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A B S T R A C T

G-CSF is a growth factor widely used to mobilise CD34+ progenitor cells for clinical applications. The present
study aimed to assess expression of G-CSF receptor (CSF3R) on neutrophils and monocytes, as well as SDF-1 and
G-CSF serum levels in relation to efficacy of G-CSF-induced mobilisation for autologous transplantation. For this
purpose, 105 patients with haematological disorders and 46 healthy controls were investigated.

Before mobilisation patients were characterised with significantly higher percentage of CSF3R expressing
neutrophils (p < 0.001) and monocytes (p=0.002), than controls. G-CSF administration resulted in a decrease
of CSF3R+ neutrophils (p < 0.001) and monocytes (p < 0.001), while presence of G-CSF receptor on neu-
trophils tended to negatively affect mobilisation yield (p= 0.075).

G-CSF concentration increased during mobilisation (p < 0.001). On the 5th day of mobilisation a positive
correlation was observed between G-CSF and SDF-1 serum levels (p < 0.001) and the number of CD34+ cells
released from bone marrow seemed to be related to both G-CSF (p= 0.036) and SDF-1 levels (p= 0.084).

As compared to Hodgkin’s lymphoma patients, those with multiple myeloma had lower basal percentage of
CSF3R+ neutrophils (p=0.014) while Non-Hodgkin’s lymphoma cases exhibited higher G-CSF (p=0.026) and
SDF-1 (p= 0.006) concentration on mobilisation day 5. Hodgkin’s lymphoma patients were also characterised
with worse mobilisation efficacy than multiple myeloma (p= 0.022) and Non-Hodgkin’s lymphoma (p= 0.013)
patients.

These results suggest that both SDF-1 and G-CSF play a role in HSC release into peripheral blood and show
that G-CSF administration affects expression of CSF3R on monocytes and neutrophils, implying potential role of
these cell subpopulations in mobilisation process.

1. Introduction

Mobilised peripheral blood (PB) is the predominant source of hae-
matopoietic stem cells (HSC), also referred to as CD34+ cells, for au-
tologous and allogeneic transplantation (HSCT). The main indications
for this procedure are lymphoproliferative disorders and leukaemias,
although it is also used in a variety of other diseases like solid tumours,
bone marrow failure syndromes, haemoglobinopathies, immune defi-
ciencies, inherited metabolic disorders or autoimmune disorders [23].
Currently, over 68 thousand HSCTs using PB are performed each year
worldwide [43].

Granulocyte colony-stimulating factor (G-CSF), also known as

colony stimulating factor 3 (CSF3), is the main growth factor that
controls both proliferation and differentiation of myeloid progenitor
cells into neutrophils [63]. It was one of the first described cytokines
and was introduced to clinical practice for depleting neutropenia and
infections in cancer patients [8,22]. This approach has not changed, as
described in the 2010 EORTEC guidelines [1]. G-CSF is administered to
patients with high risk of severe neutropenia upon receiving che-
motherapy and also to allow performing intensive chemotherapy.
However, this cytokine needs to be dosed carefully because prolonged
G-CSF treatment may lead to myelodysplastic syndromes (MDS) and
acute myeloid leukaemia (AML) development [52].

Currently, recombinant G-CSF, sold under various names, e.g.
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lenograstim, filgrastim, pegfilgrastim and others [17,49,1], is widely
utilised as a mobilising factor during HSC collection for transplantation
and for other clinical purposes. It is the most common mobilisation
agent that is administered either alone or in conjunction with che-
motherapy [5].

G-CSF is the primary ligand for colony-stimulating factor 3 receptor
(CSF3R), also referred to as G-CSFR or CD114 antigen. It is encoded by
the CSF3R gene, mapped to chromosome 1p32-35. This gene contains
17 exons that code for an 812-813 amino acid-long transmembrane
protein [20,62,4]. The receptor for G-CSF is a member of Type-I cyto-
kine/haematopoietin receptor family characterised with four highly
conserved cysteine residues and a tryptophan–serine repeat (WSXWS)
located in the cytokine receptor homology (CRH) region of the extra-
cellular domain [62,64].

Clinical HSC mobilisation has been successfully performed for the
last thirty years [18]. This process is similar to natural HSC migration in
response to inflammatory factors or tissue damage [16]. Haemato-
poietic progenitor cells are retained in bone marrow through interac-
tions with adhesion molecules. Among those, stromal cell-derived
factor 1 (SDF-1; also known as CXC motif chemokine ligand 12,
CXCL12) is regarded as the key mediator [70,38,41], as HSCs express
its receptor: chemokine CXC motif receptor 4 (CXCR4). It is believed
that upon G-CSF binding to CSF3R, bone marrow leukocytes and en-
dothelial cells are stimulated to release proteolytic enzymes. Those, in
turn, degrade molecules anchoring progenitor cells in haematopoietic
niches [2,28]. Disruption of the CXCR4/SDF-1 chemotactic interaction
during G-CSF-induced mobilisation facilitates HSC release from bone
marrow into peripheral circulation [33].

Neutrophils, which are greatly affected by G-CSF signalling, are
believed to play the leading role in HSC mobilisation. However, it is
important to note that G-CSF receptor is expressed on many different
cell types, including platelets, monocytes/macrophages, endothelial
cells and other cell lines [9,25,58,3,35,40,47]. Activity of different
blood cell subpopulations was shown to be modulated during G-CSF-
induced clinical mobilisation [10]. Results obtained from studying
murine models also suggested that CSF3R signals in monocytes could be
sufficient to mediate haematopoietic progenitor cell mobilisation [13]
and that defective activation of granulocytes and monocytes could be
responsible for poor mobilisation efficacy [71]. This prompted us to
analyse involvement of both neutrophils and monocytes in mobilisation
in humans.

Our previous studies documented the effect of SDF-1 and CSF3R
polymorphisms on peripheral blood stem cell enrichment in autologous
patients and allogeneic healthy donors [6,7].

In the present study, we aimed to find out whether expression of G-
CSF receptor on neutrophils and monocytes could be associated with
effectiveness of G-CSF-induced mobilisation in recipients of autologous
peripheral blood progenitor cells. For this purpose, CSF3R expression
was analysed at two time points: on day 0 (before G-CSF administra-
tion) and on day 5 of clinical mobilisation. In addition, serum levels of
G-CSF and SDF-1 were also measured and compared with mobilization
efficacy and expression of CSF3R.

2. Materials and methods

2.1. Patients and controls

One hundred and five recipients (F/M=57/48, aged 20–70, mean
55; median 59 years) of autologous transplantation of peripheral blood
progenitor cells (PBPCT) were investigated. There were 58 (55.2%)
patients with multiple myeloma (MM), 29 (27.6%) with non-Hodgkin’s
lymphoma (NHL), 13 (12.4%) with Hodgkin’s lymphoma (HL) and 5
(4.8%) with acute myeloid leukaemia (AML). Brief patients’ char-
acteristics are given in Table 1.

The study group fulfilled the following criteria: age≥ 18 years, di-
agnosed blood cancer, complete remission status and qualification for

the HSCT procedure following high-dose chemotherapy. Patients were
transplanted at the Clinic of Haematology, Blood Neoplasms and Bone
Marrow Transplantation of the Wroclaw Medical University. CD34+
cells numbering 6× 106 or more per kg of body weight (cells/kg b. w.)
were considered an optimal quantity for transplantation [57,39].

For 30 (28.6%) patients, the number of haematopoietic progenitor
cells collected during the first separation was optimal for transplanta-
tion (exceeded 6×106 CD34+ cells/kg b. w.).

In regard to all performed leukaphereses (up to five), there was a
group of 13 (12.4%) patients, for whom the level of CD34+ cells in the
peripheral circulation never rose in response to clinical mobilisation
and so collection of HSCs was not possible. Consequently, this group
was described as non-responders (those who did not respond to G-CSF
treatment). Among them, eight were diagnosed with MM, four with
NHL and one with HL (Table 1).

Additionally, a group of 45 (F/M=15/30) healthy blood donors
from the Regional Centre of Transfusion Medicine and Blood Bank in
Wroclaw, aged between 19 and 64 (mean 36; median 35), served as
controls.

All the patients and controls provided written informed consent.
The study was approved by the Wroclaw Medical University Ethics
Committee and all the procedures were in accordance with the ethical
standards of the Helsinki Declaration, as revised in 2013.

2.2. Surface expression of G-CSF receptor

The analysis of CSF3R surface expression on neutrophils and
monocytes via flow cytometry was performed in all 45 healthy controls
and in 37 patients (16, 15 and 6 persons with NHL, MM and HL, re-
spectively) on day 0 and day 5 of G-CSF administration.

The presence of the G-CSF receptor was assessed with G-CSFR/
CD114 Fluorescein-labelled antibody (monoclonal mouse anti-human
IgG1, Clone #38660; R&D Systems Inc., Minneapolis, Minnesota, USA).
Neutrophils were identified as CD16-positive granulocytes using CD16

Table 1
Patients’ characteristics and differences between mobilisation efficacy in regard
to the type of blood cancer. Various blood cancers were compared in regard to
listed parameters. Analysis was performed with T Test for two independent
samples with the usage of the real statistics resource pack for Microsoft excel
2013; ns – not statistically significant (p > 0.05). Significant differences were
observed while comparing total number of separated CD34+ cells/kg b. w. in
NHL vs. HL (p= 0.030) (A) as well as total number of separated CD34+ cells/
μl in MM vs. HL (p= 0.022) (B) and in NHL vs. HL (p=0.013) (C).

Haematological malignancy MM
(n=58)

NHL
(n= 29)

HL
(n= 13)

AML
(n= 5)

Age [years]
Mean

37–70
57

24–66
54

20–60
39

46–61
54

Sex (F/M) 30/28 14/15 7/6 3/2
Number of performed

separations
Mean

1–5
1.8

1–5
1.3

1–4
1.4

1–5
1.5

Number of CD34+ cells/kg b.
w. in the first
leukapheresis product
Mean

0–33

6.4

0–14
4.5

0–8
3.7

0–7
3.4

Number of CD34+ cells/μl in
the first leukapheresis
product
Mean

0–1547
126.3

0–676
100.7

0–76
40.9

0–66
35.3

Total number of separated
CD34+ cells/kg b. w.
Mean

0–50
7.9

0–14
5.3A

0–8
3.9A

3–7
4.6

Total number of separated
CD34+ cells/μl
Mean

0–2825
555.1B

0–1245
430.6C

0–503
280.5B,C

204–482
334.7

Non-responders 8
(14% MM)

4
(14% NHL)

1
(8% HL)

0
(0% AML)
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PE-Cy5-canjugated antibody (monoclonal mouse anti-human IgG1,
Clone 3G8; Becton Dickinson Biosciences, San Jose, California, USA),
while for monocytes, CD14 PerCP-tagged antibody (monoclonal mouse
anti-human IgG2b, Clone MΦP9; Becton Dickinson Biosciences, San
Jose, California, USA) was utilised. For every antibody, appropriate
isotype control was purchased: fluorescein-mouse IgG1 isotype control
(Clone 11711), PE-Cy5-mouse IgG1 isotype control (Clone MOPC-21)
and Per-CP-mouse IgG2b isotype control (Clone 133303), respectively,
all from R&D Systems Inc. (Minneapolis, Minnesota, USA). As PE-Cy5
fluorescent dye has emission maximum close to that of Per-CP, analysis
of G-CSFR+/CD16+ granulocytes and G-CSFR+/CD14+ cells was
performed separately.

For each sample, 40 µl of the EDTA-preserved peripheral blood
(2× 105 cells) was incubated either with optimized amount of a spe-
cific antibody or isotype control or without antibody (for background
fluorescence measurement). The BD FACS Lysing Solution (Becton
Dickinson Biosciences, San Jose, California, USA) reagent was used for
lysis of erythrocytes. After two washing steps with PBS buffer with 1%
fetal bovine serum (EURx, Gdańsk, Poland), samples were suspended in
Flow Fix, a 1% formaldehyde Fixation buffer (Polysciences, Inc.,
Warrington, Pennsylvania, USA) and analysed on FACS Canto II in-
strument with FACS Diva 8.0 software (Becton Dickinson Biosciences,
San Jose, California, USA).

2.3. G-CSF and SDF-1 serum levels

Serum samples were collected from 105 patients before and on day
5 of G-CSF administration and from 35 healthy blood donors and stored
at−20 °C. The samples were screened for the simultaneous detection of
G-CSF and SDF-1 proteins with the use of a customized Magnetic
Luminex Screening Assay (R&D Systems Inc., Minneapolis, Minnesota,
USA). Analyses were performed according to the manufacturer’s
manual. The serum samples collected on day 5 of G-CSF administration
were diluted 4 times with the Calibrator Diluent (provided with the
assay), while remaining samples of patients before mobilisation and
those of healthy controls were not diluted. For analysis purposes,
Luminex 200 instrument (Luminex Corp., Austin, Texas, USA) was used.

2.4. Statistical analysis

The results were related to clinical data. Relations between efficacy
of CD34+ cell mobilisation (expressed as the average number of
CD34+ progenitor cells in the leukapheresis product) and different
patient groups were calculated with T Test for two independent samples
(results are shown in Table 1). The U Mann-Whitney test for two in-
dependent samples was introduced for assessing possible differences in
surface expression of CSF3R on neutrophils and monocytes, and G-CSF
and SDF-1 concentration in serum with respect to type of disease

(Supplementary Tables 1 and 2). The Spearman's Rho correlation test
was used for G-CSF, SDF-1 and CSF3R protein expression analysis at
different time points. All calculations were performed with the real
statistics resource pack for Microsoft Excel 2013 or using Social Science
Statistics website (http://www.socscistatistics.com/tests/Default.aspx).
Differences between samples were considered significant at p < 0.05.
Probability (p) values between 0.05 and 0.10 were considered as in-
dicative of a trend.

3. Results

3.1. Mobilisation yield in regard to blood cancer type (in patients with
various blood cancers)

The efficacy of mobilisation procedure was expressed by (I) number
of leukaphereses performed to obtain the required number of CD34+
cells for transplantation, (II) number of CD34+ cells collected during
the first leukapheresis (either per kg of body weight or per μl of per-
ipheral blood) and (III) total number of separated CD34+ cells (per kg
of b. w. or μl of blood).

No correlation was observed between patients’ age and mobilisation
efficacy measured as number of CD34+ cells separated either per kg of
body weight or per μl of blood. Patients’ sex also did not seem to affect
haematopoietic stem cells release.

There were no differences between mean numbers of CD34+ cell
separations performed in patients with various blood neoplasms.
Average number of performed leukaphereses equalled 1.5, 1.4, 1.3 and
1.8 for AML, HL, NHL and for MM patients, respectively (as shown in
Table 1).

No statistically significant correlation between different types of
blood cancer and number of CD34+ cells separated per kg of body
weight or per μl of blood was found for the first leukapheresis (Table 1).

However, when comparing all mobilisation attempts between dif-
ferent types of blood cancer, NHL and MM patients were characterised
with better mobilisation efficacy in comparison to individuals with HL.
The total number of separated haematopoietic stem cells was higher for
NHL patients as compared to HL cases (p= 0.030 for the total number
of CD34+ cells/kg b. w., and p=0.013 for the total number of CD34+
cells/μl) (Fig. 1). Similarly, patients with MM released more CD34+
cells in response to G-CSF than HL patients (p= 0.022 for the total
number of CD34+ cells per μl of blood). Also, when total number of
CD34+ cells/kg b. w. was considered, MM patients seemed to mobilise
HSCs more effectively than HL patients (p= 0.092).

3.2. G-CSF serum levels and the association with mobilisation efficiency

G-CSF serum levels were assessed in patients before and after mo-
bilisation (day 0 and day 5), and in healthy controls. As expected, G-

Fig. 1. Comparison of the total number
of CD34+ cells separated in different
blood cancers. Mobilisation efficacy
was measured as the number of cells
separated per kg of body weight (A) or
per μl of blood (B). Analyses were per-
formed using the T Test for two in-
dependent samples of the real statistics
resource pack for Microsoft Excel 2013.
Probability values were considered
statistically significant for p < 0.05,
while values between 0.05 and 0.10
were indicative of a trend.
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CSF levels significantly increased in patients during G-CSF adminis-
tration (p < 0.001; Fig. 2). This association was seen in all the patients
irrespective of the type of blood cancer (Figs. 3 and 4). However, no
relations were found between mean G-CSF serum levels and patients’
age or sex (Supplementary Table 1).

A slightly higher basal G-CSF level was observed in patients when
compared to healthy controls (p= 0.072; Fig. 3A). When each group of
patients was analysed separately, some significant relations emerged.
Before mobilisation, controls were characterised with lower G-CSF
serum levels as compared to NHL (p= 0.015) and HL patients
(p= 0.049) (Fig. 3B).

Of note, before mobilisation no significant differences were seen in
G-CSF levels when patients with distinct haematological malignancies
were compared (Supplementary Table 1). However, on the 5th day of
G-CSF administration some distinctions were observed between dif-
ferent types of blood cancer. At this time point patients with NHL were
characterised with the highest G-CSF level compared to other groups
(Fig. 4). The greatest difference was observed between NHL and AML
(p=0.009), followed by distinction between NHL and HL (p= 0.026).
Some differences, although not statistically significant, were observed
in G-CSF levels between NHL and MM (p=0.087) as well as between
MM and AML (p=0.070).

The initial G-CSF levels (on day 0) before mobilisation were not
associated with the mobilisation yield expressed as the number of
CD34+ cells separated either per kg of body weight, or per µl of blood
(Supplementary Table 1).

However, G-CSF level on the 5th day of mobilisation corresponded
with procedure effectiveness, as higher serum G-CSF titre was related to
increased number of HSCs separated per µl of blood (p=0.036; Fig. 5).

Fig. 2. An increase in G-CSF serum levels in patients during mobilisation.
Statistical analysis was performed with the U Mann-Whitney test for two in-
dependent samples of the real statistics resource pack for Microsoft Excel 2013.
Probability values were considered statistically significant for p < 0.05.

Fig. 3. Basal G-CSF serum levels in
patients and healthy controls. G-CSF
levels did not significantly differ be-
tween healthy controls and the whole
patient group (A). When patients
were separated according to re-
spective blood cancers (B), in-
dividuals with NHL and HL were
found to have significantly higher
basal G-CSF serum levels compared to
controls. Calculations were per-
formed with the U Mann-Whitney test
for two independent samples of the
real statistics resource pack for
Microsoft Excel 2013. Probability va-
lues were considered statistically sig-
nificant for p < 0.05, while values
between 0.05 and 0.10 were in-
dicative of a trend.

Fig. 4. Comparison of G-CSF serum levels on mobilisation day 5 in patients
with different blood cancers. Calculations were performed with the U Mann-
Whitney test for two independent samples of the real statistics resource pack for
Microsoft Excel 2013. Probability values were considered statistically sig-
nificant for p < 0.05, while values between 0.05 and 0.10 were indicative of a
trend.

Fig. 5. Correlation between mobilisation efficacy (measured as number of
CD34+ cells separated per µl of blood) and G-CSF serum concentration on
mobilisation day 5. Spearman's Rho correlation test of the Social Science
Statistics website (http://www.socscistatistics.com/tests/Default.aspx) was
used for calculations. R stands for Spearman's Rho correlation coefficient.
Probability values were considered statistically significant for p < 0.05.
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A tendency was also observed in regard to the number of HSCs sepa-
rated per kg of body weight (p= 0.085).

3.3. Relationships between SDF-1 and G-CSF levels and the effect on
mobilisation yield

Similarly to the G-CSF concentrations, SDF-1 serum levels were also
assessed in patients at two time points - before and after mobilisation
(day 0 and day 5) – and in healthy controls. Irrespective of the time of
analysis, the levels were relatively low and did not exceed 4 pg/ml.
They did not differ depending on sex (Supplementary Table 1), how-
ever, they were found to be correlated with patients age. Older in-
dividuals were found to have higher SDF-1 serum levels than younger
patients both before (p= 0.039) and on the 5th day of mobilisation
(p=0.001) (Fig. 6).

No statistically significant differences were observed while com-
paring SDF-1 serum levels in patients before G-CSF administration and
healthy controls (Supplementary Table 1). It is worth noting that si-
milarly to G-CSF level, SDF-1 serum concentration significantly rose in
response to mobilisation (Fig. 7). SDF-1 concentrations before and on
the 5th day of mobilisation were significantly different (p < 0.001),
although not correlated (Supplementary Table 1).

Some interesting results were obtained while comparing SDF-1 le-
vels in various blood cancers. Before mobilisation no statistically sig-
nificant differences were observed (Fig. 8A), though MM patients had
slightly higher SDF-1 levels than individuals with NHL (p= 0.076).
SDF-1 concentration increased in response to mobilisation regardless of
blood cancer type. On the 5th day of mobilisation, HL patients were
clearly characterised with lower SDF-1 serum concentrations when
compared with NHL (p=0.006) and MM (p=0.025) patients
(Fig. 8B). Difference between individuals with HL and AML were also
observed, however not statistically significant (p= 0.067).

There was no relationship between G-CSF and SDF-1 serum levels
before mobilisation (Fig. 9A). However, SDF-1 levels detected on the
5th day of mobilisation procedure positively correlated with G-CSF
serum levels at this time point (p < 0.001) (Fig. 9B).

No statistically significant correlations were observed between
mobilisation efficacy (measured as number of CD34+ cells separated
per kg b. w. or per µl of blood) and SDF-1 concentrations either before
or on the 5th day of G-CSF treatment (Supplementary Table 1). Only a
trend between number of HSC released per µl of blood and SDF-1
concentration on mobilisation day 5 was found (p= 0.084) (Fig. 10).

3.4. Changes in the CSF3R expression on neutrophils and monocytes

When considering autologous HSCT patients, mean number of both
neutrophils and monocytes rose on day 5 of mobilisation in comparison
to levels before G-CSF administration (p=0.033 and p= 0.004; for
neutrophils and monocytes, respectively) (Fig. 11).

Interestingly, number of neutrophils and monocytes did not corre-
late with percentage of CSF3R-expressing cells of those two sub-
populations, neither on day 0 nor day 5 of mobilisation (Supplementary
Table 2). G-CSF receptor surface expression was also not related to
patient’s age or sex.

However, some differences were observed between expression of
the receptor for G-CSF on neutrophils and monocytes when patients and
healthy controls were compared. For both cell subpopulations, per-
centage of cells expressing CSF3R on their surface before mobilisation
was higher in autologous HSCT recipients than in healthy controls
(p < 0.001 for neutrophils and p=0.002 for monocytes) (Fig. 12).
During mobilisation, mean percentage of CSF3R-positive cells in pa-
tients dropped for both cell subpopulations to levels comparable with
those observed in the control group, and was significantly lower than
before G-CSF administration (p < 0.001 for both neutrophils and
monocytes).

Although the aforementioned decrease in cells expressing G-CSF
receptor was evident in both subpopulations, CSF3R expression on
neutrophils was not found to be correlated with its expression on
monocytes, either before or after G-CSF treatment (Supplementary
Table 2).

In the most cases, percentage of neutrophils and monocytes pos-
sessing G-CSF receptor did not vary between different groups of pa-
tients. The only significant finding in this respect was higher percentage
of CSF3R+ neutrophils before mobilisation in HL patients compared to
the MM group (p=0.014) (Fig. 13). When all other blood cancers were
considered, no differences were seen in regard to numbers of cells
possessing G-CSF receptor either before or on the 5th day of mobilisa-
tion (Supplementary Table 2).

Interestingly, a trend was found between percentage of neutrophils
expressing G-CSF receptor on their surface and mobilisation yield
(Fig. 14). CSF3R expression on neutrophils before G-CSF administration
tended to be inversely correlated with the number of CD34+ cells se-
parated per kg of body weight (p=0.064). Also, a similar negative

Fig. 6. Correlation between age of an
individual and SDF-1 serum level. SDF-
1 levels were compared in patients
before (A) and on the 5th day (B) of G-
CSF administration. Spearman's Rho
correlation test of the Social Science
Statistics website (http://www.
socscistatistics.com/tests/Default.
aspx) was used for calculations. R
stands for Spearman's Rho correlation
coefficient. Probability values were
considered statistically significant for
p < 0.05.

Fig. 7. Differences in SDF-1 concentration between patients on mobilisation
day 0 and 5 and healthy controls. Calculations were performed with the U
Mann-Whitney test for two independent samples of the real statistics resource
pack for Microsoft Excel 2013. Probability values were considered statistically
significant for p < 0.05.
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trend was observed on the 5th day of mobilisation in regard to number
of HSC separated per kg b. w. (p=0.075) and per μl of blood
(p=0.082). However, no such relationship was observed for the
monocytes subpopulation, either on mobilisation day 0 or day 5
(Supplementary Table 2).

Additionally, when comparing G-CSF and SDF-1 serum levels with
surface expression of CSF3R on neutrophils and monocytes, some in-
teresting relationships were detected. A negative correlation was found
between G-CSF level and percentage of neutrophils (p= 0.048) and
monocytes (p=0.001) expressing CSF3R protein on their surface be-
fore mobilisation. Similar, though not statistically significant relation-
ships were observed for serum SDF-1 levels and percentage of CSF3R
expressing cells (p= 0.099 and p= 0.082; for neutrophils and mono-
cytes, respectively). On the 5th day of G-CSF administration no such
relationships for G-CSF and SDF-1 levels in regard to CSF3R expression
either on neutrophils or monocytes were detected (Supplementary
Table 2).

4. Discussion

Although granulocyte colony-stimulating factor was introduced to
clinical practice many years ago and is widely used as a mobilising
factor for haematopoietic stem cells, molecular mechanisms and path-
ways in which it is engaged remain unclear.

In the present study, the detected G-CSF concentrations in the serum

of healthy volunteers are relatively low, which supports previously
reported observations [68,19]. Its basal levels are similar to patients
with haematological malignancies and they increase after G-CSF ad-
ministration regardless of blood cancer type. A variety of non-

Fig. 8. Differences in SDF-1 concentration during mobilisation between various haematological malignancies. SDF-1 levels were compared in different blood
neoplasms before (A) and on the 5th day (B) of G-CSF administration. Calculations were performed with the UMann-Whitney test for two independent samples of the
real statistics resource pack for Microsoft Excel 2013. Probability values were considered statistically significant for p < 0.05, while values between 0.05 and 0.10
were indicative of a trend.

Fig. 9. Relations between SDF-1 and G-CSF serum levels. Analysis was performed before (A) and on the 5th day of mobilisation (B). Spearman's Rho correlation test
of the Social Science Statistics website (http://www.socscistatistics.com/tests/Default.aspx) was used for calculations. R stands for Spearman's Rho correlation
coefficient. Probability values were considered statistically significant for p < 0.05.

Fig. 10. Relation between SDF-1 concentration on the 5th day of G-CSF ad-
ministration and mobilisation efficacy. Spearman's Rho correlation test of the
Social Science Statistics website (http://www.socscistatistics.com/tests/
Default.aspx) was used for calculations. R stands for Spearman's Rho correla-
tion coefficient. Probability values were considered statistically significant for
p < 0.05, while values between 0.05 and 0.10 were indicative of a trend.

K. Gębura et al. Cytokine 116 (2019) 38–47

43

http://www.socscistatistics.com/tests/Default.aspx
http://www.socscistatistics.com/tests/Default.aspx
http://www.socscistatistics.com/tests/Default.aspx


haematopoietic tumours – such as hepatomas [21], sarcomas [54],
glioblastomas [66] and carcinomas [55] – were found to release G-CSF,
presumably to promote tumour cell growth, migration and angiogen-
esis. For haematological malignancies, some incidences of an increase
in basal G-CSF serum levels were reported in idiopathic aplastic
anaemia, Fanconi’s anaemia, myelodysplastic syndrome, acute leu-
kaemia without any blast cells in the blood, chronic myeloid leukaemia,
chronic lymphoid leukaemia, cyclic neutropenia and malignant lym-
phoma [68]. Results of the present study additionally imply that G-CSF
initial levels are elevated in NHL and HL patients.

Neutrophils are believed to play the leading role in G-CSF-induced
signalling and thus in clinical mobilisation [31,46,24,12]. It is known
that their number rises in response to clinical mobilisation, as shown in
the current study and by other groups [61,11].

Also, interestingly, a reverse correlation between blood neutrophil
count and serum G-CSF level upon G-CSF treatment was reported
[68,60,61]. Our current findings reveal a similar correlation between
basal percentage of CSF3R+ neutrophils and G-CSF levels before mo-
bilisation. In vitro studies suggest that this may occur upon G-CSF
clearance by internalization via its receptors [42], as well as upregu-
lation of receptor mRNA in response to presence of the ligand
[69,59,65,61].

However, one should remember that CSF3R is present on many cell
types [9,25,58,3,35,40,47] and clinical administration of G-CSF affects
many different blood cell types [10]. Though neutrophils remain the
most probable target cells for G-CSF [48,14,46], monocytes seem to be
the other most promising cell population to assist with HSC release into
peripheral blood. Interestingly, monocytes not only react to G-CSF
treatment with increased cytokine secretion [67,53], but can also re-
lease G-CSF in response to a variety of stimuli [44]. Experiments per-
formed in murine models [13] showed promising results supporting the

hypothesis that monocyte activity does indeed affect HSC mobilisation.
In mice with monocyte-restricted expression of G-CSF receptor, clinical
release of haematopoietic progenitors into peripheral circulation was at
least as high as that observed in control mice. As to date, effect of
monocytes on mobilisation in humans has not been investigated. In the
current study we did observe a significant increase in both neutrophil
and monocyte count in autologous HSCT patients upon G-CSF treat-
ment. Importantly, the number of the above mentioned cells did not
affect efficacy of HSC mobilisation. Also, in contradiction to an earlier
report on lung and ovarian cancer patients [61], instead of an increase,
we observed a decrease in percentage of neutrophils and monocytes
with surface expression of CSF3R on the 5th day of mobilisation.
Nonetheless, G-CSF serum levels before treatment were lower in

Fig. 11. An increase in (A) neutrophil and
(B) monocyte counts in patients in response
to G-CSF administration. Calculations were
performed with the UMann-Whitney test for
two independent samples of the real statis-
tics resource pack for Microsoft Excel 2013.
Probability values were considered statisti-
cally significant for p < 0.05.

Fig. 12. Comparison of CSF3R surface expression on neutrophils (A) and monocytes (B) among healthy individuals and patients undergoing HSC mobilisation.
Calculations were performed with the U Mann-Whitney test for two independent samples of the real statistics resource pack for Microsoft Excel 2013. Probability
values were considered statistically significant for p < 0.05.

Fig. 13. Basal percentage of CSF3R+ neutrophils in distinct blood cancers.
Calculations were performed with the U Mann-Whitney test for two in-
dependent samples of the real statistics resource pack for Microsoft Excel 2013.
Probability values were considered statistically significant for p < 0.05.
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patients expressing more surface CSF3R, supporting the aforemen-
tioned theory of G-CSF clearance by intracellular processing through
receptors [61].

These findings further support the hypothesis of both neutrophil and
monocyte activation upon G-CSF administration and so their putative
role in HSC mobilisation.

As for CD34+ release efficacy, the lower mobilisation potential of
HL patients in comparison with NHL and MM patients, affirmed in the
current study, corresponds to the results of our previous research [7]. It
is worth noting that, current results show that HL patients were char-
acterised with lower G-CSF levels on mobilisation day 5 compared to
NHL patients as well as with higher basal percentage of CSF3R+
neutrophils in comparison with MM patients. However, low mobilisa-
tion potential in HL can also be linked to intensity of previous treat-
ment, which is used to induce remission. In Hodgkin’s lymphoma, re-
fractory/resistant disease serves as an indication for autologous HSCT.
First line therapy for HL usually contains aggressive chemotherapy, not
only with ABVD regimen (adriamycin, bleomycin, vinblastine and da-
carbazine), but also with escalated BEACOPP (bleomycin, etoposide,
adriamycin, cyclophosphamide, vincristine, procarbazine, prednisone)
in more advanced stages of HL at diagnosis. Mobilisation che-
motherapies do not differ between non-Hodgkin’s and Hodgkin’s lym-
phoma, so the impact of intensity of first line therapy could be an im-
portant, negative factor in further efficacy of stem cell collection. On
the other hand, multiple myeloma patients are mostly transplanted
early during first line treatment, when they achieve at least partial
response to initial therapy.

Another presumed factor affecting G-CSF-induced mobilisation is
SDF-1. It is known as a potent chemoattractant for HSCs, which express
its receptor – CXCR4 [30,74]. It is believed that a local SDF-1 depletion
in the bone marrow, following G-CSF application, causes release of
blood progenitor stem cells into peripheral circulation [32,33]. For this
reason, the CXCR4/SDF-1 axis is the best-studied target for HSC

mobilisation [2,28]. A hypothesis was established that SDF-1 gradient,
forming between the bone marrow and peripheral blood during mobi-
lisation, is the key factor in the release of progenitor cells [56,26,50].
However, several reports contradict this hypothesis [36,45,15,29]. That
is why SDF-1 role in cell trafficking during the state of emergency needs
further clarification.

Our results show comparable SDF-1 concentrations in the peripheral
blood of patients (regardless of blood cancer type) before G-CSF treat-
ment and in healthy controls. Other researchers found both con-
centration of this chemokine and expression of its receptor, CXCR4, to
be elevated in individuals with haematologic malignancies [72,73,27].
We observed an increase in SDF-1 level in peripheral blood upon G-CSF
administration, which was not reported by others [37,50,51,34]. Re-
garding the bone marrow, SDF-1 mRNA and protein level was also re-
ported to decrease in response to G-CSF administration [48,33,12].

The current study shows that both G-CSF and SDF-1 concentrations
increase in the peripheral blood on the 5th day of mobilisation.
Furthermore, their levels tend to be related to the number of HSCs re-
leased into peripheral circulation. This was predictable considering a
very strong positive correlation between G-CSF and SDF-1 serum con-
centrations upon mobilisation, described herein. That is why one
cannot neglect the possibility that relation between SDF-1 concentra-
tion and HSC release may be in fact dependent on G-CSF levels alone.

In conclusion, although clinical HSC mobilisation has been suc-
cessfully performed for the last thirty years [18], molecular mechan-
isms behind this process are still to be uncovered. Our current study
shows that, apart from neutrophils, monocyte population is also af-
fected by G-CSF administration and, therefore, may be involved in
progenitor cells mobilisation. Also, the role of SDF-1 in this process
remains controversial and requires further investigation.

Fig. 14. Relations between HSC mobilisation
effectiveness and percentage of neutrophils
expressing G-CSF receptor on their surface.
Expression of CSF3R on neutrophils was as-
sessed before (A and B) and on the 5th day of
G-CSF administration (C and D). Mobilisation
yield was measured as number of CD34+ cells
separated per kg b. w. (A and C) or per µl of
blood (B and D). Spearman's Rho correlation
test of the Social Science Statistics website
(http://www.socscistatistics.com/tests/
Default.aspx) was used for calculations. R
stands for Spearman's Rho correlation coeffi-
cient. Probability values were considered sta-
tistically significant for p < 0.05, while va-
lues between 0.05 and 0.10 were indicative of
a trend.
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