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Abstract

Background: Circulating osteoprogenitors (COP) are a population of cells in the peripheral circulation that possess functional and phenotypical
characteristics of multipotent stromal cells (MSCs). This population has a solid potential to become an abundant, accessible, and replenishable
source of MSCs with multiple potential clinical applications. However, a comprehensive functional characterization of COP cells is still required to
test and fully develop their use in clinical settings.

Methods: This study characterized COP cells by comparing them to bone marrow-derived MSCs (BM-MSCs) and adipose-derived MSCs (ASCs)
through detailed transcriptomic and proteomic analyses.

Results: We demonstrate that COP cells have a distinct gene and protein expression pattern with a significantly stronger immune footprint, likely
owing to their hematopoietic lineage. In addition, regarding progenitor cell differentiation and proliferation pathways, COP cells have a similar
expression pattern to BM-MSCs and ASCs.

Conclusion: COP cells are a unigue but functionally similar population to BM-MSCs and ASCs, sharing their proliferation and differentiation ca-
pacity, thus presenting an accessible source of MSCs with strong potential for translational regenerative medicine strategies.

Key words: circulating osteoprogenitor cell; circulating osteogenic precursor; multilineage stromal cells; adipose-derived stromal cells.
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Significance Statement

There is growing evidence that circulating osteoprogenitors (COP) cells can differentiate into several mesenchymal tissues, including bone,
muscle, and cartilage. However, whether these cells belong to the multipotent stromal cells (MSCs) group — a finding that would open
multiple therapeutic uses — remains unknown. In this study, we thoroughly characterized these cells by comparing their transcriptome and
genomic characteristics to two of the most used MSCs in clinical practice: bone marrow-derived and adipocyte-derived MSCs. This paper
represents a significant step in understanding the biology of COP cells, which could have substantial clinical implications in the future.

Introduction

The bone marrow stroma contains cells with a stem-cell-like
character that allows them to differentiate into bone, carti-
lage, adipocytes, and hematopoietic supporting tissues.' These
bone marrow stromal cells have demonstrated their efficacy
in bone tissue engineering and regenerative medicine-based
applications, including age-related musculoskeletal diseases.>?
However, their use in clinical settings has been limited by col-
lection risk, expansion challenges, and high cost.* Since the
beginning of the 20th century, another population of cells with
the capacity for connective tissue formation was identified.’
However, their specific differentiation capacity remained un-
known until the end of the century when cells bearing markers
of osteogenesis were isolated from the blood of patients with
cancer undergoing stem cell mobilization treatment,® and ev-
idence of in vivo bone formation came shortly after.” Since
then, the concept of circulating mesenchymal progenitor cells
has developed significantly.

Initially, the cells were assumed to be bone marrow
multipotent stromal cells (MSCs) which had been stimulated
to circulate in response to an osteogenic demand, a theory
supported by their absence or extreme rarity in skeletally
mature adults,®’ as well as an increase in their number in re-
sponse to bone fracture,'” and pubertal long bone growth.!! In
all these cases, the cells adhered to the characteristics which
were broadly used to identify MSCs in the bone marrow,that
is, presence of the markers CD105, CD73, and CD90, as well
as absence of the markers of hematopoietic lineage, CD45,
CD14, CD34, CD11b, CD79a, or CD19," further supporting
the theory of bone marrow origin.

More recently, another population of circulating cells with
bone formation markers and a capacity for osteogenesis that
appeared to stem from the hematopoietic lineage was soon
identified. Cells bearing the markers CD34, CD435, and CD14
have since been shown to form mesodermal tissues in vitro
and in vivo,'*" casting doubt on the lineage of COP cells in
humans. While traditionally, the mesenchymal and hemato-
poietic progenitor lineages have been considered separately,
evidence has proposed a common ancestor for the two.'®!”
Since then, a wide range of COP cell characterizations has
been described in the literature, both with and without hema-
topoietic markers."

Since their discovery, the concept of COP cells has devel-
oped significantly. They appear to represent a heterogeneous
group of cells, with at least 2 major populations present, one
which aligns with widely used definitions for the bone marrow
MSC, and another which bears markers of hematopoietic lin-
eage.'®!” The MSC-like population of cells appears only to be
present in times of pathological or physiological bone forma-
tion, such as pubertal growth!! and fracture healing,'®* as
potential bone marrow MSCs that are induced to circulate
in injury.??> The hematopoietic COP cells appear to be at a
steady state in circulation in healthy individuals,?® but their
level increases or decreases in conditions of bone formation®**

or bone loss?® and is associated with bone mineral density and
lean mass in adults.?”

While significant advances have been made in the last 2
decades, there are still many outstanding questions regarding
the identity of COP cells as mesenchymal progenitors, par-
ticularly in the case of the hematopoietic population. It is
not yet known how similar they are to the more well-known
bone marrow (BM)-derived MSCs (BM-MSCs) or other mes-
enchymal precursor populations such as adipose-derived
stromal cells (ASCs).%?° Their capacity for proliferation and
differentiation’*has a significant bearing on their potential
and suitability for use in cellular and regenerative therapies,
and there have been few studies showing clear comparisons
between the other cells being investigated for these purposes.
Therefore, this study aimed to compare differential genetic
and protein expression in primary human hematopoietic COP
cells (CD45+/CD34+) with equivalent BM-MSCs and ASCs.
We hypothesized that COP cells have a similar genetic and
proteomic profile to other well-known MSC populations but
with more accessible collection methods in clinical settings
and a strong potential for translational regenerative medicine
strategies in the future.

Methods

Acquisition and Isolation of Primary Progenitor Cells
Circulating Osteoprogenitor Cells

COP cells were isolated from 16 healthy donors and
characterized as previously described."” Buffy coat samples
were acquired from the Australian Red Cross blood service
(ARCBS), as a waste component of therapeutic red blood cell
products, with sex and date of birth provided. Donors were
aged between 18 and 75, in good health, and were required
to pass a medical history screening that excludes people with
communicable, cardiovascular, and several other diseases.

The whole blood taken from donors by the ARCBS is
centrifuged without density-gradient separation solutions
on site, and the buffy coats provided for research were
contaminated with red blood and platelets. To combat this,
the buffy coats underwent Ficoll density-gradient centrif-
ugation, to collect the purified PBMCs. The sample was
diluted with a double volume of phosphate-buffered saline
(PBS) supplemented with 5% fetal bovine serum (Bovogen
Biologicals, Cat. No: FBSAU-2108E). Then the blood PBS mix
was carefully layered on 12 mL of Ficoll Paque solution (GE
Healthcare Companies, GE17-1440-02) in 50 mL centrifuge
tubes, ensuring clean separation between the sample and the
Ficoll. This was centrifuged at 400g for 40 minutes with the
centrifuge brakes off, and the buffy coat was removed care-
fully from the interface of the Ficoll solution. The buffy coat
was diluted 10:1 with PBS and centrifuged at 100g for 10
minutes, 3 times to remove contaminant platelets and aspi-
rated Ficoll solution.
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The acquired peripheral blood mononuclear cells (PBMCs)
underwent fluorescence-activated cell sorting (FACS) to isolate
COP cells. Briefly, cells were incubated with fragment crys-
tallizable domain receptor (FCR) blocking reagent (Miltenyi
Biotec, Cat. No: 130-059-901) before being incubated with
fluorochrome-conjugated antibodies CD45-Fluorescein iso-
thiocyanate (BD Biosciences, Cat. No: 555482), CD34-
Allophycocyanin (BD Biosciences, Cat. No: 340441) and
ALP-brilliant violet 421 Allophycocyanin (BD Biosciences,
Cat. No: 752998) at a concentration of 1:100 v/v at 4°C in
the dark. The cells were washed 3 times in PBS, resuspended
in polypropylene FACS tubes, and passed through a 70 pm cell
strainer to ensure cell aggregates did not interrupt the sorting
process. Immediately before sorting, 5 pl of 7-AAD viability
dye (BD-Biosciences, Cat. No: 559925) was added to each
tube.

FACS was performed on a 4 laser (405 nm, 488 nm, 561 nm,
and 633 nm) BD FACSAria III cytometer, and cells were col-
lected into sterile 1.5 mL tubes with 1 mL of recovery media
(low glucose Dulbecco’s modified eagle medium, with 15%
FBS, 1% penicillin/streptomycin and 2.5 mM I-glutamine). To
expedite the sorting process to minimize the stress placed on
the collected cells, a 70-micron nozzle was used, and the highest
flow speed possible was used, decided on by the cytometer
conflict rate. First, forward and side scatter were used to select
the leukocyte fraction of the PBMCs, then a process of dou-
blet discrimination was used to remove aggregate cells. The
fluorescence gating was used to select COP cells, first 7-AAD
negative (live) cells were selected, with CD45+, CD34+, and
then ALP+ cells then isolated (Supplementary Fig. 1). The ul-
timate proportion of COP cells in the PBMCs was 0.4%-1%,
in line with previous studies. Fluorescence minus one, single
color, and unstained controls were used to set up gates at the
beginning of each isolation.

Once isolated, the COP cells were counted and plated at
a density of 1.25 x 10° cells per cm? in sterile tissue culture
flasks precoated with 1 pg of fibronectin per cm? in the media
described earlier. We have previously shown that initial plating
on fibronectin is required to successfully expand COP cells."
Following the first passage, fibronectin is not needed. Once
the COP cells reached 70%-80% confluence, they were de-
tached by incubation with sterile triple cell detachment so-
lution (Gibco, Cat. No: 12604013) for 8 minutes at room
temperature, washed via centrifugation at 200g for 5 minutes,
counted and replated on standard cell culture flasks at a den-
sity of 0.5 x 10°.

Bone Marrow-Derived Multipotent Stromal Cells

In brief, bone marrow (BM) was aspirated from vertebral
bodies (5-8 mL) of 16 spinal orthopedic surgery patients
as per the Institutional Review Board (IRB) of the Medical
University of South Carolina. Bone marrow was collected in
EDTA-coated vacutainer tubes and then filtered through a
100 pm filter to remove bone fragments and cell clumps. The
BM underwent Ficoll density gradient separation as described
above within 1 hour of surgical collection, and the mono-
nuclear cell layer was collected from the gradient. The cells
were incubated with immunomagnetic beads attached to a
CD271 antibody (Miltenyi Biotec Inc., 133-099-023) for 15
minutes at room temperature before being passed through a
magnetic column, positively selecting the MSCs as previously
described and characterized.*® These were frozen at -80°C and
transported on dry ice under monitored temperature control
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to the Melbourne lab for analyses. These were cultured in low-
glucose DMEM (as described for COP cell culture above), be-
ginning at the same seeding density, through 2 passages, for 7
days until adequate numbers of cells were collected for both
proteomics and transcriptomics.

Adipose-Derived Stromal Cells

Sixteen primary ASC samples were commercially acquired
for research use (LACell, New Orleans, LA) from donors
undergoing liposuction as described and characterized previ-
ously.?! These were transported on dry ice under monitored
temperature control to the Melbourne lab for expansion and
analysis. When received, the cells underwent 2 passages over
7 days in the conditions described for COP cell culture, be-
ginning at the same plating density above until adequate cells
were collected for analysis through trypsinization.

Proteomics

Passage 2 COP cells, BM-MSCs, and ASCs were harvested
via incubation with trypsin and washed 3 times in serum-free
PBS to remove contaminant protein from cell culture media
additives. Then cells were lysed in 9M urea, 50 mM Tris-HCI
with 100 units/mL of nuclease at pH 8 at room temperature
with regular pipette mixing for 30 minutes, then centrifuged at
20 000g for 15 minutes to remove debris with the supernatants
transferred to low-protein retention tubes for mass spec-
trometry. Protein was reduced in 1 mM dithiothreitol and
alkylated in 5.5 mM iodoacetamide. The urea concentration
was decreased to 1.6 M with 50 mM ammonium bicarbonate.
The samples were digested with Lys-C at a 1:50 protease: pro-
tein ratio for 3 hours at room temperature followed by trypsin
digestion overnight at 37°C at a 1:50 protease:protein ratio.
The digestion was acidified to 1% formic acid. The resulting
peptides were desalted using C18 Stage Tips. Tips were con-
ditioned with 80% acetonitrile (ACN), 5% formic acid (FA),
equilibrated and loaded in 95% water, 5% FA. The peptides
were desalted by washing with 95% water, 5% formic acid 5
times, and eluted with 80% ACN, 5% FA. The peptides were
dried in a SpeedVac and stored at -80°C.

Liquid Chromatography and Mass Spectrometry Data
Acquisition Parameters
Peptides were separated and analyzed on an EASY nLC
1200 System (ThermoScientific) in-line with the Orbitrap
Fusion Lumos Tribrid Mass Spectrometer (Thermo Fisher
Scientific) with instrument control software v.4.2.28.14. Two
ng of tryptic peptides were pressure loaded onto C18 reversed-
phase column (Acclaim PepMap RSLC, 75 pm x 50 cm (C18,
2 pm, 100 A) Thermo Fisher Scientific cat. #164536) using a
gradient of 5% to 40% B in 180 minutes (Solvent A: 5% ace-
tonitrile/0.1% formic acid; Solvent B: 80% acetonitrile/0.1%
formic acid) at a flow rate of 300 nL/minute.

Mass spectra were acquired in data-dependent mode with
a high resolution (60 000) FTMS survey scan, mass range
of m/z 375-1500, followed by tandem mass spectra (MS/
MS) of the most intense precursors with a cycle time of 3
seconds. The automatic gain control target value was 4.0e5
for the survey MS scan. HCD fragmentation was performed
with a precursor isolation window of 1.6 m/z, a maximum
injection time of 50 ms, and HCD collision energy of 35%.
Monoisotopic-precursor selection was set to “peptide” with
no Apex detection. Precursors within 10 ppm mass tolerance
were dynamically excluded from resequencing for 15 seconds.
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Advanced peak determination was not enabled. Precursor ions
with undetermined charge states, 1, or >5 were excluded.

For protein identification and quantification, the LC-MS/
MS data were searched using the MaxQuant (MQ) v.1.6.3.3
platform, and the protein intensities were normalized using
the label-free quantification (LFQ) algorithm.?*3* Data were
searched against a human SwissProt reviewed database with
42 312 proteins (March 2021) and a database of common
contaminants. The false discovery rate (FDR), determined
using a reversed database strategy, was set at 1% at the protein
and peptide level. Fully tryptic peptides with a minimum of 7
residues were required, including cleavage between lysine and
proline. Two missed cleavages were permitted. The “Label-
Free Quantitation” (LFQ) feature was used with “Match be-
tween runs” enabled for those features that had spectra in at
least one of the runs. The “stabilize large ratios” feature was
enabled, and “fast LFQ” was disabled. A 4.5 ppm mass tol-
erance was used. A minimum ratio count of 2 was required
for quantification with at least one unique peptide. Parameters
included static modification of cysteine with carbamidomethyl
and variable protein N-terminal acetylation and oxidation of
methionine.

The protein groups text files from the MQ search results
were processed in Perseus.*> Common contaminants, reverse
matches, and proteins identified only by a modified peptide
were removed and the LFQ protein intensities were log2
transformed. The histograms illustrated the protein intensities
were normalized and had similar distributions. Quantitative
values were filtered to keep proteins that were quantified
in 70% of measurements. A 2-sample Welch’s #-test was
performed for each group (COP, MSC, and ADASC), as well
as comparing for age (O/Y) and gender (M/F). The threshold
for change was P < .05. Label-free proteomics data underwent
analysis at the Monash University bioinformatics platform,
with the data uploaded onto the LFQ-analyst software for
processing.’® Identification of significantly regulated proteins
was performed via student’s ¢-test with a permutation-based
FDR cutoff of 0.05 and fold change threshold of SO = 0.1.%
The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identified PXD035803.

RNA Sequencing

Passage 2 COP cells, BM-MSCs, and ASCs were trypsinized
and washed twice in serum-free PBS before undergoing RNA
and miRNA extraction with the miRNeasy Minikit (Qiagen,
USA), with additional on-column DNase treatment, according
to the manufacturer’s instructions. RNA was collected from
the same donor cells as used for proteomics. Briefly, the cell
pellets collected by centrifugation are incubated in 700 pl
of Qiazol lysis reagent (Qiagen) for 5 minutes at room tem-
perature before being passed through a QIAShredder lysis
column. Lysates were then mixed with 140 nl of chloroform
(Sigma-Aldrich, USA), mixed by vigorous shaking for 15
seconds, and incubated at room temperature for 3 minutes be-
fore being centrifuged at 12 000g for 15 minutes at 4°C. The
upper aqueous phase generated by centrifugation is collected
and mixed with 1.5 volumes of 100% ethanol and added to
an RNA spin column (Qiagen). This was centrifuged for 15
seconds at 10 000g and the liquid that flowed through the
column discarded. The column membrane is then washed with
the supplied RWT buffer with 15 seconds centrifugation at 10
000g, before being incubated with a DNase solution for 15
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minutes at room temperature and rewashed with RWT buffer.
The membrane was then further washed with the supplied
RPE buffer twice, with two 10 000g centrifugations, once for
15 seconds, then once for 2 minutes. The membrane was then
dried with maximum speed centrifugation for 1 minute, and
the captured RNA was eluted in 30 pL of nuclease-free water
by centrifugation for 1 minute at 10 000g. RNA quality was
assessed via Qubit fluorometer (Invitrogen, USA), and Agilent
TapeStation electrophoresis. At least 2 pg of total RNA under-
went library preparation and sequencing. The RNA underwent
secondary quality control by an AATI fragment analyzer be-
fore sequencing to ensure no degradation of the samples.

Libraries were prepared using MGIEasy and mRNA library
preparation chemistry systems. Sequencing was performed
on an MGITech MGISEQ2000RS system, with V2 MGIEasy
chemistry, on 3 sequencing lanes with at least 400 million raw
reads per lane. Read sequences were output as FASTQ, which
were mapped to a human genome index file downloaded
from the University of California, Santa Cruz (UCSC) genome
browser in March 2021 with the package ‘Rsubread, on R
version 4.0.5 using the RStudio software (version 1.4.1106).
Mapped read sequences underwent quality control, with
Phred quality scores greater than 30 (1 in 1000 chance of in-
correct base call) deemed adequate.

Quantification and Statistical Analysis
Transcriptomics Preprocessing

Before quality control, transcriptome was filtered for lowly
expressed genes using the edgeR package. Library size and dis-
tribution of data were investigated and normalized by library
sizes. MDS plots were generated to determine the greatest
variation source in the data. Normalization for composition
bias was performed, and differential expression analyses were
obtained by contrast using limma-voom.*”

Proteomics Preprocessing

Before normalization, proteomic data were filtered for high-
confidence protein observations. In addition, contaminants,
proteins only identified by a single peptide, and proteins not
identified/quantified consistently across the experiment have
been removed. Remaining missing values were imputed using
MNAR method, assuming the missingness was due to low ex-
pression for such proteins, which are then normalized using
the VSN method. Both imputations and VSN were conducted
by the DEP package.

Statistical Analyses for the Transcriptome and Proteome

We first profiled transcriptome and proteome patterns ac-
cording to cell type. Preprocesses transcriptome and proteome
data (described earlier) were used in the analyses. We used con-
trast analysis and moderated Bayesian statistics as implemented
in limma. Expression (logFC) of transcripts and proteins were
contrasted between cell types accounted for covariates (age and
sex). Results with an FDR < 0.05 were deemed significant.

Integration of Transcriptome and Proteome Profile

We have applied 2 distinct methods for integration analyses,
namely, horizontal multiple integrations (DIABLO-mixOmics)
described in detail here,*®* and multicontrast pathway en-
richment analyses (mitch) described in detail here.** The
transcriptomic results have been uploaded to the Sequence Read
Archive at the National Center for Biotechnology Information
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(NCBI) and can be found with the identifier PRJNA987312
(https://www.ncbi.nlm.nih.gov/sra/PRJNA987312).

Secondary Statistical Analyses

Group means were compared through one-way ANOVA for
significance, and individual group differences were identified
through Tukey post hoc testing. An alpha value of significance
was set at 0.95, with P-values less than .05 considered sta-
tistically significant. In both gene and protein analyses, fold
regulation cutoffs of 2-fold were used to assess differential
expression. All statistical tests were performed using the R
software (version 4.0.5) using the RStudio user interface (ver-
sion 1.4.1106) and visualized using the ggplot2 package.

Results

Transcriptome of COP Cells Is Distinct From That
of BM-MSCs and ASCs With a Stronger Immune
Profile

A total of 17 459 unique mRNAs and 6104 unique proteins
were expressed across the dataset, with overwhelming con-
cordance between transcription and translation, with only
63 proteins expressed without an associated mRNA (Fig.
1A). The 3 populations clustered strongly on multidimen-
sional scaling analysis, with multidimensional scaling (MDS)
vector 1 accounting for 71% of the separation between the
populations, and dimension 2 accounting for 8§%. BM-MSCs
and ASCs clustered more closely, with COP cells being further
removed from the other cells (Fig. 1B). The 3 cell types had
a high level of similarity in expressed genes (Fig. 1C), with
COP cells coexpressing 74.8% of the same genes as ASCs and
BM-MSCs, and ASCs and BM-MSCs having 90.4% similarity.

The 3 cell types coexpressed 14 126 genes, with COP cells
expressing the most unique genes with 2580. The BM-MSCs
expressed 545 unique genes and ASCs 356. COP cells coexpressed
306 genes with ASCs, and 447 with BM-MSCs, while the
ASCs and BM-MSCs shared expression of 1489 that were not
expressed by COP cells (Fig. 1D). The contrast analysis identified
a large number of differentially expressed genes (DEGs, Fig.
1E) (adj. P-value <.05), with 7669 DEGs between adipose and
marrow, 14 477 DEGs between adipose and COP, and 14 408
DEGs between marrow and COP (Fig. 1E). Among the topmost
variable genes (ie, those with the largest effect sizes), several were
associated with immune system activity, including LYZ (lyso-
zyme), CYBB (Cytochrome B-245 Beta Chain), MMP9 (Matrix
Metallopeptidase 9), HLA-DRA (Major Histocompatibility
Complex, Class II, DR Alpha), ITGAX (Integrin Subunit Alpha
X), and CD33 (CD33 Molecule; Fig. 1F and 1G).

Proteome of COP Cells Shows a Stronger Immune
Profile Although Closely Aligned to BM-MSCs and
ASCs

The 3 cell types remained clearly clustered on principle com-
ponent analysis (PCA); however, there was more separation
between the populations, with all 3 spreading evenly along
component 1 (Fig. 2A), which accounted for 79.1% of the
variation, but with COP cells further separated on component
2, accounting for 12% of the variation (Fig. 2B).

As in the transcriptome, there was significant similarity in
protein expression (Fig. 2C), with COP cells showing 75.6%
similarity to ASCs and 71.2% similarity to MSCs, while ASCs
and MSCs were more similar at 81.1% (Fig. 2D). Again,
there was a large amount of differential regulation across the
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expressed proteins, with 2027 individual proteins differen-
tially expressed in the sample (Fig. 2E). Contrast analyses re-
vealed 1520 proteins DE between ASCs and BM-MSCs, 2087
proteins differentially expressed between adipose and COP
cells, and 2074 proteins DE between BM-MSCs and COP cells
(Fig. 2F and G). Among the proteins with the greatest differen-
tial expression were TAGLN (Transgelin), COL1A1 (Collagen
Type I Alpha 1 Chain), FUCA1 (Alpha-L-Fucosidase 1), CYBB
(Cytochrome B-245 Beta Chain), IFI30 (IFI30 Lysosomal
Thiol Reductase), HLA-DRA (Major Histocompatibility
Complex, Class I, DR Alpha).

Transcriptome and Proteome of the 3 Cell Types Are
Strongly Correlated

An intersection analysis of the differentially expressed
transcripts and proteins revealed that an overwhelming
number of proteins overlap with transcripts, with only
310 proteins out of 2387 being divergent (Fig. 3A). The
top proteins and transcripts are strongly correlated, and
the correlation direction depends on cell type (Fig. 3B and
Supplementary Fig. 2). A multi-omics signature selected from
component 1 is shown in Fig. 4A. The importance (ie, largest
contribution to the coefficients) of each protein/transcript is
represented by the length of the bar (ie, its loading coefficient
value). The combination of the coefficient sign (positive/neg-
ative) and the colors indicate that component 1 discriminates
cell types highlighting which cell has the largest expression
in each selected marker. Finally, a clustered image map of the
top-selected variables for both proteome and transcriptome is
shown in Fig. 4B, highlighting the inverse association between
COP and Adipose/Marrow, according to cell type.

Pathway Analysis ShowsThat COP Cells Have an
Enrichment of Immune-Associated Functions

Pathway analysis of the transcriptome showed that COP cells
had significantly greater expression of genes associated with
immune cell physiology, with both adaptive and innate immu-
nity represented. The “immunoregulatory interactions between
a lymphoid and non-lymphoid cell,” and the “ROS and RNS
production in phagocytes” pathways had the largest increase
in expression over the other cells; however, several other im-
mune pathways were also represented (Fig. SA). The most
underrepresented pathways in the COP cell transcriptome
compared with the other cells were the “collagen biosyn-
thesis and modifying enzymes” and “intraflagellar transport”
pathways (Fig. 5A). The proteome pathway analysis revealed
a similar overrepresentation of immune pathways in COP
cells, with the “immune system” “innate immune system,” and
“neutrophil degranulation” pathways overexpressed in COP
cells (Fig. 5B); however, the magnitude of these differences was
smaller than in the transcriptome. The BM-MSCs and ASCs
had greater expression of proteins associated with control of
RNA transcription and translation; however again, the mag-
nitude of these changes was smaller between the 3 cell types
(Fig. SB).

Circulating Osteoprogenitor Cells Have a Similar
Profile of Differentiation Genes to BM-MSCs and
ASCs

To enable comparisons between the differentiation ca-
pacity of the cells, genes from the stem cell differentiation
(GO:0048863) gene ontology were used to filter the dataset.
Of the filtered genes, the 3 cell types expressed 34, with 20 of
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Figure 1. Comparative transcriptomics. (A) Concordance between mRNA and protein. (B) Multidimensional scaling analyses comparing the 3 cell types.
(C) Heatmap of differential expression of mMRNA across full transcriptome. (D) Venn diagram describing unique mRNA expression. (E) Venn diagram
showing results of contrast analysis. (F) Volcano plot of mMRNA expression of ASCs vs. COP cells. (G) Volcano plot of mRNA expression of ASCs vs. COP
cells.

those differentially expressed (>1 logFC) between them (Fig. the lowest expression, except beta-catenin 1, which was not
6A-6C). Of these, only 9 were ultimately expressed by the cells  expressed by COP cells (Fig. 6E).

at the protein level (Fig. 6D), with BM-MSCs broadly having

the strongest expression, followed by COP, with ASCs having
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Circulating Osteoprogenitor Cells Have a Similar
Profile of Stem Cell Proliferation Genes to
BM-MSCs and ASCs

A similar process was undertaken to evaluate the prolif-
eration capacity of the cells, with genes from the stem cell

proliferation (GO:0072089) gene ontology used to filter the
dataset. Of these, the 3 cells expressed 62 in total, with 38
of those differentially expressed (>1 logFC) between the cell
types (Fig. 7A-7C). At the protein level, only 13 of these RNAs
were ultimately expressed by the cells (Fig. 7D), with a similar
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pattern of expression to that seen in the transcriptome, with
BM-MSCs broadly having the strongest expression, followed
by COP, and ASCs having the lowest expression. The exception
to this pattern of expression was in the angiotensin-converting

enzyme (ACE) and protein tyrosine phosphatase receptor type
C (PTPRC) proteins, which were only expressed by COP cells,
and fermitin family homolog 2 (FERMT2), which was not
expressed by COP cells (Fig. 7E).
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Discussion

In this study, we performed a comprehensive characterization
of the COP cells showing that they have a distinct profile of
gene and protein expression but have key similarities in phys-
iologically relevant domains with other better-known MSCs
populations. Overall, COP cells appear to be both immune
and progenitor, with mixed physiology likely contributing to
both.

The key differentiating factor between the three cell types is
the strong immune physiology of COP cells. COP cells express
a significant number of genes and proteins associated with in-
nate immune system function, phagocytosis, and adaptive im-
mune system priming, such as HLA-DRA and CYBB, which
were overexpressed in both the proteome and transcriptome of
COP cells. Given the origins of COP cells in a subpopulation
of the PBMCs, and their identification through markers as-
sociated with the lymphocyte lineage, this is an unsurprising
finding. The overexpression of HLA-DRA and CYBB strongly
suggests macrophage physiology, implying similar function-
ality in vivo. HLA-DRA is a strong indicator of functionality
as an antigen-presenting cell similar to macrophages and den-
dritic cells, and CYBB is associated with the respiratory burst
physiology of phagocytes. Given their circulating nature, much
of this physiology centers on cellular homing to sites of repair
or injury, which necessitates sensitivity to cytokinetic stimuli,
inflammation, and local extracellular matrix adherence, which
are unlikely to be required by BM-MSCs and ASCs, which
are largely tissue embedded in adults, only differentiating and
migrating locally.

This is supported by the strong overexpression of integrin
subunit alpha X (ITGAX), as well as strong expression of
integrin subunit beta 2, which together form the leukocyte-
associated marker aXf32, which mediates phagocytosis, as well
as endothelial adhesion and migration in monocytes and other
leukocytes. These physiologies are reflected in the pathway
and integration analyses, where COP cells overexpress genes
and proteins in various immune-associated pathways, par-
ticularly around phagocyte activity and immune signaling.
However, it is essential to note that while COP cells had the
strongest immune footprint, both BM-MSCs and ASCs also
have strong immune physiology acting as immunomodulatory
and immunosuppressive cells.*! Indeed, most of their physio-
logical effects in a therapeutic setting are centered on their im-
mune function rather than their stem/progenitor roles, as they
stimulate growth and differentiation of cells locally, rather
than proliferating and generating new tissue themselves, as
well as having a strong immunomodulatory effect.*! This has
led to their licensing for use in steroid-refractory graft-versus-
host disease, in which they limit immune recognition of for-
eign tissues, evidence of their strong immunomodulatory
physiology.* Interestingly, the ASC is commonly considered
an even more powerful modulator of the immune system due
to a greater level of cytokine secretion.* Given that COP cells
possess a significantly stronger immune phenotype than either
BM-MSCs or ASCs, it is possible that they may exceed both in
their immunosuppressive effects; however, this remains to be
determined empirically.

The immune phenotype of COP cells also raises questions
about their lineage. They have been shown to originate from the
bone marrow,?*?? which supported the MSCs as their parent
cell. However, increasing evidence suggests that they more
likely descend from the hematopoietic stem cell (HSC). This

Stem Cells, 2023, Vol. 41, No. 11

is reflected in their expression of hematopoietic markers, their
strong immune physiology, and their ability to circulate freely.
Interestingly, while often considered as separate, cells with an
immune phenotype have frequently been implicated in mesen-
chymal progenitor physiology. A subset of CD34+ cells in the
bone marrow have been shown to strongly differentiate into
osteoblasts and form bone,* and macrophage-MSC crosstalk
is a critical component of tissue repair, with each regulating the
other to generate effective healing.* Macrophage-mediated re-
cruitment of MSCs is a crucial step in the intramembranous
bone formation required for fracture healing, and signaling
from the MSCs polarizes the macrophages to an anti-
inflammatory, anabolic M2 phenotype, allowing for ongoing
restoration of local tissues.*® Given that COP cells are a subset
of the monocyte population, it could be that their role in frac-
ture healing is to trigger MSC migration locally, after which
they contribute to tissue deposition as osteoblast-like cells fol-
lowing differentiation.

While the bulk of the differences between the three cell types
was explained by variation in markers of immune physiology,
there were substantial similarities between the cells. Analyzing
the genes and proteins in the MSCs differentiation and pro-
liferation physiologies reveals a similar expression profile in
functionally related genes. Broadly, there was a pattern of
BM-MSCs having the greatest expression of these markers,
followed by COP cells then finally ASCs, potentially suggesting
a matching strength of function. This could make COP cells a
good candidate for ongoing investigation into therapeutics,
as they are more readily harvested than BM-MSCs, but with
greater potential differentiation and proliferation capacity
than ASCs. In addition to the markers of mesenchymal dif-
ferentiation and proliferation shared by all 3 cells, COP cells
also strongly express the PTPRC and ACE proteins, which are
associated with the proliferation of hematopoietic cells, poten-
tially further reflecting an HSC origin. COP cells also lacked
expression of the FERMT2 protein, unlike MSCs and ASCs.
FERMT?2 (or kindlin-2) has been associated with MSC fate
determination and proliferation.*” In addition, the similarity
in expression in these priority genes and proteins implies a
similar progenitor cell physiology between the three cell types.

While this study provides substantial evidence regarding
the physiology of COP cells, several outstanding questions
remain. Our results suggest that COP cells could represent a
high-potential target for cellular therapies and regenerative
medicine; however, future studies should seek to evaluate their
immune activity and secretome. Given their phenotypic sim-
ilarity to macrophages, their immunoreactive function could
range from lytic, inflammatory M1 polarized cells, to im-
munosuppressive, and regenerative M2 macrophages. While
both BM-MSCs and ASCs have an immunosuppressive effect,
this must be identified in COP cells for effective translation.

While the experiments underpinning this work are meth-
odologically robust, there are some caveats to their inter-
pretation. First, while effort was made to analyze cells in a
state as close to in situ as possible, they still required a small
number of passages in culture to obtain sufficient numbers
for such large analyses. It is likely at this time that there
were changes to their expression of genes and proteins in
culture, making the data gained more challenging to apply
to a physiologically natural state. With rare or small cell
populations such as COP cells and BM-MSCs in particular,
or those requiring plastic adherence as a step in their iso-
lation, obtaining naive cells in numbers great enough for
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robust analysis is challenging. However, these models of
cultured cells have been used extensively in basic discovery
with success, and the data gained should provide relevant
insights for future work. In addition, the cells were obtained
at 3 different collection sites in the US and Australia, pro-
viding potential batch effects. We minimized this as much
as possible by ensuring all samples were run simultaneously
by the same technicians at the same facilities. We further
aimed to combat this with a large number of samples, and
consistent processing within the progenitor cell subgroups,
with the cells in each of the 3 groups, as collecting the three
cell types from single donors was not practicable or possible.

The large scale of the analyses contained here also
increases the risk of false-positive findings due to statistical
noise. While we used a large number of different samples
and robust correction for multiple comparisons in the bioin-
formatic processing of the data, there is always a chance of
some results being due to chance. However, the strong corre-
lation between the proteome and transcriptome seen in the
study also provides increased support for the findings herein.

Conclusion

Our comprehensive characterization of COP cells provides
solid evidence of the potential of these cells to become an
abundant, accessible, and replenishable source of MSCs with
multiple potential clinical applications for the repair and re-
generation of acute and chronically damaged tissues.
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