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Abstract 
Stromal cells are critical regulators of hematopoietic stem/progenitor cells and skeletal homeostasis. Although precise systems for functional 
analysis are critical to investigate mechanistically bone and bone marrow (BM)-derived stromal cells, the establishment of reproducible, highly 
enriched ex vivo methods for stromal cell isolation, culture and evaluation have been challenging, leading to inconsistent data on stromal cell 
function. In this work, we carefully tested ex vivo culture of murine stromal cells from BM and bone and discovered abundant and persistent 
contamination of monocytes and macrophages. We succeeded in establishing highly enriched ex vivo culture system for stromal cells by 
eliminating persistent monocytes and macrophages using selection against the immunological markers F4/80, Ly6C, and CD45. Transcriptional 
and functional assays of enriched stromal cell culture revealed differential characteristics of stromal cells from different origins, a dormant 
signature for bone-derived cells and a highly proliferative progenitor-like signature for BM-derived cells. Monocyte and macrophage contamination 
reduced signatures of immature stromal cells such as expression levels of SOX9 and CD140a as well as the cells’ ability to support hematopoietic 
stem and progenitor cells based on our growth factor-free co-culture system of hematopoietic cells and stromal cells followed by in vivo functional 
assays. The inhibitory effects of macrophages on stromal cells may be explained by their potent production of inflammatory cytokines such as 
CXCL2, CCL3, and complement factor (C1q) confirmed by protein immunoassay of culture supernatant, as well as the differential contribution of 
pre-osteoblasts to the stromal cell population. This study highlights the functional diversity of stromal cells depending on the microenvironment 
of origin while addressing a critical limitation of murine ex vivo systems. Our robust culture system enables the study of isolated stromal cells 
function as well as the impact of stromal cells-macrophage crosstalk. 
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Lay Summary 
Bone and bone marrow (BM) derived stromal cells support skeletal and hematopoietic homeostasis, growth and response to injury, aging, 
and disease. However, purifying these cells to investigate their functions presents technical difficulties including evaluation of purity and 
establishment of highly enriched culture ex vivo. We identified persistent contamination of macrophages and their precursors, monocytes, which 
are innate immune cell populations critical for homeostasis as well as response to tissue injury. We found that this monocyte/macrophage 
contamination in bone and BM isolation of stromal cells fundamentally changed the function of the stromal cells, since complete removal 
uncovered different abilities to differentiate and to support blood stem cells. We also found through this novel isolation and culture system that 
the true signature of stromal cells depends on the compartment of the skeleton (bone or marrow) from which they are derived. These findings 
provide a powerful tool to investigate more accurately the function of stromal cells and show that monocytes/macrophages have profound 
impact on stromal cells.
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Introduction 
Stromal cells, formerly known as mesenchymal stromal cells, 
are a heterogeneous population of non-blood forming skeletal 
cells in the bone marrow microenvironment (BMME). These 
cells include stem and progenitor cells with self-renewal and 
multi-lineage differentiation potential toward the osteoblastic, 
chondrocytic and adipocytic cell lineages.1,2 Murine stromal 
cells have been characterized by their cell surface marker 
expression, genetic lineage marking studies, and single cell 
transcriptomic analysis.1,3 We and others identify stromal 
cells by the negative expression of CD45 (general hematopoi-
etic marker), B220/CD3e/Ter119 (B cell, T cell, and ery-
throid: Lineage marker: Lin), and CD31 (endothelial cell 
marker),1,3,4 with positive expression of CD51 (extracel-
lular Nestin+ stromal cell marker)5 and variable expres-
sion of Sca1 (stem cell antigen-1).6–8 Stromal cells have 
increasingly gained attention as important regulators of skele-
tal and hematopoietic homeostasis, where stromal cells play 
an important role in supporting hematopoietic stem cells 
(HSCs).1,3,7,9,10 However, current protocols to isolate stro-
mal cells from bone marrow (BM) typically involve wash-
ing off the non-adherent hematopoietic cells and assuming 
the adherent population that remains represents the stromal 
population.11,12 While this method is effective for human 
BM samples,13 we and others14 have found that significant 
contamination of macrophages still remains in the adherent 
population of murine whole BM and bone associated cell 
cultures. This contaminating population would be expected to 
confound functional and mechanistic analysis of stromal cells 
and to interfere with experimental outcomes. In this study, 
we carefully tested conventional protocols for purity, devised 
novel methods to ensure purity of stromal cells, and studied 
phenotypic, transcriptional, and functional consequences of 
macrophages contamination in BM and bone derived stromal 
cells. We found that removal of monocytes, macrophages 
and their progenitors was critical to successfully isolating 
and expanding stromal cells from BM and bone. Moreover, 
once purified, distinct stromal cell populations were identified 
from BM compared to those isolated from bone. Importantly, 
monocyte and macrophage contamination in vitro impacts 
stromal cell function, potentially via cell–cell interaction and 
production of inflammatory factors. Therefore, it is crucial 
to adopt techniques to achieve highly purified mouse stro-
mal cells from ex vivo culture for functional studies of the 
transcriptome, secretome, or regulatory properties of stromal 
cells. 

Materials and methods 
Mice 
Mice were obtained from Jackson Laboratory and maintained 
in the Vivarium facility at the University of Rochester 
School of Medicine and Dentistry in accordance with 
protocols approved by the Institutional Animal Care and 
Use Committee. All strains were of the C57BL/6 background 
and express the Ly5.2 allotype of CD45 (CD45.2) unless 
noted otherwise. Strains used include C57BL/6J and Sox9-
GFP mice which were genotyped by PCR using primer 
sequences publicly available through the Jackson Laboratory. 
This study was performed in accordance with ARRIVE 
guidelines.15 

Flow cytometry 
Analysis of marrow cell populations was performed as pre-
viously described.7 For marrow cell analysis, marrow was 
released by crushing with a mortar and pestle in PBS. For BM 
analysis for stromal cell populations, BM cells were digested 
in 2 mL HBSS (Gibco, Thermo Fisher Scientific, #14175-
095) containing 1 mg/mL Collagenase type IV (Sigma-Aldrich, 
#C5138), and 2 mg/mL dispase (Gibco, #17105-041) for 
30  min in 37  ◦C water bath. Digested BM cells were collected 
and washed with 3 mL of FACS buffer 2% FBS/PBS) for 
the analysis. For stromal cell analysis for bone-associated 
cells, murine hind limbs and pelvis were digested as described 
in bone-derived stromal cell (BSC) culture section. Samples 
were run on a BD LSR Fortessa flow cytometer: 5 lasers, 
UV (355 nm), violet (405 nm), blue (488 nm), yellow-green 
(561 nm), and red (640 nm) (BD Biosciences). As a dead 
stain, DAPI was used. Analysis was performed using FCS 
Express version 7 (De Novo Software). The gating strategy 
used to identify populations enriched for cells of interest 
has been described in the main text. Sorting was performed 
on a FACSAriaII with 405-, 488-, 532-, and 640-lasers (BD 
Biosciences) at the University of Rochester Medical Center 
Flow Core. The information of antibodies utilized for flow 
cytometry is provided in Table S1. 

Plate coating with rat collagen type I 
The tissue treated culture plates were coated with colla-
gen Type I (rat tail) (Corning, #354236) according to the 
manufacturer’s protocol. Briefly, 50 μg/mL of Collagen Type 
I solution was prepared using 0.02 N acetic acid and then 
dispensed as 5 μg/cm2 in the designated plates followed by 
overnight incubation at room temperature. On the following 
day, the plates were washed with PBS once and stored at 4 ◦C. 
Collagen solution was reused once. 

BM-derived stromal cells culture 
Cells were isolated from crushed hind limbs and pelvic bones 
of male C57BL/6 mice and dissociated in FACS buffer (PBS 
with 2% heat inactivated fetal bovine serum (FBS, Gemini Bio-
Products) using 18G needles. Cells were then plated whole at a 
density of 2.2 × 105 cells/cm2 in αMEM without ascorbic acid 
(Gibco, #A1049001) with 10% FBS and 1x penicillin/strepto-
mycin (P/S) (Gibco, #15140-122), or according to treatment 
conditions described below. For the improved protocol, we 
flushed BM cells from a pair of tibias, femurs, and humeri 
directly onto a Collagen Type I-precoated 10 cm dish (Corning 
#430293) containing αMEM (without ascorbic acid) with 
15% FBS and 1x P/S. After gently swirling the dishes, cells 
were placed in a hypoxia incubator (2% O2, 5%  CO2 at 
37 ◦C). The first media change was done on day 5, and cells 
were sorted on the following day as described below. 

Bone-derived stromal cell culture 
Bone pieces from crushed hind limb and pelvic bones of male 
C57BL/6 mice were washed out of BM cells and digested for 
30 min in 1 mL of collagenase type I (Stemcell Technologies, # 
07416) in 20% FBS/PBS at 37 ◦C and rinsed with 5 mL FACS 
buffer. Bone pieces were digested again for 60 min in 1 mL of 
collagenase type I in 20% FBS/PBS and rinsed with 5 mL FACS 
buffer. Bone derived cells were collected from the supernatant 
and washed of both digestion buffers and then were plated at

https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziaf047#supplementary-data
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a density of 2.2 × 104 cells/cm2 in αMEM without ascorbic 
acid with 10% FBS and 1x P/S, or according to treatment 
conditions described below. 

Cell culture maintenance 
All marrow-derived and bone associated mesenchymal cell 
cultures were maintained in αMEM (without ascorbic acid) 
medium with 10% or 15% (for whole BM-derived stro-
mal cells [BMSCs]) FBS and 1x P/S. Media changes were 
performed 5 d after initial plating, then every 2-3 d unless 
otherwise described. Cultures were incubated at 37 ◦C, 2% 
O2, 5%  CO2. When cultures reached 80% confluence, media 
was removed and wells were washed twice with appropriate 
volumes of PBS. Adherent cells were dissociated by incubating 
each well with TrypLE Express Enzyme (Gibco, #12605010) 
at 37 ◦C for 3-5 min until cells have lifted from the plate 
surface. Tryp-LE dissociation was quenched by adding the 
equivalent volumes of αMEM (without ascorbic acid) with 
10% FBS and 1x P/S to each well. Adherent cells were further 
dissociated by pipetting medium up and down over the well 
surface, and then cells were plated at a 1:3 split ratio. More 
details about the plate coating are available in supplemental 
information. 

Magnetic depletion 
CD45+ cells were removed from marrow-derived cell cultures 
through magnetic selection. Cells were removed from culture 
plates by incubating each well with 0.5 mL of TrypLE Express 
for 3-5 min. TrypLE Express dissociation was quenched 
by adding 0.5 mL αMEM (without ascorbic acid) with 
10% FBS and 1x P/S to each well. Cells were pelleted 
at 433xg for 5 min and surface stained with Biotinylated 
CD45 antibody (BD Pharmingen, Ref#553078, Clone 30-
F11, 1:100 antibody dilution, 100 μL per 1 × 106 cells) 
for 25 min at 4 ◦C. Magnetic depletion was also used 
to enrich BSCs. For improved protocol for BSC culture, 
bone derived cells were surface stained with Biotinylated 
CD45 (BD Pharmingen, Ref#553078, Clone 30-F11), Ly6C 
(BD Pharmingen, Ref#557359, Clone AL-21), and F4/80 
(eBioscience, Ref#123106, Clone BM8) antibodies at 5:100 
antibody dilution, 100 μL per  1 × 106 cells for 25 min 
at 4 ◦C. Cells were washed with 1 mL FACS buffer, 
pelleted, then resuspended in streptavidin-magnetic bead 
particles (BD Biosciences) at 100 μL per  1 × 106 cells for 
20 min at 4 ◦C. Media (αMEM (without ascorbic acid) 
with 10% FBS and 1x P/S) was added to each sample to 
equal 1 mL total volume, then samples were placed on a 
magnet for 4 min. Supernatant was collected and beads 
were resuspended in media (αMEM (without ascorbic acid) 
with 10% FBS and 1x P/S) and placed on the magnet 
for 4 min. This was repeated for a total of 4 times. 
Collected supernatant was placed on the magnet 
for 6 min, and final supernatant was collected. 

Stromal cell differentiation 
Stromal cells were differentiated along osteogenic, adipogenic, 
and chondrogenic pathways using standard methodologies 
previously described.16 Detailed procedures are provided in 
supplemental information. 

Light microscopy 
Images were taken at room temperature using CKX41 
inverted microscope (Olympus) and DP74 camera (Olympus). 

Cellsens software (Olympus) was used to acquire images on 
the microscope. 

Lineage−/Sca-1+/c-kit+ cells isolation 
BM cells were flushed from tibias and femurs obtained from 
CD45.1 C57/B6 mice (8-12 wk old). The cells were stained 
with APC c-Kit+ antibody and c-Kit+ positive cells were 
enriched using anti-APC magnetic beads with auto MACS 
(Miltenyi Biotec). Subsequently, the cells were stained with 
a lineage antibody cocktail (PerCP Cy5.5 anti-B220, anti-
Ter119, anti-CD3, and anti-Gr-1) and PE-CF594 anti-Sca-1) 
for 30 min at 4 ◦C. LSK cells were then purified using a 
FACS AriaII and plated into the designated plate for co-culture 
assay. 

Stromal cell co-culture for competitive 
reconstitution assay 
Seven thousand five hundred cells per well of sorted LSK cells 
were co-cultured in RPMI1640 (Corning, #10-041-CV) sup-
plemented with 10% FBS, 1x P/S, and 1x 2-mercaptoethanol 
(Gibco, #21985023) with 80%-90% confluent layers of stro-
mal cells in collagen-I coated 12-well plate at 37 ◦C, 5%CO2, 
2%O2 for 3 days. The whole co-cultured cells were collected 
after trypsinization and mixed with 2 × 105 competitor cells 
(whole BM from 6 to 10 wk old CD45.2 C57/B6) in adjusted 
volume of 150 μL of PBS for transplantation. 

Generation of chimeric mice (competitive 
reconstitution assay) 
The BM transplantations were performed as previously 
described.17 Chimeric (CD45.1/CD45.2 with or without 
GFP/UBC) mice were generated by transplantation of a 
designated number of BM cells into lethally irradiated (12 Gy, 
split dose) mice via tail veins. Reconstitution by donor cells 
was assessed in all mice by blood cell counts every month 
after injections, and chimerism of peripheral blood (PB) 
leukocytes was assessed by flow cytometry every 4 wk until 
24 wk after transplantation. The proportion of PB leukocytes 
expressing CD45.1 or CD45.2 was determined monthly 
after transplantation by flow cytometry. The repopulating 
units (RUs) were evaluated using the standard formula: RU = 
% (C)/(100 − %), where % is the measured percentage of 
donor cells, and C is the number of competitor marrow cells 
per 1 × 105.17,18 

RNA sequencing 
Details are provided in supplemental information. 

qPCR analysis 
Details are provided in supplemental information. 

ELISA and magnetic-based multi-immunoassay 
Details are provided in supplemental information. 

Immunohistochemistry staining 
Details are described in supplemental information. 

Statistical analysis 
All data were expressed as mean ± SE of the mean. All anal-
yses were made with GraphPad Prism software using two-
tailed Student’s t-test, Mann–Whitney nonparametric testing,
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one-way ANOVA with Tukey’s multiple-comparison post-
test or Fisher’s LSD test, and two-way ANOVA or mixed-
model analysis with Geiser-Greenhouse correction applied 
when appropriate. Correlation analysis was done by nonpara-
metric Spearman correlation. Exponential decay analysis was 
performed (one phase decay), half-life estimate was used to 
suggest a threshold. p-value <.05 was considered significant 
and denoted by asterisks (∗p < .05, ∗∗p < .01, ∗∗∗p < .001). 
RNA sequencing data were adjusted p-value (q) <0.05 was 
considered significant and denoted by asterisks (∗q < 0.05,
∗∗q < 0.01, ∗∗∗q < 0.001). 

Detailed procedures for the statistics are also described in 
figure legends. 

Additional information is provided in Supplementary 
Materials. 

Results 
Evaluation of previous strategies to maintain 
highly purified stromal cells ex vivo reveals 
persistent contamination of macrophages 
We carefully evaluated the presence of contaminating 
CD45+ cells in mouse BM-derived primary stromal cells 
(BMSCs) grown in vitro using protocols designed to maintain 
highly purified BMSCs.19 Surprisingly, we found significant 
contamination of CD45+ cells in the culture until passage 3 
even in a 2D culture with collagen-I coated plates (Figure 1A). 
Another culture method that utilizes collagenase-I digested 
bones to isolate bone-associated stromal cells (BSCs) from 
murine hind limbs also resulted in significant contamination 
with CD45+ cells (Figure 1B). For both BMSC and BSCs, 
CD45+ cells represented more than 50% of the cultured 
cells. Flow cytometric analysis revealed that regardless of 
whether BM-derived or bone-derived, a majority of these 
CD45+ cells were CD45+/CD11b+/Ly6G-/Ly6C-/F4/80+ 

macrophages that highly expressed CD206 (Figure 1C), a M2 
polarization marker.20 CD45+ macrophages (dark red arrow, 
population labeled in dark red in Figure 1C) were found 
in much smaller distribution in SSC-FSC plots compared 
to CD45− cells (Figure 1C), potentially leading to being 
disregarded in flow cytometric assessment of contamination. 
Most CD45− cells were CD31−/Sca-1+/CD51+, consistent 
with stromal cells as previously described,6 regardless of 
whether they were derived from BM or bone (Figure 1C). 
We then evaluated other previously reported strategies11 

that alter timing of first or subsequent cell passage to 
obtain highly purified stromal cells from BM cells (Figure 
S1A and B). However, in both cases we found persistent 
significant macrophage contamination of stromal cell cultures 
(Figure S1C and D). Next, we evaluated the efficacy of 
removing macrophages using magnetic particles (Figure 
S1E).21 While targeted magnetic depletion reduced CD45+ 

cell contamination in both BM and Bone-derived cultures, 
it did not eliminate it (Figure S1F and G). To obtain highly 
purified BMSCs, we plated BM cells and rather than passaging 
them, we sorted BMSCs as previously reported19 by using 
a conventional gating strategy (CD45−/Lin−/CD31−/Sca-
1+/CD51+), plating the sorted cells. However, even after 
sorting, CD45+ macrophages appeared in this culture after 
several days (Figure 1D). Given the positive correlation 
between the intensity of antigen expression of CD45 and 
of Ly6C/F4/80 (Figure 1E), we hypothesized that monocytes 
and macrophage progenitors with dim Ly6C/F4/80 expression 

concealed in the CD45− population may give rise to CD45+ 

mature macrophages later in the culture. 

Elimination of macrophages from ex vivo culture 
by targeting CD45+/F4/80+/Ly6C+ cells 
To determine the source of macrophage contamination in 
BMSCs, we sorted F4/80+, Ly6C+, and  F4/80−/Ly6C− 

populations from the CD45−/Lin−/CD31− cells, partially 
adopting a previously published procedure19 (Figure 2A 
and B). When plated after sorting, F4/80+ and Ly6C+ cells 
showed significant contamination of CD45+ cells (Figure 
S2A). In contrast, Ly6C−/F4/80− sorted cells showed very 
small CD45+ cell contamination (Figure S2A), suggesting 
that F4/80+/Ly6C+ cells in the CD45−/Lin− population 
may include macrophage progenitors despite the low 
expression of CD45. Since this sorting strategy (CD45−/Lin− 

/CD31−/Ly6C−/F4/80−/Sca-1+/CD51+) still had small 
residuals of macrophage contamination when using normal 
coated plate, we switched to collagen-I coated plates from 
the beginning of the process throughout the sorting and 
following passaging, which greatly improved the elimination 
of the macrophages from the culture after sorting (Figure 2C). 
Light microscopy visualization of non-sorted stromal cell 
cultures showed large cells with a fibroblastic pattern and 
smaller spindle-shaped cells that were absent in sorted 
cell cultures, suggesting that these smaller spindle-shaped 
cells are contaminating CD45+ macrophages (Figure S2B 
and C), which were confirmed to be positive for F4/80 
by immunohistochemistry staining while the back ground 
larger cell populations were not positive for F4/80 (Fig-
ure S2D). Since there is less macrophage contamination 
with bone sources, we adopted magnetic depletion using 
CD45+/Ly6C+/F4/80+ to eliminate macrophages from 
BSCs (Figure 2A). CD45+/Ly6C+/F4/80+ cell depletion 
significantly decreased macrophage contamination in the 
culture compared to CD45+ single or CD45+/F4/80+ 

double targeting magnetic depletion (Figure 2D). However, 
macrophages reemerged in later passages (P2 or higher). 
Thus, we optimized the depletion process by titrating the 
primary antibody at the concentration of 1 μL per 1 × 106 

cells and 5 μL per 1 × 106 cells. A primary antibody 
concentration at 5 μL per  1 × 106 cells throughout every 
passage from P0 to P3 completely eliminated CD45+ 

macrophages (Figure 2E). In contrast to BMSCs, purified 
BSCs were morphologically heterogeneous, with a mixture of 
fibroblastic and cuboidal cells but lacking the smaller spindle-
shaped cells, consistent with the elimination of macrophage 
contamination (Figure S2C). In summary, we have devised 
two distinct procedures that increase purity of stromal cell 
cultures derived from bone or BM by eliminating macrophage 
contamination. 

Evaluation of the characteristics of stromal cells 
from BM and bones with or without macrophages 
reveals distinct signatures based on tissue of origin 
and macrophage contamination 
To identify the characteristics of BM-derived and bone-
derived cells, we performed RNA sequencing of ex vivo 
expanded stromal cells with (BMSC and BSC), or without 
(=enriched BMSC (E-BMSC) and enriched BSC (E-BSC)) 
macrophage contamination. Principal component analysis 
(PCA) and heatmap of differential gene expression showed 
clear separation of these 4 groups (Figure 3A and B).
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Figure 1. Persistent contamination of macrophages to stromal cells cultured in vitro. (A) The percentages of contamination with CD45 positive cell after 
multiple passages of mouse stromal cells from BM utilizing the previous reported methods and (B) BSCs from collagenase-I digested bones with collagen 
type I coating plates (n = 6-7, each dot represents independent mouse). Mean ± SEM, one-way ANOVA with Turkey’s post-test are provided. ∗: p < .05;
∗∗: p < .01; ∗∗∗: p < .001. (C) The representative gating scheme of the evaluation of macrophage contamination and stromal cell identification in cell 
cultures from BM and bones. Red arrow is pointing the highlighted quadrant in rightmost panel showing distribution of CD45+ population (red brown) 
in FSC/SSC gate. (D) Representative flow cytometric analysis data of BM-derived cells 5 d after sorting. CD45+ and CD45−/Lin−/Sca-1+/CD51+ sorted 
cells are displayed. (E) Representative flow cytometric data of day 5 CD45−/Lin−/Sca-1+/CD51+ sorted fraction showing the continual shift of intensity 
of F4/80 positivity along with the CD45+ intensity. 
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Figure 2. Successful depletion of hematopoietic cells by targeting CD45+/F4/80+/Ly6C+ of mouse BM-derived and bone-derived stromal cells. 
(A) Schematic figure of the method for enrichment of stromal cells from BM and bones. (B) Representative gating plots for sorting of mouse BMSCs. 
(C) CD45+ contamination (%) of the BM-derived cell culture from primary plating (P0) to passaging after sorting (passage: P1-P4). Each dot represents 
each mouse (n = 4). (D) CD45+ contamination (%) of bone-derived cells after magnetic depletion by CD45, CD45/F4/80, and CD45/F4/80/Ly6C, n = 3.  
(E) CD45+ contribution (%) of BAC-derived cells after magnetic depletion by CD45/F/4/80/Ly6C at primary antibody concentration of 1 μL/10e6 cells or 
5 μL/10e6 cells, n = 3. (D, E): Passages 0 (initial plating) to 3 (P0-P3) are shown. Mean ± SEM are provided in (C), (D), and (E). 

Lack of expression of Ptprc (CD45), Itgam (CD11b), and 
Adgre1 (F4/80) in E-BSCs and E-BMSCs compared to 
control cultures confirmed their very high purity ( Figure 
S3A). The proliferation marker Mki67 (Ki-67) was highly 

expressed in BSC, BMSC, and E-BMSC, whereas E-BSC 
showed significantly lower Mki67 expression (Figure 3C), 
suggesting that contaminating macrophages are directly or 
indirectly responsible for the high proliferation rate in BSCs.

https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziaf047#supplementary-data
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Consistent with this, E-BMSC showed a rapid expansion 
in ex vivo culture compared to E-BSC (Figure 3D). As 
expected, differentiation markers, such as osteogenic marker 
SP7 (Osterix), adipogenic marker Adipoq (Adiponectin), and 
chondrogenic marker Sox9, were higher in purified stromal 
cell culture (E-BSC/E-BMSC). However, each population 
showed different cell composition based on the cell source. 
There was higher SP7 expression within the BMSCs, 
indicating the presence of osteoprogenitors, and higher 
Sox9 expression within the BSCs, indicating the presence 
of early chondrogenic cells (Figure 3E). Additionally, Spp1 
(Osteopontin) expression was increased and Sp7 expression 
was decreased in BSC (Figure 3E). Moreover, BSCs showed 
strong alkaline phosphatase activity at baseline but this 
expression was weaker in E-BSC (Figure 3F) suggesting 
that bone-derived cells represent a more differentiated 
osteolineage progenitor that may receive supportive signals 
by macrophages to stay in the osteoprogenitor state. The 
presence of more mature osteoblastic and chondroblastic cells 
in the BSCs, even in the absence of differentiating conditions, 
was highly influenced by the percentage of contaminating 
hematopoietic cells, as would be expected (Figure 3G and  
H). The expression patterns of periosteal markers, such as 
Postn (Periostin), Ptgs2 (Cox-2), and Ctsk (Cathepsin K), 
indicated that E-BSC- and BM-derived cells did not have 
significant contamination with periosteal cells, whereas BSC 
showed significant increase of Postn and Ptgs2 (Figure S3B). 
These data indicate that macrophage contamination to the 
culture may support carry-over periosteal cell ex vivo only 
for cell preparations from bone. Collectively these findings 
suggest that macrophages significantly impact stromal cell 
composition in ex vivo culture systems in ways that depend 
on tissue sources. 

Macrophage contamination impacts differentiation 
potential of stromal cells from bone and marrow 
Next, we tested impact of contaminating macrophages on 
stromal cell differentiation capacity. We assessed and quan-
tified differentiation both using image quantification, and by 
measuring transcriptional markers of differentiation. Overall, 
BMSC and BSC have the ability to differentiate into three 
lineages, even in the presence of macrophages in the culture. 
Consistent with their transcriptional signature, BSCs and E-
BSCs show stronger differentiation toward the chondrogenic 
lineage (Figure 4). However, macrophage contamination sig-
nificantly disrupts the differentiation capacity of both BMSC 
and BSCs to all 3 lineages (Figure 4A and B). We further exam-
ined the influence of macrophage contamination to the culture 
on the differentiation capacity by assessing the relationship 
between the degree of macrophage contamination (percent 
of CD45+ cells) examined by flow cytometric analysis and 
differentiation capacity measured via induction efficiency and 
expression of differentiation markers for each lineage. The 
ability of BSCs to differentiate to chondrocytes was signifi-
cantly inversely correlated to the degree of CD45+ cell con-
tamination, as shown both by differentiation efficiency and by 
expression of differentiation markers (Figure 4A-C), however 
no specific threshold could be calculated. For both BSCs and 
BMSCs, the ability to differentiate to the osteoblastic lineage 
was significantly inversely correlated with the presence of 
CD45+ cells (Figure 4D-F, Figure S3C). For BSCs, using the 
exponential decay equation, we could calculate a potential 

threshold (BSC osteogenic threshold: 5.070%, Figure 4E). 
Finally, adipogenic differentiation was exquisitely sensitive to 
macrophage contamination, as shown by significant inverse 
correlation of differentiation metrics to percent CD45+ cells 
(Figure 4G-I, Figure S3D), and by the identification of very 
low calculated thresholds of CD45+ cell contamination being 
sufficient to significantly inhibit adipogenic differentiation for 
both BSCs and BMSCs ((BSC: 0.5197%, BMSC: 3.731%, 
Figure 4H). Together, these data demonstrate the strong dis-
ruptive effects of macrophage contamination on differentia-
tion capacity of cells derived from bone and BM. 

SOX9/CD140a expression patterns confirm high 
purification of stromal cells from BM and bone 
and both were decreased by macrophage 
contamination 
To further define the stromal cell characteristics of BM 
and bone derived cells, we focused on SOX9 expression. 
While SOX9 is an important transcriptional factor for 
chondrogenic differentiation, Cre recombinase activity 
targeted by the SOX9 promoter was previously shown to 
identify undifferentiated precursors that can differentiate 
to tri-lineage subsets and CXCL12-expressing stromal 
cells.22 To evaluate SOX9 expressions in the murine 
BMME cells we isolated from BM or bone, we utilized 
SOX9-GFP transgenic mice. SOX9 expressing cells were 
rare in whole BM cells but could be detected in bone-
derived cells (Figure 5A). SOX9+ cells were enriched in the 
CD45−/Lin−/CD31−/CD51+ population and also detected 
in immature hematopoietic supportive cell populations like 
PαS (Lin−/CD45−/CD31−/Sca-1+/CD140a+)4 and Pααv 
(Lin−/CD45−/CD31−/CD51+/CD140a+)5 (Figure 5B). Next, 
we analyzed SOX9 expression in our ex vivo culture. Within 
Lin−/CD45−/CD31−/Sca1+/CD51+ cells, E-BMSC and E-
BSC showed higher expression of SOX9 compared to BMSC 
and BSC, and bone-derived cells showed relatively higher 
expression of SOX9 compared to BM-derived cells although 
it was not statistically significant (Figure 5C). Interestingly, 
the presence of CD45+ cells and SOX9 expression had 
significant negative correlation in both BM- and bone-
derived cells (Figure 5C). Consistent with this, CD140a 
(PDGFRα), a marker of HSC-supportive stromal cells,4,5 

was also highly expressed with both E-BMSC and E-BSC 
and was significantly reduced by macrophage contamination 
(Figure 4D). Collectively, these results confirm that our 
strategy for ex vivo purification of stromal cells could 
successfully extract very rare, immature and critical stromal 
components from both BM and bone, and that macrophage 
contamination could alter the characteristics of these cells. 

Enriched stromal cell cultures have improved 
ability to support hematopoietic cells 
Next, we examined the ability of our ex vivo cultures to 
support hematopoiesis. To test this, we developed an ex vivo 
co-culture system of stromal cells and BM HSC-enriched 
Lin

− 
/Sca-1+/c-Kit+ cells (LSKs) without growth factors in 

hypoxic (2% O2) conditions and analyzed stromal cells’ 
supporting effect on short- and long-term repopulation of 
hematopoietic cells as evaluated by competitive reconstitution 
assays, the gold standard for HSC function (Figure 6A). 
Both BM and BSCs showed significantly higher chimerism 
of co-cultured cells (CD45.1+) in PB compared to LSKs

https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziaf047#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziaf047#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziaf047#supplementary-data
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Figure 3. Transcriptional and functional analyses of BM- and bone-derived cells with or without macrophages. (A) Principal component analysis (PCA) 
plot of BSC/E-BSC (enriched-BSC)/BMSC/E-BMSC (enriched-BMSC). Each dot represents 3 independent mouse samples. (B) Hierarchical clustering heat 
map of the set of differentially expressed genes. E-BSC (blue) vs BSC (purple) vs BMSC (Orange) vs E-BMSC (red) samples scaled per gene, n = 3.  (C)  
Normalized counts of Mki67 (Ki67) gene expression. Each dot represents samples from each mouse, n = 3. (D) Expansion curve of E-BMSC and E-BSC 
with passaging until passage 3, n = 3-6. (E) Normalized counts of Sp7 (Osterix), Adipoq (Adiponectin), Sox9, and  Spp1 (Osteopontin) genes expression. 
Each dot represents samples from each mouse, n = 3. (F). Representative images of photograph and light microscopy of bone-derived cells (BSC: Left, 
E-BSC: Right) at day 14 with non-differentiation medium with alkaline phosphatase/Von Kossa double staining (scale bar = 50 μm) and %positive for 
alkaline phosphatase staining calculated by BZ-X software are presented (n = 3). (G, H) Correlation analysis of expression of Bglap (G) and Col2 genes 
(H) in undifferentiated co-cultures measured by qPCR (RQ calculated based on E-BMSC expression) with %CD45+ cells present in each culture based 
on flow cytometric analysis. Each dot represents an individual co-culture. Correlation analysis between CD45% and RQ was done by nonparametric 
spearman correlation analysis. n = 8-9. Simple linear regression analysis was performed, 95% confidence interval boundaries are shown by the dotted 
lines. Mean ± SEM, in (C), (D), and (E), adjusted p(q) in (C) and (E) and Student t-test (p) in (F) are provided. ∗: q < 0.05; ∗∗: q < 0.01; ∗∗∗: q < 0.001. 
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Figure 4. Quantification of differentiation analysis of BM- and bone-derived cells with or without macrophages. Comparison of trilineage differentiation 
capacity of each group (BSC/E-BSC/BMSC/E-BMSC). (A, D, G): Representative images of tri-lineage differentiation for cell populations as labeled Alcian blue 
staining with chondrogenic differentiation (A), alizarin red staining with osteogenic differentiation (D) and oil-red-O staining with adipogenic differentiation 
(G) are shown. Mock: Normal medium with no differentiation factors. (B, E, H): Induction rate calculated by %positive area calculated by BZ-X software 
with Alcian blue in chondrogenic differentiation (B), alizarin red in osteogenic differentiation (E), and % oil-red-O positive cells in adipogenic differentiation 
(H), are presented. n = 3-5. (C, F, I) qPCR analysis of mRNA of expressed gene in control/induced BSC/E-BSC, BMSC/E-BMSC cultures in the chondrogenic 
(C), osteogenic (F), and adipogenic (I) differentiation conditions. Relative expression/internal control are presented. n = 3-5. (B, C, E, F, H, I) Correlation 
analysis and exponential decay equation analysis between %CD45+ cells and lineage differentiation capacity calculated for each procedure (Chodrogenic, 
(B): %positive area, osteogenic, (E): %positive area, adipogenic, (H): % induction rate) and differentiation marker expression (C, F, I) on BMSC and BSC. 
Correlation analysis between CD45% and %positive area, % induction rate or RQ was done by nonparametric Spearman correlation analysis. Mean ± SEM, 
in (B), (C), (E), (F), (H), and (I), one-way ANOVA with uncorrected Fisher’s LSD (p) in (B), (C), (E), (F), (H), and (I) are provided. ∗: p < .05; ∗∗: p < .01;
∗∗∗: p < .001; ∗∗∗∗ < p < .0001. 
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Figure 5. Sox-9/CD140a expression patterns confirmed high purification of stromal cells from BM and bones and both are affected by macrophage 
contamination. (A) Representative gating plot of collagenase-IV digested BM or collagenase-I digested bones for the expression patterns of SOX9-GFP. 
(B) SOX9-GFP expression (%) in stromal cells (CD45−/Lin−/CD31−/Sca-1+/CD51+), PαS and Pααv, and representative dot plot patterns of 
Sox9-GFP expression in stromal cell fraction. Each dot represents each mouse, n = 4 (C). SOX9-GFP positive% in stromal cell fraction along with the 
passaging and correlation plot between CD45+ (%) and SOX9+ (% in stromal cells) of BM-derived (left) and bone-derived (right). n = 3-6,  n = 26-59, each 
dot represents each sample from an individual mouse in bar graph. (D) CD140a+ (%) in stromal cell fraction along with the passaging of BM-derived (left) 
and bone-derived (right). n = 4-6, each dot represents each sample from an individual mouse. Mean ± SEM, Student t-test for (B), mixed-model analysis 
with Geiser-Greenhouse correction for (C) and (D), correlation analysis for (C) is provided. ∗: p < .05; ∗∗: p < .01; ∗∗∗: p < .001. 
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without stromal support (Figure 6B, Figure S4A). The 
BMSC displayed both early (4 wk) and long term (24 wk) 
disruption of reconstitution measured by direct engraftment 
and reconstitution units (Figure 6C), demonstrating that 
the presence of macrophages in BMSC cultures obscures 
functional assessment of microenvironmental support of 
HSPCs by stromal cells. Macrophage contamination dif-
ferentially impacted the ability HSPCs to contribute to 
mature hematopoietic cell populations in PB. Macrophage 
presence in BMSC disrupted donor contribution of B220+ 

cells (Figure 6D). In contrast, in BSCs, macrophage presence 
induced myeloid cell expansion (Figure S4B). When we 
examined BM reconstitution at 24 wk post-transplantation, 
macrophage contamination in BMSC co-cultures decreased 
contribution to the lymphoid populations, such as T-cells 
(CD11b−/CD3e+), lymphoid progenitors (MPP4: Lin−/c-
Kit+/Sca-1+/Flt3+/CD48+/CD150−), and HSCs (short-
term(ST)-HSC: Lin−/c-Kit+/Sca-1+/Flt3−/CD48−/CD150− 

and long-term (LT)-HSC: Lin−/c-Kit+/Sca-1+/Flt3−/ 
CD48−/CD150+)6,23 (Figures S4C and S6E, Figure S5A). 
In spite of the lack of impact of macrophage contamination 
in BSCs PB reconstitution, LSKs co-cultures with BSC had 
significant decline in contribution to lymphoid progen-
itors, MPP4s and myeloid progenitors (CMP; (common 
myeloid progenitor:Lin−/c-Kit+/Sca-1−/CD34+/CD16/32−) 
and MPP2 (Lin−/c-Kit+/Sca-1+/Flt3−/CD48+/CD150+)) 
(Figures S4C, D and S5A), suggesting subtle skewing of 
HSC function induced by the presence of macrophages 
in BSCs. These findings clearly show that macrophage 
contamination to stromal cell culture disrupts their ability to 
support hematopoiesis, and that macrophages derived from 
different tissues have distinct effects on stromal support of 
hematopoiesis (Figure S5B). 

To identify candidate factors that disrupt the stromal 
support of hematopoiesis when macrophages are present 
in the co-culture, we further analyzed the RNA sequencing 
data for the key markers of hematopoietic support. CXCL12, 
ANGPT1, and KITLG were decreased by macrophage 
contamination to both bone and BM derived stromal cells 
(Figure 7A). VCAM1, one of the representative markers 
of the known critical niche component, Leptin receptor+ 

cells24,25 was highly expressed in all stromal cells, but 
especially in E-BSC (Figure 7A). Together with the decreases 
in SOX9 and CD140a expression in stromal cells induced 
by macrophage contribution (Figure 5C and D), these 
transcriptional changes may contribute to how the presence 
of macrophages disrupts the ability of BM- and bone-derived 
stromal cells to support hematopoiesis ex vivo. To determine 
which factors from macrophages could drive the defect 
in hematopoiesis, we analyzed the transcriptomes of the 
enriched and macrophage contaminated cultures. We found 
that expression of inflammatory chemokines was increased 
in cultures that included macrophages, especially with BSCs 
(Figure 7B). This, in addition to the higher expression of 
inflammatory signals already reported to induce myeloid 
skewing of HSCs (Il1b, Ccl3, and  Cxcl2, Figure S6A) could 
partially explain the myeloid skewing and reduction of 
myeloid progenitors with BSCs co-cultured LSKs identified 
by the competitive reconstitution assay (Figure S4A and B). 
The protein level of these myeloid chemoattractant, such as 
CCL3 and CXCL2 in the supernatant of stromal cell culture 
examined by magnetic-based multi-immunoassay were higher 
in BSCs, which were consistent with the transcriptional 

profile of transcriptomes (Figure 7C). In addition, RNA 
level of the complement subcomponents C1qa and C1qc 
were highly expressed in macrophage contributed culture 
(BMSC, BSC) in contrast to enriched stromal cells (E-BMSC, 
E-BSC) (Figure S6B), and the protein level of C1q was much 
higher with macrophages contributed culture confirmed 
by ELISA (Figure 7D). Collectively, these results indicate 
that macrophage contamination in these cultures could 
have both a direct impact on HSCs via chemokine/cytokine 
production as well as an indirect effect via altered stromal cell 
characteristics. 

Discussion 
Stromal cells can technically be isolated and sorted from 
human and murine tissues, but these cells are heterogeneous 
and extremely limited in number (estimated at 0.001%-
0.01% of marrow nucleated cells26). The methodology 
to isolate highly purified functional primary stromal cells 
has long been a subject of controversy but is essential, 
since stromal cell purification is indispensable to precisely 
recapitulate their functional roles in BMME to explore their 
role in hematopoiesis, inflammatory states, and hematological 
malignancies. There are several previous methodological 
reports regarding ex vivo culture of primary mouse stromal 
cells.11,12,19 However, these methods appear to underestimate 
the macrophage contamination in the cultures. We found that 
the morphology of murine macrophages in ex vivo culture 
can be distinguishable from the much larger stromal cells 
based on cell size although both cell types strongly adhere 
to the plastic surface and are inseparable with conventional 
trypsinization (Figure S2B-D). We suspect that significant 
macrophage contamination of stromal cell cultures may be 
inadvertently missed because macrophages are very small 
compared to stromal cells and therefore are primarily found 
in low forward scatter (FSC) and side scatter (SSC) cell 
populations, as we show in this study (Figure 1C). The 
persistent macrophage contamination in stromal cell cultures 
seems to be a hallmark of mouse in contrast to human stromal 
cells, where we can achieve a high purity with a conventional 
method by plating BM mononuclear cells in adherent plates 
under high serum conditions.27–29 While cell sorting can 
be generally adopted to deplete the hematopoietic cells to 
enrich rare cell populations, we found that a stringent gating 
strategy is required to eliminate monocyte/macrophage pro-
genitors in CD45/lineage negative populations. Importantly, 
myelomonocytic progenitors are likely present in CD45 dim 
populations. These progenitors enhance CD45 expressions 
as they differentiate to mature monocytes or macrophages,30 

likely explaining why monocyte/macrophage progenitors are 
not completely excluded based on the expression of CD45 
for stromal cell enrichment. The protocols presented here 
highly enriched BMSCs and BSCs, reducing the macrophage 
contamination to 0%-1% ex vivo with a combination of 
stringent sorting or depletion and utilization of type I collagen 
(collagen-I) coated plates. Collagen-I, a fibrous protein rich in 
connective tissues, is the major component of extracellular 
matrix, and it could enhance the adhesion, survival, and 
proliferation of human cells that are grown in collagen-I 
coated plates.31 We successfully attained rapid growth and 
improved enrichment rate of E-BMSCs with the support 
of collagen-I although growth speed of E-BSCs remained

https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziaf047#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziaf047#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziaf047#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziaf047#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziaf047#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziaf047#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziaf047#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziaf047#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziaf047#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziaf047#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziaf047#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziaf047#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziaf047#supplementary-data
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Figure 6. Purified stromal cell cultures have high ability to support hematopoietic stem and progenitor cells which is disrupted by macrophage 
contamination. (A) Schematic figure of competitive reconstitution assay with stromal cells and LSK cells co-culture. (B) Analysis of peripheral blood (PB) 
chimerism (CD45.1%) from LSKs transplanted after culture alone or co-cultured with BMSC or E-BMSC, n = 5-11. (C) Early (4 wk) and long-term (24 wk) 
reconstituting units (RUs) after transplantation, n = 7-11. (D) Myeloid (CD11b+), B-cell (CD11b-/B220+), and T-cell (CD11b-/CD3e+) reconstitution (CD45.1%) 
in PB after transplantation of donor LSK alone or co-cultured with BMSC or E-BMSC as in (A), n = 5-11. (E) BM analysis at 24 wk after transplantation of 
LSKs alone or co-cultured LSKs with BMSC or E-BMSC, n = 5-11. Mean ± SEM, two-way ANOVA with Turkey’s post-test for (B) and (D), one-way ANOVA 
with Turkey’s post-test for (C) and (E) are provided. ∗: p < .05; ∗∗: p < .01; ∗∗∗: p < .001. 
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Figure 7. Macrophage presence in stromal cell cultures reduced expression of hematopoietic supporting factors and increased inflammatory factors in 
culture supernatant. (A) Normalized counts of transcriptional expression of Cxcl12, Angpt-1, Kitl, Vcam-1 obtained by RNA-seq, n = 3. (B) Hierarchical 
clustering heat map of the set of differentially expressed genes of chemotaxis. E-BSC (blue) vs BSC (purple) vs BMSC (Orange) vs E-BMSC (red) samples 
scaled per gene, n = 3. (C) Protein level of MIP-2 (CXCL2), MIP-1a (CCL3) obtained by magnetic-based multi-immunoassay and (D) C1q obtained by ELISA. 
n = 4, each dot represents stromal cell samples derived from each mouse. (E) Schematic summary of differential characteristics of BM- and bone-derived 
stromal cells with or without macrophage contamination. Mean ± SEM, adjusted p(q) in (A), Student t-test for (C) and (D) are provided. ∗: q < 0.05;
∗∗: q < 0.01; ∗∗∗: q < 0.001. ∗: p < .05; ∗∗: p < .01; ∗∗∗: p < .001; ∗∗∗∗: p < .0001. 



14 JBMR Plus, 2025, Volume 9 Issue 6

slow. A recent study showed that liposomal clodronate 
can efficiently reduce macrophage contamination in mouse 
BMSC cultures, allowing attainment of up to 95% purity 
of stromal cells.32 However, clodronate induces cell death 
of macrophages, whereas our culture system achieves high 
purity of stromal cells without inducing cell death, a potential 
source for inflammatory signals which could also disrupt 
stromal function. 

Our enriched stromal culture systems enabled us to 
demonstrate novel aspects of tissue-derived stromal cells. 
RNA sequencing data obtained from ex vivo cultures from 
two different sources with two different customized protocols 
(E-BSC/BSC/E-BMSC/BMSC) showed clear dissection of 
the stromal cells and macrophages from BM and Bones. 
Some of previous reports argued that stromal cells from 
different tissues could be characteristically different,33 but 
these studies lacked the functional assessment of stromal 
cells ex vivo and the verification of stromal cell purity. In 
this study, stromal cells from different sources (Bone vs 
BM) are distinct transcriptionally and functionally, even 
though they are immunologically similar based on flow 
cytometric analysis. Importantly, enriched stromal cells 
showed enhanced ability to differentiate, revealing clear 
differences in lineage differentiation potential of BM- and 
bone-derived stromal cells. Notably, exponential decay 
equation analysis between macrophage contamination degree 
(CD45%) and differentiation capacity revealed that quite a 
high level of purity is required (at least ≤5% according to 
threshold calculations, Figure 4) to eliminate the disruptive 
effect of macrophages on differentiation capacity in both 
BM- and bone-derived cells. Moreover, macrophages from 
different tissues also showed differential effects on stromal 
cells transcriptionally and functionally. As shown in Figure 3E 
and F, macrophage contamination to bone derived cell 
cultures significantly alters the expression patterns of SP7 
(Osterix) and SPP1 (Osteopontin) and the intensity of alkaline 
phosphatase activity at baseline. Since Osteopontin was 
reported to be enriched in pre-osteoblastic cells,17,34 bone-
derived macrophages might enhance preosteoblastic cell 
contribution to the stromal cell pool. We also established 
a novel co-culture system of hematopoietic cells and stromal 
cells. There are several previous reports performing ex vivo 
co-culture to evaluate the ability of stromal cells to support 
hematopoietic cells, however these required the addition of 
growth factors such as SCF and Flt3 for hematopoietic cell 
growth.34,35 We reasoned that the inclusion of growth factors 
could underestimate and/or skew the effects of the stromal 
cells on HSPC cell fates. Our growth-factor-free co-culture 
system was feasible, yielding HSCs capable of competitive 
reconstitution, and it uncovered the differential ability of BM-
and bone-derived stromal cells to support HSPCs. We also 
found that the hematopoietic supporting effects of stromal 
cells were significantly compromised by the presence of 
macrophages. These functional differences further highlight 
the impact of macrophage contamination, which should be 
evaluated and avoided in experiments investigating the roles 
of stromal cells as the HSC niche. 

A major impact of the presence of macrophages was the 
induction of myeloid skewing in HSPCs. These data are 
highly consistent with our work demonstrating that aged 
macrophages are sufficient to induce HSPC skewing.6 The 
transcriptomes and protein levels of myeloid chemoattrac-
tants, such as CCL3 and CXCL2, were upregulated with 
BSCs. In addition, IL1b expression was much increased by 

BSCs, which might explain more severe myeloid skewing 
of HSPCs co-cultured with BSCs. Similarly, expression of 
C1qa/C1qc genes were increased in cultures containing 
macrophages, which were also confirmed by higher protein 
levels in culture supernatant. C1q is a major constituent of 
the complement system, which plays a critical role in immune 
defense, but also leads to aging of stem cells in multiple 
organs via activation of canonical Wnt signaling.36 Excessive 
expression of C1q components in macrophage-including 
cultures may also impair HSPC function. These facts indicated 
possible mechanisms of macrophage-stromal cell crosstalk ex 
vivo that could explain the functional changes in stromal cells 
contaminated by macrophages while also reflecting in vivo 
macrophage-stromal cell interactions. The active production 
of inflammatory factors from macrophages in ex vivo culture 
with stromal cells as shown by RNA sequencing indicated that 
macrophages disturb stromal cells not simply with a dilution 
effect by numerically contributing to the culture (Figure 7E). 

Several reports explore macrophage and stromal cell inter-
actions and their impact on their differentiation potential 
and their immunomodulatory effects in vivo.37 In addition 
to extending these findings, the current manuscript highlights 
the pleiotropic impact of macrophage contamination to the 
ex vivo stromal cell culture. Our culture system revealed that 
macrophages undergo skewing to a CD206+ M2 phenotype 
regardless of their source, consistent with prior reports show-
ing that stromal cells could drive activated inflammatory 
macrophages to M2 phenotype polarization in ex vivo cul-
ture38 via cell–cell contact as well as through soluble factors 
including PGE2 and TGF-β produced by stromal cells.39 

Despite some limitations of the ex vivo culture system, we 
identify the differential effect of macrophages from different 
sources (BM and bones) on stromal cell function. Together, 
these findings strongly suggest that purity of BM- and bone-
derived stromal cells is of the essence when experiments 
intend to study stromal cell characteristics and function. We 
speculate that some of the lack of consistency in studies on 
murine stromal cells may be due to underappreciated con-
tribution of contaminating macrophages. Collectively, here 
we established highly purified ex vivo stromal cell culture 
systems from two different sources from BMME and provide 
strong evidence for the need not only to specify the source 
(BM vs bone) but also to achieve high purification without 
macrophage contamination for the accurate study of stromal 
cell function, differentiation and ability to support HSPCs, 
and interactions with macrophages within the BMME. These 
powerful methods could advance the identification of reg-
ulatory mechanisms that are critical to understand skeletal 
and hematopoietic interactions in homeostasis, development, 
aging, and hematopoietic disorders including malignancies. 
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