBMC medium [30].

CD34+ Cell Enumeration
Calculation of the absolute number of CD34+ cells:

absolute number of live CD34 + cells

number of beads counted

×
total number of beads per tube

sample volume 100 μl( )

× sample dilution factor � Y

1

Y x PBSC volume μL( )

body weight kg( )
÷ 1,000

× dilution factor prior to cryopreservation � Z

2

Y = absolute number of CD34+ cells per μl; Z = absolute
number of CD34+ cells per kg bw. First, we compared
CD34+ counts before (as part of the obligatory quality
control) and after cryopreservation (the same ISHAGE
protocol was used). For the 49 samples tested, we observed
that the CD34+ cell number differed significantly from the
initial value before cryopreservation. Fifty percent of our
samples had a lower CD34+ cell count and 50% had a higher
CD34+ cell count than before cryopreservation (Fig. 1). No
correlation was found between the duration of cryostorage
and CD34 recovery (p = 0.161). On average, 3.15 × 106

CD34+ cells/kg bw (median 2.59; SD 2.63; range 0.52–17.28)
were counted prior to cryopreservation, and 2.94 × 106 live
CD34+ cells/kg bw were counted after cryopreservation (SD
2.26; range 0.33–9.3). The average recovery rate was 105%
(median 97.7; SD 64%; range 0.05–271). The mean per-
centage of CD34+ cells among single cells was 5.57% (median
3.13; range 0.09–33.8) after cryopreservation. A procedural
correlation was excluded by running the Maloney-Rastogi
test and the t- and Wilcoxon tests (p = 0.304, p = 0.856).

CD34 Cell and WBC Viability
Second, using the ISHAGE protocol, we determined

CD34 cell viability immediately after thawing. As mea-
sured by 7AAD dye exclusion by flow cytometry, mean
CD34 cell viability was 68.6% (median 75.3; SD 22.69;
range 7.74–95), and mean WBC viability was 48.6%
(median 53.9; SD 22.8; range 5.6–86.3). WBCs from the
same retention samples examined microscopically with
trypan blue showed a higher mean viability of 77%
(median 82; SD 14; range 35–98).

Notably, in autologous transplants, the viability
of WBCs must exceed 70% after freezing and thawing
for product release, tested by trypan blue staining. All
autografts fulfilled this release criterion. No negative
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correlation of CD34 cell or WBC viability with the du-
ration of cryostorage was observed, which is in line with
previous findings [12].While the routinely applied trypan
blue viability test routinely delivers high values above 70%
(with only very few exceptions), the results of viability
testing by flow cytometry vary considerably.

Analysis of HSPC Subpopulations
Technically, the first step in gating the CD34 sub-

population was the subdivision according to CD45RA
expression. The mean percentage of CD45RA+ cells
among cells of the lympho-myeloid branch was 63.8%
(SD 19.22), with an absolute number of 1.99 × 106/kg bw
(SD 1.77). For CD45RA− cells, this percentage was 36.2%
(SD 19.22), and the absolute number was 0.95 × 106/kg
bw (SD 0.77) (online supplement 3).

To identify HSPC subpopulations in cryopreserved
autologous HSPC products, we decided to add a short
incubation phase first to allow the HSPCs to recover from
cryodamage. In contrast to Dmytrus et al. [28], who
analyzed fresh and 1-year posttransplant BM prepara-
tions, as well as autologous fresh PBSC preparations, and
Worel et al. [1] who reported 47% multipotent pro-
genitors (MPPs), 27% erythroid-myeloid progenitors
(EMPs), and 22% lympho-myeloid progenitors (LMPPs)
(Fig. 2a) in autologous fresh PBSCs, we noted a more
heterogeneous composition of HSPC subpopulations:
MPPs represented only 18% (SD 13.2), whereas LMPPs
represented 42% (SD 19.3) and EMPs represented 18%
(SD 12.9). Late granulocyte and macrophage progenitors
(GMPs) and multi-lymphoid progenitors (MLPs)/
B-lymphoid progenitors (BLPs) represented only 2% each

in theWorel study (Fig. 2a) but increased in percentage to
10% (late GMPs) and 12% (MLPs/BLPs) in this study
(Fig. 2b). The proportions of MLPs and BLPs are usually
summarized in the literature as an indicator of the lineage
of differentiation. However, in our study, we found a
substantial proportion of MLPs (10.6%; SD 10.77; Fig. 3),
whereas the proportion of BLPs was minimal (0.8%; SD
1.23; Fig. 3). All data of CD34+ subpopulations are
summarized in Table 1.

This obvious difference in cell composition led us to
propose that this was related to the cryopreservation process.
To assess this possibility, we performed a matched pair
analysis comparing fresh and cryopreserved allogeneic
PBSCs. In the fresh material (Fig. 2c), the distribution of
subpopulations was highly comparable to the data reported
by Worel et al. [1] (Fig. 2a). However, in the cryopreserved/
thawed samples (Fig. 2d), the cellular composition resembled
the cryopreserved samples shown in Figure 2b: MPPs were
dominant in fresh samples but were found to be present
in lower numbers in cryopreserved samples, which were
dominated by LMPPs (compare to online supplement 1).

Correlation of HSPC Subpopulations with Clinical Data
For statistical analysis of hematopoietic reconstitution of

leukocytes, neutrophilic granulocytes, and platelets, clusters
were formed ranging from early to average (= normal) and
delayed (= late) engraftment times. Timespanwasmeasured
in days after autologous transplantation (Fig. 4a–d).
• A high ratio of LMPPs was correlated with early
leukocyte and neutrophilic granulocyte engraftment
(in days, p = 0.003 and p = 0.025; in cluster, p = 0.037
and p = 0.048) (Table 2).

Fig. 1. Recovery rate of CD34+ cells after cryopreservation in percent. The red line represents 100%.
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• Conversely, a high ratio of EMPs was correlated with
late engraftment of neutrophilic granulocytes (in days,
p = 0.031) and leukocytes (in cluster, p < 0.05)
(Table 2).

• A higher ratio of differentiated cells (BLPs) was found
in the group of patients with late engraftment of
neutrophilic granulocytes (in cluster, p = 0.024)
(Table 2), whereas a high ratio of mature cells

a b

c d

Fig. 2.Distribution of HSPC subpopulations. a For comparison: Worel et al. [1] (fresh autologous PBSCs prior to
cryopreservation, n = 40). b Autologous PBSCs after cryopreservation and thawing (n = 49). c Fresh allogeneic
PBSCs evaluated immediately after apheresis (n = 5). d Allogeneic PBSCs after cryopreservation and thawing
(n = 5).

Fig. 3. Distribution of HSPC subpopula-
tions in autologous cryopreserved prepa-
rations. All cells were viable and CD34+.
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correlated with a low proportion of immature cells in
the respective differentiation pathway (LMPPs and
BLPs: p = 0.001, MPPs and late GMPs: p = 0.007).

• Only in the group of 32 MM patients, a correlation
between a higher ratio of MPPs and late platelet en-
graftment ≥50/nL was observed (in cluster, p = 0.045).
Data from the literature indicating that high CD34+

cell counts may correlate with faster platelet engraftment
[31] could not be confirmed, with neither the CD34+ cell
count prior to cryopreservation (p = 0.47 for >20/nL, p =
0.07 for >50/nL) nor the CD34+ cell count post-
cryopreservation (p = 0.94 for >20/nL, p = 0.72
for >50/nL). Regarding patient age, no significant cor-
relation with any of the analyzed parameters was ob-
served, except for later platelet engraftment ≥50/nL (p =
0.032).

Discussion

The main goal of the study was to assess CD34+ cell
recovery after cryopreservation in autologous stem cell
products and to evaluate the correlation of an adjusted
flow cytometry panel for CD34 subpopulations with
clinical engraftment data.

CD34 Assessment after Cryopreservation
There is a consensus in the literature that a threshold of

2 × 106 CD34+ cells is the lowest limit for safe engraft-
ment [13, 18]. Usually, the number of CD34+ cells is
determined only prior to cryopreservation. Freezing and
thawing impose several technical challenges for any
analysis of the cellular composition of the graft. This is
why, after cryopreservation, most transplants perform

a b

c d

Fig. 4. Engraftment in days summarized for three clusters: early (blue), normal (green), and late (red) he-
matopoietic recovery after HSCT. Significantly different HSPC subpopulations are shown. a Engraftment of
leukocytes (>1.0/nL in PB) after HSCT (n = 49). b Engraftment of neutrophils (>0.5/nL in PB) after HSCT (n =
41). c Engraftment of platelets (>20/nL in PB) after HSCT (n = 47). d Engraftment of platelets (>50/nL in PB)
after HSCT (n = 38). HSCT, hematopoietic stem cell transplantation.
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only viability testing and CFA assays on a regular basis,
with only viability post-thaw being a release criterion.
Data in the literature indicate that CD34 enumeration by
flow cytometry after freezing and thawing is prone to
error [22–24]. In our hands, the mean recovery rate was
105%, with a high variance. For almost half of the
samples, we obtained recovery rates exceeding 100%. The
results were reproducible in several control assays,
making this result unlikely to be considered a random
artifact. Possible explanations for the phenomenon of
“increasing” CD34+ cell numbers after cryopreservation
might include nonspecific binding to mature, post-
clonogenic precursor cells or conformational changes
in the binding site after freezing and thawing [23].

Viability
In routine clinical practice, the number of CD34+ cells is

determined directly after leukapheresis before cryopreserva-
tion, and clinical decision-making usually refers to that
number. Furthermore, viability testing of WBCs after cryo-
preservation must exceed a certain threshold (in Germany,
70%), and the CFA must be positive if performed (not
mandatory). However, the time span between HSPC col-
lection and the actual transplantation may vary considerably,
and a number of factors may change in that time: the bw of
the patient, the viability of the cellular product, or the recovery
rate of the CD34+ cells. None of these changes are usually
taken into consideration.

As proposed by Lee et al. [25], among others, via-
bility should be reassessed after a prolonged period of
freezing and thawing because post-thaw viability may
reflect the actual composition of the graft more pre-
cisely than the initial viability test. Most centers simply
use WBC viability to recalculate the number of CD34+

cells. However, this practice may be misleading, as
CD34+ cells have higher viability than WBCs (in our
study, 68.6 vs. 48.62%). This approach may result in less
than 2 × 106 CD34+ viable cells/kg bw after cryo-
preservation in some cases [22, 25, 26]. However, very
few non-engraftment cases are encountered in clinical
routine, which is why a recount is not routinely per-
formed or recommended.

In terms of the best viability staining method, routine
trypan blue staining and analysis by light microscopy has
the following shortcomings: cell viability is equated with
cell membrane integrity, and the approach is examiner-
dependent and requires experience, as weak staining may
be missed [24, 32]. For a more objective approach, we
evaluated several viability dyes for flow cytometry: 7AAD,
propidium iodide (PI), Viability Stain 510 (all from BD,
Heidelberg, Germany), and Sytox Blue (Thermo Fisher
Scientific, Dreieich, Germany). In our hands, 7AAD
could be best implemented in the abovementioned
staining protocol. Notably, testing by trypan blue resulted
in higher viability (77% for trypan blue vs. 48.6% for
7AAD), which should be taken into account when

Table 2. Correlation of HSPC subpopulations with clinical data

Variables Leukocyte
engraftment >0.5/nL

Neutrophilic granulocyte
engraftment >1.0/nL

Platelet
engraftment >20/nL

Platelet
engraftment >50/nL

Engraftment in days
BLPs n.s. n.s. n.s. n.s.
Late GMPs n.s. n.s. n.s. n.s.
LMPPs −0.41 (p = 0.003) early

engraftment
−0.35 (p = 0.025) early
engraftment

n.s. n.s.

MLPs n.s. n.s. n.s. n.s.
EMPs n.s. 0.34 (p = 0.031) late

engraftment
n.s. n.s.

MPPs n.s. n.s. n.s. n.s.

Engraftment in cluster
BLPs n.s. 0.35 (p = 0.024) late

engraftment
n.s. n.s.

Late GMPs n.s. n.s. n.s. n.s.
LMPPs −0.3 (p = 0.037) early

engraftment
−0.31 (p = 0.048) early
engraftment

n.s. n.s.

MLPs n.s. n.s. n.s. n.s.
EMPs 0.28 (p < 0.05) late

engraftment
n.s. n.s. n.s.

MPPs n.s. n.s. n.s. n.s.

Spearman’s correlation coefficient (n = 49); n.s., not significant; BLPs, B-lymphoid progenitors; late GMPs, granulocyte and
macrophage progenitors; LMPPs, lympho-myeloid progenitors; MLPs, multi-lymphoid progenitors; EMPs, erythroid-myeloid
progenitors; MPPs, multipotent progenitors.
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comparing these two methods. At this stage, a general
conclusion regarding which test is most suitable cannot
be drawn.

Subpopulations after Cryopreservation
A comprehensive assessment of a stem cell product re-

quires more than the number of CD34+ cells. Worel et al. [1]
demonstrated a specific distribution pattern of HSPC sub-
populations in fresh autologous samples before cryopreser-
vation. In comparison, we found a shift toward subpopula-
tions with a more mature status (fromMPPs to LMPPs) after
cryopreservation. Considering that these differences in the
results may be attributed to the process of cryopreservation,
we analyzed 5 allogeneic HSPC samples prior to and after
cryopreservation. The composition of subpopulations within
the fresh allogeneic samples resembled the data from Worel
et al. [1]; however, the cryopreserved allogeneic samples re-
sembled the cryopreserved autologous samples (Fig. 2). We
conclude that the proposed flow cytometry protocol is re-
producible for both allogenic and autologous stem cell grafts.

A possible explanation for the observed changes be-
tween cryopreserved/thawed and fresh samples is the
recovery phase in LTBMC medium, which we added after
thawing and might induce rapid changes. In addition,
different levels of oxidative, cellular, and replicative stress
[33] and the influence of already differentiated cells [29]
may also account for these changes. Additional hypoth-
eses, which need to be tested, are that MPPs, as the most
immature HSPCs, may be prone to DMSO toxicity and
that the conditions in vitro might favor the survival of
more differentiated subpopulations, resulting in a change
in composition (measured by percentage). This is also a
possible explanation for why we observed a significantly
higher number ofMLPs, which are already advanced in the
process of differentiation from LMPPs. In routine clinical
practice, MLPs, as precursors of B lymphocytes, have no
direct engraftment marker for correlation analysis.

To better estimate correlations with MLPs after cryo-
preservation, the flow panel might be expanded to include B
lymphocyte-specific antibodies. To mimic the in vivo sit-
uation, placing the cells into a niche-likemodel after thawing
might be an option, and this has already been realized by
some groups using mesenchymal stromal cells [34–37].

Our findings are in line with the revised model of early
hematopoiesis (first described by Goergens et al. [38]),
demonstrating that progenitor cells follow specific
pathways of differentiation. Furthermore, in agreement
with Dmytrus et al. [28], we found a significantly smaller
B-cell progenitor population in autologous PBSCs than in
historical data derived from BM.

Correlations with Clinical Data
Considering that compared to published data, the

subpopulation composition differed in our cryopreserved
autologous samples and considering that similar patterns

were observed in a pairwise comparison of allogeneic
PBSCs analyzed before and after cryopreservation, we
questioned the correlations with engraftment data. We
hypothesized that a high ratio of immature cells should
result in early recovery, as a larger number of these early
progenitors could migrate into the niche and establish
sufficient cell lines there. The more mature cells in the
transplanted graft could, in turn, act as effector cells in the
periphery.

To facilitate statistical analysis, we formed clusters
ranging from early to average (= normal) and delayed (=
late) engraftment times (Fig. 4a–d), in line with previ-
ously published data [14, 39]. We were able to demon-
strate that a high ratio of LMPPs (i.e., immature cells)
correlated with early leukocyte and neutrophilic gran-
ulocyte engraftment. Conversely, following the differ-
entiation lineage, a high ratio of EMPs correlated with
later engraftment of neutrophilic granulocytes, which
followed the LMPP branch of the pathway. A significantly
higher percentage of differentiated cells (i.e., mature
BLPs) was assessed in the group of patients with late
engraftment of neutrophilic granulocytes, and large
numbers of EMPs correlated with late leukocyte en-
graftment. Taken together, these findings support the
notion that graft composition reflects hematopoietic
engraftment.

Limitations of the Study and Outlook
Platelet and erythrocyte transfusions given to patients

during aplasia might represent confounders that impede
the determination of the exact minimum number of these
cells. 44 out of 49 patients received at least one platelet
concentrate transfusion (mean: 2.4, range: 1–8). Fur-
thermore, 39 out of 49 patients received granulocyte
colony-stimulating factor after transplantation, according
to best clinical practice. A full blood count including
neutrophils was not available for all patients. These pa-
tients could not be fully included in this analysis (n = 8
out of 49).

Even though the maximum duration of cryopreser-
vation of HSPC products in our survey was 2.1 years,
retention samples were cryopreserved significantly lon-
ger. However, previous studies have demonstrated that
cryostorage has no clinically relevant negative effect on
stem cell quality and potency, even after an extended
period of more than 10 years [12, 40].

If the described panel was applied routinely in
clinical practice, we projected the additional costs for
the user. Given the fact that many parameters (like
staff and equipment costs) may vary widely between
different laboratories, we estimated the costs for the
reagents including antibodies between 20 and 40 EUR
per sample. Considering the overall costs for an au-
tologous stem cell graft, this seems a minor matter of
expense.
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As we conducted a retrospective study, our findings
regarding the prediction of engraftment need to be val-
idated prospectively. An issue that remains open is the
impact of the subpopulation composition on the inci-
dence of infections, relapse, and overall survival. In ad-
dition, the role of different mobilization methods in
combination with the application of plerixafor on the
composition of HSPC subpopulations should be explored
in future studies.

Conclusions and Key Findings

1. The enumeration of HSPC subpopulations in cry-
opreserved material, both autologous and allogeneic,
was possible.

2. The CD34 recovery rate after cryopreservation varied
consistently: for half of the samples, the post-
cryopreservation CD34+ cell counts were above or
below the initial CD34+ cell count.

3. Standardized protocols need to be established re-
garding the handling of cryopreserved HSPCs in terms
of the evaluation of CD34+ cells by flow cytometry,
freezing/thawing conditions, and viability testing of
CD34+ cells [41].

4. HSPC subpopulations showed distinct distribution pat-
terns before and after cryopreservation, with a shift to-
ward more differentiated stages after cryopreservation.

5. HSPC subpopulations correlated with the time of
clinical engraftment: a higher ratio of immature
subpopulations (especially LMPPs) in the graft cor-
related with an earlier recovery of leukocytes and
neutrophil granulocytes. Subpopulation analysis may
provide additional information in cases with unusual
findings (e.g., low viability, low cell numbers, recur-
rent lack of engraftment) and help identify risk factors
for delayed hematopoietic reconstitution.
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