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Abstract
Background: Chronic obstructive pulmonary disease (COPD) is characterized by irreversible lung tissue
damage. Novel regenerative strategies are urgently awaited. Cultured mesenchymal stem/stromal cells
(MSCs) have shown promising results in experimental models of COPD, but differences between sources
may impact on their potential use in therapeutic strategies in patients.

Aim:To assess the transcriptome of  lung-derived MSCs (LMSCs), bone marrow-derived MSCs (BM-MSC)
and adipose-derived MSCs (AD-MSCs) from COPD patients and non-COPD controls.

Methods: We studied differences in gene expression pro�les between the MSC-subtypes, as well as
between COPD and control using RNA sequencing (RNA-seq).

Results: We show that besides heterogeneity between donors, MSCs from different sources have strongly
divergent gene signatures. The growth factors FGF10 and HGF were predominantly expressed in LMSCs.
MSCs from all sources displayed altered expression pro�les in COPD, with most pronounced signi�cantly
up- and downregulated genes in MSCs from adipose tissue. Pathway analysis revealed that the most
differentially expressed genes in COPD-derived AD-MSCs are involved in extracellular matrix (ECM)
binding and expression. In LMSCs, the gene that differed most strongly between COPD and control was
CSGALNACT1, an ECM modulating gene.

Conclusion:Autologous MSCs from COPD patients display abnormalities with respect to their
transcriptome, which were surprisingly most profound in MSCs from extrapulmonary sources. LMSCs
may be optimally equipped for lung tissue repair because of the expression of speci�c growth factor
genes.

Introduction
Chronic Obstructive Pulmonary Disease (COPD) is a chronic in�ammatory lung disease, according to
WHO the third leading cause of death worldwide[1]. Primary risk factors for COPD include inhalation of
noxious particles, such as cigarette smoke and air pollutants, leading to chronic in�ammation in the
lungs, lung tissue damage and aberrant tissue repair in COPD patients. The disease is characterized by
excess mucus secretion (chronic bronchitis), (small) airway wall thickening and destruction of the alveoli
(emphysema), leading to air�ow limitation and accelerated lung function decline. The loss of alveolar
septa is irreversible and cannot be treated with current therapies. Therefore, there is an urgent need for
novel treatments strategies to combat the progressive loss of lung function by reinforcing alveolar repair
mechanisms, including regenerative medicine approaches.

Cell-based strategies have shown promising results in immune-mediated diseases and in experimental
models of COPD and emphysema[2, 3]. The most widely used stem cell population for therapeutic
application in pre-clinical and clinical studies is the mesenchymal stromal/stem cell (MSC). MSCs are
multipotent stem cells that can be derived from various stromal tissues, including bone marrow, adipose
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tissue and lungs[4]. The bene�cial effects of MSCs have been mainly attributed to paracrine
mechanisms, secreting regenerative growth factors as well as anti-in�ammatory/immunosuppressive
factors[3]. Their use has been widely evaluated for improvement of lung function in animal models of
emphysema, leading to reduced in�ammation while supporting repair of alveolar damage and restoring
lung structure[2]. However, whereas human clinical trials demonstrated the therapy’s safety, treatment
with autologous bone marrow-derived MSCs (BM-MSCs) has not yet resulted in restoration of alveolar
structure nor bene�cial effects on lung function[5]. This may be due to a variety of factors, including lack
of insight into optimal route of administration, dosing, source, timing and frequency of treatment and
limited retention of MSCs. It is unknown whether intravenously administered BM-MSCs are equipped to
engraft and survive in lung tissue. In fact, due to lack of standardization of protocols and limited
knowledge on the properties of lung resident MSCs, it is unknown which source of MSCs is suited to
realize regenerative effects in the lung. While MSCs from different sources share common features, such
as the secretion of regenerative and anti-in�ammatory factors, expression pro�les may differ. Previous
reports have shown differences in the effectiveness of MSCs from different types of tissue to reduce
manifestations of COPD in animal models. For example, when comparing the e�cacy of lung-derived
MSCs (LMSCs) and BM-MSC, cells from both sources ameliorated lung damage, although LMSCs
showed higher expression of speci�c endothelial adhesion molecules and higher retention in the lungs[6].
In a study comparing LMSCs, BM-MSCs and adipose-derived MSCs (AD-MSCs), BM-MSCs displayed
most pronounced bene�cial systemic effects, while AD-MSCs and LMSCs achieved more signi�cant
reduction in fractional area of alveolar collapse[4].

One of the challenges using autologous MSCs may be that cells isolated from a diseased
microenvironment, with chronic in�ammation, a high burden of oxidative stress and extensive tissue
destruction, may display impairments in their regenerative capacity. Since COPD is a systemic disease
often accompanied with metabolic abnormalities, cells from extrapulmonary tissues may also be
affected. Because of the high plasticity of MSCs, their functions may additionally be changed upon in
vitro culturing. It is therefore particularly relevant to compare MSCs that have been cultured in the exactly
the same way.

Together, in addition to the pro�ling of MSCs from the lung, questions that remain are whether MSCs
from COPD lungs display abnormalities in their gene signature and to what extent abnormalities can be
found in MSCs from extrapulmonary sources in COPD patients. Therefore, the aim of this study was to
assess the transcriptome of LMSCs, BM-MSCs and AD-MSC from COPD patients and non-COPD controls.
We studied differences in gene expression pro�les between the MSC-subtypes, as well as between COPD
and control using RNA sequencing (RNA-seq).

Methods

Subjects
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Parenchymal lung tissue was left-over material derived from 7 emphysema patients with GOLD stage III-
IV COPD undergoing lung transplantation, tumor resection or lung volume reduction surgery and from
leftover lung material from 7 non-COPD controls undergoing tumor resection surgery. Lung tissue was
collected distant from the tumor and checked for abnormalities by an experienced pathologist and if
indicated excluded from our study. Subcutaneous adipose tissue was collected from 4 emphysema
patients undergoing bronchoscopic lung volume reduction surgery (from 3 of these we also collected
lung tissue), lung cancer surgery, tumor resection surgery or lung transplantation and 3 non-COPD
controls undergoing tumor resection surgery (from 1 of these we also collected lung tissue). The study
protocol was consistent with the Research Code of the University Medical Center Groningen
(https://umcgresearch.org/en-GB/w/research-code-umcg) and national ethical and professional
guidelines (https://www.coreon.org). Bone marrow was collected from vertebrate discs of 7 COPD
patients and 7 non-COPD controls (University of Pittsburgh School of Medicine, Pittsburgh,
Pennsylvania). See Table 1 for patient characteristics.

Cell isolation and culture
LMSCs were acquired from ~ 5 mm2 blocks of peripheral parenchymal lung tissue as described in the
online data supplement. AD-MSCs were isolated from 1 cm3 cubes of subcutaneous adipose tissue and
BM-MSCs we isolated from vertebrate discs as described in the online data supplement.

After defrosting, LMSCs, AD-MSCs and BM-MSCs were grown to con�uence, plated in 6 wells plates and
cultured for 2–3 days in low-glucose DMEM with 10% fetal calf serum (FCS), 1% L-glutamine, 1%
Penicillin-Streptomycin (Gibco) to ~ 90% con�uence, serum-deprived overnight and placed into fresh
serum free medium for 24 h. Cells were collected and lysed in TRI reagent (MRC, Cincinnati, OH) for RNA
isolation. MSC surface markers were expressed by isolated populations as assessed by �ow cytometry
and described previously[7], in accordance with the criteria of the International Society for Cellular
Therapy for characterization[8].

Rna Generation And Isolation
Total mRNA was extracted using a chloroform method, followed by an additional clean-up step using the
RNeasy MinElute Cleanup Kit (Qiagen, Venlo, Netherlands) in accordance with the manufacturer’s
instructions. RNA quality and quantity were checked using spectrophotometric (Nanodrop,
ThermoScienti�c, Waltham, MA) and micro�uidic methods (RNA 6000 Nano chip, 2100 Bioanalyzer,
Agilent Technologies, Milan, Italy).

Illumina Library Prep And Sequencing Run
All RNA samples used for library prep had an RNA integrity number (RIN) value above 7.8. Ribosomal
RNA was removed by NEXT�ex® Poly(A) beads (Bio Scienti�c) depletion following the manufacturer’s
instructions. Puri�ed RNA was then used with the NEXT�ex Rapid Directional qRNA-Seq Kits (Bio
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Scienti�c) to generate the library according to the manufacturer’s instructions as outlined in the online
data supplement.

Data analysis
RNAseq data were analyzed using the R-package EdgeR (3.28.1). A linear model was conducted
correcting for gender and age to compare between COPD and control samples within each cell type, as
well as a comparison across cell types regardless of disease state.

Cellular Deconvolution
Cellular deconvolution of bulk RNA-seq data was performed to estimate the proportions of different cell
types from the gene expression for all bulk RNA-Seq datasets[10], as described in the online data
supplement.

Single Cell U-maps
Single cell u-maps obtained from bronchial biopsies were accessed through the Sanger single cell online
portal (https://asthma.cellgeni.sanger.ac.uk ).

Pathway Analysis
Pathway analysis was performed using gPro�ler (version e95_eg42_p13) on the signi�cant gene list or
the top 200 genes if the list exceeds 200 genes.

Qpcr
Cells were lysed in TRI reagent (MRC, Cincinnati, OH) for RNA isolation using the chloroform extraction
method. cDNA synthesis (iScript cDNA synthesis kit (BioRad, Hercules, CA) and qPCR analysis using
TaqMan (Life Technologies, Waltham, MA) were performed in accordance to the manufacturer’s
instructions. Validated TaqMan probes were used for the assessment of expression of the housekeeping
gene B2M and PPIA and the epithelial growth factors FGF10, HGF, FGF7/KGF and CSGALNACT1 in
technical duplicates.

Seeding Of Decellularized Scaffolds With Lmscs
Decellularized lung tissue scaffolds were generated from 3 GOLD stage IV COPD patients with
emphysema and 3 non-emphysema controls. Lung tissue blocks (~ 3 cm3) were decellularized and
reseeded with LMSCs as described in the online data supplement. Para�n sections were processed and
stained with the single chain variable fragment antibody IO3H10 for detection of chondroitin sulfates[11].
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Statistics
The Mann Whitney U test was used when testing for differences between two groups.

Results
Highly divergent gene expression pro�les between MSCs from different sources

We �rst compared gene expression pro�les between the different sources of MSCs. MSCs from the
different sources were cultured under the same conditions. Principal component analysis shows
clustering of MSCs from controls and COPD patients of the three different sources (Figure 1), indicating
distinct expression pro�les, which are not driven by COPD.

When comparing gene expression between LMSCs vs BM-MSCs, LMSCs vs AD-MSCs and AD-MSC vs
BM-MSCs (COPD and control groups combined), we observed strongly divergent gene expression pro�les.
In total 8746 genes were differentially expressed between LMSCs and BM-MSCs, 3501 genes between
LMSCs and AD-MSCs, and 7482 genes between BM-MSCs and AD-MSCs. We observed a speci�c LMSC
gene signature of ETS2, TBX5, SCN7A, FOXF1 and TBX4 (Figure 2A-D). In addition to FOXF1, previously
HOXB5 and SFRP1 have been identi�ed as lung-speci�c genes[12]. When assessing differences in
expression of these genes between LMSCs and BM-MSCs, we found signi�cantly higher expression of
both genes in LMSCs (False discovery rate (FDR)-corrected p value= 2.00E-11 and 8.43E-36 for HOXB5
and SFRP1 respectively).

We next focused on 3 growth factors that play a critical role in alveolar epithelial regeneration based on
literature, FGF7/KGF, FGF10 and HGF[13-18]. We observed that FGF10 and HGF were much more strongly
expressed in LMSCs compared to the other sources, while KGF was also strongly expressed by BM-MSCs
and AD-MSCs with signi�cantly higher expression in MSCs from these sources compared to LMSCs
(Figure 2E). This was con�rmed by qPCR (Figure 2F).

Cells with an overlapping gene expression pro�les as LMSCs are present in human lungs

Next, we assessed if cell clusters reside in human lung tissue with an overlapping gene expression pro�le
as in vitro-cultured LMSCs. We used an existing dataset of single cell RNA sequencing in peripheral
human lung tissue[9]. The annotation of MSCs in single cell datasets is rare, but we observed that a
speci�c cluster of (myo)�broblasts-like cells expresses various signature genes of cultured LMSCs
(Figure 3).

Differences in gene expression between COPD and control are more pronounced in MSCs from bone
marrow and adipose tissue than from lungs

In order to assess whether COPD-derived MSCs display abnormalities and whether these are intrinsic or
related to the diseased lung microenvironment, we compared non-COPD control and COPD-derived
pro�les for all sources (Figure 4). Unexpectedly, we observed that only 2 genes were differently expressed
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between COPD and control-derived LMSCs (1 lower, 1 higher expressed), while 13 genes were differently
expressed in COPD-derived vs control-derived BM-MSCs (12 lower, 1 higher expressed) and especially AD-
MSCs showed strong differences in gene expression pro�les between COPD and control, with many up-
and downregulated genes. The upregulated genes in COPD-derived cells included pericyte markers CDH2
and COL4A1. Pathway analysis revealed that the most downregulated genes in COPD-derived AD-MSCs
are involved in binding to speci�c components of the extracellular matrix and growth factors, while the
most upregulated genes are involved in extracellular matrix expression and developmental pathways (See
table 2 and 3 for the top 10 most downregulated and upregulated pathways respectively).

The most and only signi�cantly upregulated gene in COPD-derived LMSCs was CSGALNACT1, a gene
encoding chondroitin sulfate N-acetylgalactosaminyltransferase-1 (CSGalNAcT-1). This enzyme initiates
chondroitin sulfate (CS) chain biosynthesis on the so-called GAG-protein linker region tetrasaccharide.
Subsequently, this can lead to dermatan sulfate biosynthesis, dermatan sulfate being formed out of
chondroitin sulfate by epimerization of glucuronic acid to iduronic acid, in which two isoenzymes (EC
5.1.3.19, chondroitin-glucuronate 5-epimerase; DS-epimerase 1 and 2; DSE) are involved. Performing a
targeted analysis, we observed that the gene encoding DSE was also signi�cantly higher expressed in
COPD-derived versus control-derived LMSCs, although this did not reach signi�cance at the genome-wide
level (nominal p value=0.048). The only downregulated gene in COPD-derived LMSCs was CSPG4P13,
chondroitin sulfate proteoglycan 4 pseudogene 13, a non-functional gene.

The higher expression of CSGALNACT1 was con�rmed by qPCR (Figure 5A). Staining of decellularized
lung tissue scaffolds that were reseeded with LMSCs con�rmed that the gene is actively translated in
LMSCs, as the intensity of chondroitin sulfate staining was stronger in reseeded compared to unseeded
scaffolds (Figure 5B). The intensity was highly variable and chondroitin sulfates were also present in the
unseeded scaffolds. Therefore, we were unable to properly quantify potential differences between the
scaffolds seeded with COPD and control-derived LMSCs.

Discussion
In this study, we compared gene expression pro�les of MSCs derived from lung, bone marrow and
adipose tissue of COPD patients and non-COPD controls. MSCs from each source had a speci�c gene
signature. Comparing COPD to control, the only genome-wide signi�cantly different expressed gene in
LMSCs was CSGALNACT1, while higher number of differentially expressed genes were observed in BM-
MSCs and AD-MSCs.

The differences between COPD and control in MSCs from extrapulmonary tissues may re�ect systemic
effects of either smoking or the disease. Of note, we did not correct for presence of tumors in the lung
tissue, which may have had effects systemic effects as well. The different signatures of MSCs from lung
tissue versus other sources and between COPD and control should be taken into account when
considering MSCs for therapeutic strategies in lung disease, the latter especially when using autologous
MSCs. As for the tissue speci�city, a speci�c pro�le of regenerative factors may be needed to realize
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tissue regeneration in each speci�c organ. For instance, HGF and FGF10 are known to mediate alveolar
repair and stimulate proliferation of alveolar epithelial progenitors[14–16, 19]. Notably, we previously
observed that both factors are lower expressed in COPD-derived LMSCs compared to those from
controls[20]. Here, we show that genes encoding both growth factors are predominantly expressed in
MSCs from the lung. Rolandsson and co-workers also observed important differences between LMSCs
and BM-MSCs using a microarray[12]. Their study was the �rst to con�rm that lung and bone marrow
resident MSCs possess tissue speci�c properties. Although LMSCs had a higher colony forming capacity
and lower osteogenic differentiation potential, the authors observed an overall more similar gene
expression pattern in LMSCs and BM-MSCs compared to our study, with 89 genes differently expressed.
Similar to our study, MSCs from lung and bone marrow were from different donors using the same
culture protocol, whereas the isolation and culture protocols differ between our studies. Further, we
isolated LMSCs from explanted peripheral lung tissue, while Rolandsson and co-workers used
transbronchial biopsies in live patients, although it is unclear how this would explain the higher similarity
between MSCs from different sources. In line with our �ndings, Rolandsson and co-workers showed that
FOXF1 as well as HOXB5 and SFRP1 were amongst the lung-speci�c genes. All these genes have been
demonstrated crucial for human lung development and branching[21, 22]. We observed that signature
genes of LMSCs include FOXF1, TBX2, TBX4, SCN7A and ETS2, and that a stromal cell subset exists in
lung tissue in vivo with a similar expression pro�le. Of interest, forkhead box F1 (FOXF1) is a lung
embryonic mesenchyme-speci�c transcription factor with persistent expression into adulthood in
mesenchymal stromal cells[23]. In murine studies, Foxf1 + cells were shown to encompass a stem cell
subset of collagen 1-expressing mesenchymal cells with clonogenic potential and capacity to generate
lung epithelial organoids[24]. Interactions between FOXF1 and sonic hedgehog (SHH), T-box transcription
factor (TBX4), TBX2 and FGF10 pathways have been described, proposing an essential transcriptional
network during early lung organogenesis[25]. SCN7A encodes an atypical sodium channel. It has been
identi�ed as signature gene of the stromal tumor micro-environment associated with survival of lung
cancer[26] and is expressed by alveolar �broblasts[27]. Ets2 a ubiquitous transcription factor that is
induced by HGF-MET signaling and is activated after phosphorylation at threonine-72[28]. Previous
studies highlighted the importance of phosphorylated Ets2 in lung in�ammation and extracellular matrix
remodeling, pathways involved in pulmonary �brosis[29]. It will be of interest to further study the role of
these LMSC signatures genes in lung tissue regenerative processes.

Strikingly, the differences between COPD and control were most pronounced in AD-MSCs, followed by
BM-MSCs, and the lowest number of differentially expressed genes was found in LMSCs. So far, clinical
studies in COPD using cell-based strategies have focused on autologous BM-MSCs. We observed that the
top-hit gene upregulated in COPD-derived BM-MSCs was HLA-DRB, encoding the major histocompatibility
complex (MHC) region DRB5. Genetic variation in this gene has been associated with interstitial lung
disease[30] and with circulating levels of IL-6[31], a pro-in�ammatory cytokine with higher levels in COPD.
As for AD-MSCs, the pathways differently expressed between cells from COPD patients and controls
suggest abnormalities in extracellular matrix-growth factor binding, and may thus re�ect impaired
adhesion/migration responses. The extent of differentially expressed genes in AD-MSCs may be a
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consequence of metabolic alterations that have been associated with COPD, although caution needs to
be taken given the small sample number of AD-MSC donors in our study. Despite this, it is tempting to
speculate on the implications of observed abnormalities in native AD-MSCs in COPD. To the best of our
knowledge, it is unknown whether AD-MSCs from subcutaneous adipose tissue in the thoracic cavity
have the potential to migrate into the lung tissue upon injury. The ability to differentiate towards
adipocytes/adipocyte-like cells could be of relevance, as adipocytes highly resemble lipo�broblasts,
which are well known to support regenerative processes[32]. The highest upregulated gene in AD-MSCs
from COPD patients was HAPLN1, encoding hyaluronan and proteoglycan link protein 1. HAPLN1 is
known to be expressed in lung �broblasts, stabilizing aggregates of proteoglycan monomers with
hyaluronic acid in the ECM, which can lead to �brotic remodeling[33]. Collectively, differences between
COPD and control-derived BM-MSCs and AD-MSCs may be of relevance when considering autologous
MSCs for the treatment of COPD. Notably, we should also take into account that MSCs may change their
phenotype upon administration.

It was somewhat surprising to �nd only 2 genes with genome-wide signi�cance to be differently
expressed between the lung-derived cells from COPD and control donors. This may re�ect absence of
major differences between COPD and control-derived LMSCs, at least in these speci�c subjects, but may
also be due to the loss of a COPD-speci�c phenotype upon in vitro expansion, although this was
apparently not the case for AD-MSCs and BM-MSCs. As mentioned earlier, we previously observed
differences in several read-outs between LMSCs from COPD patients and controls[7]. The difference
between our two studies is that LMSCs were previously grown in high-glucose media (25 mM), while here
we used low-glucose media (5.5 mM) in order to be able to compare to the MSCs from the other sources.
Future studies will have to reveal whether a low-glucose (normal) environment can normalize defects
observed in LMSCs from COPD.

The most strongly upregulated gene in LMSCs from COPD patients was CSGALNACT1, which encodes
the key enzyme that initiates the biosynthesis of chondroitin sulfates and dermatan. Although the
functional consequences of high CSGALNACT1 expression of need further investigation, our data
suggest that LMSCs can modulate the ECM in their micro-environment, resulting in higher chondroitin
and/or dermatan sulfate ratios and as consequence potentially lower heparan sulfate ratios. Of interest,
lower levels of heparan sulfate proteoglycans have been observed in COPD lung tissue[34].
Proteoglycans bind growth factors and thus instruct cellular attachment, proliferation and differentiation.
Speci�cally, heparan sulfates act as co-factors to enhance FGF10 signaling[35], thereby potentially
supporting alveolar epithelial activation as well as mobilization and recruitment of lung-resident
MSCs[36].

The most strongly downregulated gene in COPD was a pseudogene, CSPG4P13. Pseudogenes can act as
decoy for microRNAs, potentially enhancing the expression of their respective genes. The protein encoded
by CSPG4, chondroitin sulfate proteoglycan 4, is a well-known marker for pericytes, but further
investigation has to show the potential consequences of lower CSP4P13 expression in LMSCs.
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A limitation of our studies is that the translation to protein data needs to be largely con�rmed, as
previously done for lower HGF and decorin levels in LMSCs from COPD patients versus controls[20]. We
did perform staining for chrondroitin sulfate in decellularized scaffolds reseeded with LMSCs, con�rming
their ability to modify the ECM. However, no differences were readily apparent visually between scaffolds
re-seeded with COPD and control-derived LMSCs and quanti�cation was challenging given the presence
of CS on empty scaffolds. Therefore, further functional studies will be required in order to con�rm the
differences between COPD and control derived MSCs.

Together, our data suggest that for cell-based strategies using MSCs, the differences in gene expression
pro�les between MSCs from different sources should be taken into consideration. LMSCs may be
optimally equipped for lung tissue repair because of the expression of speci�c growth factor genes.
Autologous MSCs from COPD patients may show abnormal regenerative responses, even or especially
when cells from extrapulmonary sources are considered.

Declarations
Ethics approval and consent to participate: Left-over material was used. The study protocol was
consistent with the Research Code of the University Medical Center Groningen
(https://umcgresearch.org/en-GB/w/research-code-umcg) and national ethical and professional
guidelines (https://www.coreon.org).

Acknowledgements: Not applicable.

Availability of data: The summary statistics of the performed analyses are included in the additional �les
of the published article. The datasets used during the current study are available from the corresponding
authors on reasonable request.

Funding: The submitted work was funded by grants for the Netherlands Lung Foundation (LF 6.1.15.017)
and the Foundation for the �ght against asthma (SAB 2016/002 and SAB 2017/038) to the researchers
from University Medical Center Groningen and Radboud university medical center. 

Author contributions: DK, AY, AF, NtH and IH contributed to the conception and design of the work, writing
of the original draft, review and editing of the manuscript. IH, NtH, MR, WT, TvK and WD supervised the
study. IH, NtH, WT, MH and MR provided the resources. DK, AY, AF and DH were involved in data
acquisition and analysis. TvK, WD, DH, MH, WT and IH were involved in data interpretation. All authors
substantially reviewed and revised the manuscript and approved the submitted version. All authors have
agreed both to be personally accountable for the author's own contributions and to ensure that questions
related to the accuracy or integrity of any part of the work, even ones in which the author was not
personally involved, are appropriately investigated, resolved, and the resolution documented in the
literature. 

Author information: Dennis Kruk and Anna Yeung are co-�rst authors.



Page 12/24

Consent for publication: Not applicable.

Competing interests: IH reports a research grant from Boehringer Ingelheim outside of the submitted
work. WT reports incidental consultancy with fee to institution for Merck Sharp Dohme and Bristol-Myers-
Squibb, is board member of the Dutch Society of Pathology and is member of Council for Research and
Innovation of the Federation of Medical Specialists.

References
1. Mathers CD, Loncar D. Projections of global mortality and burden of disease from 2002 to 2030.

PLoS Med. 2006;3:e442. doi:10.1596/978-1-4648-0518-9_ch8 [doi].

2. Ingenito EP, Tsai L, Murthy S, Tyagi S, Mazan M, Hoffman A. Autologous lung-derived mesenchymal
stem cell transplantation in experimental emphysema. Cell Transplant 2012;21: 175 – 89
doi:10.3727/096368910X550233; 10.3727/096368910X550233.

3. Kruk DMLW, Heijink IH, Slebos DJ, Timens W, Ten Hacken NH. Mesenchymal Stromal Cells to
Regenerate Emphysema: On the Horizon?. Respiration 2018: 1–11 doi:10.1159/000488149 [doi].

4. Antunes MA, Abreu SC, Cruz FF, Teixeira AC, Lopes-Pacheco M, Bandeira E, Olsen PC, Diaz BL, Takyia
CM, Freitas IP, Rocha NN, Capelozzi VL, Xisto DG, Weiss DJ, Morales MM, Rocco PR. Effects of
different mesenchymal stromal cell sources and delivery routes in experimental emphysema. Respir
Res. 2014;15:118,014–18. doi:10.1186/s12931-014-0118-x [doi].

5. Weiss DJ, Casaburi R, Flannery R, LeRoux-Williams M, Tashkin DP. A placebo-controlled, randomized
trial of mesenchymal stem cells in COPD. Chest 2013;143: 1590-8 doi:10.1378/chest.12-2094;
10.1378/chest.12-2094.

�. Hoffman AM, Paxson JA, Mazan MR, Davis AM, Tyagi S, Murthy S, Ingenito EP. Lung-derived
mesenchymal stromal cell post-transplantation survival, persistence, paracrine expression, and repair
of elastase-injured lung. Stem Cells Dev. 2011;20:1779–92. doi:10.1089/scd.2011.0105;
10.1089/scd.2011.0105.

7. Kruk DMLW, Wisman M, Bruin HG, Lodewijk ME, Hof DJ, Borghuis T, Daamen WF, van Kuppevelt TH,
Timens W, Burgess JK, Ten Hacken NHT, Heijink IH. Abnormalities in reparative function of lung-
derived mesenchymal stromal cells in emphysema. Am J Physiol Lung Cell Mol Physiol.
2021;320:L832-44. doi:10.1152/ajplung.00147.2020 [doi].

�. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause D, Deans R, Keating A,
Prockop D, Horwitz E. Minimal criteria for de�ning multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position statement. Cytotherapy. 2006;8:315–7.
doi:Q2183N8UT042W62H [pii].

9. Luecken MD, Zaragosi LE, Madissoon E, Sikkema L, Firsova AB, De Domenico E, Kummerle L,
Saglam A, Berg M, Gay ACA, Schniering J, Mayr CH, Abalo XM, Larsson L, Sountoulidis A, Teichmann
SA, van Eunen K, Koppelman GH, Saeb-Parsy K, Leroy S, Powell P, Sarkans U, Timens W, Lundeberg J,
van den Berge M, Nilsson M, Horvath P, Denning J, Papatheodorou I, Schultze JL, Schiller HB, Barbry



Page 13/24

P, Petoukhov I, Misharin AV, Adcock IM, von Papen M, Theis FJ, Samakovlis C, Meyer KB, Nawijn MC.
The discovAIR project: a roadmap towards the Human Lung Cell Atlas. Eur Respir J 2022;60:
10.1183/13993003.02057,2021. Print 2022 Aug doi:2102057 [pii].

10. Aliee H, Massip F, Qi C, Stella de Biase M, van Nijnatten J, Kersten ETG, Kermani NZ, Khuder B, Vonk
JM, Vermeulen RCH, U-BIOPRED study group, Cambridge Lung Cancer Early Detection Programme,
INER-Ciencias Mexican Lung Program, Neighbors M, Tew GW, Grimbaldeston MA, Ten Hacken NHT,
Hu S, Guo Y, Zhang X, Sun K, Hiemstra PS, Ponder BA, Makela MJ, Malmstrom K, Rintoul RC,
Reyfman PA, Theis FJ, Brandsma CA, Adcock IM, Timens W, Xu CJ, van den Berge M, Schwarz RF,
Koppelman GH, Nawijn MC, Faiz A. Determinants of expression of SARS-CoV-2 entry-related genes in
upper and lower airways. Allergy 2022;77: 690-4 doi:10.1111/all.15152 [doi].

11. Smetsers TF, van de Westerlo EM, ten Dam GB, Overes IM, Schalkwijk J, van Muijen GN, van
Kuppevelt TH. Human single-chain antibodies reactive with native chondroitin sulfate detect
chondroitin sulfate alterations in melanoma and psoriasis. J Invest Dermatol. 2004;122:707–16.
doi:10.1111/j.0022-202X.2004.22316.x [doi].

12. Rolandsson Enes S, Andersson Sjoland A, Skog I, Hansson L, Larsson H, Le Blanc K, Eriksson L,
Bjermer L, Scheding S, Westergren-Thorsson G. MSC from fetal and adult lungs possess lung-
speci�c properties compared to bone marrow-derived MSC. Sci Rep. 2016;6:29160.
doi:10.1038/srep29160 [doi].

13. Yanagita K, Matsumoto K, Sekiguchi K, Ishibashi H, Niho Y, Nakamura T. Hepatocyte growth factor
may act as a pulmotrophic factor on lung regeneration after acute lung injury. J Biol Chem.
1993;268:21212–7.

14. Wang C, de Mochel NSR, Christenson SA, Cassandras M, Moon R, Brumwell AN, Byrnes LE, Li A,
Yokosaki Y, Shan P, Sneddon JB, Jablons D, Lee PJ, Matthay MA, Chapman HA, Peng T. Expansion of
hedgehog disrupts mesenchymal identity and induces emphysema phenotype. J Clin Invest.
2018;128:4343–58. doi:10.1172/JCI99435 [doi].

15. Volckaert T, Yuan T, Chao CM, Bell H, Sitaula A, Szimmtenings L, El Agha E, Chanda D, Majka S,
Bellusci S, Thannickal VJ, Fassler R, De Langhe SP. Fgf10-Hippo Epithelial-Mesenchymal Crosstalk
Maintains and Recruits Lung Basal Stem Cells. Dev Cell 2017;43: 48,59.e5 doi:S1534-
5807(17)30725-6 [pii].

1�. Ramasamy SK, Mailleux AA, Gupte VV, Mata F, Sala FG, Veltmaat JM, Del Moral PM, De Langhe S,
Parsa S, Kelly LK, Kelly R, Shia W, Keshet E, Minoo P, Warburton D, Bellusci S. Fgf10 dosage is critical
for the ampli�cation of epithelial cell progenitors and for the formation of multiple mesenchymal
lineages during lung development. Dev Biol 2007;307: 237 – 47 doi:S0012-1606(07)00855-X [pii].

17. Nita I, Hostettler K, Tamo L, Medova M, Bombaci G, Zhong J, Allam R, Zimmer Y, Roth M, Geiser T,
Gazdhar A. Hepatocyte growth factor secreted by bone marrow stem cell reduce ER stress and
improves repair in alveolar epithelial II cells. Sci Rep. 2017;7:41901. doi:10.1038/srep41901 [doi].

1�. Ohmichi H, Matsumoto K, Nakamura T. In vivo mitogenic action of HGF on lung epithelial cells:
pulmotrophic role in lung regeneration. Am J Physiol. 1996;270:L1031-9.



Page 14/24

doi:10.1152/ajplung.1996.270.6.L1031 [doi].

19. Kennelly H, Mahon BP, English K. Human mesenchymal stromal cells exert HGF dependent
cytoprotective effects in a human relevant pre-clinical model of COPD. Sci Rep. 2016;6:38207.
doi:10.1038/srep38207 [doi].

20. Kruk DM, Wisman M, de Bruin HG, Lodewijk ME, Hof DJ, Borghuis T, Daamen WF, van Kuppevelt TH,
Timens W, Burgess JK, Ten Hacken NHT, Heijink IH. Abnormalities in reparative function of lung-
derived mesenchymal stromal cells in emphysema. Am J Physiol Lung Cell Mol Physiol 2021
doi:10.1152/ajplung.00147.2020 [doi].

21. Maeda Y, Dave V, Whitsett JA. Transcriptional control of lung morphogenesis. Physiol Rev 2007;87:
219 – 44 doi:87/1/219 [pii].

22. Shiomi T, Sklepkiewicz P, Bodine PV, D'Armiento JM. Maintenance of the bronchial alveolar stem cells
in an undifferentiated state by secreted frizzled-related protein 1. FASEB J. 2014;28:5242–9.
doi:10.1096/fj.13-242735 [doi].

23. Cao P, Walker NM, Braeuer RR, Mazzoni-Putman S, Aoki Y, Misumi K, Wheeler DS, Vittal R, Lama VN.
Loss of FOXF1 expression promotes human lung-resident mesenchymal stromal cell migration via
ATX/LPA/LPA1 signaling axis. Sci Rep 2020;10: 21231,020-77601-1 doi:10.1038/s41598-020-77601-
1 [doi].

24. Braeuer RR, Walker NM, Misumi K, Mazzoni-Putman S, Aoki Y, Liao R, Vittal R, Kleer GG, Wheeler DS,
Sexton JZ, Farver CF, Welch JD, Lama VN. Transcription factor FOXF1 identi�es compartmentally
distinct mesenchymal cells with a role in lung allograft �brogenesis. J Clin Invest 2021;131:
10.1172/JCI147343 doi:10.1172/JCI147343 [doi].

25. Karolak JA, Gambin T, Szafranski P, Stankiewicz P. Potential interactions between the TBX4-FGF10
and SHH-FOXF1 signaling during human lung development revealed using ChIP-seq. Respir Res
2021;22: 26,021-01617-y doi:10.1186/s12931-021-01617-y [doi].

2�. Ma C, Luo H, Cao J, Zheng X, Zhang J, Zhang Y, Fu Z. Identi�cation of a Novel Tumor
Microenvironment-Associated Eight-Gene Signature for Prognosis Prediction in Lung
Adenocarcinoma. Front Mol Biosci. 2020;7:571641. doi:10.3389/fmolb.2020.571641 [doi].

27. Travaglini KJ, Nabhan AN, Penland L, Sinha R, Gillich A, Sit RV, Chang S, Conley SD, Mori Y, Seita J,
Berry GJ, Shrager JB, Metzger RJ, Kuo CS, Neff N, Weissman IL, Quake SR, Krasnow MA. A molecular
cell atlas of the human lung from single-cell RNA sequencing. Nature. 2020;587:619–25.
doi:10.1038/s41586-020-2922-4 [doi].

2�. Takeda S, Liu H, Sasagawa S, Dong Y, Trainor PA, Cheng EH, Hsieh JJ. HGF-MET signals via the MLL-
ETS2 complex in hepatocellular carcinoma. J Clin Invest. 2013;123:3154–65. doi:10.1172/JCI65566
[doi].

29. Baran CP, Fischer SN, Nuovo GJ, Kabbout MN, Hitchcock CL, Bringardner BD, McMaken S, Newland
CA, Cantemir-Stone CZ, Phillips GS, Ostrowski MC, Marsh CB. Transcription factor ets-2 plays an
important role in the pathogenesis of pulmonary �brosis. Am J Respir Cell Mol Biol. 2011;45:999–
1006. doi:10.1165/rcmb.2010-0490OC [doi].



Page 15/24

30. Odani T, Yasuda S, Ota Y, Fujieda Y, Kon Y, Horita T, Kawaguchi Y, Atsumi T, Yamanaka H, Koike T. Up-
regulated expression of HLA-DRB5 transcripts and high frequency of the HLA-DRB5*01:05 allele in
scleroderma patients with interstitial lung disease. Rheumatology (Oxford). 2012;51:1765–74.
doi:kes149 [pii].

31. Ahluwalia TS, Prins BP, Abdollahi M, Armstrong NJ, Aslibekyan S, Bain L, Jefferis B, Baumert J,
Beekman M, Ben-Shlomo Y, Bis JC, Mitchell BD, de Geus E, Delgado GE, Marek D, Eriksson J, Kajantie
E, Kanoni S, Kemp JP, Lu C, Marioni RE, McLachlan S, Milaneschi Y, Nolte IM, Petrelis AM, Porcu E,
Sabater-Lleal M, Naderi E, Seppala I, Shah T, Singhal G, Standl M, Teumer A, Thalamuthu A, Thiering
E, Trompet S, Ballantyne CM, Benjamin EJ, Casas JP, Toben C, Dedoussis G, Deelen J, Durda P,
Engmann J, Feitosa MF, Grallert H, Hammarstedt A, Harris SE, Homuth G, Hottenga JJ, Jalkanen S,
Jamshidi Y, Jawahar MC, Jess T, Kivimaki M, Kleber ME, Lahti J, Liu Y, Marques-Vidal P, Mellstrom D,
Mooijaart SP, Muller-Nurasyid M, Penninx B, Revez JA, Rossing P, Raikkonen K, Sattar N, Scharnagl H,
Sennblad B, Silveira A, Pourcain BS, Timpson NJ, Trollor J, CHARGE In�ammation Working Group,
van Dongen J, Van Heemst D, Visvikis-Siest S, Vollenweider P, Volker U, Waldenberger M, Willemsen
G, Zabaneh D, Morris RW, Arnett DK, Baune BT, Boomsma DI, Chang YC, Deary IJ, Deloukas P,
Eriksson JG, Evans DM, Ferreira MA, Gaunt T, Gudnason V, Hamsten A, Heinrich J, Hingorani A,
Humphries SE, Jukema JW, Koenig W, Kumari M, Kutalik Z, Lawlor DA, Lehtimaki T, Marz W, Mather
KA, Naitza S, Nauck M, Ohlsson C, Price JF, Raitakari O, Rice K, Sachdev PS, Slagboom E, Sorensen
TIA, Spector T, Stacey D, Stathopoulou MG, Tanaka T, Wannamethee SG, Whincup P, Rotter JI,
Dehghan A, Boerwinkle E, Psaty BM, Snieder H, Alizadeh BZ. Genome-wide association study of
circulating interleukin 6 levels identi�es novel loci. Hum Mol Genet. 2021;30:393–409.
doi:10.1093/hmg/ddab023 [doi].

32. Lv YQ, Dhlamini Q, Chen C, Li X, Bellusci S, Zhang JS. FGF10 and Lipo�broblasts in Lung
Homeostasis and Disease: Insights Gained From the Adipocytes. Front Cell Dev Biol. 2021;9:645400.
doi:10.3389/fcell.2021.645400 [doi].

33. Evanko SP, Gooden MD, Kang I, Chan CK, Vernon RB, Wight TN. A Role for HAPLN1 During
Phenotypic Modulation of Human Lung Fibroblasts In Vitro. J Histochem Cytochem. 2020;68:797–
811. doi:10.1369/0022155420966663 [doi].

34. van Straaten JF, Coers W, Noordhoek JA, Huitema S, Flipsen JT, Kauffman HF, Timens W, Postma DS.
Proteoglycan changes in the extracellular matrix of lung tissue from patients with pulmonary
emphysema. Mod Pathol. 1999;12:697–705.

35. He H, Huang M, Sun S, Wu Y, Lin X. Epithelial heparan sulfate regulates Sonic Hedgehog signaling in
lung development. PLoS Genet. 2017;13:e1006992. doi:10.1371/journal.pgen.1006992 [doi].

3�. Tong L, Zhou J, Rong L, Seeley EJ, Pan J, Zhu X, Liu J, Wang Q, Tang X, Qu J, Bai C, Song Y.
Fibroblast Growth Factor-10 (FGF-10) Mobilizes Lung-resident Mesenchymal Stem Cells and Protects
Against Acute Lung Injury. Sci Rep. 2016;6:21642. doi:10.1038/srep21642 [doi].

Tables



Page 16/24

Table 1. Characteristics of subjects included in the study

  LMSCs AD-MSCs BM-MSCs

  Control

(n=7)

COPD

 (n=7)

Control

(n=3)

COPD

(n=4)

Control

(n=7)

COPD

(n=7)

Gender 4 F / 3 M 5 F / 2 M 1 F / 2 M 3 F / 1 M 1 F / 6 M 2 F / 5 M

Smoking
history

           

Current 14% 14% 33% 0% Unknown Unknown

Former 28% 86% 33% 100% Unknown Unknown

Never 43% 0% 33% 0% Unknown Unknown

Age [years] 67 (41-74) 61 (45-
74)

66 (41-69) 61 (45-66) 51 (43-
57)

51 (44-
55)

FEV1%Pred 92 (71-
110)

19 (13-
49)

109 (92-
115)

18,5 (13-
24)

Unknown Unknown

FEV1/FVC 78 (66-81) 27 (22-
24)

79 (69-80) 23,5 (22-
27)

Unknown Unknown

 

FEV1%Pred = Predicted value for Forced Expiratory Volume in 1 second; FEV1 = Forced Expiratory Volume
in 1 second; FVC = Forced Vital Capacity. For age, FEV1%Pred and FEV1/FVC, group medians with ranges
are shown. Exclusion criteria for subject inclusion in the study were the diagnosis of asthma, indications
of lung infection, COPD GOLD stage classi�cation of I or II, alpha-1 antitrypsin de�ciency or abnormalities
in tissue structure.

Table 2. Pathway analysis of signi�cantly decreased genes in AD-MSCs, COPD vs control
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source term_name term_id adjusted_p_value

GO:MF heparin binding GO:0008201 0.000161618

GO:MF glycosaminoglycan binding GO:0005539 0.000876765

GO:MF signaling receptor binding GO:0005102 0.001008396

GO:MF sulfur compound binding GO:1901681 0.001657873

GO:MF �bronectin binding GO:0001968 0.003329845

GO:MF insulin-like growth factor binding GO:0005520 0.021832888

GO:MF platelet-derived growth factor-activated receptor
activity

GO:0005017 0.0291196

GO:MF molecular transducer activity GO:0060089 0.039974476

GO:BP negative regulation of response to wounding GO:1903035 0.000141464

GO:BP regulation of cell communication GO:0010646 0.000257333

 

Table 3. Pathway analysis of signi�cantly increased genes in AD-MSCs, COPD vs control

source term_name term_id adjusted_p_value

GO:MF extracellular matrix structural constituent GO:0005201 7.89E-07

GO:MF extracellular matrix binding GO:0050840 0.000773464

GO:MF extracellular matrix structural constituent conferring
tensile strength

GO:0030020 0.011540193

GO:MF sodium channel activity GO:0005272 0.012683475

GO:BP anatomical structure morphogenesis GO:0009653 2.41E-11

GO:BP circulatory system development GO:0072359 9.99E-08

GO:BP anatomical structure development GO:0048856 2.86E-07

GO:BP multicellular organism development GO:0007275 6.54E-07

GO:BP developmental process GO:0032502 1.84193E-06

GO:BP forebrain development GO:0030900 3.93749E-06

 

Figures
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Figure 1

Principal component (PC) analysis. PC in the RNA obtained from lung-derived MSCs (LM; red), bone
marrow-derived MSCs (BM; yellow) and adipose-derived MSCs (AD; blue) from COPD patients (open
circles) and controls (closed circles).
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Figure 2

Differential gene expression in MSCs from different sources. Lung-derived MSCs (LMSCs), bone marrow-
derived MSCs (BM-MSCs) and adipose-derived MSCs (AD-MSCs) from COPD patients and controls were
seeded in duplicates, grown to con�uence and serum deprived overnight. Cells were harvested after 24 h,
RNA was isolated and processed for RNA sequencing. Volcano plots demonstrate differentially expressed
genes between the cell types (COPD and control groups combined). Blue represents genes signi�cantly



Page 20/24

lower expressed; red represents genes signi�cantly higher expressed.  False discovery rate (FDR) < 0.05
was used as cut off. A) LMSCs vs BM-MSCs. B) LMSCs vs AD-MSCs. C) BM-MSCs vs AD-MSCs. D)
Heatmap showing gene sets with speci�c expression in each cell source. Speci�c gene expression pro�le
of each source after variance stabilizing transformation (Vst). E) Comparison of the expression of KGF,
FGF10 and HGF between the different subsets. Medians ± interquartile range (IQR) are shown. F) mRNA
expression of growth factors KGF, FGF10 and HGF was assessed by qPCR and normalized for
housekeeping gene B2M and expressed as 2-ΔCt. Medians are indicated. Statistical signi�cance was
determined using the Mann–Whitney U test. P values are as indicated. P<0.05 was considered
statistically signi�cant.
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Figure 3

LMSC are associated with myo�broblasts. A)  UMAP in the Human lung cell atlas_V1.0 of the unique 5
genes found to be associated with LMSC compared to the MSCs from the other sources (ETS2, TBX5,
SCN7A, FOXF1 and TBX4). B) Cellular deconvolution using the single-cell sequencing data from the
Human lung cell atlas_V1.0 applied to the LMSC RNA-Seq (n=14) using the CIBERSORT method.
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Figure 4

Differential gene expression between COPD and control in MSCs from different sources. Lung-derived
MSCs (LMSCs), bone marrow-derived MSCs (BM-MSCs) and adipose-derived MSCs (AD-MSCs) from
COPD patients and controls were seeded in duplicates, grown to con�uence and serum deprived
overnight. Cells were harvested after 24 h, RNA was isolated and processed for RNA sequencing was
performed to compare gene expression pro�les between COPD and control. Volcano plots demonstrate
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differentially expressed genes between COPD and control groups. Blue represents signi�cant genes
signi�cantly lower and red represents genes signi�cantly higher expressed in COPD-derived cells vs
control-derived cells. False discovery rate (FDR) < 0.05 was used as cut off. The right panels show
heatmaps.

Figure 5
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Differential expression of CSGALNACT1 between lung-derived MSCs (LMSCs) from COPD and control. A)
LMSCs from COPD patients and controls were seeded in duplicates, grown to con�uence and serum
deprived overnight. Cells were harvested after 24 hours and RNA was isolated. mRNA expression of
CSGALNACT1  was assessed by qPCR and normalized for housekeeping gene B2M and expressed as 2-

ΔCt. Medians are indicated. Statistical signi�cance was determined using the Mann–Whitney U test. The
P values are indicated. P<0.05 was considered statistically signi�cant. B) Decellularized emphysematous
tissue lung scaffolds were reseeded with/without COPD or control-derived LMSCs and cultured for 2
weeks. Scaffolds without cells were treated identically to the cell-seeded scaffolds. Para�n sections were
prepared and stained for chondroitin sulfates (CS). Representative images are shown.
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