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G R A P H I C A L A B S T R A C T
� Age and pre-mobilization platelet count
affect the number of stem cells collected.

� Pre-mobilization platelet count may be
predictive of CD34þ cell collection.

� Plerixafor use in hematopoietic stem cell
collection in patients with multiple
myeloma can be better assessed.
A R T I C L E I N F O
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Background: Autologous hematopoietic stem cell (HSC) transplantation remains the recommended treatment for
eligible patients with multiple myeloma (MM). Increasing the number of transplanted CD34þ cells shorten the
time to hematopoietic reconstitution and increases the overall survival of patients. With the harvest of a sufficient
CD34þ cell number being crucial, this study aimed to predict the factors that affect stem cell collection.
Methods: We conducted a retrospective study of 110 patients who were newly diagnosed with MM and underwent
autologous HSC collection at Beijing Jishuitan Hospital between March 2016 and July 2022. Multiple factors were
analyzed using the Mann–Whitney U tests for between-group comparisons. Differences were considered statis-
tically significant at P < 0.05.
Results: We found that patient age affected stem cell collection significantly; for patients younger than 55 years,
the number of CD34þ cells harvested may be � 2 � 106/L, is unlikely to reach 5 � 106/L. Platelet count at initial
mobilization was a predictor of the number of CD34þ cells collected. Collection may fail when the platelet count
at initial mobilization is below 177 � 109/L and may be excellent when it is higher than 199 � 109/L.
Conclusions: This finding could guide us to predict the approximate number of CD34þ cells collected in advance
during autologous transplant mobilization for MM and to decide in advance whether to apply plerixafor to
improve the number of HSCs collected.
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Table 1
Baseline characteristics of patients with multiple myeloma that underwent
mobilization.

Characteristics Value

Sex, n (%)
Male 59 (53.6)
Female 51 (46.4)

Age (years), x � s 54.4 � 7.9
�55, n (%) 49 (44.5)
>55, n (%) 61 (55.5)

Disease type, n (%)
IgG type 44 (40.0)
IgA type 25 (22.7)
IgD type 5 (4.5)
Light chain 31 (28.2)
Non-secretory 5 (4.5)

International staging system (ISS) stage, n (%)
Stage 1 þ 2 78 (70.9)
Stage 3 32 (29.1)

Chemotherapy, n (%)
Non-lenalidomide regimens 71 (64.5)
Lenalidomide-containing regimens 39 (35.5)

Disease stage, n (%)
� Partial response 23 (20.9)
Complete response þ very good partial response 87 (79.1)

Diabetes, n (%)
Yes 20 (18.2)
No 90 (81.8)

Cycles before mobilization, n (%)
�4 78 (70.9)
>4 32 (29.1)

CD34þ count, n (%)
<2 � 106/kg (poor mobilization) 17 (15.5)
�2 � 106/kg 93 (84.5)
<5 � 106/kg 72 (65.5)
�5 � 106/kg (excellent mobilization) 38 (34.5)

Ig: Immunoglobulin
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Introduction

In the era of conventional chemotherapy, the clinical outcome of
multiple myeloma (MM) was poor, with a 5-year survival rate of less than
30%.1 However, with the arrival of new drugs and treatment modalities,
the nature of conventional treatment for MM has changed dramatically.
The use of immunomodulatory agents and proteasome inhibitors, as well
as monoclonal antibodies and autologous hematopoietic stem cell (HSC)
transplantation, has greatly improved the remission rate of MM.2,3

Although there is a plethora of new drugs available for the treatment of
MM, several studies have demonstrated that autologous HSC trans-
plantation remains an integral part of the overall treatment and has an
important place in patients with newly diagnosed MMwho are eligible for
transplantation.4–6 The number of CD34þ cells collected after autologous
HSC mobilization is a key factor in the success of transplantation. The
collection of an adequate number of CD34þ HSCs and their subsequent
implantation patients help patients to better restore hematopoietic ca-
pacity, reduce the risk of infection, and improve overall survival rates.7–9

Currently, commonly used mobilization regimens comprise the use of
cytokines (such as granulocyte colony-stimulating factor [G-CSF]),
chemotherapy followed by cytokines (such as cyclophosphamide [CTX]
followed by G-CSF), or the C-X-C chemokine receptor type 4 (CXCR4)
inhibitor, plerixafor. Of these, CTX plus G-CSF is a widely used HSC
mobilization regimen for patients with MM. Although published litera-
ture on mobilization methods reports relatively good results, a sufficient
number of HSCs is still not collected in 5–40% of patients awaiting
transplantation due to a variety of reasons.10–12 Plerixafor has shown
excellent stem cell mobilization and has few side effects, but its high cost
of administration limits mobilization protocols that include this immu-
nostimulant. It remains challenging to predict stem cell collection out-
comes in advance for patients to determine whether plerixafor should be
used. Therefore, the aim of this study was to explore the factors that
influence the number of peripheral blood HSCs that can be collected.

Methods

Patients

We conducted a retrospective study of 110 patients with primary MM
who underwent autologous HSC collection at the Department of Hema-
tology, Beijing Jishuitan Hospital, from March 2016 to July 2022. All
patients met the diagnostic criteria of the International Myeloma Work-
ing Group and were staged using the Durie–Salmon criteria and the In-
ternational staging system (ISS). The main HSC mobilization regimen
employed was CTX chemotherapy combined with G-CSF. Stem cells were
mobilized with high-dose CTX at 3 g/m2 divided into two-days infusions.
This was followed by 600 mg G-CSF injection on day 7 after CTX
administration and continued for 4 days. After 10 days of CTX chemo-
therapy, peripheral blood mononuclear cells were obtained using the
monocyte isolation procedure.13 The percentage of cells expressing CD34
in connection to CD45þ cell and WBC counts was used to calculate the
absolute number of CD34þ cells. A CD34þ count <2 � 106/kg was
considered a poor collection, �2 � 106/kg was considered a adequate
collection, and �5 � 106/kg was considered an excellent collection.14

Patient data collected comprised gender, age, disease type, Dur-
ie–Salmon stage, ISS stage, the presence or absence of lenalidomide use,
disease status at mobilization, the presence or absence of diabetes, the
number of treatment courses before mobilization, and counts for leuko-
cytes, hemoglobin, and platelets prior to CTX mobilization.

Statistical analysis

All data were analyzed using IBM SPSS 25 software. A general
description of the data was compiled first, and data that did not conform
to a normal distribution were described by the median. Next, univariate
ANOVA was performed, and the data were analyzed using the
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Mann–Whitney U test for comparisons between groups. Differences were
considered statistically significant at P < 0.05.

Results

Patient characteristics

A total of 110 patients were included in this study, of which 59
(53.6%) were males and 51 (46.4%) were females. The median age was
54.41 (46.47–64.34) years. There were 49 patients (44.5%) aged �55
years and 61 patients (55.5%) aged >55 years. The numbers of immu-
noglobulin (Ig)G, IgA, IgD, light chain type, and non-secretory type pa-
tients were 44, 25, 5, 31, and 5, respectively. The combined number of
ISS stage I and II patients was 78, and 32 patients were classified as stage
III. Thirty-nine patients had received previous treatment with lenalido-
mide, while 71 patients did not. Among the patients, 87 (79.1%) ach-
ieved complete response or very good partial response, while 23 (20.9%)
achieved only partial response or below partial response. Twenty patients
(18.2%) had diabetes mellitus. There were 78 patients (70.9%) who had
previously received �4 cycles, while 32 (29.1%) had received >4 cycles.
The poor, adequate rate of collection in these patients were 15.5% (17/
110), 84.5% (93/110), and the non-excellent and excellent collection
were 65.5% (72/110) and 34.5% (38/110), respectively. The median
number of CD34þ cells obtained was 4.17 � 106/kg. Patient character-
istics are summarized in Table 1.
Univariate analysis to predict the factors influencing peripheral blood HSC
collection

Information on peripheral blood HSC collection in these 110 patients
is summarized in Table 2. Univariate ANOVA revealed that an age >55
years was a risk factor that contributed significantly to mobilization



Table 2
Information on the collection of peripheral blood hematopoietic stem cells from
patients.

Characteristics n Collected CD34þ

cells ( � 106/kg),
Mean (P25, P75)

�2 �
106/kg,
n (%)

�5 �
106/kg,
n (%)

Sex
Male 59 3.88 (2.13, 7.22) 49 (83.1) 19 (32.2)
Female 51 3.68 (2.65, 7.33) 45 (88.2) 19 (37.3)

P value 0.688 0.442 0.578
Age (years)
�55 49 4.25 (2.96, 7.96) 46 (93.9) 21 (42.9)
>55 61 3.24 (2.28, 5.77) 47 (78.7) 17 (27.9)

P value 0.026 0.025 0.100
Disease type
IgG type 44 4.06 (2.59, 7.53) 37 (84.1) 17 (38.6)
IgA type 25 4.25 (2.55, 7.68) 24 (96) 10 (40)
IgD type 5 3.24 (2.17, 3.93) 5 (100) 0 (0)
Light chain 31 3.12 (2.00, 6.84) 23 (74.2) 9 (29)
Non-secretory 4 4.11 (3.25, 8.37) 4 (100) 2 (50)

P value 0.550 0.173 0.457
International Staging System stage
Stage 1 þ 2 78 3.77 (2.67, 6.65) 69 (88.5) 24 (30.8)
Stage 3 32 3.94 (2.04, 8.15) 25 (78.1) 14 (43.8)

P value 0.800 0.272 0.193
Chemotherapy
Non-lenalidomide
regimens

39 3.4 (2.09, 6.48) 31 (79.5) 13 (33.3)

Lenalidomide
regimens

71 4.17 (2.67, 7.33) 63 (88.7) 25 (35.2)

P value 0.142 0.188 0.843
Disease stage
� Partial response 23 3.5 (2.08, 7.36) 18 (78.3) 8 (34.8)
Complete response þ
very good partial
response

87 4.11 (2.65, 7.22) 76 (87.4) 30 (34.5)

P value 0.330 0.443 0.979
Diabetes
Yes 20 3.53 (2.09, 7.54) 16 (80) 8 (40)
No 90 3.89 (2.59, 7.02) 77 (85.6) 30 (33.3)

P value 0.842 0.780 0.571
Cycles before
mobilization
�4 78 3.77 (2.48,6.51) 67 (85.9) 25 (32.1)
>4 32 4.40 (2.60, 7.72) 26 (81.3) 13 (40.6)

P value 0.135 0.747 0.390

Ig: Immunoglobulin.
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failure (P ¼ 0.025), although age did not affect the rate of excellent
collections of peripheral blood stem cells (P ¼ 0.100). In addition, sex,
disease type, ISS stage, previous exposure to lenalidomide, disease status
Figure 1. The pre-mobilization platelet counts of patients were correlated with their p
higher in patients with adequate collection than in those with poor collection; (B)
excellent collection than in those with non-excellent collection.
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at the time of mobilization, diabetes mellitus, and previous treatment>4
courses had no effect on the success of peripheral blood stem cell
collection or the ability to achieve excellent collection.
Initial mobilized platelet count affects the success rate of hematopoietic stem
cell collection and good collection rate

During our statistical analyses, we discovered an interesting phe-
nomenon: the number of platelets initially mobilized (i.e., the number of
platelets present before the use of CTX) correlated with the number of
peripheral blood HSCs collected from the patients. As shown in Figure 1,
when the number of peripheral blood HSCs collected was <2 � 106/kg,
the corresponding count for initially mobilized platelets was also
significantly lower (P ¼ 0.030) than that of patients with �2 � 106/kg
cells collected. Conversely, the initially mobilized platelet count was also
significantly higher (P¼ 0.005) in patients with a harvest of�5� 106/kg
HSCs than in patients with a<5� 106/kg harvest. We comparedwhether
there was also an association between the number of leukocytes and
hemoglobin present in patients before the use of CTX and the number of
peripheral blood HSCs ultimately harvested, but the results indicated no
significant associations (for either adequate or excellent collections).
These values are shown in Table 3.

To understand how platelet count can influence the collection of
peripheral blood HSCs, we evaluated the pre-mobilization platelet level
of patients and used it as an indicator to estimate the probability of
exceeding 2 � 106/kg and exceeding 5 � 106/kg CD34þ cells at the time
of HSC collection. The receiver operating characteristic (ROC) curve was
used to define the cutoff value for this indicator and consisted of a set of
plots representing the combination of sensitivity and 1-specificity as a
function of the value of a specific cutoff point. Usually, the cutoff value is
defined as the value closest to the upper left corner of the plot, where
sensitivity plus specificity is maximized for all indicators. In addition, the
accuracy of indicators in the ROC curve can be assessed using the area
under the curve (AUC), which ranges from 0.5 to 1, with accuracy being
greatest in the larger area. Figure 2 shows that the cutoff value for pre-
dicting the platelet count required to mobilize over 2� 106/kg CD34þ for
HSC harvesting was 177 � 109/L (AUC ¼ 0.666, 51.9% sensitivity,
81.3% specificity). For the mobilization of over 5 � 106/kg CD34þ at the
time of HSC collection, the platelet count cutoff value was calculated as
199 � 109/L (AUC ¼ 0.666, 56.3% sensitivity, 76.9% specificity), as
illustrated in Figure 3.

Subsequently, we performed a multifactorial analysis of factors that
influence the number of HSCs harvested, including the platelet count
prior to mobilization as one of these factors. The results are shown in
Tables 4 and 5. We discovered that age of �55 years and a pre-
eripheral blood stem cell collection. (A) The platelet counts at mobilization were
The platelet counts at mobilization were significantly higher in patients with



Figure 2. Receiver operating characteristic (ROC) curve of platelet count for
predicting adequate mobilization. The optimal cutoff value of platelets is 177 �
109/L. Area under the curve (AUC) is 0.666.

Figure 3. Receiver operating characteristic (ROC) curve of platelet count for
predicting excellent mobilization. The optimal cutoff value of platelets is 199 �
109/L. Area under the curve (AUC) is 0.666.

Table 4
Multivariate analysis of the success of peripheral CD34þ cell collections.

Characteristics HR 95% CI P value

Age �55 years 4.225 1.053–16.951 0.042
Sex 0.627 0.186–2.110 0.451
Platelet count (177 � 109/L) 0.228 0.069–0.753 0.015
Diabetes 3.598 0.092–13.459 0.057
Use lenalidomide 1.699 0.367–7.282 0.475
Four Cycles before mobilization 2.984 0.746–11.945 0.122

CI: Confidence interval; HR: Hazard ratio.

Table 3
Effects of pre-mobilization leukocyte, hemoglobin, and platelet counts on the
success and excellent collection rate of hematopoietic stem cells.

Characteristics CD34þ cells
<2 � 106/kg

CD34þ cells
�2 � 106/kg

CD34þ cells
�5 � 106/kg

Leukocyte count
at initial
mobilization

4.948 � 109/L 5.136 � 109/L 5.768 � 109/L

P value – 0.136 0.057
Hemoglobin count
at initial
mobilization

120.5 g/L 125.9 g/L 128.5 g/L

P value – 0.137 0.189
Platelet count
at initial
mobilization

185.5 � 109/L 222.6 � 109/L 234 � 109/L

P value – 0.030 0.005

Table 5
Multivariate analysis of the excellent collection of peripheral CD34þ cells.

Characteristics HR 95% CI P value

Age �55 years 1.770 0.736–4.253 0.202
Sex 0.659 0.273–1.590 0.353
Platelet count (199 � 109/L) 0.175 0.067–0.459 0
Diabetes 0.686 0.225–2.090 0.508
Use lenalidomide 1.001 0.382–2.623 0.998
Four Cycles before mobilization 0.753 0.284–2.000 0.570

CI: Confidence interval; HR: Hazard ratio.
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mobilization platelet count �177 � 109/L had significant effects on the
success of HSC collection. Other patient parameters, such as sex, whether
or not diabetes was present, and whether lenalidomide had been used,
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did not affect the number of HSCs harvested during adequate collections.
In the case of excellent collections, patient age and pre-mobilization
platelet count similarly had a significant influence: �5 � 106/kg pe-
ripheral blood HSCs can predictably be collected when the age of the
patient is � 55 years or the pre-mobilization platelet count is � 199 �
109/L. Again, other parameters did not affect harvest figures of excellent
collections.

Discussion

In patients with primary MM, autologous HSC transplantation (ASCT)
after induction therapy is effective at improving disease-free and overall
survival.14,15 It is important to perform HCS transplantation after induc-
tion, and the number of transfused CD34þ HSCs play an important role in
the clinical outcome of ASCT. Therefore, it is crucial to improve the HSC
harvest yield to increase the success rate of transplantation. Our results
found that gender, disease subtype, ISS stage, treatment regimen, disease
status, number of sessions, and presence of diabetes did not significantly
affect CD34þ cell harvest yield, success rate, or quality, which aligns with
the findings of some previous reports.16,17 In contrast, when patients were
�55 years old, the number of CD34þ cells collected, and the collection
success rate were better than for those aged >55 years old. This demon-
strated that younger patients might have a better reserve capacity for
HSCs, so more HSCs could be released when mobilized for collection. The
results further indicate that, although the number of CD34þ cells collected
would be slightly lower in patients thatmade previous use of lenalidomide
induction chemotherapy than in patients that did not, the use of lenali-
domide did not affect the overall success and excellent rates of HSC
collection, corresponding with previous reports.18,19

A classical roadmap of the hematopoietic hierarchy has been
established for many years and has become the dogma of stem cell
research for most adult stem cell types, including HSCs. However, with
the recent development of new technologies, our understanding of
hematopoiesis has broadened, and our description of the develop-
mental route of HSCs has evolved. Megakaryocytes are now known to
differentiate from HSCs directly, suggesting that megakaryocyte dif-
ferentiation can bypass the stages of multipotent, common myeloid,
and megakaryocyte–erythrocyte progenitors,20,21 which differs from
traditional views. It is worth noting that there is a class of HSCs that
only produces megakaryocytes/platelets.22 The number of platelets in
vivo may, therefore, indirectly reflect the number of HSCs in vivo, i.e.,
the number of platelets can act as a simple criterion for evaluating the
number of HSCs present. We found that when the pre-mobilization
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platelet count of a patient was below the calculated threshold (although
the counts did not meet the diagnostic criteria for thrombocytopenia),
the patient's CD34þ cell reserve was also not as high as expected; this
poses a risk of collection failure or not collecting a sufficient number of
CD34þ cells, which impacts subsequent transplantation.

Plerixafor is a selective and reversible CXCR4 inhibitor. It binds to
CXCR4 and blocks its interaction with stromal cell-derived factor 1
chemokines, which stimulates the release of stem cells from the bone
marrow into the peripheral blood.23,24 Plerixafor can greatly increase the
number of HSCs collected, so pre-emptive administration of plerixafor in
patients who are at high risk of mobilization failure has been consid-
ered.25 An increase in the number of CD34þ cells collected contributes to
the success of the procedure and shortens the duration thereof, which
reduces both patient suffering and the total cost of the mobilization phase
of treatment.26,27 With the gradual application of plerixafor, it has
become particularly important to predict HSC collection outcomes. Pre-
viously, the need for preemptive intervention with plerixafor has been
established by obtaining the pre-collection CD34þ count after mobili-
zation protocols with G-CSF and chemotherapy. However, in view of our
data analysis, we propose that a pre-mobilization platelet count of pa-
tients may offer a novel method for predicting whether the CD34þ yield
will meet expectations or not. The procedure is convenient, requiring
only a routine blood test, and it provides a prediction earlier than a
pre-collection CD34þ cell count would, which may help clinicians to gain
a clearer indication of whether plerixafor is required to increase the
mobilization count. In addition, this method reduces the mobilization
pain and eases the financial burden on patients.

In summary, our retrospective study conducted univariate and
multifactorial analyses to investigate factors that may affect the number
of HSCs collected during mobilization. Both a patient age of fewer than
55 years and a sufficient pre-mobilization platelet count were strongly
associated with favorable HSC yield. In particular, a pre-mobilization
platelet count may be a novel predictor of CD34þ collection, which has
not been reported previously. The predictive efficacy of this index is not
that high at present, as the small number of cases available for analysis in
our single-center study proved to be a limitation. The study population
could be expanded in the future to improve data acquisition and statis-
tical analysis.
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