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Novel evidence that the mannan-binding lectin pathway of
complement activation plays a pivotal role in triggering
mobilization of hematopoietic stem/progenitor cells by
activation of both the complement and coagulation cascades
Leukemia (2017) 31, 262–265; doi:10.1038/leu.2016.278
Hematopoietic stem progenitor cells (HSPCs) circulate at
low levels in peripheral blood (PB) and follow changes in
circadian rhythm.1 Evidence has accumulated that their egress
from stem cell niches is signiﬁcantly augmented in a complement
cascade (ComC)-dependent manner.2 The number of HSPCs
circulating in PB increases during infection, tissue or organ injuries
and particularly after administration of pharmacological drugs,
such as granulocyte-colony stimulating factor (G-CSF) or the
CXCR4 receptor antagonist AMD3100, and pharmacological
mobilization is a means to obtaining HSPCs for hematopoietic
transplants.3 However, the mobilization process is still not well
understood.
The ComC is activated by the classical, mannan-binding lectin
(MBL) and alternative pathways.4 Activation of the ComC and
generation of cleavage fragments of the ﬁfth component of the
ComC (C5), such as C5a, desArgC5a and C5b, by classical C5
convertase initiates events that are required for egress of HSPCs
from bone marrow (BM) into PB.5 Recent results indicate that the
coagulation cascade (CoaC) is activated in parallel with activation
of the ComC during the mobilization process and plays a
supportive role, because thrombin has ‘C5-like’ convertase
activity.6 Although a requirement for ComC activation and the
pivotal roles of the distal part of complement activation and the
generation of C5 cleavage fragments in executing mobilization
have been previously demonstrated,5 mice with mutations in

components that initiate the classical pathway (C1q–/– mice) do
not show impairment in mobilization of HSPCs.7
Therefore, we became interested in the potential role of the
MBL pathway of ComC activation in triggering the mobilization of
HSPCs after administration of G-CSF or AMD3100. MBL is a soluble
pattern-recognition receptor circulating in PB that is involved in
the ﬁrst line of defense of innate immunity and, as mentioned
above, activates the ComC by engaging the so-called MBLassociated serine proteases (MASP-1 and -2). The MBL–MASP
pathway also activates the CoaC, which, as also recently
demonstrated, plays a role in the mobilization process.6,8 On the
basis of these ﬁndings, we hypothesized that the MBL-initiated
ComC and CoaC activation pathways are involved in triggering
mobilization of HSPCs and that MBL–MASP deﬁciency results in
poor mobilization efﬁciency.
In our experiments, we employed 2-month-old, MBL-deﬁcient
(MBL–/–) and MASP-1-deﬁcient (MASP-1–/–) mice as well as their
normal wild type (WT) littermates, and animals were mobilized
with G-CSF (100 μg/kg daily for 3 or 6 days) or AMD3100 (5 mg/
kg). Following mobilization, we measured (i) the total number of
white blood cells, (ii) the number of circulating clonogenic colonyforming unit granulocyte/macrophage (CFU-GM) progenitors and
(iii) the number of Sca-1+c-kit+lineage– (SKL) cells in PB. In parallel,
we evaluated activation of the ComC after administration of G-CSF
or AMD3100 in experimental animals by employing C5a ELISA.
Furthermore, to address the role of the CoaC in MBL–MASP-1and MBL–MASP-2-induced mobilization, MBL–/– mice were treated
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MBL–MASP pathway is most likely the crucial pathway in
activation of the CoaC following G-CSF administration.
Overall, the salient observation of our work is that MBL and its
downstream effector MASP-1 play a pivotal role in activation of
the ComC during G-CSF- and AMD3100-mediated mobilization of
HSPCs. For example, Figure 2a demonstrates defective generation
of C5a in MBL–/– and MASP-1–/– animals, which explains our
previous results in which mice that have a defect in activation of
the classical pathway (C1q–/–) mobilize HSPCs into PB normally,7
because distal ComC pathway and C5 in C1q–/– mice is properly
activated in MBM–MASP-dependent manner. We also demonstrate that, in addition to the ComC, the CoaC, which augments
mobilization of HSPCs by providing thrombin-mediated C5-like
convertase activity is also activated during mobilization in an
MBL–MASP-dependent manner. On the basis of these and other
published results, we propose the mechanistic scenario depicted
in Figure 2b, which portrays mobilization of HSPCs in response to
pharmacological agents (G-CSF or AMD3100).
Speciﬁcally, the ﬁrst step during mobilization is activation of Gr1+ granulocytes and monocytes in the BM microenvironment,
which are a source of several proteolytic9,10 and, as recently
demonstrated, also lipolytic enzymes11 that together cooperate to

in some of the experiments with an inhibitor of the CoaC
(reﬂudan).
We found that MBL-KO (Figure 1a) and MASP-1-KO (Figure 1b)
mice are poor mobilizers in response to mobilizing agents
compared with WT littermates. Moreover, to exclude defects in
hematopoiesis in animals employed in this study that could be
responsible for the observed mobilization defects, we found that
under steady-state conditions MBL-deﬁcient (Supplementary
Figure 1) and MASP-1-deﬁcient (Supplementary Figure 2) mice
have normal PB cell counts (Panels A), red blood cell parameters
(Panels B), numbers of bone marrow-residing HSPCs (Panels C)
and numbers of clonogenic progenitors (Panels D) compared with
WT animals.
Since, as mentioned above, the MBL–MASP-1 complex has been
reported to also activate the CoaC, and thrombin provides C5-like
convertase activity to activate/cleave C5,6 which is pivotal for
egress of HSPCs from BM into PB, we performed mobilization
studies in MBL–/– and WT mice in the presence or absence of the
CoaC inhibitor reﬂudan. Figure 1c shows that, as expected, control
mice exposed to reﬂudan have impaired G-CSF-induced mobilization. However, administration of reﬂudan did not augment the
mobilization defect in MBL–/– mice, which indicates that the
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Figure 1. MBL–/– and MASP-1–/– mice are poor mobilizers in response to G-CSF and AMD3100. (a) MNCs were isolated from WT and MBL–/–
mice after a short G-CSF mobilization (3 days, upper panel), long G-CSF mobilization (6 days, middle panel) or AMD3100 mobilization (lower
panel). Mice were killed 6 h after the last G-CSF injection or 1 h after AMD3100 mobilization, and the numbers of white blood cells, SKL (Sca-1+
c-kit+ Lin−) cells, HSCs (Sca-1+ CD45+ Lin−) and CFU-GM clonogenic progenitors in PB were evaluated. Results from two separate experiments
with ﬁve mice per group are pooled together, *P ⩽ 0.05. (b) WT and MASP-1–/– mice were mobilized for 3 days with G-CSF (short mobilization,
upper panel), 6 days with G-CSF (long mobilization, middle panel) or AMD3100 mobilization (lower panel). Mice were killed 6 h after the last
G-CSF or 1 h after AMD3100 injection, the mononuclear cells were isolated, and the numbers of white blood cells, SKL (Sca-1+ c-kit+ Lin−) cells,
HSCs (Sca-1+ CD45+ Lin−) and CFU-GM clonogenic progenitors in PB were evaluated. Results from two separate experiments with ﬁve mice per
group are pooled together, *P ⩽ 0.05. (c) The effect of inhibition of the CoaC on mobilization of HSPCs in MBL-deﬁcient mice. MBL–/– mice were
mobilized for 3 days with G-CSF (100 μg/kg per day, s.c.) in the presence or absence of reﬂudan (administered daily for 3 days, 5 mg/kg, i.p.).
The numbers of circulating leukocytes, SKL cells, HSCs and CFU-GM progenitors per microliter of PB are shown. Control mice were injected
with PBS. Results from two separate experiments with ﬁve mice per group are pooled together, *P ⩽ 0.05.
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Figure 2. (a) Defective cleavage of C5 in MBL- and MASP-1-deﬁcient mice during mobilization. Plasma collected from PB of mice mobilized
with G-CSF (short or long) or AMD3100 show lower levels of C5a compared with WT mice. Results shown as a percentage of mobilized WT
mice, *P ⩽ 0.05. (b) Interplay of components of innate immunity (the ComC, Gr-1+ cells, naturally occurring IgM antibodies), and the CoaC in
the mobilization of HSPCs. Mobilizing agents, G-CSF or AMD3100, activate Gr-1+ neutrophils and monocytes and enhance secretion of ROS by
these cells. In the BM microenvironment, ROS expose neoepitopes. Moreover, during mobilization, several types of DAMP molecules are
released. Neoepitope–IgM complexes as well as DAMPs are recognized by MBL, which activates the ComC and the CoaC in a MASP-dependent
manner. C5 convertases (classical and ‘C5-like’) generated in the next step cleave C5 to release cleavage fragments crucial to executing egress
of HSPCs from BM.

impair retention signals for HSPCs in BM niches as well as disturb
membrane lipid raft integrity. The fact that experiments with
mouse mutants for several proteolytic enzymes that are released
from activated Gr-1+ cells in BM have failed so far to identify a
crucial enzyme3,12 suggests redundancy among enzymes and the
involvement of several other proteases, such as cathepsin K.
Moreover, it is widely acknowledged that proteolytic enzymes
digest proteins involved in retention of HSPCs in BM niches, such
as stromal-derived factor 1 and vascular cell adhesion molecule 1,
expressed in the BM microenvironment, with the corresponding
receptors, chemokine receptor CXCR4 and α4β1 integrin receptor
VLA-4, expressed on the surface of HSPCs.3,14 Interestingly, in
contrast to proteolytic enzymes, the lipolytic enzyme PLC-β2 has
already been demonstrated to play an important role in
mobilization, as it perturbs lipid raft integrity, which is necessary
for proper signaling from CXCR4 and VLA-4.11 At the same time,
we cannot exclude the involvement of other lipolytic enzymes
that could directly affect sphingosine-1-phosphate or ceramide-1phosphate gradients.
Besides releasing proteolytic and lipolytic enzymes that create a
proteolytic and lipolytic BM microenvironment, Gr-1+ cells also
secrete several other mediators that promote mobilization, such
as (i) reactive oxygen species (ROS), which induce expression of
neoepitopes in the BM microenvironment that bind naturally
occurring IgM antibodies,13 and (ii) danger-associated molecular
pattern molecules (DAMPs), such as heat shock proteins, ATP and
high-mobility group box 1. The role of these pathways in the
mobilization of HSPCs is supported by the fact that Gr-1+ cellLeukemia (2017) 234 – 265

deﬁcient mice,3,12 ROS deﬁciency14 or a lack of naturally occurring
IgM antibodies13 results in poor mobilizer status. What is
important for this report, both neoepitope–IgM complexes and
DAMPs, which are exposed or released at the initial phase of
mobilization, are recognized by circulating MBL, which, in
cooperation with MASP, triggers activation of both the ComC
and the CoaC.15
Taking into consideration the pivotal role of the MBL pathway in
the mobilization process, our studies have potential clinical
implications for identifying so-called poor mobilizers. It is known
that ~ 10% of normal healthy donors respond poorly to currently
available mobilizing drugs. On the other hand, human MBL (MBL2)
deﬁciency is the most common form of complement deﬁciency
and is seen in ~ 10% of humans.15 These numbers of poor
mobilizers and MBL-deﬁcient patients appear to match up, and it
would be useful to evaluate activation of the MBL pathway in poor
and good mobilizers. In human, MBL is produced in liver, and
structural mutations in exon 1 of the human MBL2 gene at codon
52 (Arg → Cys, allele D), codon 54 (Gly → Asp, allele B) and codon
57 (Gly → Glu, allele C) also independently reduce the level of
functional serum MBL by disrupting the collagenous structure of
the protein. Furthermore, several nucleotide substitutions in the
promoter region of the human MBL2 gene at positions − 550 (H/L
polymorphism), − 221 (X/Y polymorphism), − 427, − 349, − 336, del
(−324 to − 329), − 70 and +4 (P/Q polymorphisms) affect the MBL2
serum concentration.15 Thus, further clinical studies are justiﬁed to
see whether it is possible that the MBL2 state can predict poor
mobilizers.
© 2017 Macmillan Publishers Limited, part of Springer Nature.
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In conclusion, we have identiﬁed a previously unrecognized
role for the MBL–MASP-1 pathway in triggering both ComC and
CoaC activation during the HSPC mobilization process. This ﬁnding
explains the pivotal role of the MBL pathway in triggering
activation of the proximal part of the ComC and explains why,
with a deﬁciency in activation of classical pathway components
(C1q), mobilization of HSPCs proceeds normally as long as the
MBL pathway remains intact.7 Taking into consideration that
~ 10% of normal people are poor activators of the MBL pathway15
and that this percentage may correspond with the ~ 10% of
the normal healthy population that are poor mobilizers, we
are currently investigating whether MBL deﬁciency correlates
with poor mobilization status in patients. If our hypothesis is
correct, the MBL level could become an important predictive
parameter for identifying poor mobilizers. Finally, our results again
conﬁrm a pivotal role of the ComC and other elements of innate
immunity as well as involvement of the CoaC in the mobilization
process.
CONFLICT OF INTEREST
The authors declare no conﬂict of interest.

ACKNOWLEDGEMENTS
This work was supported by NIH grants 2R01 DK074720 and R01HL112788, the Stella
and Henry Endowment and the Harmonia NCN grant UMO-2014/14/M/NZ3/00475
to MZR. AAI was on leave of absence from the Faculty of Veterinary Medicine, Zagazig
University, Egypt. MA and AAI equally contributed to this paper.

M Adamiak1,2, A Abdelbaset-Ismail1, M Suszynska1, A Abdel-Latif3,
J Ratajczak1 and MZ Ratajczak1,2
1
Stem Cell Institute at James Graham Brown Cancer Center,
University of Louisville, Louisville, KY, USA;
2
Department of Regenerative Medicine Warsaw Medical University,
Warsaw, Poland and
3
Division of Cardiovascular Medicine, Gill Heart Institute, University of
Kentucky, Lexington, KY, USA
E-mail: mzrata01@louisville.edu
REFERENCES
1 Katayama Y, Battista M, Kao WM, Hidalgo A, Peired AJ, Thomas SA et al. Signals
from the sympathetic nervous system regulate hematopoietic stem cell egress
from bone marrow. Cell 2006; 124: 407–421.
2 Ratajczak MZ, Kim CH, Wojakowski W, Janowska-Wieczorek A, Kucia M, Ratajczak J.
Innate immunity as orchestrator of stem cell mobilization. Leukemia 2010; 24:
1667–1675.

3 Bonig H, Papayannopoulou T. Hematopoietic stem cell mobilization: updated
conceptual renditions. Leukemia 2013; 27: 24–31.
4 Song WC. Crosstalk between complement and toll-like receptors. Toxicol Pathol
2012; 40: 174–182.
5 Lee HM, Wu W, Wysoczynski M, Liu R, Zuba-Surma EK, Kucia M et al. Impaired
mobilization of hematopoietic stem/progenitor cells in C5-deﬁcient mice supports the pivotal involvement of innate immunity in this process and reveals
novel promobilization effects of granulocytes. Leukemia 2009; 23: 2052–2062.
6 Borkowska S, Suszynska M, Mierzejewska K, Ismail A, Budkowska M, Salata D et al.
Novel evidence that crosstalk between the complement, coagulation, and ﬁbrinolysis proteolytic cascades is involved in mobilization of hematopoietic stem/
progenitor cells (HSPCs). Leukemia 2014; 28: 2148–2154.
7 Jalili A, Marquez-Curtis L, Shirvaikar N, Wysoczynski M, Ratajczak M, JanowskaWieczorek A. Complement C1q enhances homing-related responses of hematopoietic stem/progenitor cells. Transfusion 2010; 50: 2002–2010.
8 Gur-Cohen S, Itkin T, Chakrabarty S, Graf C, Kollet O, Ludin A et al. PAR1 signaling
regulates the retention and recruitment of EPCR-expressing bone marrow
hematopoietic stem cells. Nat Med 2015; 21: 1307–1317.
9 Lévesque JP, Helwani FM, Winkler IG. The endosteal ‘osteoblastic’ niche and its
role in hematopoietic stem cell homing and mobilization. Leukemia 2010; 24:
1979–1992.
10 Lévesque JP, Liu F, Simmons PJ, Betsuyaku T, Senior RM, Pham C et al. Characterization of hematopoietic progenitor mobilization in protease-deﬁcient mice.
Blood 2004; 104: 65–72.
11 Adamiak M, Poniewierska-Baran A, Borkowska S, Schneider G, Abdelbaset-Ismail A,
Suszynska M et al. Evidence that a lipolytic enzyme-hematopoietic-speciﬁc
phospholipase C-β2-promotes mobilization of hematopoietic stem cells by
decreasing their lipid raft-mediated bone marrow retention and increasing the
promobilizing effects of granulocytes. Leukemia 2015; 30: 919–928.
12 Hoggatt J, Tate TA, Pelus LM. Hematopoietic stem and progenitor cell mobilization in mice. Methods Mol Biol 2014; 1185: 43–64.
13 Reca R, Cramer D, Yan J, Laughlin MJ, Janowska-Wieczorek A, Ratajczak J et al. A
novel role of complement in mobilization: immunodeﬁcient mice are poor
granulocyte-colony stimulating factor mobilizers because they lack complementactivating immunoglobulins. Stem Cells 2007; 25: 3093–3100.
14 Lapidot T, Kollet O. The brain-bone-blood triad: trafﬁc lights for stem-cell homing
and mobilization. Hematology Am Soc Hematol Educ Program 2010; 2010: 1–6.
15 Keizer MP, Wouters D, Schlapbach LJ, Kuijpers TW. Restoration of MBL-deﬁciency:
redeﬁning the safety, efﬁcacy and viability of MBL-substitution therapy. Mol
Immunol 2014; 6: 174–184.

This work is licensed under a Creative Commons AttributionNonCommercial-ShareAlike 4.0 International License. The images or
other third party material in this article are included in the article’s Creative Commons
license, unless indicated otherwise in the credit line; if the material is not included under
the Creative Commons license, users will need to obtain permission from the license
holder to reproduce the material. To view a copy of this license, visit http://
creativecommons.org/licenses/by-nc-sa/4.0/

© The Author(s) 2017

Supplementary Information accompanies this paper on the Leukemia website (http://www.nature.com/leu)

© 2017 Macmillan Publishers Limited, part of Springer Nature.

Leukemia (2017) 234 – 265

