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Abstract
Objective—We previously reported that inhibition or loss of CD26 (DPPIV/dipeptidylpeptidase
IV) results in a defect in normal mobilization of hematopoietic stem and progenitor cells induced
by granulocyte-colony stimulating factor (G-CSF). This suggests that CD26 is a necessary
component of the mobilization pathway. Our goal in this study was to determine whether
mobilization can be induced by the CXCR4 antagonist AMD3100 in mice lacking CD26
(CD26-/-).

Materials and Methods—Ten week old CD26-/- and C57BL/6 mice received a subcutaneous
injection of AMD3100. One hour post-injection the mice were euthanized and peripheral blood
and bone marrow were collected and evaluated.

Results—AMD3100 mobilizes hematopoietic progenitors into the peripheral blood of CD26-/-

and mice.

Conclusions—Our finding that AMD3100 rapidly mobilizes hematopoietic progenitor cells
from the bone marrow into the periphery in CD26 deficient transgenic mice that otherwise exhibit
a mobilization defect in response to G-CSF suggests that: (1) CD26 is downstream of G-CSF but
upstream of the CXCL12-CXCR4 axis and (2) AMD3100 can be used as a single agent to
mobilize hematopoietic stem and progenitor cells in normal donors or patients that have an
intrinsic defect in their response to G-CSF treatment. Stem cell transplants are often the only
curative treatment in some cancer patients. The ability to perform the transplant and its success is
dependent on the ability to mobilize adequate numbers of hematopoietic progenitor cells. The use
of AMD3100 as a single agent would give patients or donors an additional option for a successful
stem cell transplant.
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Introduction
Granulocyte-colony stimulating factor (G-CSF) is used routinely in the clinic to mobilize
hematopoietic stem and progenitor cells (HSC/HPC) from the bone marrow into the
peripheral blood. Once in the circulation, apheresis procedures are effective at collecting cell
isolates that are enriched for peripheral blood stem cells (PBSC), which can then be
transplanted into patients who are candidates for autologous stem cell transplantation or
cryopreserved for later usage. In addition to G-CSF [1] and granulocyte macrophage colony-
stimulating factor (GM-CSF) [2], several other growth factors have been identified as
mobilizing agents but are not ready for clinical use. For example, mobilization can be
achieved by treatment with several different cytokines and/or growth factors individually or
in combination: stem cell factor (SCF) [3], flt-3 ligand (FL) [4], interleukin-3 (IL-3) [5], and
interleukin-8 (IL-8) [6] and others.

Although many of the key components of HSC/HPC trafficking in and out of the bone
marrow have been identified, the mechanism by which G-CSF mobilizes HSC/HPC into the
peripheral blood is still heavily debated. Normally there are interactions between HSC/HPC
and the components of the bone marrow such as chemokines, selectins, and integrins. HSC/
HPC express a wide range of adhesion molecules [CXCR4, very late antigen-4 (VLA-4), c-
kit (CD117), L-Selectin (CD62L), and CD44]. The marrow stroma express the ligands
corresponding to these adhesion molecules: CXCL12/stromal cell derived factor-1 (SDF-1),
vascular cell adhesion molecule-1 (VCAM-1), kit ligand (KL), P-selectin glycoprotein
ligand-1 (PSGL), and hyaluronic acid (HA). Mobilization is believed to result from
cytokine-induced changes in the profile of adhesion molecules expressed on HSC/HPC and/
or their relationship to the corresponding ligands on the bone marrow cells [7]. G-CSF is
thought to induce, through an unknown cell type, the release of a number of proteases into
the bone marrow (BM), including neutrophil elastase (NE), Cathepsin G (CG), and matrix
metalloproteinase-9 (MMP-9). IL-8 and Groβ are believed to release the same enzymes via
neutrophils and monocytes. These proteases have the ability to cleave several adhesion
molecules thought to play an important role in HSC trafficking and mobilization, including
c-kit, VCAM-1, CXCR4, and SDF-1. However, mice lacking NE and CG display normal G-
CSF-induced HSC/HPC mobilization [8], and mice lacking MMP-9 exhibit normal G-CSF-
induced [8-9] and IL-8-induced [10] HSC/HPC mobilization. Therefore, the overall
importance of these enzymes in HSC/HPC mobilization remains unresolved.

The enzyme CD26 (also known as DPPIV/dipeptidylpeptidase IV) cleaves dipeptides from
the N-terminus of proteins that contain the required X-Pro or X-Ala motif. Inhibition or loss
of CD26 activity in mice results in a deficiency in normal G-CSF induced HSC/HPC
mobilization. This suggests that CD26 is an important component of G-CSF induced
mobilization [11-12]. Loss of CD26 on donor cells results in enhanced homing and
engraftment into congenic mouse recipients [13]. In addition, the chemokine CXCL12
(SDF-1, stromal cell derived factor-1) is one of several chemokines that contains the
appropriate recognition sequence necessary for CD26-mediated cleavage [14]. This
information, combined with the known role of CXCL12 in directing the trafficking of HSC/
HPC suggests that CXCL12 is a likely target of CD26 during G-CSF-induced mobilization
of HSC/HPC.
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AMD3100, an antagonist of CXCR4, blocks binding of the chemokine CXCL12 to its
receptor, CXCR4, and induces rapid mobilization of HSC/HPC in humans and mice [15-16].
Cells mobilized by AMD3100 are capable of multi-lineage engraftment into primary and
secondary recipient mice [16]. Additionally, AMD3100 mobilized CD34+ cells from
humans engraft into non-obese diabetic-severe combined immunodeficient (NOD-SCID)
mice [16]. For these reasons, as well as the recent introduction into the clinic of AMD3100
in combination with G-CSF, we decided to determine whether single agent AMD3100
mobilizes HSC/HPC in CD26-deficient mice (CD26-/-).

Materials and methods
AMD3100 treatment of mice

C57BL/6 mice were obtained from The Jackson Laboratory (Bar Harbor, ME). CD26/
DPPIV deficient (CD26-/-) mice [17] (also on a C57BL/6 background) were maintained as a
breeding colony. All animal studies were done under an IACUC approved protocol. A single
subcutaneous injection of AMD3100 (5 mg/kg) was given to ten week old C57BL/6 and
CD26-/- mice. Age-matched untreated control mice were given a subcutaneous injection of
an equivalent volume (100 μl) of saline. The mobilization kinetics in response to a 5mg/kg
AMD3100 bolus injection in mice has been well described historically [16] and more
recently revisited [18]. In the more recent study, mobilization into the peripheral blood
peaked after 1 hour and returned to normal within 4 hours [18]. Consequently, for our
studies mice were euthanized one hour post-injection by CO2 inhalation to obtain cells for
analysis.

Isolation of Cells
Peripheral blood (PB) was obtained from euthanized mice by cardiac puncture using a 25
gauge needle and a 1.2 mL syringe containing EDTA as an anticoagulant (Sarstedt,
Germany). A complete blood count and blood differential analysis was done for each
peripheral blood sample using a HemaVet® 950FS Cell Counter (Drew Scientific,
Waterbury, CT). Comparisons of blood differentials between groups were made using two-
tailed students t-test (SigmaPlot 10 / SigmaStat 3.5, Systat, Richmond, CA). Three to five-
hundred μL of PB from each sample was diluted to 10 mL with Dulbecco's phosphate-
buffered saline (DPBS) and centrifuged at 1000 g for 20 minutes. Red blood cell lysis was
done with hypotonic ACK lysis buffer (155 mM NH4CL, 10 mM KHCO3, and 0.1 mM
EDTA, pH 7.2). Samples were centrifuged at 800 g for 10 minutes and the cells resuspended
in IMDM media (Iscove's Modified Dulbecco's Medium, HyClone, Logan, UT)
supplemented with 10% Fetal Bovine Serum (FBS) (HyClone, Logan, UT), 2 mM L-
Glutamine (HyClone, Logan, UT), 100 U/mL penicillin, 100 U/mL streptomycin, and
0.025μg/mL amphotericin B (HyClone, Logan, UT).

Bone marrow from each femur was collected by flushing the femur with 1 mL DPBS passed
through a 25 gauge needle. Cells were washed by diluting to 10 mL with DPBS followed by
centrifugation at 1000 g for 20 minutes. The supernatant was removed, the cells were
washed again and centrifuged at 800 g for 10 minutes, and the cells were resuspended in
supplemented IMDM media.

Flow Cytometry
Multivariate flow cytometric analysis was done for freshly isolated cells from mouse
peripheral blood and bone marrow. Cells were stained with (i) APC mouse lineage cocktail
(Gr-1 (Ly-6G and Ly-6C), Mac-1(CD11b), B220(CD45R), CD3ε, and Ter119), (ii) anti
mouse Sca-1 v500, (iii) anti-mouse c-kit v450, (iv) anti-mouse CD34 FITC, (v) anti-mouse
CD48 PE-Cy7, (vi) anti-mouse CD90.2 (thy1.2) APC-efluor780, (vii) anti-mouse CD135
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(Flt3/Flk2) PE and (viii) anti-mouse CD150 (SLAM) PerCP-Cy5.5 (BD Biosciences, San
Diego, CA or eBioscience, San Diego, CA or BioLegend, San Diego, CA). Cells were
labeled using a staining protocol described previously [11-13]. Approximately 2,000,000
events were collected on an FACSCanto II flow cytometer (BD Biosciences) for each
sample analysis. Analysis was done using BD FACSDiva software. Comparisons were made
using non-parametric Mann Whitney U test (SigmaPlot 10 / SigmaStat 3.5, Systat,
Richmond, CA).

Myeloid colony assay
Colony assays were done by adding the equivalent of 1.25% of the total volume of bone
marrow mononuclear cells (MNC) (approximately 5×104 cells) and the equivalent of 75 ul
of peripheral blood (approximately 4-5×105 cells) to 1 mL of 1% methyl-cellulose
supplemented with 15% FBS, 1% Bovine Serum Albumin, 10 μg/mL recombinant human
(rh) Insulin, 200 μg/mL Iron Saturated Human Transferrin, 10-4 M 2-Mercaptoethanol, 2
mM L-glutamine, 50 ng/mL recombinant mouse (rm) stem cell factor, 10 ng/mL rm
Interleukin-3, 10 ng/mL rh interleukin-6, and 3 U/mL rh erythropoietin. These suspensions
were incubated under 5% O2, 5% CO2, and 100% humidity at 37°C. Plates were scored for
colony-forming units of granulocyte-macrophage (CFU-GM), burst-forming units-erythroid
(BFU-E), and colony-forming units of granulocytes, erythroblasts, macrophages and
megakaryocytes (CFU-GEMM) after 7 days of incubation. Comparisons were made using
two-tailed students t-test (SigmaPlot 10 / SigmaStat 3.5, Systat, Richmond, CA).

Results
Complete blood counts (CBC) were obtained for the peripheral blood of mice following
treatment with AMD3100. White blood cell (WBC) counts were elevated in the peripheral
blood of C57BL/6 mice that received AMD3100. Specifically, WBC counts increased from
5.17±0.37×106/mL in untreated mice to 13.26±0.89×106/mL in AMD3100-treated C57BL/6
mice (p≤0.01, n=14). This represents a 2.6 fold increase in the number of circulating WBC.
An elevation in the WBC count was also observed following AMD3100 treatment of
CD26-/- mice – from 5.87±0.68×106/mL in untreated mice to 17.33±1.27×106/mL in treated
mice (p<0.01, n=14). This is a 3.0 fold increase in circulating WBC counts. When blood
differentials were examined, it was noted that the overall elevation in WBC had resulted
from increases in neutrophils, lymphocytes, and monocytes for both C57BL/6 and CD26-/-

treated mice (Table 1). No significant difference in WBC counts were noted in untreated
C57BL/6 mice as compared to CD26-/- mice but a significantly higher number of circulating
WBC was observed in the PB of AMD3100 CD26-/- mice as compared to AMD3100 treated
C57BL/6 mice (p=0.015, n=14) which is explained primarily by an increase in lymphocyte
counts (p=0.036, n=14).

To evaluate changes in the percentage of circulating HSC/HPC, multivariate flow
cytometric analysis was performed on cells isolated from the peripheral blood of mice. Sub-
populations of cells were defined using cell surface markers as lin-Sca-1+c-kit+ [LSK]
mixed hematopoietic stem and progenitor cells, LSKCD34+ short term-repopulating
hematopoietic stem cells [ST-HSC] and multipotent progenitors [MPP], and LSKCD34-

long term-repopulating hematopoietic stem cells [LT-HSC]. Although the level of
LSKCD34-CD48- and LSKCD34-CD48-Flt3-Thy1-/loCD150+ cells within the LSKCD34-

cell population was evaluated, the percentage of these cell sub-types was too low in the
peripheral blood to adequately quantify with statistical accuracy. For example, the
LSKCD34-CD48- cell population represented less than 0.001% of the total cell population in
the peripheral blood of both untreated and AMD3100 treated mice. This is the equivalent of
less than 20 cells per 2×106 flow cytometric events. Treatment of C57BL/6 mice with
AMD3100 resulted in a 4.33 fold increase in LSK cells,, a 4.43 fold increase in LSKCD34+
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cells, and a 4.23 fold increase in LSKCD34- cells 1 hour following injection (Figure 1); For
CD26-/- mice, there was a 5.01, 6.45, and 3.88 fold increase in HSC/HPC subsets
respectively. In both C57BL/6 and CD26-/- mice, the increase in peripheral blood LSK,
LSKCD34+, and LSKCD34-, cells resulting from treatment with AMD3100 was significant
(p≤0.05, n=6).

Methylcellulose-based myeloid colony assays were used to evaluate the numbers of myeloid
progenitor cells present in the peripheral blood and bone marrow of mice. Increased
numbers of circulating peripheral blood myeloid progenitors were observed in the peripheral
blood of AMD3100-treated C57BL/6 and CD26-/- mice compared to control (untreated)
mice (Figure 2, p≤0.01). Specifically, 4.0, 6.3, and 20.6 fold increases in, respectively,
CFU-GM, BFU-E, and CFU-GEMM were observed in the peripheral blood of treated
C57BL/6 mice. The numbers of myeloid progenitors observed in treated C57BL/6 mice
were in the same range as seen in published literature [18-19] for both peripheral blood and
bone marrow. Increases of 4.8, 11.0, and 9.5 fold in, respectively, CFU-GM, BFU-E, and
CFU-GEMM were observed in the peripheral blood of CD26-/- mice after treatment. There
were no significant differences in the numbers of circulating CFU-GM, BFU-E, and CFU-
GEMM between C57BL/6 and CD26-/- mice either untreated or treated. This represents a
major difference from what was seen when C57BL/6 and CD26-/- mice were treated with G-
CSF. Previously published data, reproduced with permission (Christopherson et al.,
Experimental Hematology 31 (2003) 1126-1134), showed that C57BL/6 control mice
exhibited a 13.3 fold increase in CFU-GM (Figure 2D), a 3.7 fold increase in BFU-E (Figure
2E), and a 6.6 fold increase in CFU-GEMM (Figure 2F) in response to treatment with G-
CSF (2.5 μg 2×/day for 4 days). In contrast, CD26-/- mice exhibited smaller increases in
response to G-CSF treatment when compared to untreated mice: a 3.2 fold increase in CFU-
GM (Figure 2D), a 2.2 fold increase in BFU-E (Figure 2E), and a 2.7 fold increase in CFU-
GEMM (Figure 2F). The data on G-CSF treatment of C57BL/6 mice is consistent with other
published data for G-CSF. [19]

Some isolated changes in bone marrow progenitor content were noted in response to
AMD3100, including a reduction in BFU-E and an increase in CFU-GEMM content in
untreated CD26-/- mice compared to C57BL/6 mice (Figure 3). However, overall there were
no differences in the number of myeloid progenitors across all lineages when untreated and
AMD3100-treated bone marrow of C57BL/6 and CD26-/- mice were compared within its
respective strain (Figure 3).

Discussion
Pre-clinical and clinical data suggest that the CXCR4 antagonist AMD3100 rapidly
mobilizes hematopoietic progenitor cells from the bone marrow into the periphery [15-16].
The results presented here provide pre-clinical evidence that AMD3100-induced inhibition
of the binding of the chemokine CXCL12 to its receptor, CXCR4, mobilizes significant
numbers of myeloid progenitors in mice in the absence of CD26. Whereas, G-CSF utilizes
CD26 as part of the HSC/HPC mobilization mechanism. Although CD26-/- mice are not
entirely deficient in G-CSF induced mobilization, G-CSF induced mobilization of HSC/HPC
in CD26-/- mice is at a substantially reduced level when compared to wild type C57BL/6
mice following four days of G-CSF treatment. This suggests that G-CSF likely acts via
multiple pathways, some of which are dependent on CD26, in order mobilize HSC/HPC.

These results support the idea that CD26 is downstream of G-CSF with respect to
mobilization. These results also suggest the potential use of AMD3100 as a single-drug
mobilizing agent to treat patients who have a decreased ability to respond to G-CSF
treatment because of a reduction or loss of CD26 activity. An additional mobilizing regimen
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for poor G-CSF responders would increase the chances of a successful stem cell transplant.
In addition, AMD3100 appears to have minimal side effects in donors. A clinical trial in
which 25 HLA-matched sibling donors were mobilized with AMD3100 alone showed no
toxicities in donors greater than grade one [20]. No alterations in CD26 expression or
activity in normal donors or patients undergoing G-CSF-induced mobilization for transplant
purposes have been reported. However, a recent study comparing AMD3100 and G-CSF in
C57BL/6 mice showed that c-kit+ cells mobilized by AMD3100 retained their CD26 and
CXCR4 expression, whereas c-kit+ cells mobilized by G-CSF did not [18]. These expression
data indicate that G-CSF-induced mobilization occurs upstream of CD26 whereas,
AMD3100-induced mobilization does not. Additionally, a previously reported chromosomal
linkage analysis comparing mouse strains that were poor or good responders to G-CSF has
suggested that the difference in mobilization response is due, at least in part, to genes
located in a region on mouse chromosome 2 between genetic markers D2Mit83 [21] at 16.0
cM [22] and D2Mit229 [21] at 99.0 cM [23]. Interestingly, CD26 is located on chromosome
2 at 35.0 cM [24], which is positioned within this region and suggested by linkage analysis
to be important for mobilization.[11] These published studies, in combination with our
results, provides strong evidence that CD26 plays a pivotal role in mobilization by G-CSF.
In addition, AMD3100 is able to by-pass the CD26 mechanism and successfully mobilize
hematopoietic stem and progenitor cells. Future studies are warranted to evaluate potential
variations in CD26 levels or activity in the general population, in different patient
populations, and during different treatment regimens. Some individual patients or patient
populations may benefit from the use of AMD3100 alone over G-CSF alone or AMD3100
in combination with G-CSF.
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Figure 1.
The numbers of circulating (A) lin-Sca+c-kit+ [LSK], (B) LSKCD34+, and (C) LSKCD34-,
hematopoietic stem and progenitor cells per mL in the peripheral blood following
AMD3100 mobilization (n=6). Comparisons of untreated groups to AMD3100 treated
groups were done using a non-parametric Mann Whitney U test.
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Figure 2.
The numbers of circulating myeloid progenitors, (A) granulocyte, macrophage [CFU-GM],
(B) erythroid [BFU-E], and (C) granulocyte, erythroid, megakaryocyte, macrophage [CFU-
GEMM]), in the peripheral blood following AMD3100-mobilization of C57BL/6 and
CD26-/- mice as compared to untreated mice. Comparisons of untreated groups to
AMD3100-treated groups were done using a two-tailed student t-test assuming equal
variance, n=7-10 mice per group. Previously published data (Christopherson et al.,
Experimental Hematology 31 (2003) 1126-1134.) for G-CSF mobilization demonstrated that
CD26-/- mice had poor mobilization after G-CSF treatment as compared to C57BL/6 mice.
These data (D, E and F), reproduced with permission from Experimental Hematology, were
also presented as the numbers of circulating myeloid progenitors including (D) CFU-GM,
(E) BFU-E, and (F) CFU-GEMM.

Paganessi et al. Page 9

Exp Hematol. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
The numbers of marrow derived myeloid progenitors, specifically (granulocyte, macrophage
[CFU-GM], erythroid [BFU-E], and granulocyte, erythroid, megakaryocyte, macrophage
[CFU-GEMM]), in the bone marrow of untreated and AMD3100-treated C57BL/6 control
mice and CD26-/- mice. Comparisons of untreated groups to AMD3100-treated groups were
done using a two-tailed student t-test assuming equal variance, n=7-10 mice per group.
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