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Abstract The nonhematopoietic bone marrow (BM) micro-
environment provides a functional niche for hematopoietic
cell maintenance, recruitment, and differentiation. It consists
of multiple cell types including vasculature, bone, adipose
tissue, and fibroblast-like bone marrow stromal cells
(BMSC), which can be summarized under the generic term
niche cells. BMSC express Toll-like receptors (TLRs) and are
capable to respond to TLR-agonists by changing their cyto-
kine expression pattern in order to more efficiently support
hematopoiesis. Here, we show that in addition to enhanced
myeloid colony formation from human CD34+ cells, lipo-
polysaccharide (LPS) stimulation retains overall higher num-
bers of CD34+ cells in co-culture assays using BMSC, with
eightfold more CD34+ cells that underwent up to three divi-
sions as compared to non-stimulated assays. When subjected
to cytokine-supplemented myeloid colony-forming unit
(CFU) assays or transplanted into newborn RAG2−/− γc

−/−

mice, CD34+ cells from LPS-stimulated BMSC cultures give
rise to the full spectrum of myeloid colonies and Tand B cells,
respectively, thus supporting maintenance of myeloid and
lymphoid primed hematopoietic progenitor cells (HPCs) un-
der inflammatory conditions. Collectively, we suggest that
BMSC enhance hematopoiesis during inflammatory condi-
tions to support the replenishment of innate immune effector
cells and to prevent the exhaustion of the hematopoietic stem
and progenitor cell (HSPC) pool.
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Introduction

Bonemarrowmesenchymal stem or stromal cells (BMSC) are
part of the bone marrow environment and recapitulate bone
and marrow formation upon transplantation of in vitro cul-
tured cells [1]. In-depth genetic studies have provided evi-
dence that BMSC constitute a heterogenous group of cells that
are in intimate contact with hematopoietic cells and express
cytokines that promote HSC maintenance and differentiation
[2–6]. In vitro, BMSC have been shown to increase both the
expansion of myeloid as well as hematopoietic stem and pro-
genitor cells (HSPCs) [7–11]. Furthermore, it has been shown
that BMSC express functional Toll-like receptors which in-
crease their extent to support proliferation and myeloid differ-
entiation of HSPCs in response to lipopolysaccharide (LPS)
[12]. We here hypothesized that in addition to the support of
myeloid cell development, LPS stimulation of BMSC in-
creases their capacity to maintain early progenitors with my-
eloid as well as T and B cell proliferation potential.
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Material and methods

Myeloid colony-forming assays

Assays were performed as described [13]. Specifically, to
asses colony-forming unit (CFU) supporting capacity of hu-
man BMSCs supernatants either from LPS-stimulated or
unstimulated BMSCs as well as IMDM supplemented with
20 % FCS , 2 mM L-g l u t am ine , and 50 μM 2-
mercaptoethanol for negative and positive controls were
mixed with methylcellulose (Methocult H4100, 2.6 %,
StemCell Technologies, Vancouver, Canada) to yield a final
concentration of 0.9 %methylcellulose. Factors were added in
the following concentrations as indicated within the figure:
huSCF (10 ng/ml), huFLT3L (10 ng/ml), huTPO (50 ng/ml),
huIL-3 (20 ng/ml), huIL-6 (10 ng/ml), huIL-11 (10 ng/ml),
huGM-CSF (50 ng/ml), human erythropoietin huEPO (4
U/ml) (complete cytokine mix), and LPS (10 μg/ml). To asses
CFU capacity from freshly isolated human CD34+ cells in the
presence or absence of LPS and human hematopoietic cells
recovered from either LPS-stimulated or unstimulated CB
CD34+ and BMSC co-cultures or from cytokine-supported
cultures, cells were added at a density of 1500 and 2000 cells
per milliliter, respectively, to a methylcellulose/IMDM (20 %
FCS 2 mM L-glutamine, 50μM 2-mercaptoethanol) premix
including complete human cytokine supplementation as de-
scribed above and LPS as indicated. For evaluation of CFU
activity from lin−c-Kit+ WTmouse, bone marrow (BM) in the
presence or absence of LPS 4×102 cells were plated in meth-
ylcellulose (Methocult M3231, StemCell Technologies)
mixed with IMDM (30 % FCS, 2 mM L-glutamine, 50 μM
2-mercaptoethanol) with the following factors added: mIL-3
(10 ng/ml), hIL-6 (10 ng/ml), mSCF (10 ng/ml), mGM-CSF
(10 ng/ml), mTPO (50 ng/ml), huEPO (2 U/ml) (all R&D
systems), and LPS (10 μg/ml; InvivoGen) as indicated.

Newborn transplantation assay

BALB/c Rag2−/−γc
−/− mice were maintained at the Institute

for Research in Biomedicine animal facility and treated in
accordance with guidelines of the Swiss Federal Veterinary
Office. All institutional and national guidelines for the care
and use of laboratory animals were followed. Experiments
were approved by the Dipartimento della Sanità e Socialità,
Ticino, Switzerland. Newborn Rag2−/−γc

−/− mice were irradi-
ated within a 4-h interval with 2×2 Gy from a Cesium 137
source (Biobeam 8000, STS GmbH, Braunschweig,
Germany) at 3.75 Gy/min as previously described [14]. At
2 h post-irradiation, mice were transplanted with hematopoi-
etic cells recovered from co-cultures in 25 μl PBS into the
liver (i.h.) using a 30-gauge needle (Hamilton Bonaduz AG,
Bonaduz, Switzerland). Mice were weaned at 3 weeks and
sacrificed at 4 weeks of age. For FACS analysis of human cell

transplanted Rag2−/−γc
−/− mice, monoclonal antibodies bio-

tinylated or conjugated against the following human antigens
were used: CD3 (UCHT1), CD4 (13B8.2), CD8 (B9.11)
(Immunotech/Beckman Coulter, Marseille, France), CD19
(HIB19), CD34 (581), IL-3Rα /CD123 (9F5) (BD
Biosciences, San Diego, USA), and CD45 (HI30) (Caltag,
Carlsbad, USA).

Results and discussion

Cultured human BMSCs respond to TLR4 agonist
stimulation with the secretion of myelopoiesis supporting
cytokines

We isolated primary human stromal cells from the BM by
plastic adherence. Stromal cultures developed from proliferat-
ing mesenchymal precursors (CFU-Fs) fulfilled MSC defin-
ing properties according to current consensus [15, 16]. As
previously published, human BMSC were found to express
a spectrum of Toll-like receptors (TLRs) [12, 17–19] with
most predominant expression of TLR4 (Fig. 1a). Stimulation
of human BMSCwith the TLR4 agonist LPS induced produc-
tion of G-CSF and GM-CSF protein and significantly en-
hanced the secretion of M-CSF, IL-6, and IL-11 (Fig. 1b).
The biological activity of secreted cytokines was demonstrat-
ed in myeloid colony-forming unit (CFU) assays using human
cord blood (CB) CD34+ HSPCs [13]. Human BMSC consti-
tutively expressed cytokines that supported the formation of
myeloid colonies, while in contrast to a fully cytokine-
supplemented CFU control, mixed or pure erythroid colonies
were not detected (Fig. 1c). Myeloid CFU activity was about
2.5-fold higher when supernatants of LPS-stimulated BMSCs
were used, while direct LPS addition to unstimulated BMSC
supernatant or media alone did not change CFU activity, ar-
guing against a direct effect of LPS on TLR4 expressing
CD34+ HSPCs in this setting (Fig. 1c). It has previously been
shown that TLR1/2 as well as TLR7/8 agonists instruct com-
mitment of human hematopoietic stem cells to a myeloid cell
fate [20, 21]. To further rule out a predominant direct effect of
LPS on hematopoietic progenitor cells, we applied CFU as-
says using human CD34+ CB hematopoietic progenitor cells
(Fig 1d). TLR4 stimulation in the absence of stroma did not
grossly influence the frequency of colony formation from hu-
man progenitor cells and was not biased towards a specific
progenitor.

We thus conclude that LPS stimulation of primary human
BMSC induces enhanced production and release of functional
myeloid cell differentiation-supporting cytokines that are ca-
pable of stimulating a quantitative increase of CFU-GM/G/M
from a given number of human hematopoietic stem and pro-
genitor cells.
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LPS stimulation of human BMSCs enhances
hematopoietic progenitor cell maintenance in vitro

Given the increase in the secretion of early acting cytokines
IL-11 and IL-6 and the constitutive secretion of SCF, we eval-
uated the capacity of human BMSCs to maintain immature
CB CD34+ cells in co-cultures with or without addition of
LPS. Within 12 days of co-culture, total hematopoietic cell
numbers were augmented (2–3 population doublings), but
the increase was most pronounced in BMSC-free cultures
supplemented only with SCF, TPO, and FLT3L (5–6 popula-
tion doublings) (Fig. 2a). No difference in total cell numbers
was seen with respect to TLR4 activation in either BMSC co-
cultures or cytokine-only cultures (Fig. 2a). However,

addition of LPS to BMSC and CB CD34+ cell co-cultures
led to an approximate twofold higher percentage of recovered
CD34+ cells as compared to LPS-free co-cultures. No signif-
icant effect on the maintenance of CB CD34+ cells was ob-
served upon LPS addition to cultures supplemented with SCF,
TPO, and FLT3L cytokines only (Fig. 2b). Importantly, as
measured by CFSE dilution, LPS-stimulated BMSCs retained
up to eightfold more CD34+ cells in divisions 0–3 as com-
pared to co-cultures without LPS addition. By contrast, 0–3-
fold dividing CD34+ cells were hardly detectable in cultures
supplemented with cytokines only, irrespective of LPS addi-
tion (Fig. 2c).

To assay myeloid differentiation potential, remaining he-
matopoietic cells from primary BMSC co-cultures or
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Fig. 1 Human BMSC responds to inflammatory conditions in vitro and
in vivo. a Tlr1-10 mRNA expression in human BMSCs (black bars),
peripheral blood dendritic cells (PB DCs, grey bars), and natural
interferon-producing cells (PB IPCs, white bars). Expression levels are
normalized against 18S RNA. n.d. not detectable within 35 cycles of
amplification. Mean±SEM of one representative out of three
independent experiments is shown. Each experiment was performed
with three different bone marrow donors and one buffy coat donor. b
Cytokine levels in supernatants from unstimulated (white bars) and
LPS-stimulated (10 μg/ml, 48 h, grey bars) human BMSC cultures.
Mean±SEM of supernatants from five experiments, each with different
donor BMSC, is shown. n.d. not detectable within the sensitivity of the
assay. Statistically significant differences are indicated (*p<0.05;
**p<0.01). c CFU activity of 500 sorted human CB CD34+ cells per
well in the presence of supernatants from unstimulated and LPS-

stimulated BMSC. Controls included cultures containing a full cytokine
mix (SCF, FLT3L, TPO, IL-3, IL-6, IL-11, GM-CSF, EPO), unstimulated
BMSC supernatant with addition of LPS, and cultures with only LPS
added. All cultures were supplemented with a minimal cytokine mix
containing SCF, TPO, and FLT3L. Mean±SEM of a representative out
of three independent experiments, performed with three different bone
marrow donors, and pooled CD34+ cells is shown. Statistically significant
differences are indicated (**p<0.01). d CFU activity of human cord
blood CD34+ cells after 12 days of cytokine-supplemented culture in
the absence or presence of LPS (10 μg/ml). One thousand five hundred
human CD34+ cells were plated per well, and colonies formed were
counted in triplicate wells. CFU-E CFU-erythrocyte. Four independent
experiments with each CD34+ cord blood cells from different donors are
shown
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cytokine-only cultures were subjected to cytokine-
supplemented CFU assays for full myeloid read out.
Consistent with higher CD34+ cell content, hematopoietic
cells recovered from LPS-stimulated BMSC co-cultures pro-
duced about 2.5-fold more myeloid colonies as compared to
cells from unstimulated BMSC co-cultures. Furthermore,
mixed myeloid and erythroid colonies could only be detected
from cells derived from LPS-stimulated BMSC co-cultures
(Fig. 2d). In contrast, CFU activity from cells that were pre-
cultured in cytokines only was overall lower compared to

CFU-activity from co-cultures, where no mixed myeloid and
erythroid colonies could be detected and no relevant differ-
ence with respect to LPS addition was observed (Fig. 2d).

To next test lymphoid cell differentiation capacity,
BMSC co-cultured cells were transplanted into irradiated
newborn Rag2−/−γc

−/− mice [14]. Low levels of human
B cell and T cell engraftment were detected only in
animals receiving hematopoietic cells from LPS-
stimulated BMSC co-cultures (Fig. 2e, f and Table 1).
These results demonstrate that upon LPS stimulation,
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Fig. 2 LPS-stimulated human BMSCs maintain human early
hematopoietic progenitors with myeloid and lymphoid differentiation
capacity. a Population doublings and b CD34+ cell percentages of
sorted human CB CD34+ cells cultured for 12 days on human BMSCs
or only in the presence of cytokines (SCF, TPO, FLT3L) without BMSCs.
LPS (10 μg/ml, grey bars) was added from the beginning of cultures as
indicated. Mean±SD of three independent experiments with each
different CD34+ cord blood cells and different BMSC donors is shown.
c Proliferation of human CD34+ CB cells as measured by dilution of
CFSE at day 12 of culture on BMSCs or only in the presence of
cytokines (SCF, TPO, FLT3L) with or without addition of LPS
(10 μg/ml) as indicated. Gates and numbers indicate percentage of
CD34+ cells that divided ≤3 and ≥4 times. Results from one
representative out of three independent experiments with each different

CD34+ CB cells and BMSC donors are shown. d CFU activity of
hematopoietic cells previously cultured on BMSCs for 12 days with or
without LPS, and cells previously cultured for 12 days only in the
presence of cytokines with or without LPS as described in (a). Each 2×
103 cells were subjected to methylcellulose cultures containing SCF,
FLT3L, TPO, IL-3, IL-6, IL-11, GM-CSF, and EPO. One representative
experiment out of three with each different CD34+ cord blood cells and
different BMSC donors is shown. e and fAnalysis of the BM and thymus
of Rag2−/−γc

−/− mice 4 weeks after receiving transplants of 2–3×105

human hematopoietic cells recovered after 12 days of culture on
BMSCs in the presence or absence of LPS. Representative analysis out
of two independent experiments with five transplanted mice per
experiment is shown. Statistically significant differences are indicated
(*p<0.5)
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primary human BMSCs produced soluble or membrane-
bound factors that increased maintenance of immature
human hematopoietic cells with myeloid and lymphoid
developmental potential.

Collectively, our findings suggest that upon TLR ac-
tivation, BMSC differently support hematopoiesis: (1)
They increase the secretion of cytokines, which directly
support myeloid differentiation. (2) They enhance the
production of factors that are able to maintain immature
hematopoietic progenitor cells. Whereas the first mech-
anism contributes to the rapid replenishment of con-
sumed effector cells during an ongoing innate immune
response, the latter seems to prevent the exhaustion of
the HSPC pool during inflammation. Increased mainte-
nance of HSPCs in LPS-stimulated co-cultures parallels
recent in vivo finding of LPS injection driving dormant
HSC into cycle and self-renewal [22]. The results
shown here point to an indirect activation of HSC main-
t e n a n c e by a mo s t l i k e l y TLR4 - e xp r e s s i n g
nonhematopoietic cellular compartment, which drives
the production of various maintenance-associated fac-
tors. In addition, toll-like receptor ligation has been
shown to affect the osteogenic potential of BMSCs,
eventually reducing their differentiation capacity.
Osteoblasts are important positive regulators of hemato-
poiesis as shown in mouse models of osteoblast-defi-
ciency. LPS treatment could therefore negatively affect
the HSC-supporting ability by reducing the number of
mature osteoblasts. It is therefore tempting to speculate

that BMSC function in parallel as positive and negative
regulators of hematopoiesis, thereby counterbalancing
each other in order to ensure a controlled activity dur-
ing an ongoing immune response. Inflammation not on-
ly leads to a massive enhancement of granulopoiesis but
also induces changes in systemic iron handling, inhibi-
tion of erythrocyte production, and reduction of eryth-
rocyte life span. Anemia is therefore a comorbid condi-
tion in clinical settings which associates with poor out-
comes. Bacterial infection drives the production and re-
lease of pro- as well as anti-inflammatory cytokines not
only in the BM, the primary site of hematopoiesis, but
also at multiple sites throughout the body. Cytokines
which restrict erythropoiesis or which promote the turn-
over of erythrocytes could therefore be produced in the
BM or reach the BM via the blood stream and interfere
with the general improvement of hematopoiesis elicited
by BMSC.

As BMSC are known to enhance the expansion of HSCs
during ex vivo co-culture [23, 24], the additional use of TLR-
ligands could further optimize the expansion of HSCs for later
clinical use.

Compliance with ethical standards

Conflict of interest The authors declare no conflict of interest. All
authors have read the journal’s authorship agreement and policy on dis-
closure of potential conflicts of interest.

Table 1 Human cell engraftment in BM and thymus of Rag2−/−γc
−/−mice receiving transplants of human hematopoietic cells co-cultured for 12 days

with human BMSCs

Mouse BMSCs LPS Number of cells transplanteda Bone marrow Thymus

CD45b,c CD19b,c CD45b

1 A − 3×105 (12.9) NE NE NE

2 A − 3×105 (12.9) NE NE NE

3 A + 2×105 (24.3) NE NE NE

4 A + 2×105 (24.3) 0.75 0.64 13.9

5 A + 2×105 (24.3) 0.14 0.12 1.12

6 B − 3×105 (29.3) NE NE NE

7 B − 3×105 (29.3) NE NE NE

8 B − 3×105 (29.3) NE NE NE

9 B + 2×105 (34.9) 0.28 0.23 12.2

10 B + 2×105 (34.9) 0.24 0.14 NE

If less than 0.1 % of enriched nucleated cells were CD45+ , mice were considered as not engrafted (NE no engraftment). For co-culture of cells, two
different BMSC-feeder layers have been used: a primary isolate of BMSCs (A), and TERT-immortalized MSC cell line (B)
a Values represent total hematopoietic cell numbers and percentage of CD34+ cells (in parenthesis) transplanted per animal. Mice were transplanted as
newborns and sacrificed at the age of 4 weeks
bHuman cell engraftment in the BM (CD45+ and CD19+ ) and the thymus (CD45+ ) was determined as a percentage of nucleated cells
c Cells were stained for CD45 FITC first and then column enriched using anti-FITC magnetic beads
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