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It has been reported that both SCID mice and SCID patients poorly mobilize hematopoietic stem/progenitor 
cells (HSPCs) in response to granulocyte colony-stimulating factor (G-CSF). This defect has been proposed to 
result from a lack of naturally occurring IgM immunoglobulins to trigger activation of the complement cascade 
(ComC) and release of C5 cleavage fragments crucial in the mobilization process. However, SCID individuals 
also have T-cell deficiency, and T cells have been shown to modulate trafficking of HSPCs. To learn more about 
the role of T lymphocytes, we performed mobilization studies in T-lymphocyte-deficient nude mice and found 
that these mice respond poorly to G-CSF and zymosan but are normal mobilizers in response to AMD3100. 
Since nude mice have normal levels of IgM immunoglobulins in peripheral blood and may activate the ComC, 
we focused on the potential involvement of Gr1+ granulocytes and monocytes, which show defective matura-
tion in these animals. Using a nude mouse mobilization model, we found further support for the proposition 
that proper function of Gr1+ cells is crucial for optimal mobilization of HSPCs.
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INTRODUCTION

Hematopoietic stem/progenitor cells (HSPCs) are 
retained in the bone marrow (BM) microenvironment, 
and their retention is a result of the interaction of recep-
tors expressed on the surface of HSPCs and their corre-
sponding ligands present in BM stem cell niches1–5. The 
most important retention signals involve interaction of 
the a-chemokine receptor CXCR4 and the a1b4 integrin 
receptor very late antigen 4 (VLA-4), both of which are 
present in HSPCs. Their respective ligands, stromal-derived 
growth factor 1 (SDF-1) and vascular adhesion molecule 
1 (VCAM-1; also known as CD106), are expressed in the 
BM microenvironment1–6.

Egress of HSPCs from BM into peripheral blood (PB) 
is observed in several physiological and pathological 
situations4,7–14. The number of HSPCs circulating in PB:

i)  follows circadian rhythm changes7

ii)  is enhanced in several situations related to tissue and 
organ injuries and strenuous exercise8–10

iii)  increases up to 100-fold after administration of promo-
bilizing drugs, such as cytokine granulocyte colony- 
stimulating factor (G-CSF), or certain small mole-
cules that affect retention of HSPCs in BM niches, 
such as AMD3100 (also known as plerixafor), which 
is a C-X-C chemokine receptor type 4 (CXCR4) recep-
tor antagonist11,12.

The cytokine G-CSF is currently the most frequently 
employed clinical drug and efficiently mobilizes HSPCs 
after a few consecutive daily injections. AMD3100 is 
also currently employed in the clinic. A significant level 
of mobi lization may also be achieved within 1 h in exper-
imental animals after injection of the polysaccharide 
zymosan11,13,14.

Evidence has accumulated that activation of the 
complement cascade (ComC) is most likely a crucial 
step in initiating the cascade of events in the mobiliza-
tion process4,15–17. ComC is activated in all of the above-
mentioned situations in which mobilization of HSPCs is 
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observed, including circadian rhythms, infections, tis-
sue and organ injuries, and after administration of pro-
mobilizing drugs (e.g., G-CSF or AMD3100 in humans 
and zymosan in mice)7–12. An important role for ComC 
in HSPC mobilization is demonstrated by the fact that 
mice deficient in the fifth component of ComC (C5) are 
poor mobilizers16.

Some of the first changes observed in the BM dur-
ing mobilization are induction of a proteolytic micro-
environment1,18 and the release of lipolytic enzymes19, 
both of which affect retention of HSPCs in BM niches. 
The secretion of these enzymes in the BM microenvi-
ronment is stimulated by C5 cleavage fragments, C5a 
and desArgC5a, known also in the literature as anaphyla-
toxins. To induce mobilization, C5 cleavage fragments 
require granulocytes, which are the source of proteolytic 
and lipolytic enzymes involved in the release of HSPCs 
from BM niches19–21. Moreover, C5a and desArgC5a in PB 
chemoattract granulocytes and monocytes from BM, 
which, as the first cells to cross the BM–PB endothe-
lial barrier, pave the way for HSPCs to follow4,16,22. 
Confirming a crucial role of granulocytes and mono-
cytes, these granulocyte differentiation antigen (Gr-1+) 
cells11,23,24, as in ComC activation25–28, were found to be 
indispensable for the mobilization process.

Prompted by observations that T cells have been 
shown to modulate the trafficking of HSPCs29–31, we 
performed studies in T-cell-deficient nude mice to learn 
more about the role of the immune system in mobili-
zation of HSPCs. We observed that, despite having 
normal immunoglobulin M (IgM) levels and being 
able to activate ComC, nude mice are poor mobilizers 
in response to G-CSF and zymosan. We suggest that 
this defect in nude mice is not due to a lack of T cells 
but on a defect of granulocytes and monocytes, which 
results in impaired migration in response to C5 cleav-
age fragments and defective degranulation of granulo-
cytes. Therefore, we have provided further support for 
the notion that the proper functioning of granulocytes 
and monocytes is indispensable for the mobilization 
of HSPCs and that their defect is responsible for poor 
mobilization observed here in nude mice.

MATERIALS AND METHODS

Animals

Pathogen-free, 4- to 6-week-old BALB/c (nude mouse 
background control) and nude female mice were pur-
chased from the Jackson Laboratory (Bar Harbor, ME, 
USA) at least 2 weeks before the experiments. Animal 
studies were approved by the Animal Care and Use 
Committee of the University of Louisville (Louisville, 
KY, USA).

Murine Bone Marrow-Derived Mononuclear 
Cells (BM-MNCs)

BM-MNCs were obtained by flushing femurs and 
tibias of pathogen-free, 6- to 8-week-old mice. The cells 
were lysed with BD Pharm Lyse buffer (BD Biosciences, 
San Jose, CA, USA) to remove red blood cells (RBCs), 
washed, and resuspended in appropriate media for fur-
ther analysis11,16,17,21.

Sorting of Gr-1+ Cells and Monocytes

Cells were isolated from the BM of BALB/c and 
nude female mice. Briefly, the BM was flushed from 
tibias and femurs, and the population of total nucleated 
cells was obtained after lysis of RBCs using 1´ BD  
Pharm Lyse buffer. Cells were subsequently stained with  
antibodies: phycoerythrin (PE)–anti-CD11b (clone M1/70;  
BD Biosciences Pharmingen), allophycocyanin (APC)–
Cy7–anti-Ly6G (clone 1A8; BioLegend, San Diego, CA, 
USA), and Alexa Fluor 488–anti-Ly6C (clone HK1.4; 
BioLegend) for 30 min in medium containing 2% fetal 
bovine serum (FBS; Seradigm; VWR Life Science, Radnor, 
PA, USA). Cells were then washed, resuspended in 
Roswell Park Memorial Institute (RPMI)-1640 medium 
(HyClone; GE Healthcare Life Sciences, Logan, UT, 
USA), and sorted using a Moflo XDP cell sorter (Beck-
man Coulter, Indianapolis, IN, USA) as populations of 
neutrophils (Ly6G+/CD11b+) and monocytes (Ly6G–/
CD11b+/Ly6Chigh)19.

Mobilization

Mice were injected subcutaneously (SC) with 100 µg/kg  
of G-CSF (Amgen, Thousand Oaks, CA, USA) daily for 
6 days. For zymosan (Sigma-Aldrich, St. Louis, MO, 
USA) mobilization, mice were injected intravenously 
(IV) with 0.5 mg/mouse. For AMD3100 (Sigma-Aldrich) 
mobilization, animals received this compound at a dose 
of 5 mg/kg SC. At 6 h after the last G-CSF administration 
or at 1 h after zymosan and AMD3100 injection, mice 
were bled from the retro-orbital plexus for plasma and 
hematology analysis, and PB was obtained from the vena 
cava with a 25-gauge needle and 1-ml syringe containing 
50 µl of 100 mM ethylenediaminetetraacetic acid (EDTA; 
Quality Biological Inc., Gaithersburg, MD, USA). MNCs 
were obtained by hypotonic lysis of RBCs in BD Pharm 
Lyse buffer as previously described11,15–17,19.

Fluorescence-Activated Cell Sorting (FACS) Analysis

Staining was performed in RPMI-1640 medium con-
taining 2% FBS. All monoclonal antibodies (mAbs) were 
added at saturating concentrations, and the cells were 
incubated for 30 min on ice, washed twice, and analyzed 
with an LSR II flow cytometer (BD Biosciences). The 
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following mAbs were used to perform staining of Lin–/Sca-
1+/c-Kit+ (SKL) cells and Lin–/Sca-1+/CD45+ [hematopoi-
etic stem cells (HSCs)]: FITC–anti-CD117 (also known 
as c-Kit; clone 2B8; BioLegend) and PE–Cy5–anti-mouse 
Ly6 A/E (also known as Sca-1; clone D7; eBioscience, 
San Diego, CA, USA). All anti-mouse lineage markers 
(Lin) were purchased from BD Biosciences: anti-CD45R/
B220 (clone RA3-6B2), anti-Ter-119 (clone TER-119), 
anti-CD11b (clone M1/70), anti-T-cell receptor b (clone 
H57-597), anti-Gr-1 (clone RB6-8C5), anti-TCRgd (clone 
GL3), and anti-CD45 (clone 30-F11), and conjugated 
with PE as previously described11,15–17,19.

Evaluation of HSPC Mobilization

The following formula was used for evaluation of 
circulating colony-forming unit-granulocyte/macrophage 
(CFU-GM) and Lin–/Sca-1+/c-Kit+ (SKL) cells: [number 
of white blood cells (WBCs) ́  number of CFU-GM colo-
nies]/number of WBCs plated = number of CFU-GM per 
microliter of PB; and (number of WBCs ́  number of SKL 
cells)/number of gated WBCs = number of SKL cells per 
microliter of PB11,15–17,19.

PB Parameter Counts

To obtain leukocyte and RBC counts, 50 µl of PB was 
taken from the retro-orbital plexus of the mice and col-
lected into microvette EDTA-coated tubes (Sarstedt Inc., 
Newton, NC, USA). Samples were analyzed within 2 h 
of collection on a HemaVet 950 (Drew Scientific Inc., 
Waterbury, CT, USA)11,15,16,19.

Activation of the ComC

Normal plasma from BALB/c or nude mice was 
exposed to purified Gr-1+ cells (105 cells) from BALB/c 
or nude mice at 37°C for 30 min. Samples were stored 
at −80°C until use. All Abs, standard proteins, enzyme 
reagents, and substrate solutions were purchased from 
BD Biosciences. Assays were performed according to 
standard protocols. Briefly, plasma samples were incu-
bated in triplicate wells of microtiter plates, which had 
been precoated with antigen-specific (C5a) capture Abs. 
Repeated washing and aspiration were conducted before 
each incubation step to remove unbound materials from 
the assay plates. This step was followed by incubation 
with specific biotin-labeled capture Abs and enzyme 
reagent. Substrate solution was added to the wells of the 
microtiter plates, and color developed in proportion to the 
amount of antigen bound in the initial step of the assay. 
The color development was stopped with the addition of 
an acid solution, and the intensity of color was read using 
a microtiter plate spectrophotometer (Coulter DTX 880 
Multimode Detector; Beckman Coulter, Brea, CA, USA). 
The concentrations of complement C5a in plasma samples 

were determined by interpolation from individual stan-
dard curves composed of purified human C5a. Purified 
rat anti-mouse C5a (clone I52-1486) was used as the 
capture Ab (2 µg/ml, overnight at 4°C). Biotin-labeled 
rat anti-mouse C5a (clone I52-278) was used as the 
detection Ab (2 µg/ml, 2 h at room temperature). Plasma 
samples were used at a 1:10 dilution for C5a detection15.

Clonogenic In Vitro Assay

RBCs from PB were lysed with BD Pharm Lyse buffer. 
Nucleated cells were subsequently washed twice and used 
for CFU-GM colonies. Briefly, cells were resuspended 
in human methylcellulose base media provided by the 
manufacturer (R&D Systems, Minneapolis, MN, USA), 
supplemented with 25 ng/ml recombinant murine granu-
locyte macrophage colony-stimulating factor (mGM-CSF; 
Millipore, Billerica, MA, USA) and 10 ng/ml recombinant 
murine interleukin-3 (mIL-3; Millipore). Cultures were 
incubated for 7 days, at which time they were counted 
for the number of CFU-GM colonies under an inverted 
microscope (Olympus CK40; Olympus, Shinjuku, Tokyo, 
Japan). To evaluate the number of clonogenic progenitor 
cells, BM-MNCs were supplemented with erythropoietin 
(5 U/ml; Stemcell Technologies, Vancouver, BC, Canada) 
plus stem cell factor (SCF; 5 ng/ml; R&D Systems) and 
resuspended in methylcellulose base medium (for deter-
mining the number of burst-forming units-erythroid) (R&D 
Systems), supplemented with thrombopoietin (100 ng/ml; 
Gibco Thermo Fisher Scientific, Waltham, MA, USA) plus  
mIL-3 (10 ng/ml; ProSpec-Tany Technogene Ltd., East 
Brunswick, NJ, USA), and the resuspended plasma clots 
were used for determining the number of CFU mega-
karyocytes. The CFU-GM assay was performed as above. 
Cultures were incubated for 7 days (37°C, 95% humid-
ity, and 5% CO2), at which time they were counted under 
an inverted microscope for the number of each type of 
colony, as previously described17,19.

Degranulation Assay

Sorted Gr-1+ cells from BALB/c and nude mice resus-
pended in RPMI-1640 medium plus 0.5% bovine serum 
albumin (BSA; Sigma-Aldrich) (2 million cells per 400 µl of 
medium) were incubated overnight at 37°C. Subsequently, 
cells were stimulated by adding C5a (140 ng/ml), desArgC5a 
(140 ng/ml), or medium alone as control, and for myelo-
peroxidase (MPO), elastase, and phospholipase C (PLC) 
activity, cells were incubated for 5 h at 37°C. For MPO and 
elastase activity, cells were also stimulated with G-CSF 
(100 ng/ml) and AMD3100 (3 µM). Cells were centrifuged 
and conditioned medium (CM) was collected. MPO activ-
ity was determined using 3,3¢,5,5¢-tetramethylbenzidine 
(Sigma-Aldrich) as described. Briefly, 20-µl samples were 
combined with 100 µl of 3,3¢,5,5¢-tetramethylbenzidine 
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substrate solution, and the plate was incubated at 37°C for 
20 min. The reaction was stopped by adding 50 µl of 1 M 
H2SO4 (Mallinckrodt, Dublin, Ireland), and absorption was 
measured at 450 nm to estimate MPO activity. Elastase 
activity was measured using the EnzChek Elastase Assay 
Kit according to the manufacturer’s instructions (Life 
Technologies, Carlsbad, CA, USA). Briefly, 100 µl of 
fresh sample was incubated with 100 µl of substrate solu-
tion (with 25 µg/ml DQ elastin) for up to 4 h at room tem-
perature in the dark, and the resulting fluorescence was 
recorded at 515-nm emission following 505-nm excita-
tion. PLC activity was measured using the Amplex Red 
Phospholipase C Assay Kit (Invitrogen, Carlsbad, CA, 
USA), according to the manufacturer’s protocol, by mea-
suring the fluorescence using excitation in the range of 
530–560 nm and emission detection at ~590 nm. All activ-
ity assays were performed in triplicate in 96-well microti-
ter plates and analyzed with a Beckman Coulter DTX 880 
Multimode Detector. Results are shown as a percentage of 
control samples (p £ 0.05)19.

Transwell Migration Assay
BM-MNCs, BM-derived Gr-1+ cells, and monocytes  

from BALB/c and nude mice were resuspended in assay 
medium (RPMI-1640 plus 0.5% BSA). Assay medium 
(650 µl) without cells, containing SDF-1 (100 ng/ml; Pepro 
Tech, Rocky Hill, NJ, USA), sphingosine 1-phosphate 
(S1P; 0.1 µM; Cayman Chemical Company, Ann Arbor, 
MI, USA), and also C5a (140 ng/ml; BD Biosciences) 
or desArgC5a (140 ng/ml) purchased from Calbiochem (La 
Jolla, CA, USA) for Gr-1+ cells and monocytes, was added 
to the lower chambers of a Costar Transwell 24-well plate 
(Corning Costar, Cambridge, MA, USA). Aliquots of cell 
suspension (1 ́  106 cells per 100 µl) were loaded onto the 
upper chambers with 5-µm-pore filters and then incubated 
for 3 h (37°C, 5% CO2). Gr-1+ cells and monocytes from 
the lower chambers were harvested and counted by FACS 
analysis. Briefly, the cells were gated according to their 
forward scatter (FSC) and side scatter (SSC) parameters 
and counted during a 30-s acquisition at a high flow rate. 
After chemotaxis, BM-MNCs from the lower chamber 

Figure 1. Nude mice are poor mobilizers in response to G-CSF and zymosan but normal mobilizers in response to AMD3100. Nude 
and BALB/c (control) mice were mobilized with six doses of granulocyte colony-stimulating factor (G-CSF) administered once a day, 
and 6 h after the last dose the peripheral blood was analyzed. Mice were injected with zymosan or AMD3100, and 1 h later the periph-
eral blood was analyzed. At the times indicated above, peripheral blood (PB) samples were collected and analyzed for the numbers 
of white blood cells (WBCs) (A), number (No.) of (Lin−/Sca-1+/c-kit+) (SKL) cells (B), hematopoietic stem cells (HSCs; Lin−/Sca-1+/
CD45+) (C), and colony-forming unit-granulocyte/macrophage (CFU-GM) clonogenic progenitors (D). Experiments were performed 
three times with four mice per group. *p £ 0.05, differences between BALB/c and nude mice. Results are shown as percent of values 
of unmobilized mice.
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were resuspended in human methylcellulose base medium 
provided by the manufacturer (R&D Systems), supple-
mented with murine GM-CSF (25 ng/ml) and IL-3 (10 
ng/ml), for determining the number of CFU-GM colonies. 
Cultures were incubated for 7 days (37°C, 95% humidity, 
and 5% CO2), at which time they were counted under an 
inverted microscope for the number of colonies16,17,19.

Statistical Analysis
Arithmetic means and standard deviations were cal-

culated using Instat 1.14 software (Graphpad, San 
Diego, CA, USA). Statistical significance was defined 
as p £ 0.05. Data were analyzed using Student’s t-test for 
unpaired samples.

RESULTS

Nude Mice Are Poor Mobilizers in Response to G-CSF 
and Zymosan but Normal Mobilizers in Response 
to AMD3100

To learn more about the role of the immune system 
in the mobilization of HSPCs, we performed studies in 
T-cell-deficient nude mice. Both nude and background 
control BALB/c mice were mobilized by employing 
G-CSF, zymosan, and AMD3100 (Fig. 1). As reported 
in our previous work, while G-CSF and zymosan induce 
mobilization by activating ComC, AMD3100 mainly 
blocks the SDF-1–CXCR4 interaction between the BM 
niche and HSPCs32–34. Evaluating the number of mobilized 

Figure 2. Hematological parameters in nude mice compared with BALB/c animals. Peripheral blood (PB) parameters were evalu-
ated using a HemaVet 950FS analyzer, and nude mice had less white blood cells (WBCs), neutrophils (NEs), lymphocytes (LYs), and 
monocytes (MOs) (A). Compared with BALB/c (control) mice, nude mice had normal numbers of RBCs, hemoglobin content (HB), 
hematocrit (HCT), mean volume of erythrocytes (MCV), mean content of hemoglobin (MCH), mean concentration of hemoglobin 
in erythrocytes (MCHC), and red cell distribution width (RDW) (B). Under steady-state conditions, there were also no differences 
between nude and BALB/c mice in the numbers of Lin−/Sca-1+/c-kit+ (SKL) cells and hematopoietic stem cells (HSCs) circulating 
in PB (C). Bone marrow (BM) of nude and BALB/c mice was also isolated and evaluated for the numbers of colony-forming unit-
granulocyte/macrophage (CFU-GM), erythroid progenitor cell (BFU-E), and CFU megakaryocyte (CFU-Meg) clonogenic progenitors 
in in vitro assays, in which nude mice showed higher levels of CFU-GM clonogenic progenitors (D). Data represent an average of at 
least eight mice tested per experimental group (*p £ 0.05).
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nucleated cells, the number of mobilized SKL and CD34–

SKL cells, and the number of mobilized CFU-GM circu-
lating in PB, we found that nude mice are poor mobilizers 
in response to G-CSF and zymosan but normal mobiliz-
ers in response to AMD3100.

These observations prompted us to focus on the pos-
sible mechanisms responsible for these differences. Since 
nude mice have a normal level of naturally occurring IgM 
antibodies, which trigger activation of the ComC35,36, we 
focused on additional mechanisms related to mobiliza-
tion of HSPCs, such as the involvement of Gr-1+ cells 
in these animals (neutrophils and monocytes). In support 
of this involvement, nude mice have a defect in matu-
ration of granulocytes and show a resulting compensa-
tory increase in the number of clonogenic CFU-GM37. 
As shown in Figure 2, we confirmed an increase in the 
number of CFU-GM in the BM of nude mice.

Chemotactic Responsiveness of BM-MNCs 
to Sphingosine-1-Phosphate, SDF-1, C5a, 
and desArgC5a Gradients

To address the responsiveness of BM cells isolated 
from nude and control BALB/c mice to chemoattractants 
that play a role in the mobilization process, we employed 
Transwell migration assays.

We first observed that BM-MNCs and CFU-GM pro-
genitors show similar chemotactic responses to S1P and 
SDF-1 gradients (Fig. 3A). Next, since neutrophils and 
monocytes are the first cells that egress from BM into 
PB, we studied the responsiveness of FACS-sorted neu-
trophils (Fig. 3B) and monocytes (Fig. 3C) to C5a and 
desArgC5 and found that both types of cells purified from 
nude mice BM show a decrease in chemotactic response 
to C5 cleavage fragments compared with control ani-
mals. This is an important observation, as it has been 

Figure 3. Chemotactic responsiveness of bone marrow-derived mononuclear cells (BM-MNCs) to SDF-1 and S1P gradients and of Gr-1+ 
cells and monocytes to SDF-1, S1P, and promobilizing C5a and desArgC5a chemoattractant gradients. The chemotactic responsiveness of 
murine clonogenic colony-forming unit-granulocyte/macrophage (CFU-GM) progenitors to stromal cell-derived factor 1 (SDF-1) and 
sphingosine 1-phosphate (S1P) gradients (A). Gr-1+ cells (B) and monocytes (C) were employed for chemotaxis assays in response to S1P, 
SDF-1, complement component 5a (C5a), and desArgC5a gradients using the Transwell system. The experiment was repeated twice, and the 
data were combined. Results are shown as the percentage of input which represents 5% of the insert (*p £ 0.05).
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reported that both C5a and desArgC5a are crucial for the 
egress of HSPCs into PB and the permeabilization of the 
blood–BM endothelial barrier16,19–22.

The Responsiveness of Gr-1+ Cells to Degranulating 
Agents in Nude and Normal Mice

Gr-1+ granulocytes/monocytes were isolated from the 
BM of nude and control BALB/c mice and analyzed in 
a degranulation assay. As degranulating stimulators, we 
employed G-CSF, AMD3100, C5a, and desArgC5a (Fig. 4). 
We found that sorted cells from nude mice showed 
a decrease in the release of elastase and MPO into 

conditioned media after stimulation by G-CSF and C5 
cleavage fragments (Fig. 4A and B). At the same time, no 
differences were observed after exposure to AMD3100. 
Similarly, after stimulation by C5a and desArgC5a, Gr-1+ 
cells from nude mice showed a decrease in the release of 
a lipolytic enzyme involved in the disintegration of mem-
brane lipid rafts—PLC-b2 (Fig. 4C).

Gr-1+ Cells From Nude Mice Show a Defect in the 
Activation of Complement

Activation of the ComC plays a crucial role in the 
egress of HSPCs from BM into PB, and there are several 

Figure 4. Analysis of nude and BALB/c Gr-1+ cells in degranulation assays. Gr-1+ cells (granulocytes and monocytes) were 
isolated from the bone marrow (BM) of nude and BALB/c (control) mice and stimulated with medium alone or with G-CSF, 
AMD3100, C5a, or desArgC5a. After stimulation, conditioned media were analyzed in degranulation assays by measuring elastase 
activity (A), myeloperoxidase (MPO) activity (B), and phospholipase C activity (C). The results are combined from three indepen-
dent experiments and show changes as a percentage of the control. Statistical differences refer to the differences between BALB/c 
and nude mice after stimulation (*p £ 0.05).
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factors released by Gr-1+ cells that, in addition to pro-
teolytic enzymes, reactive oxygen species (ROS), and 
secreted danger-associated molecular pattern molecules 
(DAMPs), may activate the ComC. To address how effec-
tive Gr-1+ cells isolated from nude mice are in activating 
the ComC, we purified these cells from BM and added 
them into ice-cold tubes of plasma freshly drawn from 
BALB/c animals. As shown in Figure 5, in contrast to 
Gr-1+ cells sorted from BALB/c animals, granulocytes 
from nude mice show a defect in ComC activation in our 
assay. In the reverse experiment, we found that plasma 
drawn from nude mice is somewhat hypersensitive to 
ComC activation under steady-state conditions, and again 
BALB/c mouse-derived Gr-1+ cells were able to activate 
plasma drawn from nude mice more efficiently than Gr-1+ 
cells isolated from nude animals (Fig. 5).

DISCUSSION

The salient observation of our work is that defective 
mobilization in T-cell-deficient nude mice is related to 
the defective promobilizing effects of Gr-1+ cells, which 
additionally provides further evidence for the pivotal 
role of granulocytes and monocytes in the mobilization 
process11,23,24. This observation was also supported by 
employing a different in vivo model than in our previous 
observation that T lymphocytes are not directly involved 
in regulating the egress of HSPCs from BM into PB29.

Despite significant progress in the field, the mobiliza-
tion of HSPCs is still not fully understood, and a signifi-
cant number of patients, particularly those with previous 
histories of chemotherapy, are deemed poor mobilizers38,39. 
Several host-related factors have been described that pro-
mote mobilization, including i) release of proteases in 
the BM microenvironment by activated myeloid cells, 
which perturb the integrity of the SDF-1–CXCR4 and  

VCAM-1–VLA-4 retention axes40,41; ii) release of PLC- 
b2, which perturbs lipid raft assembly on the surface of 
HSPCs19; iii) downregulation of SDF-1 expression in 
stem cell niches42,43; iv) upregulation of serpin family 
protease inhi bitors in the BM microenvironment44,45; and 
v) downregulation of heme oxygenase 1 (HO-1) activity 
in HSPCs46.

Moreover, accumulating evidence demonstrates that 
mobilization of HSPCs is regulated by several components 
of innate immunity, including naturally occurring IgM anti-
bodies, the ComC, and Gr-1+ granulocytes/monocytes11,25–28. 
Specifically, we reported that promobilizing agents expose 
neoepitopes in the BM micro environment that bind natu-
rally occurring IgM Abs, and this leads to activation of 
the ComC in BM during mobilization4. By contrast, the 
polysaccharide zymosan may directly activate the ComC 
in the factor B- and D-mediated, IgM-independent alterna-
tive ComC activation pathway11. The ComC is also acti-
vated, although less efficiently, by administration of the 
CXCR4-blocking agent AMD310011,12. The pivotal role 
of ComC activation and granulocyte activation and egress 
was reported by us to be perturbed in C5-deficient mice16 
and mice that have a defect in activation of the lectin–
mannose pathway of ComC activation47 (manuscript in 
preparation). Similarly, mice that are IgM deficient and 
Gr-1+ granulocyte deficient are also poor mobilizers4. 
These observations demonstrate the most likely sequence 
of events that trigger the mobilization process, including 
IgM binding to neoepitopes, activation of the ComC, C5 
cleavage fragment-mediated degranulation of neutrophils, 
and egress of Gr-1+ cells from BM to PB as a means to 
facilitate the subsequent egress of HSPCs.

Our results presented here confirm that nude mice 
have a defect in the maturation of granulocytes and 
monocytes37. Moreover, we suggest for the first time that 

Figure 5. Analysis of Gr-1+ cells isolated from the bone marrow of nude and BALB/c mice for their ability to activate complement. 
Gr-1+ cells (granulocytes and monocytes) were isolated from bone marrow (BM) of nude and BALB/c mice and exposed to the plasma 
of BALB/c or nude mice. Complement activation was measured by enzyme-linked immunosorbent assay (ELISA) for C5a. Values are 
the fold increase of C5a compared with control plasma (*p £ 0.05).
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this defect affects several steps in the mobilization of 
HSPCs. First, Gr-1+ cells from nude mice, when added to 
BALB/c mouse serum, did not activate the ComC. This 
defect, however, may depend on the sensitivity of the 
assay employed. Interestingly, in the reverse ComC acti-
vation experiment, we found that plasma in nude mice 
seem to be hypersensitive to the activation of ComC 
after exposure to Gr-1+ cells isolated from BALB/c mice. 
This difference in ComC activation could reflect a kind 
of compensatory effect in immunodeficient nude mice. 
Next, we found that Gr-1+ cells from nude mice showed 
defective degranulation in response to G-CSF, C5a, and 
desArgC5a. Specifically, they release less elastase, MPO, 
and PLC-b2 than Gr-1+ cells from control BALB/c ani-
mals. Interestingly, at the same time, we did not observe 
any significant differences in secretion between Gr-1+ 
cells isolated from nude and BALB/c mice after expo-
sure to AMD3100. Finally, both granulocytes and mono-
cytes purified by FACS showed an impaired chemotactic 
response to C5a and desArgC5a gradients. This finding is 
important because, as mentioned above, these cells are 
the first to egress from BM into PB and are involved in 
the permeabilization of the blood–BM endothelial bar-
rier for HSPCs. In toto, all these steps involving Gr-1+ 
cells, which are required for optimal mobilization, are 
defective in nude mice and explain their poor mobiliza-
tion status.

In conclusion, we have provided further support for 
the notion that proper function of Gr-1+ cells is indispens-
able for the mobilization of HSPCs and that the defects 
observed in mice with a nude background are responsible 
for impaired mobilization. We also provided an explana-
tion for the differences in mobilization of HSPCs after 
exposure to G-CSF and zymosan compared with admin-
istration of AMD3100. Analyzing potential differences 
in the response of Gr-1+ cells to mobilizing agents, the 
most crucial step that was perturbed in Gr-1+ cells from 
nude mice was their defective degranulation and release 
of proteolytic enzymes, which are required to attenuate 
retention of HSPCs in BM. Since AMD3100, by blocking 
the CXCR receptor, already attenuates SDF-1–CXCR4-
mediated retention, nude mice mobilize to a similar 
degree as BALB/c mice. In addition, as we observed here, 
enhanced ComC activation in nude mice is most likely 
a compensatory immune surveillance mechanism and is 
most likely sufficient after administration of AMD3100 
to facilitate egress of HSPCs from BM into PB.
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