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Abstract

Accumulation of amyloid � (A�) is a major hallmark in Alzheimer’s disease (AD). Bone marrow derived monocytic cells (BMM) have been
shown to reduce A� burden in mouse models of AD, alleviating the AD pathology. BMM have been shown to be more efficient phago-
cytes in AD than the endogenous brain microglia. Because BMM have a natural tendency to infiltrate into the injured area, they could be
regarded as optimal candidates for cell-based therapy in AD. In this study, we describe a method to obtain monocytic cells from BM-
derived haematopoietic stem cells (HSC). Mouse or human HSC were isolated and differentiated in the presence of macrophage colony
stimulating factor (MCSF). The cells were characterized by assessing the expression profile of monocyte markers and cytokine response
to inflammatory stimulus. The phagocytic capacity was determined with A� uptake assay in vitro and A� degradation assay of natively
formed A� deposits ex vivo and in a transgenic APdE9 mouse model of AD in vivo. HSC were lentivirally transduced with enhanced green
fluorescent protein (eGFP) to determine the effect of gene modification on the potential of HSC-derived cells for therapeutic purposes.
HSC-derived monocytic cells (HSCM) displayed inflammatory responses comparable to microglia and peripheral monocytes. We also
show that HSCM contributed to A� reduction and could be genetically modified without compromising their function. These monocytic
cells could be obtained from human BM or mobilized peripheral blood HSC, indicating a potential therapeutic relevance for AD.
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Introduction

The major hallmarks of AD include A� deposits and neurofibrillary
tangles, accumulating in the brain regions that serve cognition and
memory [1]. They are formed by aggregated A� peptides and
hyperphosphorylated � protein, respectively. In the amyloidogenic
pathway, amyloid precursor protein is cleaved into A� peptides

A�40 and A�42, the latter being more prone to aggregation [1–3].
Monomeric A� spontaneously aggregates into oligomers and
high-molecular weight oligomers, which further aggregate to form
insoluble fibrils and A� plaques [1]. A�-mediated destruction of
neuronal integrity is dependent on A� aggregation state from
which A� oligomers are the most neurotoxic [2, 3]. In addition,
A� signaling in non-neuronal cells and A� removal by astrocytes
and brain mononuclear phagocytes, including microglia, are also
dependent on the A� aggregation state [4–7].

The imbalance between A� production and clearance is thought
to be an initiating factor in AD. Although the clearance mechanisms
of excess A� are diverse, even a small chronic defect in A�

 clearance may be sufficient to cause AD [2]. There are numerous
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proteolytic enzymes such as neprilysin, insulin-degrading enzyme
and matrix metalloproteases all which degrade A� and have been
shown to regulate A� deposition in mouse models of AD [2]. Brain
glial cells, both astrocytes [4,8–10] and microglia [5,6,11–13] have
been shown to contribute to A� clearance and play a significant role
in the control of AD pathogenesis. However, the progressive A�

accumulation in spite of increased microglia activation and recruit-
ment within the A� plaques suggests that the ability of microglia to
clear A� decreases with age and the progression of AD [14].

How the renewal of brain mononuclear phagocytes occurs has
not yet been unanimously interpreted [15,16]. Nevertheless, in 
addition to self-renewal of brain endogenous microglia, there are
populations of peripheral monocytic cells capable of crossing the
blood–brain barrier (BBB) and infiltrating into the brain parenchyma
[17–24]. Peripheral monocytic cells have also been shown to 
infiltrate into the brain parenchyma or perivascular area in AD. They
associate with A� deposits and aid in A� clearance by hampering
the accumulation of A� or reducing pre-formed A� deposits
[25–28]. It has been shown that a chemokine C-C receptor 2
(CCR2), a receptor for CCL2-mediated leucocyte chemotaxis, is
required for early microglia accumulation and delay of the disease
progression in AD [29]. Early microglia accumulation in AD before
formation of senile plaques involves the recruitment of peripheral
monocytic cells [25, 26] and it was previously demonstrated that
microglia indeed rise from CCR2�Ly6Chigh monocytes [30].

However, the recruitment of CCR2�Ly6Chigh monocytes may
only occur under defined host conditions [30], suggesting that
monocyte access into the brain parenchyma in sufficient quantity
may require pre-conditioning of the cells and/or of the BBB
integrity. A recent study demonstrated that peripherally trans-
planted CD11b� BMM migrate into the vicinity of A� plaques and
that these cells can be utilized as gene delivery vehicles carrying
and secreting the proteolytic enzyme neprilysin to substantially
reduce A� burden in AD [31].

Monocytes originate from BM HSC, reside in BM or spleen 
as myeloid or monocyte progenitors of various differentiation
stages and properties, and are eventually released into the blood on
demand [32–34]. In peripheral blood (PB) they exist as two main
subsets; inflammatory CCR2�Ly6C�/highCD115� and resident
CCR2�Ly6C�/lowCD115� monocytes, with CCR2� CD14highCD16�

and CCR2�CD14�CD16� as their human counterparts. These sub-
sets of monocytes have different migration properties and function
in inflammatory and steady-state conditions. After their exit from
blood, monocytes differentiate into tissue-specific macrophages
and dendritic cells. Macrophages, including microglia in the brain
represent a spectrum of inflammatory cells ranging from so-called
classically to alternatively activated macrophages [33]. It has been
demonstrated that inflammatory Ly6C� monocytes may be
recruited into the inflamed or injured area instantly and display
classical activation with secretion of inflammatory cytokines and
phagocytic activity whereas Ly6C� may be recruited later when
alternative activation with wound repair, tissue remodelling and
immunomodulation would be required [33].

Because monocytes have been demonstrated (i) to regulate the
progression of AD, (ii) to migrate into the damaged areas in AD and

(iii) as phagocytic and immunomodulatory cells to alleviate the AD
pathology, they appear optimal candidates for cell-mediated therapy
in AD. However, because monocytes are short-lived cells, limited in
number, and transfection and viral transduction has proven to be
 difficult [35], there is certainly a need for an infinite pool of mono-
cytic cells originating from stem cells. We have differentiated BM
HSC into monocytic lineage cells [27] and herein, we characterize
them for possible therapeutic purposes in AD. We demonstrate that
long-term HSC can be expanded and differentiated in vitro into
monocytic cells with inflammatory responses comparable to periph-
eral monocytes and microglia. We also show that HSC-derived
monocytic cells (HSCM) contribute to A� reduction and can be
genetically modified without compromising their function. Therefore,
these monocytic cells could be obtained from human BM and mobi-
lized PB HSC, and potentially be used for AD cell-based therapy.

Materials and methods

BM cell culture

BM was isolated from 5- to 8-week-old C57BL mice. For HSC mobilization,
adult mice were treated s.c. with a single dose of granulocyte colony 
stimulating factor (GCSF) 500 �g/kg (Pegfilgrastim, Neulasta, Amgen,
diluted in sterile 0.15M sodium acetate, pH adjusted to 7.4. with acetic acid)
3–4 days before sacrifice. BM was isolated and cultivated as described
 earlier [26,27]. Briefly, mononuclear cells were isolated by gradient centrifu-
gation and HSC were isolated by immunomagnetic cell separation using
CD117 mouse HSC positive selection kit (EasySep, StemCell Technologies).
CD117� cells were plated at 100,000 cells/cm2 and proliferated in vitro in
serum-free conditions as described [27]. The non-adherent cells were
replated every 2 days when half of the medium was refreshed. For differen-
tiation into monocytic lineage, non-adherent cells were collected and plated
at 100,000 cells/cm2 in the presence of low endotoxin serum (Gibco) and
10 ng/ml MCSF (R&D Systems, Oxon,  United Kingdom). After differentia-
tion, the cells were collected in PBS. Adherent cells were detached gently
with repeated pipetting in PBS.

Human BM was received from Kuopio University Hospital, as approved
by the Board of Research Ethics, Hospital District of Northern Savo,
Finland. The research was carried out according to the World Medical
Association Declaration of Helsinki and informed consent was obtained
from all subjects. Mononuclear cells were isolated by gradient centrifuga-
tion with Ficoll Paque (Amersham). HSC were isolated by immunomag-
netic cell separation using human CD34� selection kit (EasySep, StemCell
Technologies). CD34� cells were used fresh after the isolation or frozen in
10% DMSO, 90% FBS, in liquid nitrogen until use. CD34� cells were plated
at 100,000 cells/cm2 and proliferated in vitro in serum-free conditions
[27], supplemented with haematopoietic cytokines (StemSpan Cytokine
Cocktail; Stem Cell Technologies, Grenoble, France) including 100 ng/ml
stem cell factor, 100 ng/ml Flt-3, 20 ng/ml IL-6, 20 ng/ml IL-3, in humidi-
fied atmosphere at 37°C in 5% CO2. Cells were cultivated and differentiated
as described earlier. Human PB GCSF-mobilized CD34 cells were obtained
from AllCells and cultivated similarly to BM-originated cells.

Mouse BMM were obtained as described [26] and isolated with mouse
monocyte enrichment kit (EasySep, Stem Cell Technologies) according to
manufacturer’s instructions.
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Microglia cell culture

Mouse neonatal microglia cultures were prepared as described earlier
[36,37]. Microglia types I and II cells were collected as described [38].

Flow cytometry

Cells were counted and stained as described [26] with CCR2 (LifeSpan
Technologies, Alpharetta, GA, USA), CD4 (eBioscience, San Diego, CA,
USA), CD40, CD49d, CD68, CD86, CD115 (all from Serotec, Oxford, UK),
CD3e, CD11a, CD11b, CD11c, CD14, CD16, CD34, CD44, CD45, CD45R,
MHCII, Ly6C, Ly6G (all from BD Biosciences, Franklin Lakes, NJ, USA),
CD117 and Sca-1 (StemCell Technologies) or isotype controls followed by
secondary antibody stain (Alexa Fluor 488; Molecular Probes, Paisley, UK)
when needed. A minimum of 10,000 events were acquired on FACSCalibur
flow cytometer equipped with a 488 laser (BD) and data analysis was per-
formed using Cellquest Pro software (BD).

Cytokine assay

Cells were treated with 10 ng/ml lipopolysaccharide (LPS; Sigma-Aldrich,
St. Louis, MO, USA) for 24 hrs. Media were collected and cytokine concen-
tration determined with tumour necrosis factor-� (ELISA; R&D Systems).
Detection of intracellular cytokine production was performed as described
[39]. Briefly, cells were treated with 1 �g/ml LPS for 6 hrs including
Brefeldin A (Sigma-Aldrich) for the last 4 hrs of incubation to inhibit pro-
tein transport and to enhance the detection of intracellular cytokines. Cells
were collected and stained for cell surface markers (Ly6C or CD11b) as
described earlier. Cells were fixed with 4% paraformaldehyde (PFA) for 
20 min. at room temperature and then permeabilized with 0.05% saponin
(Sigma-Aldrich). PE-conjugated TNF-�, IL-6 or IL-10 cytokine antibody or
isotype control (all from eBioscience) was applied in PBS, 2% FBS, 0.05%
saponin and incubated for 30 min. at RT. Cells were analysed on a flow
cytometer as described earlier.

Nitric oxide assay

Cells were treated with 10 ng/ml LPS for 24 hrs in phenol red-free medium.
Media were collected and mixed with an equal volume of Griess reagent
(2% phosphoric acid, 1% sulfanilamide, 0.1% naphthylethylene dihy-
drochloride; Sigma-Aldrich), incubated for 10 min. and absorbance was
measured at 540 nm with a multiscan reader. Sodium nitrite (Sigma-
Aldrich) was used as a standard.

A� uptake assay

A� uptake assay was modified from Fiala et al. [40]. Cells were incubated
with 2 �g/ml A�42 (HiLyte Fluor 488; AnaSpec, Fremont, CA, USA) for 24
hrs. Cells were fixed with 4% PFA and stained with CD68 (Dako, Glostrup,
Denmark) followed by Alexa Fluor 568 (Molecular Probes) staining.
Labelling was visualized and observed with a fluorescent microscope
(Olympus, Espoo, Finland). For quantification of A� uptake, cells were
labelled with 0.5 �g/ml A�42 for 24 hrs and analysed on a flow cytometer
as described earlier.

Ex vivo A� degradation assay

The ex vivo A� degradation assay was modified from Koistinaho et al. [8].
Brain sections were obtained from aged APdE9 mice [41] expressing
human APP695 Swedish mutation and human PS1-dE9 (deletion in exon
9) vector as described [27]. Cells were applied onto the brain sections in
differentiation medium. After the incubation, A� quantification was per-
formed with A� ELISA and pan-A� immunostaining as described [27].

Lentiviral transduction

BM HSC were plated in serum-free medium as described earlier. For lentivi-
ral gene transfer, eGFP-expressing lentivirus under the control of human
phosphoglycerate kinase promoter was used. The lentivirus was produced
and titrated as described [42]. The cells were incubated with the virus
overnight (16 hrs) then diluted with a four-fold amount of fresh serum-free
medium. Thereafter, the cells were cultivated as described earlier.

Cell viability was tested 1 day post-transduction with 1 �g/ml 7-
aminoactino-mycin-D (7-AAD; Sigma-Aldrich). The transduction effi-
ciency was determined after 3 days of cultivation by flow cytometer as
described earlier.

Transplantation

BM transplantation to generate chimeric mice was performed as described
[26]. Briefly, HSC were obtained from eGFP expressing C57BL mice [43]
and cultivated as described earlier. The recipient mice were irradiated with
medical linear accelerator (Varian Medical Systems) using 6 or 4 MV pho-
ton irradiation. The dose was delivered in two 550 cGy fractions with a 3-
hr interval. The next day the mice were transplanted with 200,000 HSC in
200 �l of HBSS, 2% FBS by tail vein injection. The BM engraftment was
determined after minimum of 4 weeks post-transplantation by saphenous
vein blood collection. Cells were stained for lymphocyte, monocyte and
granulocyte markers (CD3, CD45R, CD11b, Gr-1, all from BD) and
analysed on a flow cytometer as described [26].

Intrahippocampal transplantation was performed as described [26].
Briefly, 2-year-old transgenic APdE9 mice [41] and their non-transgenic lit-
termates were anaesthetized with isoflurane and placed in a stereotaxis
apparatus. BM HSCM (300,000 in 1 �l of HBSS, 2% FBS) were injected
with a Hamilton syringe into the right hippocampus and the same amount
of vehicle was injected into the left hippocampus according to following
coordinates: �0.25 mm medial/lateral, �0.27 mm anterior/posterior,
�0.25 mm dorsal/ventral from bregma. Four days post-transplantation,
the brains were collected as described [26], immersion fixed with 4% PFA
overnight, cryoprotected with 30% sucrose for 2 days, then snap frozen
and stored at �70	C until processed for immunohistochemistry.

All animal experiments were conducted according to the national regula-
tions for the use and welfare of laboratory animals and approved by the
Animal Experiment Committee in State Provincial Office of Southern Finland.

Immunohistochemisty

Histological analysis was performed as described [26]. Briefly, 20 �m
coronal sections were stained with pan-A� (Biosource, Paisley, UK), Iba-1
(Wako, Richmond, VA, USA), CD68 (Serotec) or GFAP (Dako) and followed
by incubation with Alexa Fluor 568-conjugated secondary antibody.
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Staining was visualized with a fluorescent microscope and immunoreactive
area was quantified using Image Pro Plus software (Media Cybernetics,
Bethesda, MD, USA) from the hippocampal region. Confocal microscope
(Zeiss, Tuusula, Finland) was used for co-localization analysis using ZEN
software (Zeiss). The detailed information about antibodies used in this
study can be found in Supplementary Data.

Statistical analysis

The data are expressed as mean � S.D. and analysed with SPSS software
using Student’s t-test or one-way ANOVA when appropriate, followed by
Dunnett’s or Tukey’s post-hoc test; *P 
 0.05, **P 
 0.01, ***P 
 0.001.

Results

BM HSC differentiate into monocytic cells 
in the presence of MCSF having a phenotype 
similar to BMM and partly distinct from microglia

To generate a pool of stem-cell derived monocytic cells, we isolated
mouse CD117� BM HSC and differentiated them into monocytic lin-
eage. Human PB or BM cells are conventionally pre-purifed with a
gradient centrifugation to isolate mononuclear leucocytes contain-

ing HSC. Similarly, we first pre-purified mouse BM mononuclear
cells before proceeding to immunomagnetic isolation of CD117�

HSC. After the HSC purification, �90% of cells were CD117�.
Because CD117 may be expressed, to a small extent, in some other
cell types as well, we cultivated the CD117� cells with haematopoi-
etic cytokines in serum-free conditions as non-adherent cells to
enhance the growth and proliferation of HSC. When we transplanted
a lethally irradiated recipient mouse with 2 weeks in vitro prolifer-
ated eGFP-expressing HSC, the cells engrafted the mouse BM and
this sustained as long as 1 year after the transplantation.

After proliferation, BM HSC were differentiated into monocytic
cells in the presence of serum and MCSF. After 1–2 days of 
differentiation, the cells started gradually adhere forming sub-
populations of non-adherent and adherent cells. After an extended
period, that is 5 days of differentiation, the non-adherent cell
 population diminished while the majority of cells appeared
 adherent (Fig. 1A–C). Non-adherent cells appeared round and
bright cells by light microscopy (Fig. 1A and B) and appeared 
in the low SSC area (SSClo) as analysed by flow cytometry 
(Fig. 1C). Adherent cells displayed higher SSC properties (SSChi) by
flow cytometry (Fig. 1C) and resembled the morphology of more
complex cells macrophages and microglia [44]. Microscopically,
they appeared as long, rod shape cells; round or amorphous cells
with short thick pseudopodic or thin lamellipodic processes; or
flattened cells with a membraneous extension (Fig. 1A and B).
Non-adherent SSClo HSCM had a higher cell proliferation rate as

Fig. 1 BM HSC differentiate into monocytic
cells in the MCSF-dependent manner.
Differentiating BM HSC formed sub-popula-
tions of monocytic cells with different adher-
ence properties (A) shown after 5 days of
MCSF differentiation. When plated in a lower
cell concentration (B), the morphology of
single cells could be better identified.
Although non-adherent cells (depicted with
arrows) were round, bright, small-sized
cells, the adherent cells had distinct mor-
phology. Non-adherent and adherent cells
had also distinct SSC properties in flow
cytometry (C). The proportion of non-adher-
ent (SSClo) cells decreased within the time of
MCSF differentiation (C). If the MCSF was
omitted after the initial trigger of differentia-
tion, cell growth was greatly reduced (D, P 


0.001, n � 6) as determined by cell viability
assay measuring cell metabolism. The
inflammatory stimulus with LPS (10 ng/ml),
however, increased the cell growth to the
level of MCSF (D, P 
 0.001, n � 6). BM
HSCM were more dependent on MCSF for
their growth (E, n � 6–8) when compared to
BMM and microglia. The results (E) are
shown as cell viability in the absence of
MCSF in comparison to parallel cultures in
the presence of 10 ng/ml MCSF.
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observed with cell count, cell viability assay based on metabolic
activity as well as cell division marker CFSE (data not shown). We
studied the properties of these two distinct populations of SSClo

and SSChi HSCM in more detail.
We determined the expression profile of BM HSCM in compar-

ison to BMM and brain microglia. Similar to BMM, BM HSCM
expressed integrins CD11a, CD11b and CD49d and cell adhesion
molecule CD44 (Table 1), which are needed for monocyte migra-
tion as formerly reviewed [45]. In previous studies it has been
shown that CD115, Ly6C and/or CCR2 expressing monocytes may
migrate to the CNS during disease or injury [30,46]. Similar to
BMM, we found BM HSCM to express CD115, Ly6C and CCR2.
After prolonged MCSF differentiation, SSChi HSCM down-regu-
lated their Ly6C expression and became firmly adherent cells sug-
gesting that they decreased their property as differentiating mono-
cytic cells and started to phenotypically resemble macrophages.
Collectively, BM HSCM expressed CD68 similar to the other
phagocytic cells, BMM and microglia but the expression was,
however, up-regulated in the SSChi HSCM subset. Depending on
their attachment property, there are two types of microglia that
could be obtained from in vitro preparation of microglial cell cul-
ture [38]. These cells, called as microglia types I and II, obtained
by shaking and mild trypsinization methods, respectively, display
partly distinct properties and function [47]. Because microglia
types I and II differences are not well known, we also included
these cell types in our studies. Microglia types I and II differed
from BM HSCM and BMM by having lower expression of integrins
and no expression of CD115 and Ly6C which probably reflects
them being more mature, resident cells. These results suggest
that MCSF-differentiated BM HSCM resemble the migratory
monocytes and have partly distinct phenotype from microglia.

HSCM differentiation was greatly dependent on MCSF. After
HSC proliferation, the cells did not start to differentiate nor sur-
vived if MCSF was omitted. If MSCF was omitted after an initial
trigger of monocytic differentiation with MCSF, overall cell sur-
vival was greatly reduced (Fig. 1D). Interestingly, if the HSCM
were stimulated with LPS the cell survival increased back to the
level with MCSF even though MCSF was not applied (Fig. 1D).
This suggests HSCM growth was greatly dependent on MCSF as
a growth factor, or on the inflammatory stimulus. The cells could
thus adjust to their environment based on the conditions promot-
ing or attenuating HSCM growth. BMM growth was slightly less
dependent on MCSF, whereas microglia cell viability was inde-
pendent of MCSF (Fig. 1E). This is reflected by the expression of
MCSF receptor CD115 which was not detected in microglia and
had lower expression in BMM than BM HSCM as described in
Table 1.

BM HSCM respond to inflammatory stimulus 
by producing and secreting cytokines

To study the physiology of BM HSCM as inflammatory cells, we
stimulated the cells with LPS and determined the capability of
cytokine production. LPS stimulation caused a classical change in
monocytic cell morphology into an “ameboid” shape (Fig. 2A and
B). LPS stimulation caused a high production of TNF-� particu-
larly, whereas the production of other cytokines, IL-6 and IL-10
was low (Fig. 2C and D). LPS stimulation also induced a nitric
oxide response (Fig. 2E). In more detail, when measured after 
2 days of MCSF-differentiation, HSCM had a moderate TNF-�
response to LPS (data not shown) and after 5 days of MCSF-
differentiation, the TNF-� response to LPS was greatly increased.
The TNF-� response to LPS was more pronounced in SSChi HSCM
compared to SSClo, when measured as intracellular TNF-� pro-
duction as well as when measured as secreted TNF-� assayed by
flow cytometry and ELISA, respectively (data not shown). We also
detected a similar discrepancy in BMM sub-populations, where
monocytes with SSChi properties had high TNF-� production after
stimulation with LPS. Furthermore, we detected a higher TNF-�
response in type II than in type I microglia, when measured both
as intracellular cytokine production and secreted cytokine (data
not shown). Because BM HSCM, BMM and microglia had similar
cytokine production profiles in respect of (i) very low spontaneous
cytokine production without the inflammatory stimulus, (ii) high
TNF-� production specifically and (iii) distinct cytokine production
capacity in cell sub-populations we suggest BM HCSM to be func-
tional inflammatory cells comparable to BMM and microglia.

BM HSCM are phagocytic cells and reduce A�
burden in mouse model of AD

We next examined the potential of BM HSCM to reduce A� burden
in AD. We have previously shown these cells to be capable of
reducing A� burden ex vivo, and the reduction was not affected by

Table 1 Phenotype of BM HSCM in comparison to BMM and microglia

Phenotype of 2 and 5 days MCSF-differentiated mouse BM HSCM in
comparison to BMM and brain microglia. Expression levels of mono-
cyte markers are indicated semi-quantitatively as absent (–), variable
(�), positive (�) and positive with high expression level (��). BM
HSCM also expressed CD45, MHCII and a co-stimulatory molecule
CD86. BM HSCM were devoid of CD3, CD4, CD34, CD40, CD45R,
Ly6G, CD117 and Sca-1.

Antigen
BM HSCM

SSClo/ SSChi 2d
BM HSCM

SSClo/ SSChi 5d
BMM

Brain 
MG I

Brain
MGII

CD11a �/� �/� �� � �

CD11b �/� �/� � � �

CD44 ��/�� ��/�� �� � –

CD49d �/�� �/�� � � �

CD68 �/�� �/�� � � �

CD115 �/�� �/�� � – –

Ly6C ��/� ��/– �� – –

CCR2 �/� �/� � � �
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an anti-inflammatory treatment with minocycline [27]. Here we
studied the reduction of A� burden in more detail. When we incu-
bated the BM HSCM with a fluorochrome-conjugated A�, we dis-
covered that the cells were capable of taking up A� and that the
uptake was much higher in SSChi HSCM compared to SSClo HSCM
(Fig. 3A and B). The A� co-localized with CD68, a member of the
lysosomal/endosomal-associated membrane glycoprotein family
and a marker of lysosomes (Fig. 3D). When we applied BM HSCM
on top of brain sections prepared from aged APdE9 mouse 
that have transgenes designed to accumulate A� in the brain, in
the ex vivo model for A� phagocytosis described previously [8,27,37],
we discovered that the clearance of A� from the hippocampus was
indeed higher by SSChi HSCM compared to SSClo HSCM (Fig. 3C
and E). We discovered BM HSCM, BMM and microglia to reduce
the A� burden as quantified with ELISA (Fig. 3F). Interestingly, the
time course of A� reduction was favourable to BM HSCM which
reduced A� faster than BMM and microglia (Fig. 3F).

We studied the effect of certain co-stimulatory molecules and
receptors or application of additional anti-inflammatory or inflam-
matory cytokines on A� reduction by BM HSCM. We did not
detect any effect of blockade of CD36, CD40 or prostaglandin EP2
receptors or application of IL-4 or IL-1� cytokines on general cell
viability or A� reduction capacity (data not shown). However, the
cell survival was greatly dependent on function of vacuolar H�-
ATPase (V-ATPase). When we blocked the V-ATPase with
bafilomycin A1, the cells completely declined (data not shown).
These data suggest that BM HSCM are highly phagocytic cells with
pronounced lysosomal activity. The reduction of A� was not
affected by MCSF. MCSF only affected HSCM survival, and when
the cell amount was adjusted to obtain the same concentration of

cells, the A� reduction capacity was identical in the presence and
absence of MCSF (Fig. 3G). This suggests MCSF promotes cell
growth but is not needed to boost their phagocytic capacity.

Intrahippocampally transplanted BM HSCM
reduce A� burden in AD mouse model in vivo
while retaining their phagocytic character

We next determined the therapeutic feasibility and function of
BM HSCM in AD mouse model in vivo. We transplanted
300,000 BM HSCM obtained from eGFP-expressing mice uni-
laterally into the hippocampus, using contralateral vehicle
transplantation as an injection control (Fig. 4A). The environ-
ment in the AD brain (APdE9�/�) enhanced the growth of
HSCM when compared to the non-transgenic littermate
(APdE9�/�) brain (Fig. 4A). HSCM reduced A� burden from
the hippocampus (Fig. 4B) in the area occupied by transplanted
cells. When A� burden was determined from the areas devoid
of the transplanted HSCM, there was no reduction of A� (data
not shown). HSCM transplantation did not increase the expres-
sion of Iba-1, CD68 and GFAP (Fig. 4C–E). Transplantation into
non-transgenic littermates is shown as a comparison (Fig. 4A
and C–E, open columns). When the brain sections were exam-
ined with confocal microscopy, we discovered that trans-
planted BM HSCM expressed mononuclear phagocyte markers
Iba-1 and CD68 but not GFAP (Fig. 5A and C). The cells also
expressed CD11b. The majority of HSCM expressed CD45 con-
firming their haematopoietic origin (data not shown).

Fig. 2 BM HSCM respond to inflammatory
stimulus with producing cytokines and
nitric oxide. The stimulation of BM HSCM
with 10 ng/ml LPS induced a classical
change in cell morphology (A, B). LPS-
induced intracellular cytokine production
was detected with flow cytometry (C), and
was order of magnitude higher for TNF-�
than other cytokines. TNF-� was also
detected as high concentration of secreted
cytokine analysed from the cell culture
medium with ELISA (D, n � 6). LPS also
induced a minor production of NO (E, n �

6). We did not detect a spontaneous
cytokine production or a change into ame-
boid morphology in the absence of LPS. The
data are shown after 5 days of MCSF differ-
entiation. Scale bar � 50 �m.
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Lentivirally transduced BM HSC retain 
their haematopoietic reconstitution capacity 
and differentiate into functional monocytic cells

Transduction of BM HSC with a lentivirus construct expressing
eGFP as a reporter gene (LV-GFP) was achieved using a low virus
concentration. Transduction efficiency was high, reaching the
maximum at a multiplicity of infection (MOI) of 50 (Fig. 6A and B).
LV-GFP did not affect cell viability. When lethally irradiated mice
were transplanted with LV-GFP transduced BM HSC, the cells
engrafted and fully reconstituted the haematopoietic system,
showing long-term gene expression (Fig. 6C). This suggests that
long-term HSC can be genetically modified, retain their differenti-
ation ability and result in long-lasting gene expression in
haematopoietic cells in vivo. We next examined the effect of
lentiviral transduction on BM HSC differentiation in vitro. After LV-
GFP transduction, BM HSC proliferated and differentiated normally
in the presence of MCSF and GFP expression was retained in all
cells (Fig. 6D). When we applied the cells into A� phagocytosis
assay ex vivo, we discovered that LV-GFP transduced BM HSCM
reduced A� burden similarly to non-transduced cells (Fig. 6E).
This suggests that lentivirally transduced cells also retain their
functional activity.

Human HSCM capable of A� phagocytosis 
can be obtained from BM as well as 
GCSF-mobilized PB HSC

When we applied the protocol described earlier to human PB or BM
HSC, they behaved in a similar manner to mouse HSC. The cells
differentiated in a similar time course as mouse HSC and they also
formed dual subpopulations of cells with different adherence and
SSC properties. The cells were morphologically identical to corre-
sponding HSCM of mouse origin. Because of discrepancies in the
expression profile between human and mouse monocytes [33], we
stained human HSCM with a slightly different set of markers. We
determined human HSCM to express CD14, CD11b, CD11c, CD68
and CCR2. Differentiated cells did not express CD34 or CD16.

Similarly to mouse cells, we discovered that the A� uptake of
human BM HSCM was much higher in SSChi HSCM compared to
SSClo HSCM (Fig. 7A and B). Intracellular A� co-localized with CD68
in lysosomes (data not shown). When we applied BM HSCM on top
of brain sections prepared from aged APdE9 mouse, we found that

human BM HSCM indeed reduce A� burden (Fig. 7C). The insuffi-
cient number of transplantable cells is considered as one of the
major limiting factors in cell therapy. In addition to cell proliferation
in vitro, we tested whether the mobilization of HSC can be utilized
for increasing the yield of stem cells. After administration of GCSF
to mice, the number of CD117� HSC in BM rose over three-fold.
When GCSF-mobilized mouse BM HSC were transplanted into irra-
diated mouse, they fully reconstituted the haematopoietic system
and was sustained for at least 6 months (data not shown). This sug-
gests that GCSF-mobilized HSC are long-term stem cells and capa-
ble of multi-lineage differentiation in vivo. Furthermore, the GCSF-
mobilized HSC proliferated and differentiated normally into mono-
cytic cells displaying similar characteristics to naive BM HSCM 
in vitro (data not shown). Finally, we differentiated human HSC orig-
inated from GCSF-mobilized PB into monocytic cells and examined
their ability to phagocytose A� with the ex vivo assay. Human PB
HSCM were fully functional in reduction of A� burden (Fig. 7D).

To investigate the feasibility of using human HSCM in potential
cell therapy, we also studied whether they can be lentivirally 
modified similar to mouse HSC. Human HSC could be lentivirally
transduced with high efficiency (Fig. 7E and F) and reached the
maximum with low virus concentration of 50 MOI. When we
assessed cell survival, we noticed that the virus transduction
started to lower cell viability at 10 MOI. Therefore, a balance needs
to be met in order to use the lowest—but sufficient—virus con-
centration to have minimum impact on HSC viability.

Discussion

BM-derived cells have been shown to potentially alleviate A� bur-
den in AD [25–28]. Currently, the particular BM cells that can
migrate to the brain parenchyma have not been definitively identi-
fied, although the involvement of Ly6C, CD11b and CCR2 has been
suggested [29–31]. In this study we demonstrate a method to
obtain monocytic cells from BM HSC and characterize them 
in vitro. These cells express the factors suggested to be necessary
for cell migration and they are functional monocytic cells with
response to inflammation and capacity for A� reduction as we
demonstrated in vitro and in vivo. HSC could be lentivirally modi-
fied with high efficiency and without compromising monocytic 
differentiation and function. Finally, we show that monocytic cells
can be obtained from human BM and also GCSF-mobilized PB
HSC, which suggests a potential cellular therapy for AD.

Fig. 3 BM HSCM reduce A� burden by phagocytosis. BM HSCM were incubated for 16 hrs with a fluorochrome-tagged A�42 and analysed with flow
cytometry. The subpopulation of HSCM, SSChi, had high A� uptake as illustrated by percentage of cells with A� uptake and the mean fluorescence inten-
sity (MFI) in individual cells (A, B). The A� co-localized with CD68 in lysosomes (D). Also, SSChi HSCM cleared A� from the APdE9 mouse brain sec-
tions substantially (C, E, n � 8). To determine the reduction of total A� burden, the brain sections were analysed at different time points and quantified
for the remaining A�42 with ELISA. BM HSCM, BMM and microglia reduced A� burden (F, n � 7–14/cell type). However, the BM HSCM reduced A�

faster than the other cells (F). The phagocytosis of A� was not dependent on MCSF (G, n � 5–8). Scale bar � 25 �m (D) and 200 �m (E).
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It has been recently demonstrated that BM progenitors
obtained by lineage depletion differentiate into small round
microglia-type cells with high proliferative capacity in a primary
mixed glia co-culture and can also transform into large flat
microglia-type cells in the presence of MCSF without glia co-
culture [48]. Thus, co-culturing with glial cells enhanced the round
cell versus flat cell phenotype. In this study, we demonstrate that
BM HSC obtained by positive selection differentiate into both

round and flat phenotypes, in the presence of MCSF without the
additional support from glial cells. We therefore suggest that 
differentiation into subtypes is an intrinsic property of monocytic
differentiation and does not require additional factors provided by
glia. Early differentiating BM HSC displayed subpopulations of
non-attached round cells and attached flat cells, but favoured the
attached phenotype after a longer differentiation period. Because
non-attached and attached HSCM had differing Ly6C expression,

Fig. 4 Transplanted BM HSCM integrate into AD model mouse brain and reduce A� burden in vivo. BM HSCM obtained from eGFP-mice were injected
unilaterally into hippocampus, using contralateral vehicle-injection as a control (schematic figure). The area depicted in grey is enlarged below (A–E).
Transplanted HSCM migrated along the granular layer of dentate gyrus and the molecular layer of lacunosum moleculare and invaded the parenchyma
with variable extent. AD (APdE9�/�, black columns) brain conditions enhanced the survival of HSCM when compared to their wild-type (APdE9�/�, open
columns) littermates (A, P 
 0.05, n � 5 for AD and n � 4 for WT mice). BM HSCM reduced A� burden at the site of transplanted cells (B, P 
 0.001,
n � 5). Cell transplantation did not increase CD68, Iba-1 or GFAP immunoreactivity (C–E). Scale bar � 100 �m.

Fig. 5 BM HSCM retain their monocytic properties after transplantation in vivo. Intrahippocampally transplanted BM HSCM expressed CD68 and Iba-1 as
detected with confocal microscopy. GFP co-localizes with CD68 and Iba-1 immunoreactivity in majority of the cells (A, B) but not with GFAP in any cells
(C). Scale bar � 50 �m.
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this factor potentially plays a role in cell motility and differentiation
processes but is not directly needed for cell activation and func-
tion: attached HSCM with low Ly6C expression exhibited higher
phagocytic capacity than non-attached HSCM with high Ly6C
expression.

BM HSC differentiation into monocytic cells and the monocytic
cell survival was highly dependent on MCSF. It has been shown
previously that long-term MCSF treatment in early AD increases the
number of microglia in the brain, enhances A� phagocytosis and
improves cognitive impairment [49] suggesting a promoting effect
of MCSF on microglia or monocytic cell growth in vivo. Also, lower
plasma levels of MCSF were found in AD patients and in people
with mild cognitive impairment who developed AD within few years
[50]. The effect of MCSF on monocyte and macrophage differenti-
ation is well acknowledged [51, 52] when obtained from HSC or
induced pluripotent stem cells [53, 54]. HSC as a monocytic cell
origin is currently a more accessible approach for potential stem
cell therapy: HSC mobilization and collection is a current clinical
procedure approved and applied in haematological malignancies.

BM HSCM reduced A� burden by phagocytosis because the
internalized A� peptide was found in co-localization with the lyso-
somal protein CD68. Lysosomal activity was crucial for HSCM cell
viability: the blockade of the membrane pump maintaining low
lysosomal pH and proper lysosomal function eventually lead to
cell degeneration. On the other hand, HSCM’s resistance to
unfavourable conditions such as A�-laden brain parenchyma or

inflammatory stimulus was remarkably good. The HSCM cell via-
bility was actually enhanced under inflammatory stimulus in vitro
as well as in the AD brain environment in vivo. Furthermore, BM
HSCM phagocytosed natively formed brain A� deposits and
indeed, degraded internalized A�. They did not, however, con-
tribute to formation of A� plaques preceded by A� internalization
and accumulation into intracellular vesicles [55], as suggested for
some phagocytosis-competent monocytes.

There are two main subsets of monocytes in the blood; inflammatory
CCR2�Ly6C�/highCD115� and resident CCR2�Ly6C�/lowCD115�, which
display different migration properties and function in inflamed and
non-inflamed tissues [56]. Ly6C� monocytes may be recruited to the
injured area with phagocytic and inflammatory cytokine activity,
whereas Ly6C� may participate in patrolling the blood vessels in
steady-state conditions and be recruited to injured area later than
Ly6C� monocytes and contribute to wound repair, tissue remodel-
ling and immunomodulation [33]. Because Ly6C� monocytes can
lose their expression of Ly6C [57–60], it is not easy to categorize BM
HSCM into these two classes. HSCM had higher Ly6C expression in
early differentiation which nearly ceased during differentiation and
the phenotype changed into macrophage-like cells. However, our
Ly6C� HSCM appeared to have higher phagocytic capacity indicat-
ing that Ly6C expression was not associated with the observed clas-
sical pro-inflammatory phenotype. Infiltrating anti-inflammatory
monocytes have been shown to facilitate A� clearance [61]. It
remains to be shown how the BM HSCM sub-populations based on

Fig. 6 Lentivirally transduced BM HSC differ-
entiate into functional monocytic cells. BM
HSC were transduced with LV-GFP. BM HSC
were transduced with high efficiency with
low MOI (A, B). The blot is gated according
to non-transduced (NT) cells, which had

1% of the events on gated area (B, indi-
cated with a bar). LV-GFP did not decrease
cell viability (data not shown). When LV-GFP
transduced BM HSC were transplanted into
lethally irradiated mice, the cells engrafted
and fully reconstituted the haematopoietic
system, showing long-term gene expression
7–9 months after the transplantation (C, n �

4). The expression of GFP was determined
with flow cytometry from peripheral blood
granulocytes, monocytes, B and T lympho-
cytes with Gr-1, CD11b, CD45R and CD3
antibodies, respectively. After lentiviral trans-
duction, BM HSC differentiated normally into
monocytic cells in the presence of MCSF in
vitro and GFP expression was retained in all
cells (D). When LV-GFP transduced cells
were applied into A� phagocytosis assay ex
vivo, BM HSCM reduced A� burden from
APdE9 mouse hippocampus similar to non-
transduced cells (E, n � 4–7), showing nor-
mal functional activity.
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SSC or Ly6C properties, migrate into the brain and whether these
cells represent the parenchymal and perivascular [62] cell popula-
tions involved in AD [25–28].

BM HSC could be lentivirally modified with long-term trans-
gene expression without compromising cell differentiation or
function as also shown in PB HSC [63]. Recently, lentivirally medi-

ated gene therapy was shown to provide clinical benefits in an
inheritable fatal demyelinating disease X-linked adrenoleukodys-
trophy [64]. HSC were transduced ex vivo to restore dysfunctional
protein function and proper myelin maintenance and transplanted
after myeloablative treatment. Even though less than 15% of leu-
cocytes expressed the transgene, the progressive cerebral
demyelination ceased. This suggests that introducing genetically
modified leucocytes may work as a therapeutic approach, poten-
tially also for other diseases. Microglia [14] and monocyte func-
tion [40,65] may be defective in AD. Introducing fresh monocytic
cells into the circulation, whether migrating into the brain and act-
ing as BM-derived microglia in the CNS or circulating in the
periphery, may contribute to inflammatory activities in AD, reduc-
tion of A� and ameliorating AD pathology. It is still under debate
which conditions are needed for cell migration: compromised BBB
integrity or disease-induced conditions in the brain parenchyma
[30,66] and to which extent the migration may occur [67, 68].
Gene modification may be utilized not only to enhance the migra-
tion of HSCM into the target area and promote their survival and
function as cell-based therapy, but HSCM could also work as car-
riers for the therapeutic gene. We suggest HSCM to be utilized in
future studies and novel therapeutics for AD.
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Fig. 7 Human BM and PB HSC differentiate into monocytic cells and
reduce A� burden by phagocytosis. Human BM HSCM SSChi cells had high
uptake of A� (A, B). When BM HSCM were applied on top of brain sections
prepared from aged APdE9 mouse, they reduced A� burden (C, P 
 0.001,
n � 6). Similarly, human HSC originated from GCSF-mobilized PB differ-
entiated into monocytic cells and reduced A� burden when assayed ex vivo
(D, P 
 0.001, n � 8). Human HSC were transduced with LV-GFP with
high efficiency (E). The excess concentration of virus decreased the cell
viability. For optimal cell integrity, the transduction efficiency is ought to be
compromised with lowering the virus concentration to 
50 MOI.
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