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Abstract

Chronic obstructive pulmonary disease (COPD) is an inflammatory airways dis-

ease with limited therapeutic options. We have previously shown that mesenchy-

mal stromal cell (MSC) infusions are well tolerated in patients with COPD and

reduce circulatory biomarkers associated with systemic inflammation and oxida-

tive stress. This study aimed to delineate the underlying mechanisms further by

characterizing the transcriptional networks in these patients and to explore the

role of MSC-derived paracrine factors in regulating these pathways. Allogeneic,

bone marrow-derived MSCs were systemically administered into patients with

stable COPD (n = 9). Gene expression profiles from peripheral blood mononu-

clear cells (PBMCs) were analyzed across the first week after infusion. Paracrine

mechanisms associated with these transcriptional changes were explored further

by culturing patient PBMCs with MSC-conditioned medium (MSC-CM) or post-

MSC infusion (PI) plasma to measure the regulatory effects of soluble factors that

may be derived from MSCs. MSC-CM and PI-plasma were characterized further

to identify potential immunoregulatory candidates. MSC infusion elicited a strong

but transient transcriptional response in patient PBMCs that was sustained up to

7 days. MSC infusion strongly downregulated transcriptional pathways related to

interleukin (IL)-8 and IL-1β, which were also significantly inhibited in vitro follow-

ing co-culture of PBMCs with MSC-CM and PI-plasma. MSC-derived soluble

tumor necrosis factor receptor-1, transforming growth factor-β1, and extracellu-

lar vesicle-associated microRNAs were identified as potential mechanisms pro-

moting these changes, but depletion of these individual candidates revealed

inconsistent results. MSC-derived paracrine factors modulate important inflam-

matory pathways that are relevant to COPD pathogenesis. These data strengthen

the hypothesis that therapies using MSCs and their secreted products may be

beneficial to patients with COPD.
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Lessons learned

• Mesenchymal stromal cells (MSCs) attenuate important pathogenic immunological pathways

that underlie chronic airways disease.

• These effects were highly transient (waning by 7 days), suggesting that frequent, 1-week

doses may be important in achieving clinical benefit.

• MSC-derived soluble factors may be responsible for these changes in vivo, suggesting new

therapeutic options harnessing the MSC secretome.

Significance statement

Mesenchymal stromal cells are an emerging stem cell therapy that can be used to relieve chronic

inflammation. As part of a phase I clinical study, this article reports for the first time that these

stem cells modulate important pathological pathways that drive inflammation in patients with

chronic airways disease. This study provides novel insights that may guide further investigation

of mesenchymal stromal cell therapy for the treatment of patients with chronic airway disease.

1 | INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is among the top five

causes of global morbidity and mortality. COPD is characterized by

airway obstruction, inflammation, and irreversible lung remodeling.1

Systemic inflammation and oxidative stress are further features of

COPD associated with comorbidities such as cardiovascular disease.2

Smoking is the commonest cause of COPD, although genetic predis-

position and air pollution are other etiological factors. Despite optimal

treatment and the cessation of precipitants (eg, smoking), chronic

inflammation (evidenced by increased activation of T cells and eleva-

tion of pulmonary and systemic proinflammatory cytokines) and oxi-

dative stress persist in most patients,3 highlighting the need to

develop novel immunomodulatory strategies to address this

condition.

Mesenchymal stromal cells (MSCs) are obtained from a variety of

sources such as bone marrow and exert a range of anti-inflammatory

and reparative effects.4 These are largely mediated through paracrine

mechanisms such as the release of anti-inflammatory cytokines, growth

factors, and extracellular vesicles.5 Hence, the use of MSCs in a broad

range of inflammatory and immune-mediated diseases is increasingly

being investigated.6 Preclinical studies of MSCs in COPD demonstrate

efficacy in alleviating inflammation and reducing emphysema following

either systemic or intratracheal administration in rodent models; how-

ever, these findings have translated poorly in human studies.7 A large

clinical trial, despite showing no significant clinical improvement in

patients with stable COPD following a regimen of four monthly intrave-

nous MSC infusions, demonstrated a reduction in circulating C-reactive

protein (CRP) after 1 month, suggesting that intravenous MSC infusion

may alter systemic inflammation in patients with COPD.8 More

recently, a trial using MSCs to minimize localized inflammation in

response to one-way endobronchial valve insertion in patients with

COPD showed similar reductions in circulating CRP between 1 and

3 months after treatment.9

The reasons for a lack of efficacy in clinical trials to date are

unclear, and this is underscored by a lack of mechanistic studies

in humans. To delineate these mechanisms, we characterized the

systemic immunological changes of patients with stable COPD

(n = 9) receiving radiolabeled MSCs over 1 week. We previously

showed short-term reductions in levels of systemic proin-

flammatory (interleukin [IL]-6, soluble [s]CD163) and oxidative

stress (F2-isoprostanes) biomarkers and increases in proportions

of circulating regulatory T cells and monocytes across the first

week after infusion.10 In the present study, we performed whole

transcriptome sequencing of peripheral blood mononuclear cells

(PBMCs) isolated from these patients with COPD before and

after MSC infusion. These findings provide novel insights into the

mechanisms of MSC-mediated systemic immunomodulation, as

these short-term dynamics have not previously been described in

human studies.

2 | MATERIALS AND METHODS

2.1 | Patient cohort and sample collection

A single-site, phase I study (Australian clinical trials registry

no. 12614000731695) was conducted to initially determine the

effects of MSC infusion on clinical and safety endpoints in patients

with stable COPD (described further in the supplemental online

data). Nine patients with stable COPD received two doses of

2 � 106 allogenic bone marrow-derived MSCs per kilogram patient

weight, 1 week apart.10 Eight patients received MSCs (both infu-

sions) from one donor (female, 28 years old), whereas one patient

received MSCs (both infusions) from a second donor (male, 20

years old). Patient demographics are provided in Table 1, and the

study was approved by the ethics committee at Royal Perth Hospi-

tal (approval no. EC2012/103), where all patients had provided

written informed consent. Heparinized venous peripheral blood

was collected prior to MSC infusion (baseline) and 1 hour, 1 day,

2 days, and 7 days after the first infusion, followed by a collection

1 hour after the second infusion. Plasma was first isolated and
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stored at �80�C. PBMCs were isolated by Ficoll density gradient

centrifugation and cryopreserved in liquid nitrogen.

2.2 | RNA sequencing and analysis

Details on RNA extraction, sequencing, and preprocessing are

described in the supplemental online data. Gene clustering was per-

formed using the signed weighted gene coexpression network analy-

sis (WGCNA) pipeline (Figure S1).11 Differential gene expression was

performed using DESeq2. Differentially expressed genes (DEGs) were

determined using the Wald chi-squared test with a Benjamini-

Hochberg correction for false discovery rate (FDR; q value). DEGs

with a value of q < .05 were considered statistically significant. The

module eigengene was used as a measure of individual gene module

expression. Overrepresented pathways and cell subset signatures

within interesting modules were explored using Enrichr and ARCHS4

databases, respectively.12,13 Significant overrepresentation is deter-

mined using Fisher's exact test with a Benjamini-Hochberg correction

for FDR. Identification of intramodular gene hubs was performed

using a literature-curated protein-protein interaction database (Search

Tool for the Retrieval of Interacting Genes/Proteins). Transcriptional

networks were visualized using Cytoscape.

2.3 | Quantitative polymerase chain reaction
validation of whole transcriptome sequencing data

RNA from PBMC lysates was converted to cDNA using the SuperScript

IV VILO kit (Thermo Fisher Scientific, Wilmington, Delaware) according

to the manufacturer's instructions. All quantitative polymerase chain

reactions (qPCRs) were performed using a Viia7 real-time PCR system

(Applied Biosystems, Waltham, Massachusetts). Data were recorded

and analyzed using QuantStudio Real-Time PCR software (Applied Bio-

systems), and normalization was performed against the expression of

peptidyl-prolyl cis-trans isomerase as a housekeeping gene.

2.4 | Harvesting of MSC-conditioned medium

MSC-conditioned medium (MSC-CM) was collected after MSCs were

cultured in 2% human serum albumin (HSA)/phenol red-free (PRF)

Dulbecco's modified Eagle's medium (DMEM) for 24 hours. MSC-CM

was centrifuged (450g, 10 minutes, 4�C) to remove cells, and cell-free

supernatant was passed through a 0.22 μm filter. MSC-CM was con-

centrated 8-fold by centrifugation (4000g for 90 minutes, 4�C) using a

3 kDa molecular weight cutoff (MWCO) filter (Merck Millipore, Bur-

lington, Massachusetts). Plain medium containing 2% HSA/PRF-

DMEM was prepared and concentrated 8-fold as the medium control.

2.5 | Co-culture of PBMCs with MSC-CM and
post-MSC infusion plasma

Cryopreserved PBMCs were thawed, washed (450g, 10 minutes), and

resuspended at 2 � 106 cells per milliliter in 10% FCS/RPMI. Cells were

seeded into a 96-well round bottom tissue culture plate (200 000 cells

per well). Cultures were set up in the absence of any stimulant

(unstimulated) or with the addition of 0.1 μg/mL lipopolysaccharide

(LPS; Sigma-Aldrich, Castle Hill, New South Wales, Australia). Cultures

were prepared in a final volume of 200 μL, containing 100 μL of

cells with 100 μL of concentrated MSC-CM or medium controls.

For culturing with plasma, 50 μL of clarified patient plasma from base-

line and 2 days and 7 days after infusion was co-cultured with the

corresponding patient's PBMC. Plasma was cultured in a final dilution

of 1/10 in a total well volume of 200 μL. Final cultures were incubated

at 37�C for 24 hours (5% CO2). Culture supernatants (150 μL) were

then collected and stored at �80�C until further use.

TABLE 1 Baseline characteristic of the cohort

Characteristic

Cohort

(n = 9)

Age, year 70 (62-81)

BMI 30 (17-47)

Male sex 4 [44%]

Medication use

Salbutamol 9 [100%]

Salmeterol/fluticasone 7 [78%]

Tiotropium 7 [78%]

Lung-related hospitalizations (3-12 months before

infusion)

4 [44%]

Steroid treatment required (prednisolone) 4

Lung function

FEV1 (% predicted) 37 (23-87)

FVC (% predicted) 80 (59-106)

GOLD I (>80% pred. FEV1) 1 [11%]

GOLD II (50%-80% pred. FEV1) 2 [22%]

GOLD III (30%-50% pred. FEV1) 3 [33%]

GOLD IV (<30% pred. FEV1) 3 [33%]

Comorbidities

Cardiovascular 5

Hypercholesterolemia 3

Depression and anxiety 2

Osteoporosis, osteoarthritis 1

Smoking status

Ex-smoker 9 [100%]

Years since cessation 15 (1-36)

Pack/yr 32 (17-59)

Note: Data are presented as median (range) or number of patients

[percentage].

Abbreviations: BMI, body mass index; FEV1, forced expiratory volume in

the first second; FVC, forced vital capacity; GOLD, Global Initiative for

Chronic Obstructive Lung Disease.
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2.6 | Measurement of protein mediators

Quantification of proteins in MSC-CM, patient plasma, and culture

supernatants was performed using enzyme-linked immunosorbent

assays according to the manufacturer's instructions (tumor necrosis

factor [TNF]-α, interferon-gamma [IFN-γ], CCL18, IL-10, IL-5, and IP-

10 from BD Biosciences [San Jose, California]; IL-8, soluble TNF

receptor-1 [sTNFR1], IL-1β, and total transforming growth factor-β1

[TGF-β1] from R&D Systems [Minneapolis, MN]; and TNF-

α-stimulated gene-6 [TSG-6] from RayBiotech [Norcross, Georgia]).

2.7 | Isolation of MSC extracellular vesicles

Concentrated MSC-CM (total 4 mL; 1 mL per column) was carefully

applied to four qEV columns (Izon Sciences, Christchurch,

New Zealand). Elution buffer (phosphate-buffered saline) was sequen-

tially added until 3 mL of total volume had passed through the column

(fractions 1-6 at 500 μL per fraction). Fractions 7-10 (2 mL) were then

collected from each column and combined to a final volume of 8 mL.

Extracellular vesicle (EV)-rich fractions were then concentrated using

a 100 kDa MWCO filter at 4000g for 40 minutes at 4�C and topped

up to 100 μL with phosphate-buffered saline. Validation of MSC-EVs

was performed using nanoparticle tracking analysis and transmission

electron microscopy (TEM) as previously described,14 in line with

standard practices for EV characterization as outlined by Théry et al.15

Quantification of EVs after depletion (Figure S2) was performed using

imaging flow cytometry as previously described.14

2.8 | Quantification of plasma and MSC-EV
microRNAs

Extraction of microRNAs (miRNAs) from purified MSC-EVs or patient

plasma (pooled at each time point) was performed using the miRNeasy

Kit (Qiagen, Hilden, Germany) according to the manufacturer's

instructions. Reverse transcription and preamplification of cDNA was

performed using TaqMan Advanced miRNA cDNA Synthesis kit

(Thermo Fisher Scientific) according to the manufacturer's instruc-

tions. Preamplified cDNA was loaded on TaqMan Array Human

MicroRNA cards (Thermo Fisher Scientific). Final qPCRs were per-

formed using a Viia7 real-time PCR system. Data were recorded and

analyzed using QuantStudio Real-Time PCR software. Raw miRNA

expression was normalized using the global mean, as described by

D'Haene et al.16

2.9 | Statistical analysis

Except for the WGCNA pipeline and the calculation of DEGs, longitu-

dinal assessments were performed using GraphPad Prism 5 software

(GraphPad Software, San Diego, California). Wilcoxon signed-ranked

(nonparametric) tests were used to perform pairwise comparisons

between time points with respect to baseline or control conditions.

Changes with a value of P < .05 were considered statistically signifi-

cant, and changes with marginal significance (P values between .05

and .1) are also noted.

3 | RESULTS

3.1 | MSC infusion promotes transient changes in
gene expression within 7 days after infusion

RNA sequencing was performed on mRNA extracted from patient

PBMCs at baseline, 1 hour, and 1, 2, and 7 days after infusion and

1 hour after the second infusion. The number of DEGs (both up-

and downregulated) peaked at 1 day after infusion and declined to no

DEGs observed by 7 days after infusion. Following a second MSC

infusion on the seventh day, a second spike in DEGs was observed

after 1 hour (Figure 1A).

WGCNA generated six coexpression modules by unsupervised

hierarchical clustering of coexpressing genes across all cohort sam-

ples (Figure S1). The red module was found to be enriched in

inflammatory genes and hence termed the “inflammation” module,

which was investigated further. The brown module was enriched

in metabolic genes (hence termed the “metabolism” module) with

no clear immunological function, and the other four modules

(green, turquoise, blue, and yellow) were not enriched in any par-

ticular cellular or molecular processes and were not investigated

further. Inflammation module expression (measured by the module

eigengene) was significantly reduced between 1 hour and 2 days

after infusion compared with baseline (Figure 1B). Conversely,

there was a significant increase in the metabolism module expres-

sion between 1 hour and 2 days after infusion and 1 hour after the

second infusion compared with baseline (Figure 1C). Green, tur-

quoise, blue, and yellow module expression was unchanged across

the time course (Figure 1C-F).

3.2 | MSC infusion attenuates proinflammatory
transcriptional networks that are associated with
COPD pathogenesis

Cytokine signaling pathways, notably IL-1 and IL-8, were enriched

in the inflammation module along with a strong macrophage/

monocyte transcriptional signature (Figure 2A). The gene network

of the inflammation module highlights IL-8 as the central gene hub,

along with other pro-inflammatory genes, including nuclear factor

kappa B subunit 1 (NFKB1), Toll-like receptor 2 (TLR2), CD44, and

signal transducer and activator of transcription 3 (STAT3)

(Figure 2B). Consistent with its module eigengene levels, there is a

common expression pattern for all genes within the inflammation

module, where transcript levels show the strongest reduction

around 1 day after infusion before returning to baseline levels by

the seventh day (Figure 2C). Real-time qPCR validation of mRNA
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F IGURE 1 Weighted gene coexpression network analysis elucidates key gene modules that are significantly altered following mesenchymal
stromal cell infusion. A, The total number of differentially expressed genes are shown for each comparison compared to baseline samples
(upregulated in red; downregulated in blue, using a false discovery rate of q < 0.05). Module expression profiles for the inflammation, B, and
metabolism modules, C, and the green, D, turquoise, E, blue, F, and yellow, G modules are visualized. Solid lines represent the average trend
across the time course, with the dashed lines representing each patients' individual time course. **P < .01, *P < .5 (n = 9 patients). BL, baseline;
DEG, differentially expressed gene
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encoding cytokines (IL-8 and IL-1B; Figure 3A,B), transcription fac-

tors (NFKB1, STAT3, and catenin beta 1; Figure 3C-E), and signal-

ing molecules (IL-1 receptor-1, CD44, TLR2, Lyn kinase, and IL-1

receptor-associated kinase 2; Figure 3F-J) confirmed that the

expression patterns of individual genes within this module were

consistent with its corresponding module expression from the

WGCNA pipeline.

3.3 | MSC-derived soluble factors contribute to
the in vitro downregulation of IL-8 and IL-1b
responses in patient PBMCs

Patient PBMCs were cultured in the presence of MSC-CM or medium

control to determine whether soluble factors directly produced by

MSCs may downregulate IL-1β and IL-8 (Figure 4A). Treatment of

PBMC with LPS resulted in significantly higher levels of IL-8 and IL-1β

compared with unstimulated cultures (data not shown); however,

levels of IL-8 were not different in the presence of MSC-CM/medium

control and LPS compared with unstimulated PBMC (Figure 4A vs B).

Compared with medium control, levels of IL-8 were significantly

reduced (P = .002) following culturing of MSC-CM with non-

stimulated PBMCs (Figure 4B), whereas LPS-stimulated PBMCs

showed a similar decreasing trend in IL-8 (P = .06; Figure 4C). Levels

of IL-1β were unchanged in unstimulated conditions (Figure 4D); how-

ever, the MSC-CM significantly reduced IL-1β secretion by LPS-stimu-

lated PBMCs (P = .01; Figure 4E). Interestingly, the presence of MSC-

CM or control medium stimulated potent IL-8 production, whereas IL-

1β was slightly reduced, suggesting that common components of the

culture medium (ie, 1% HSA/DMEM) play a role in modulating cyto-

kine production.

Culturing of PBMCs with patient post-MSC infusion plasma (PI-

plasma) revealed that IL-8 production was significantly attenuated in

the presence of 2- and 7-day PI-plasma compared with baseline

plasma (P = .08, P = .02; Figure 4C). Similarly, culturing with 2-day PI-

plasma showed a reduction in IL-1β compared with baseline plasma,

although this was only marginally significant (P = .06; Figure 4F).

Notably, the production of IL-8 and IL-1β by PBMC was greatly

reduced in the presence of patient plasma (at any time points) com-

pared with plasma-free cultures, suggesting an abundance of

F IGURE 2 Modulation of inflammatory gene networks following mesenchymal stromal cell infusion. A, Overrepresented biological processes
and cellular signatures from differentially expressed genes within the inflammation module. B, The transcriptional network was constructed using
the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database, and gene names with larger font indicate a higher combined
weighted gene coexpression network analysis and STRING connectivity within the network. IL-8, which is the central gene hub, is highlighted in
yellow. C, Gene expression heatmap of inflammation module genes showing log2fold change compared with baseline. Specific genes that were

validated by real-time quantitative polymerase chain reaction are annotated (n = 9 patients). CTNNB1, catenin beta 1; FDR, false discovery rate;
GO, gene ontology; IL, interleukin; IL1R1, interleukin-1 receptor-1; IRAK2, IL-1 receptor-associated kinase 2; LYN, Lyn kinase; NFKB1, nuclear
factor kappa B subunit 1; STAT3, signal transducer and activator of transcription 3; TLR2, Toll-like receptor 2
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F IGURE 3 Validation of inflammation module genes by real-time quantitative polymerase chain reaction. Peptidyl-prolyl cis-trans isomerase-
normalized gene expression of cytokines (IL-8 and IL1-B), A, B, transcription factors (NFKB1, STAT3, and CTNNB1), C, D, E, and signaling
molecules (IL1R1, CD44, TLR2, LYN, and IRAK2), F, G, H, I, J. **P < .01, *P < .05, #P < .1 (n = 8 patients). BL, baseline; CTNNB1, catenin beta 1; IL,
interleukin; IL1R1, interleukin-1 receptor-1; IRAK2, IL-1 receptor-associated kinase 2; LYN, Lyn kinase; NFKB1, nuclear factor kappa B subunit 1;
STAT3, signal transducer and activator of transcription 3; TLR2, Toll-like receptor 2
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inhibitory factors in plasma. Additional experiments also confirmed

that PBMC viability remained unchanged with or without LPS stimula-

tion following 24 hours of culture, demonstrating that viability is not a

confounding variable affecting cytokine production (data not shown).

Taken together, these findings suggest that common paracrine mecha-

nisms found in MSC-CM and PI-plasma may inhibit IL-8 and IL-1β

pathways.

3.4 | Inhibition of IL-8 and IL-1β production by
PBMC may be associated with high concentrations of
anti-inflammatory soluble factors in MSC-CM

To identify potential factors that regulate IL-1β and IL-8, MSC-CMwas

first screened for the presence of immunoregulatory proteins such as

TNF-α, TSG-6, IFN-γ, IFN-γ inducible protein-10 (IP-10), IL-10, IL-5,

F IGURE 4 Mesenchymal stromal cell (MSC)-derived soluble factors attenuate IL-8 and IL-1β cytokine production by PBMCs. A, A schematic
depicts the experimental setup to evaluate the immunological effects of MSC-derived soluble factors and soluble factors released into circulation
following MSC infusion. B, C, IL-8 production by PBMCs was measured under nonstimulated and LPS-stimulated conditions in the presence of
control medium and MSC-CM. D, E, IL-1β production by PBMCs was measured under nonstimulated and LPS-stimulated conditions in the
presence of control medium and MSC-CM. F, G, IL-8 and IL-1β production by PBMCs was measured under LPS-stimulated conditions in the
presence of patient plasma collected before and after MSC infusion. All cytokine measurements were adjusted to account for background IL-8
and IL-1β that may be present in MSC-CM and plasma. **P < .01, *P < .05, #P < .1 (n = 8 patients). BL, baseline; IL, interleukin; LPS,
lipopolysaccharide; MSC-CM, mesenchymal stromal cell-conditioned medium; PBMC, peripheral blood mononuclear cell
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chemokine (C-C motif) ligand 18 (CCL18), IL-1β, IL-8, sTNFR1, mono-

cyte chemoattractant protein-1 (MCP-1), TGF-β1, and IL-6. Two key

anti-inflammatory proteins, sTNFR1 and TGF-β1, were detected in

MSC-CM (Figure 5A). Furthermore, sTNFR1 levels in plasma were sig-

nificantly elevated 2 days after infusion (P = .02), whereas TGF-β1

was elevated 7 days after infusion, although this was not significant

(P = .07; Figure 5C).

To investigate the role of miRNA in regulating the gene hubs

identified within the inflammation module, we also extracted miRNA

from plasma after MSC infusion and from EVs isolated from MSC-

CM. Purified MSC-EVs had an average diameter of 100-150 nm, con-

firmed by nanoparticle tracking analysis, and were shown to have a

morphology consistent with EVs by TEM (Figure 5D). Using

miRTarBase (an online tool that maps putative miRNA-target gene

F IGURE 5 Identification of potential immunoregulatory mediators in mesenchymal stromal cell (MSC)-conditioned medium (MSC-CM) and
plasma following MSC infusion. A, Quantification of soluble factors in MSC-CM. B, C, Measurement of sTNFR1 (B) and TGF-β1 (C) at baseline
and 2 and 7 days after infusion. D, Characterization of MSC-EVs by nanoparticle tracking analysis and transmission electron microscopy, where
red arrows denote the presence of particles with EV-like size and morphology. E, The miRNA-gene network constructed using miRTarBase
illustrates putative gene targets (red nodes) for each miRNA (grey nodes). F, Summary of global mean-normalized miRNA expression in pooled
patient plasma at baseline and 2 and 7 days after infusion (including their log2fold change) and their detectability in MSC-EVs (+). Only the 14
miRNAs that target hub genes are visualized. The miRNAs found in MSC-EVs and detectable in plasma are correspondingly annotated on the
miRNA-gene target network and the summary table. *P < .05, #P < .1 (n = 9 patients). 2d, day 2; 7d, day 7; BL, baseline; CCL18, chemokine (C-C
motif) ligand 18; EV, extracellular vesicle; FC, fold change; GM, global mean; hsa-miR, homo sapiens-microRNA; IFNg, interferon gamma; IL,
interleukin; IP-10, IFN-γ inducible protein-10; MCP-1, monocyte chemoattractant protein-1; miRNA, microRNA; sTNFR1, soluble tumor necrosis
factor receptor-1; TGF-B1, transforming growth factor-β1; TNFa, tumor necrosis factor-α; TSG-6, tumor necrosis factor-α-stimulated gene-6
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links), we identified 14 candidate miRNAs that target the top five

gene hubs within the inflammation module (IL-8, CD44, NFKB1,

STAT3, and TLR2; Figure 5E). Of these 14 candidates, 11 were detect-

able in plasmas samples from our cohort, and four were also

detectable in MSC-EVs (Figure 5F). To delineate the role of MSC-EVs,

TGF-β1, and sTNFR1 in attenuating IL-8, we co-cultured patient

PBMCs with MSC-CM that was depleted for these mediators; how-

ever, we observed no significant changes in IL-8 expression compared

with PBMCs cultured with undepleted MSC-CM (Figure S2).

4 | DISCUSSION

The present study describes changes in PBMC gene expression pro-

files following MSC infusion, using unbiased correlation networks to

identify novel pathways of immunomodulation. We also describe that

these pathways can be potentially attenuated by MSC-derived para-

crine factors in vitro. In the same cohort of patients, our previous

work has characterized the biodistribution of intravenously infused

MSCs, where there is an early breakdown of MSCs (within 7 days)

that are subsequently taken up by the reticuloendothelial system.10

This rapid loss of MSCs is likely to impact the longevity of the benefi-

cial effects of MSC infusion. Nevertheless, numerous preclinical stud-

ies in COPD have demonstrated that MSC infusions can successfully

attenuate inflammation and repair damaged lung tissue.7 Despite this,

results from clinical trials in COPD have been disappointing,8,9

highlighting the need to better understand these mechanisms in

patients with COPD.

In this study, the transcriptional response in PBMCs to MSC infu-

sion was shown to be potent yet transient, with a lack of DEGs

observed by 7 days after infusion. This is in line with a recent phase I

pilot study in patients with septic shock receiving MSC infusions,

where plasma inflammatory cytokine levels (IL-1β, IL-8, IL-6, MCP-1,

and IL-2) are most prominently reduced around 12-24 hours after

infusion before reverting to baseline levels in the subsequent days.17

These effects are likely a consequence of the rapid breakdown of

MSCs following intravenous infusion.

Network analysis reveals that genes within the downregulated

module were associated with inflammatory cytokines pathways such

as IL-8 and IL-1β. These pathways are especially important in COPD

pathogenesis, as elevated levels of IL-8 and IL-1β promote chronic

inflammation and decline in pulmonary function.18,19 Both these cyto-

kines are potent proinflammatory mediators that contribute to sys-

temic and airway inflammation; however, IL-8 in particular is a major

mediator of neutrophil activation and chemotaxis, leading to a high

oxidative stress burden and infiltration of neutrophils into the lungs.20

These findings are in line with our previous work, where MSC infusion

reduced levels of circulating proinflammatory and oxidative stress bio-

markers.10 Other work has also shown that MSCs can strongly attenu-

ate respiratory burst in neutrophils, either directly or through the

actions of mononuclear cells preconditioned by MSCs such as regula-

tory T cells.21–23 Current medications such as corticosteroids remain

ineffective at targeting this axis of COPD pathogenesis,24 and clinical

trials using biologics against both IL-1β and IL-8 have lacked efficacy

or failed to achieve safety outcomes.25,26 Moreover, these treatment

options have little effect on limiting the extensive and irreversible lung

damage triggered by viral or bacterial acute exacerbations, which are

a major cause of morbidity and mortality in patients with COPD. Our

data indicate that MSC infusions, due to their short-term and tran-

sient effects, may not be useful in alleviating chronic inflammation in

the long term. However, a recent retrospective analysis by Weiss et al

showed that infusion of MSCs into patients with COPD with elevated

baseline CRP (as a marker of systemic inflammation) significantly

reduced long-term (>3 months) systemic inflammation and improved

pulmonary function.27 This suggests that MSC infusion may have

long-term benefits for patients with higher systemic inflammation.

Due to the small cohort size in our study, we were unable to deter-

mine any significant differences in treatment response among those

with high or low baseline systemic inflammation. Combined with find-

ings from our previous work demonstrating that MSC infusions were

safe and well tolerated by all patients,10 this study suggests that MSC

infusions may be a useful alternative in targeting neutrophilic

inflammation.

Paracrine factors produced by MSCs are known to be key drivers

of immunomodulation. We explored the role of MSC-derived soluble

factors in attenuating IL-8 and IL-1β. In vitro co-cultures containing

MSC-CM suppressed IL-8 and IL-1β production by PBMCs. Moreover,

we showed that PI-plasma was also capable of suppressing the pro-

duction of these cytokines, suggesting these same MSC-derived solu-

ble factors may potentially be released systemically following MSC

infusion. Although it is plausible that these changes may reflect a

reduction in circulating proinflammatory mediators that dampen

PBMC cytokine production, we identified common molecular drivers

such as sTNFR1 and TGF-β1 that are produced by MSCs and elevated

in plasma following MSC infusion. Indeed, sTNFR1 and TGF-β1 are

well described anti-inflammatory paracrine mediators produced by

MSCs.28–31 Additional in vitro experiments confirmed that patient

PBMC isolated from day 2 or 7 after infusion did not significantly

increase sTNFR1 and TGF-B1 production compared with baseline

PBMC, suggesting that these changes in plasma are more likely driven

directly by MSCs (data not shown). Of note, MSC-CM also contained

high amounts of IL-6, which is a well-known pleiotropic cytokine that

has been shown to downregulate IL-1 and TNF activity in specific

models.32,33 Although we have not explored the effects of IL-6 in our

study, further investigation is warranted given that IL-6 has been

known to regulate other MSC paracrine mechanisms such as prosta-

glandin E2 secretion.34

Our study also explored the EV compartment of the MSC secret-

ome, as EV cargo such as miRNAs are known to regulate immune

responses.35 We discovered a panel of miRNAs that may be responsi-

ble for the inhibition of IL-8 and IL-1β, including miR-23a-3p, miR-

21-5p, and miR-199a-5p, which were elevated in plasma following

MSC infusion and detectable in MSC-EVs. Notably, these miRNAs are

known to exert immunoregulatory functions.36–38 Another miRNA of

interest is miR-335-5p, which showed the highest increase in plasma

after infusion. Although our experiments could not detect miR-
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335-5p in MSC-EVs, there is evidence of its presence in MSCs.39 This

miRNA may be important in COPD pathogenesis, as it has been dem-

onstrated that miR-335-5p is strongly downregulated in PBMCs from

patients with COPD and severe emphysema.40 Collectively, we have

described several miRNAs that may play a role in attenuating IL-8 and

IL-1β pathways and should be investigated in future studies. Intrigu-

ingly, PBMC cultures containing MSC-CM that were individually

depleted for sTNFR1, TGF-β1, and MSC-EVs showed no consistent

effect on IL-8 expression (Figure S2). Although different mechanisms

may be acting in each patient, it is also plausible that these candidates

act in concert to attenuate these inflammatory pathways, highlighting

the therapeutic potential of “whole” MSC-CM rather than its individ-

ual constituents. Moreover, although we speculate that changes in

concentrations of inflammatory mediators in plasma alter the inflam-

matory response of PBMCs, more mechanistic studies are required to

determine whether PBMCs are the cause or effect of these changes

in plasma composition.

5 | CONCLUSION

We show that MSC infusion downregulated several pathogenically

relevant transcriptional pathways in patients with stable COPD. Nota-

bly, the variability of responses was not attributed to MSC donor type,

mainly due to most patients (n = 8) receiving MSCs from a single

donor. Our exploratory study has also outlined several potential para-

crine mechanisms that may be exerting these effects, demonstrating

the therapeutic potential of MSC-CM. The insights gained from this

study warrants further investigation of MSCs and/or their secreted

factors as a novel therapeutic intervention in chronic airways

diseases.
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