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ABSTRACT

Rationale: Human bone marrow-derived mesenchymal stromal cells (h(BM-MSCs) are known
to exert immunomodulatory and pro-reparative effects in vivo. This makes hBM-MSCs an
enticing therapeutic candidate for inflammatory diseases, such as acute respiratory distress
syndrome (ARDS). The ARDS microenvironment is complex and contains an abundance of
free fatty-acids (FFAs); which are known to differentially impact MSC functionality. PPARB/8
is a ubiquitously expressed nuclear receptor that is activated in response to FFA-binding. It has
shown to impact the therapeutic efficacy of mouse MSCs. Objective: This study sought to
investigate the impact of PPARPB/8-modulation on MSC functionality in vitro and in vivo.
Methods: hBM-MSCs were exposed to a synthetic PPARB/8 agonist/antagonist in the
presence or absence of ARDS patient serum and the immunomodulatory and pro-reparative
capacity of the MSC secretome was investigated using in vitro assays, and a pre-clinical model
of LPS-induced acute lung inflammation (ALI). Results: Our results highlighted that the
secretome from PPARP/8-agonised hBM-MSCs had enhanced pro-reparative capacity in
CALU-3 lung epithelial cells by promoting the secretion of angiopoietin-like 4 (ANGPTL4).
This PPARP/8-induced ANGPTL4-high MSC secretome also showed enhanced
cytoprotection, wound repair, and reduced pro-inflammatory cytokines in the bronchoalveolar
lavage fluid (BALF) of mice in a pre-clinical model of ALI. Importantly LPS-ALI mice that
received PPARB/8-induced ANGPTL4-high MSC secretome had reduced clinical score and
weight loss. This was confirmed using an anti-ANGPTL4 antibody. Conclusion: These
findings conclude that the PPARP/§-induced ANGPTL4-high MSC secretome has anti-

inflammatory, reparative and cytoprotective effects in a pre-clinical model of ALI.
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INTRODUCTION

Cell therapy, particularly mesenchymal stromal cell (MSC) therapy, has long been thought of
as a therapeutic candidate in the treatment of many inflammatory diseases. This is largely due
to their immunomodulatory and cytoprotective capacity [1]. One of the conditions that MSCs
have been considered for is acute respiratory distress syndrome (ARDS); an inflammatory,
degenerative condition of the lung [2, 3]. MSCs have been trialled and tested for ARDS over
the last 20 years, but clinical trials have shown poor outcomes; with ~60% non-responders [4-
6]. The environment into which MSCs are administered can alter their functional capacity [7-
9]. There is limited understanding of how the ARDS microenvironment may impact MSCs.
The complex ARDS microenvironment contains inflammatory-mediators, microorganisms,
and free fatty acids (FFAs). These components have all been shown to impact MSC therapeutic
capacity in various ways [10, 11]. Our previous work highlighted the differential effect of the
hypo-inflammatory vs hyper-inflammatory ARDS microenvironment on MSC therapeutic
efficacy. This work showed a clear correlation between high levels of inflammation, and
enhanced MSC-driven repair [12]. We, and others, have also demonstrated that FFAs can
influence MSC-induced immunosuppressive effects [13, 14]. In this study, we wanted to
investigate the influence of FFAs present in the ARDS patient microenvironment, and the
impact they have on hBM-MSCs in a pre-clinical model of acute lung inflammation (ALI).
The peroxisome proliferator-activated receptor-beta/delta (PPARP/S) is a ubiquitously-
expressed nuclear receptor, present on all nucleated cells including hBM-MSCs, that is
activated in response to FFA exposure [15, 16]. In recent years, PPARP/8 has been shown to
impact MSC therapeutic efficacy [17-27]. Interestingly, there are differential findings with
some studies showing that deficiency of PPARB/8 enhances MSC immunosuppressive effects

[21, 22], while other studies demonstrate similar immunosuppressive effects mediated by both
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naive and PPARp/8-deficient mouse MSCs [24]. Studies have shown enhanced
immunomodulatory capacity of T-cells by PPARP/8-inhibited mouse MSCs [21, 22].
Differentialy, PPARB/8 antagonism of MSCs impaired MSC therapeutic effects while priming
of mouse MSCs with a PPARf/8 agonist enhanced MSC cardioprotective effects in vivo [25].
Moreover, cardioprotective effects of MSCs were shown to be PPARB/8-dependent as the
therapeutic effect was lost when PPARP/8-deficient mouse MSCs were administered [24].
These findings suggest that natural ligands of PPARP/8 may have positive or detrimental
effects on MSC efficacy in vivo. Due to the abundance of FFAs in the ARDS
microenvironment, we sought to investigate the impact of PPAR/8 (via synthetic agonism or
antagonism) on the human BM-MSC secretome; and report the impact this had on

immunomodulation and cytoprotection, in a model of ALI.
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MATERIALS AND METHODS

hBM-MSC cell culture

Human bone marrow-derived MSCs (hBM-MSCs; RoosterBio™) were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) containing 10% Foetal Bovine Serum (FBS) and 1%
Penicillin streptomycin (cDMEM). The cells were cultured for 5 days at 37°C + 5% CO2. All

experiments are a representation of three independent MSC donors.

Generation and concentration of MSC-CM

hBM-MSCs (passage 2-5) from three independent donors were seeded at a density of 1x10°
per well in a 6-well plate in Iml of cDMEM and left to attach. Once attached, the cells were
stimulated with 1uM of PPARB/8 agonist (GW0742, Tocris™) or antagonist (GSK3787,
Tocris™), as previously done in our group [12]. 24hr-post stimulation, the cells were washed
with PBS, and the media was replaced with serum-free DMEM. This was left for a further
24hrs to allow for the generation of MSC-CM. When including ARDS serum-exposure, the
agonist/antagonist were washed from the cells, and 20% ARDS serum was added for 24hrs.
This was then washed away, and serum-free DMEM was added for a further 24hrs to allow for
the generation of MSC-CM. All MSC-CM was harvested and stored at -20°C for future

experiments. MSC-CM was then concentrated, as required, as previously described [12].

Gene & Protein expression

For gene expression, RNA was isolated and normalised to 100 ng/ul. cDNA was made using
the QuantBio™ cDNA Synthesis kit (as per manufacturer’s instructions). Real-time
Polymerase Chain Reaction (RT-PCR) was run using PerfeCta SYBR Green FastMix

(QuantBio™) and pre-made Sigma™ primers (supplementary table 1). Relative expression
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was quantified in relation to /Aprt by calculating the 2-AACT values. For protein expression,
96-well half-area ELISA plates (COSTAR™) were coated as per manufacturers guidelines

(human ANGPTL4 and VEGF (R&D™)) and run as previously described [12].

Sequencing & metabolomic analysis

hBM-MSCs were seeded at a density of 1x10° in a 6-well plate and left to adhere. Once
attached, the cells were exposed to 1puM of PPARP/& agonist (GW0742, Tocris™) or
antagonist (GSK3787, Tocris™) and left for 6hrs. This dose was chosen based on previous
research from our group [19]. The cells were harvested in TRIzol for RNA isolation. RNA was
isolated through a series of chloroform and isopropanol extractions. RNA concentration and
purity was assessed using Nanodrop 2000 (Thermofisher) and samples were sent to
Novogene™ for sequencing (GEO accession no.: GSE281162). Processed RNA sequencing
datasets, provided by Novogene™, were then used to identify differentially expressed genes
(DEGsS) of interest. Volcano plots, highlighting the most significantly enriched genes, were
generated using Flourish™ software. Data was also collected from publicly available RNA
sequencing (GEO accession no.: GSE185263) and metabolomic datasets (Study ID:
ST000042; doi: 10.21228/M8SG64). Normalised values were taken from both studies and data

was plotted using GraphPad Prism™ (version 10) software.

Scratch Assay

CALU-3 lung epithelial cells (cultured as previously described) [12] were seeded at a density
of 5x10° in a 6-well plate. Once 80% confluent, a single vertical scratch was made down the
centre of the well using a p200 tip. The cells were then washed with PBS to remove debris, and
MSC-CM was added for a period of 6-48hrs. The cells were then fixed with 10% formalin,

before leaving to dry. Once dry, the cells were stained with crystal violet, left to dry, and
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imaged. To avoid bias, a marker was used to denote an area in the upper, central and lower
regions of each scratch and images were taken from these points (supplementary figure 1).
Mitomycin C (Sigma™) was added to assess the impact of proliferation at a concentration of

5 ng/ml for 2hrs prior to the scratch assay.

Scratch Assay Analysis

Three images, taken at each of the three marked points, were taken per well; for each of the
three independent MSC donors (i.e. 3 images per well x 3 MSC donors = 9 images per group).
Fiji/Image]™ software was then used to divide each picture into four distinct quadrants in an
unbiased manner (Analyse -> Tools -> Grid -> set area per point to 44444 inches squared).
This grid includes the addition of 4 horizontal lines imputed on the image. Using the straight-
line feature in Fiji/lmageJ™ software, four measurements were then taken per picture at each
of the horizontal lines. This provided 4 measurements per picture, at unbiased points, to get a
clear depiction of each percentage wound closure. The average wound closure per donor was
calculated, and divided by the baseline scratch value, to get the final percentage wound closure

(supplementary figure 1).

Study cohorts and ethical approval for patient samples
Ethical approval was obtained from Galway University Medical Ethics Committee and

Maynooth University Ethics Committee. All participants provided full consent.

ARDS serum extraction
Serum samples from both male and female patients, aged 40-80 years old, were taken from
patients with SARS-CoV-2-induced ARDS, from the patient pools we previously

characterised and described [12].
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ANGPTLA4 Neutralisation

MSC-CM was exposed to 5 ug/ml of ANGPTL4 neutralising antibody (Cell Sciences™), or 5
pg/ml IgG2ax isotype control (Rockland Immunochemicals™). This was incubated at room
temperature for 1hr prior to use. This concentration was utilised as per manufacturer guidelines

for our study.

ALI mouse model

Male and female C57BL6/J mice (Charles River), aged 8+ weeks, 2mg/kg of endotoxin
(Sigma, 0001:B4 Serotype), or PBS control, was administered intratracheally (IT) and
observed twice daily for 48hrs. MSC-CM was prepared as described above. 500ul of PPAR/8-
modulated MSC-CM, i.e. the equivalent of what would be produced from 5x10* (low dose) of
hBM-MSCs, was then concentrated to a volume of 30ul and administered intranasally (IN)
4hrs post-endotoxin challenge per mouse. An Evan’s Blue permeability assay was carried out
by administration of an intravenous (I'V) tail vein injection of sterile-filtered Evan’s Blue Dye
(10%) 1hr prior to harvesting. The mice were sacrificed using an intraperitoneal (IP) injection
of pentobarbital. Absorbance readings were taken to assess the total Evan’s blue (620nm and

740nm) in BALF, blood and whole lungs.

Statistical analysis of animal studies
Power calculations were performed to guide sample size and data was analysed using GraphPad
Prism™ (version 10) software. Statistical tests used have been highlighted in the figure legends

of each figure.
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RESULTS

The MSCprrarp/s(+ secretome enhances pro-reparative capacity in CALU-3 lung epithelial
cells via migration and proliferation in vitro

A scratch assay in CALU-3 cells was used to investigate the impact of PPARP/8 agonism (+)
or antagonism (-) on MSC conditioned medium (MSC-CM) capacity to promote wound healing
in vitro (figure 1A). Our data highlighted a significant increase in wound closure in both MSC-
CMnaive and MSC-CMppargrs+) groups (figure 1B, C). It is known that wound closure can
involve proliferation and or migration [28, 29], thus this experiment was repeated using
Mitomycin C; a known proliferation inhibitor [30]. While the addition of Mitomycin C
significantly reduced wound closure in the MSC-CMnaive and MSC-CMpparp/s(+) groups at the
48hr time point, the percentage wound healing in these groups with Mitomycin C remained
higher than the DMEM only group suggesting that both proliferation and migration had a
combination effect (figure 1D). Interestingly, significantly more wound repair was observed in
our MSC-CMpparp/s(+) group compared to our MSC-CMnaive group, while the MSC-CMppargp/s(-
) group did not inhibit or enhance would healing (figure 1D). TOP24 is a gene largely indicative
of cell proliferation [31] and has previously been used as an indicator for cell proliferation in
wound healing. Gene expression analysis of TOP24 in CALU-3 cells highlighted a significant
difference between the MSC-CMpparp/s+) and MSC-CMpparp/s-) groups, with the MSC-
CMprparp/s(+) group having significantly more proliferative capacity than the MSC-CMpparp/s(+)

group (figure 1E).

Analysis of MSCrrarpis(+ RNA sequencing highlighted upregulation of several genes
To try to identify the potential mechanisms associated with enhanced wound healing capacity

in MSCprparp/s+), RNA sequencing (Novogene™; GEO accession no.: GSE281162) was
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performed on MSCpparp/s(+), MSCpparp/s(-) and MSChnaive (figure 2A). The data highlighted a
variety of differentially expressed genes (DEGs) between the three groups. The DEGs were
visualised using a Venn diagram (figure 2B), showing 170 DEGs specific to the MSCnaive
group, 128 specific to the MSCrrarp/s(+) group, and 189 specific to the MSCrparp/s(-) group.
Volcano plot visualisation highlighted several of the most significantly altered DEGs in each
group (figure 2C). The MSCrparp/s(+) group had a significant enrichment of genes such as
PLIN2, ANGPTL4, FAM156A, CPT1A4, CAT, NADK2, TMEDG, and LDHALG6B. This group
also showed significant downregulation in genes such as MAGED4 and FAM157B (table 1).
The MSCpparp/s(-) group had a significant enrichment of genes such as IKBKGP1, SNRPGP2,
LINCO01159, MIR3648-1, RARRESI, MALATI and RNF217-AS1. This group also showed
significant downregulation in genes such as RGPDS5, PFNIP3, MIR3936HG, U2AF1 and
TSNAXIPI(table 2). Fragments per kilobase of exon per million mapped fragments (FPKMs)
of two known PPARP/8 target genes were plotted to confirm the data was as expected (figure

2D, E), and this was confirmed by qRT-PCR (figure 2F, G).

MSC-associated genes/proteins are unaffected by PPARB/8 agonism or antagonism;
except ANGPTL4

Given the functional enhancement of MSC-CMprarg/s(+) promotion of wound healing observed
in figure 1, the production of known cytoprotective factors released by MSCs were assessed.
While MSCnaive produced ANGPTL4, VEGF and MIF, MSCpparps+) only produced
significantly higher levels of ANGPTLA4 (figure 3A-C). This aligns with the RNA-sequencing
data as ANGPTL4 was the only cytoprotective factor differentially expressed in MSCpparp/s(+).
Along with this, PPARB/8 agonism/antagonism did not affect expression of typical MSC-
associated immunomodulatory factors such as PTGS2, IL-6, IDO, PTGES or TGFp (figure 3D-

H).
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The MSC-CMprrarps+) enhances wound healing in CALU-3 lung epithelial cells in an
ANGPTL4-dependent manner

Other studies have highlighted the role of a PPAR[B/8 agonist in repair [18], and the impact
ANGPTLA4 can have on repair in other tissues [29, 32]. It has also already been shown that
ANGPTLA4 can play a significant role in proliferation and migration [28]. To determine if the
increased levels of ANGPTL4 present in MSC-CMpparp/s(+) was the true mechanism behind
the enhanced pro-reparative capacity, we made use of an anti-ANGPTL4 neutralising-antibody
to eliminate the functional capacity of ANGPTL4 in the MSC-CM (figure 4A). This would
prevent it from acting on the CALU-3 lung epithelial cells. Scratch assay analysis from each
of our groups, whereby the MSC-CM used was exposed to either the ANGPTL4 neutralising
antibody or a corresponding IgG control, highlighted that ANGPTL4-neutralisation abrogated
the enhanced wound closure once seen in the MSC-CMpparpis+) group (figure 4B-C). The
ability of the ANGPTL4 neutralising antibody to interfere with ANGPTL4 was quantified by

ELISA (figure 4D).

Ligands and co-activators of PPARP/8 are increased, while co-repressors of PPARJ/8 are
decreased, in ARDS patients

Thus far, PPARB/& agonism has shown to enhance the cytoprotective effects of MSC-CM.
Previously, it was deduced that MSC-CM derived from ARDS-serum licensed MSCs has
superior therapeutic effects in a pre-clinical model of ALI [12]. To ensure translational
relevance of our findings from this study in human conditions such as ARDS, a publicly
available metabolomics dataset (Study ID: ST000042; doi: 10.21228/M8SG64) was mined and
it was identified that PPARP/8 ligands are more prevalent in ARDS. Higher levels of linoleate,

palmitoleic acid and arachidonate were present in the bronchoalveolar lavage fluid (BALF)
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from ARDS patients, in comparison to healthy controls (figure SA). Using a publicly available
RNA sequencing dataset (GEO accession no.: GSE185263), it was shown that several
PPARP/8-associated co-activators that were increased in the blood of ARDS patients (figure
5B). This included a significant increase in NCOAI and NCOA3, a trend toward increased
PPARGCIA4 and NCOA2, and no difference in CREBBP (figure 5C-G). Along with this, several
PPARP/8-associated co-repressors were decreased in the blood of the same ARDS patients
(figure 5B). This included a significant reduction in SIRTI, NCORI and NCOR? (figure SH-
J). Given that ANGPTL4 was significantly upregulated in the sequencing dataset, this was
further assessed upon MSC-exposure to ARDS patient serum. In comparison to the PPARP/8
agonist, exposure of MSCs to ARDS patient serum significantly increased MSC secretion of
ANGPTLA4. Addition of both the PPAR[/8 agonist and ARDS patient serum further enhanced
MSC production of ANGPTLA4 (figure 5K). Interestingly, addition of the PPAR/8 antagonist
could not block the ARDS serum induction of ANGPTL4 secretion by MSCs. This is largely
down to PPARP/8 having multiple binding-sites [33], whereby both agonists and antagonists
can bind simultaneously; with agonism always out-competing antagonism (supplementary

figure 2).

ARDS-licensed MSC-CMprparp/s+) provides enhanced therapeutic effects in ALI in an
ANGPTL4 dependent manner

Next, investigation into the protective effects of MSC-CMpparg/s+) were assessed in a
preclinical model of LPS induced-ALI In a pilot study, a low dose of MSCs (5 x 10%) with
reduced therapeutic efficacy was determined in ALI, alongside a higher dose of MSCs (1x10°)
demonstrating efficacy (supplementary figure 3). Following this, MSC-CM that was generated
from the equivalent of the low dose was used; with the idea that we would detect enhanced

therapeutic efficacy following PPARP/8 agonism or antagonism. This showed that MSC-
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CMprparprs+) but not MSC-CMpparp/s(-) significantly improved the therapeutic efficacy of the
non-efficacious dose of MSC-CM; by enhancing vascular and epithelial barrier function as
measured using Evans blue dye assay (figure 6A, B). Although modest, this result was
statistically powered. This effect was somewhat impacted by pre-exposing the MSC-CM to
anti-ANGPTL4 neutralising antibody, but this was not significantly different from the MSC-
CMprrarpis+) group (figure 6A, B). MSC-CMprparp/s(+) also significantly reduced the level of
TNFa in the BALF of LPS-exposed mice (figure 6C). However, ANGPTL4-neutralisation
could not reverse this effect (figure 6C). MSC-CMpparg/s(+) had no effect on IL-6 (figure 6D)
or total protein (figure 6E) in the BALF. Interestingly exposure to ARDS patient serum, along
with PPARP/8 agonism, allowed for a 10-fold increased induction of ANGPTL4 in MSC-CM
compared to PPARP/8 agonist alone (figure 5K). Other proteins examined including IL-6, IL-
8, VEGF, IL-1B and MIF (supplementary figure 4) were not increased in MSCs that had been
exposed to ARDS patient serum, along with PPARB/8 agonism. Next, investigation into the
efficacy of ARDS-licensed MSC-CMpparp/s(+) in the ALI model. In this case, the combination
of ARDS serum and PPARf/8 agonism led to significantly enhanced therapeutic effects with
significant reduction in TNFa and IL-6 in the BALF (figure 6C, D). Importantly, anti-
ANGPTL4 reduced the anti-inflammatory effects mediated by the ARDS-licensed MSC-
CMprrarpis(+). Although there was no significant reduction in total protein, the trend toward a
reduction in total protein was abrogated in the presence of the anti-ANGPTL4 neutralising

antibody (figure 6E).

ARDS-licensed MSC-CMprparp/s+) reduced the severity of the clinical score and
percentage weight-loss in ALI in an ANGPTL4 dependent manner
Following on from our pre-clinical study, the clinical scores and percentage weight-loss were

plotted (figure 6F, G). Interestingly, we saw a non-significant trend toward a reduced clinical
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score in mice exposed to ARDS-licensed MSC-CMpparp/s+) (figure 6F) and this was not seen
in the non-licensed group. ANGPTL4-neutralisation abrogated this effect (figure 6F). Along
with this, percentage weight-loss was also observed. There was a significant reduction in
percentage weight-loss in mice exposed to ARDS-licensed MSC-CMpparp/s(+) (figure 6G), and
again, this effect was abrogated in the presence of the anti-ANGPTL4-neutralising antibody

(figure 6G).

DISCUSSION

There are two primary functions of MSCs in the context of cell therapy: immunomodulation
and pro-repair [1]. It is known that the environment can largely dictate MSC response [7, 11,
34]. In the context of ARDS, the complex patient microenvironment; containing inflammatory-
agents, microorganisms and FFAs, can notably impact MSC functionality [10, 35]. We
previously highlighted that higher levels of inflammation in the ARDS patient
microenvironment can promote VEGF-driven repair [12]. Abreu et al. (2020) investigated the
detrimental impact of fungal toxins present in the lung on MSC viability and showed a drastic
increase in MSC cell-death in response to this microenvironmental element [7]. However, there
has been little focus on how the FFAs in the ARDS patient microenvironment may impact
MSCs [36]. FFAs are known natural ligands of PPARP/8 [37-39]. Importantly, studies have
already shown that modulation of this receptor can alter MSC functionality [17, 20, 21, 23, 25].
Given this, we wanted to investigate the functional impact of PPARB/8-modulation on both
primary functions of MSCs; immunomodulation and/or pro-reparative capacity.

In the case of pro-reparative capacity, PPARP/8-activation enhanced MSC-CM

mediated wound repair in CALU-3 lung epithelial cells (figure 1B, C). A time-lapse
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experiment, using a mitomycin C proliferation inhibitor, highlighted that this was likely a
combination effect of both migration and proliferation (figure 1D, E). In the context of
promoting tissue repair, MSC secretion of VEGF [40-43], and HGF [44, 45] among other
factors have been shown to play key roles. However, PPARB/8-activation did not lead to
differential expression of VEGF or HGF. Interestingly, ANGPTL4 was significantly increased
in PPARP/8 agonised MSCs. It has already been shown in several studies that ANGPTL4 can
promote both migration and proliferation in endothelial cells [28, 29]. Ziveri et al. (2024)
recently published a comprehensive study on the role of ANGPTL4 in endothelial
cytoprotection in skin vs brain endothelial cells. They identified that ANGPTL4 in the brain
endothelium protects against bacterial sepsis, and upon addition of ANGPTL4 to the skin
endothelium (which naturally has lower levels of ANGPTL4), they demonstrated protection
against bacterial sepsis [27]. Moreover, ANGPTL4 has been shown to improve cardiac
function in a mouse model of myocardial infarction [46]. Human MSCs produced increased
levels of ANGPTL4 following co-culture with THP-1 macrophages in vitro [46]. Based on the
identification of increased expression of ANGPTL4 in PPARP/8 agonised MSCs in our RNA-
seq data set, we used an anti-ANGPTL4 antibody to neutralise the ANGPTL4 in the MSC
secretome, before addition to the CALU-3 lung epithelial cells (figure 4B-D). This abrogated
the enhanced wound closure we had originally observed in our MSC-CMpparp/s(+) group.

We identified increased levels of PPAR/8 ligands and co-activators in ARDS patient
samples using publicly available datasets. Exposure of MSCs to ARDS patient serum samples
significantly increased ANGPTL4 levels. A combination of MSC exposure to ARDS patient
serum and a PPARPB/8 agonist further increased ANGPTL4 levels. This proves that MSCs are
receptive to FFAs/other PPAR/8 ligands presents in the ARDS microenvironment. This aligns
to our previous study where we identified that human BM-MSCs produce significantly

increased levels of ANGPTLA4 in response to the FFA palmitate [14].
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To enhance the clinical relevance of our findings, we showed that MSC-CMpparp/s(+)
mediated protective effects in ALI significantly enhancing vascular and epithelial barrier
integrity in vivo. Indeed, other studies have demonstrated that MSC-CM can mediate
therapeutic effects in vivo in ALI models [47] including our own study [12]. Using MSC-CM
generated from the equivalent of half the dose of MSC-CM used in our previous study [12].
This allowed us to observe whether MSC-CMprarp/s(+) provided enhanced efficacy over and
above MSC-CMpparp/s-) in a pre-clinical model of ALI. While there was a significant
difference in the capacity for MSC-CMpparp/s(+) in enhancing barrier function, addition of the
ANGPTL4-neutralising antibody failed to significantly impair this effect. Our study
demonstrated that ARDS patient serum induced significantly higher levels of ANGPTL4 in
MSC-CM and that combination with a PPARB/8 agonist further increased it. While MSC-
CMprrarpis+) did not significantly reduce proinflammatory cytokines in the BALF, ARDS
licensed MSC-CMpparp/s+) significantly reduced TNFa in the BALF of ALI mice. By
combining the PPARB/8 agonist and licensing with ARDS patient serum, we created MSC-
CM with greater immunosuppressive capacity when compared to MSC-CMpparg/s(+) alone.
This is likely associated with the ~10-fold increase in ANGPTL4 levels when using the
combined licensing approach as addition of the ANGPTL4 neutralising antibody reversed the
trend.

Here we provide novel findings to demonstrate that human BM-MSCs are responsive
to FFAs present in the ARDS patient environment, leading to significantly increased levels of
ANGPTLA4 production. For the first time, we show that MSC-derived ANGPTL4 plays an
important role in promoting epithelial repair and enhancing vascular barrier integrity. As most
published studies have focused on mouse MSCs, we have also addressed the gap in the
knowledge of how PPARP/8 influences human BM-MSC cytoprotective and

immunosuppressive functions. In this study, focusing on ALI, we did not detect any positive
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or negative effects associated with PPARPB/8 antagonism in hBM-MSCs. However, PPARB/8
agonism enhanced MSC-CM promotion of wound healing in vifro and vascular and barrier
integrity in vivo. Furthermore, the combined approach of PPAR/8 agonism and licensing with

ARDS patient serum produced an MSC-CM that could suppress pro-inflammatory cytokines

in the BALF of ALI mice.
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Table 1: DEG functions in MSCrprarp/s(+) group.

Gene name Up/Down | Involved in

plin2 Up Lipid metabolism

angptl4 Up Lipid metabolism and angiogenesis
fam156A Up Enables protein binding

cpti1A Up Lipid metabolism

cat Up Protection against oxidative stress
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nadk2 Up Protection against oxidative stress
tmed6 Up Trafficking and transport

ldhal6B Up Lactate metabolism

maged4 Down Cell cycle regulation

fam157B Down Non-coding

Table 2: DEG functions in MSCpprarp/s(-) group.

Gene name Up/Down | Involvedin

ikbkgp1 Up NFkB signalling

snrpgp2 Up RNA processing

linc01159 Up Cell differentiation

mir3648-1 Up Cell differentiation

rarres1 Up Cell differentiation & retinoid signalling

malat1 Up Cell differentiation

rnf217-as1 Up Cell differentiation

rgpd5 Down GTPase regulation

pfn1p3 Down Cell motility/migration

mir3936hg Down Proliferation and apoptosis

u2afi Down ROS production/oxidative stress

tsnaxip1 Down RNA processing and transport
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Figure Legends

Figure 1: PPARB/8(+) hBM-MSCs show enhanced reparative capacity of CALU-3 lung
epithelial cells. (A) Experimental Design. A CALU-3 scratch assay was run, in combination
with MSC-CM from PPARP/8 agonized (+) or antagonized (-) hBM-MSCs. (B) Images of the
wound healing assay at baseline or following 48hr were fixed and stained with crystal violet
dye and (C) quantified using imageJ software (one-way ANOVA followed by Tukey’s post-
hoc test, n=3). (D) Using a mitomycin C proliferation inhibitor allowed for the investigation
into the impact of this on migration or proliferation at different time-points (two-way ANOVA
followed by Tukey’s post-hoc test, n=3) and this was confirmed using (E) TOP2A4 gene
expression by RT-PCR at a 48hr time-point (one-way ANOVA followed by Tukey’s post-hoc
test, n=3). Replicates are a representation of 3 individual hBM-MSC donors. Data is presented

as mean + SEM; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Figure 2: PPARP/8(+) hBM-MSCs show enhanced expression of ANGPTL4 by RNA
sequencing. (A) hBM-MSCs exposed to 1uM of PPAR[/8 agonist or antagonist were sent to
Novogene™ for RNA sequencing. (B) Several DEGs were highlighted, and (C) the most
significant hits were plotted on a volcano plot using Flourish™ software. Results were
confirmed by assessing 2 known PPARP/8 target genes in our sequencing dataset: (D)
ANGPTL4 and (E) PDK4. These results were confirmed by (F, G) RT-PCR (one-way ANOVA
followed by Tukey’s post-hoc test, n=3). Replicates are a representation of 3 individual hBM-
MSC donors. Data is presented as mean = SEM; *p<0.05, **p<0.01, ***p<0.001,

*#4%p<().0001.

Figure 3: PPARP/8(+) hBM-MSCs show enhanced expression of ANGPTL4, but not

other traditional MSC-associated genes or proteins. Supernatant from hBM-MSCs exposed
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to luM of PPARP/8 agonist or antagonist were harvested before cells were collected in TRIzol
for gene expression studies. Protein expression of (A) ANGPTL4, (B) VEGF and (C) MIF
were assessed by ELISA and gene expression for (D) PTGS2, (E) IL-6, (F) IDO, (G) PTGES
and (H) TGFJ were assessed (one-way ANOVA followed by Tukey’s post-hoc test, n=3).
Replicates are a representation of 3 individual hBM-MSC donors. Data is presented as mean +

SEM; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Figure 4: PPARP/8(+) hBM-MSCs show enhanced wound repair via ANGPTL4. (A)
Using an ANGPTLA4 neutralisation approach, we assessed (B) wound closure of CALU-3 lung
epithelial cells. (C) PPARPB/8(+) hBM-MSCs showed enhanced wound closure, while
ANGPTL4-neutralisation abrogated this effect. (D) Neutralisation of ANGPTL4 was
confirmed by ELISA (one-way ANOVA followed by Tukey’s post-hoc test, n=3). Replicates
are a representation of 3 individual hBM-MSC donors. ND represents not-detected protein

levels. Data is presented as mean = SEM; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Figure 5: ARDS patients have higher levels of PPARB/8(+) ligands and co-activators. (A)
A publicly available dataset (Study ID: ST000042; doi: 10.21228/M8SG64) was mined for
PPARP/8 ligands present in the ARDS lung. (B) An additional dataset (GEO accession no.:
GSE185263), based on ARDS serum, highlighted an increase in PPARPB/8(+)-associated co-
activators such as (C) PPARGCIA, (D) NCOAI, (E) NCOA2, (F) NCOA3 and (G) CREBBP;
and a decrease in PPARP/8 (+)-associated co-repressors such as (H) SIRT1, (I) NCORI and (J)
NCOR?2 (one-way ANOVA followed by Tukey’s post-hoc test, n=6+). Replicates are a
representation of (A-J) individual ARDS patients, or healthy controls. (K) ANGPTL4

production from 3 individual hBM-MSC donors exposed to PPARPB/8 agonist (+) or antagonist
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(-) in the presence or absence of 20% ARDS patient serum. Data is presented as mean = SEM;

p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Figure 6: ARDS-licensed MSC-CMprrarp/s(+) provides enhanced therapeutic effects in ALI
in an ANGPTL4 dependent manner. Mice were exposed to 2mg/kg LPS IT, or PBS control.
(A) An Evan’s Blue Dye permeability assay was used to (B) quantify the amount of leakage
from the lungs of mice exposed to LPS +/- our treatments of interest. Pro-inflammatory
cytokines (C) TNFa and (D) IL-6 were assessed by ELISA and (E) total protein was assessed
using a bradford assay (one-way ANOVA followed by Tukey’s post-hoc test, n=3+). (F)
Clinical scores and (G) % weigh loss were recorded over the course of the model. Replicates
are a representation of individual mice. Data is presented as mean = SEM; *p<0.05, **p<0.01,

wx%p <0001, #*+**p<0.0001.
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1) Naive hBM-MSCs were  2) PPARP/& was activated 3) Cells were washed and 4) RNA was isolated and
seeded at 1x10° per well or inhibited on the cells media was replaced sent for sequencing
in a 6-well plate

-Log10(p-value)

I, 20
_ PLIN2 gy

15

10

ANGPTLS gy

on FAM156A g
MSCPPARB/6(-) B S

- 175034 gy FAMISTS g C NADK2 Eco g W m’ma'-
0
-5 -4 -3 -2 -1 0 1 2 3 4 5
log2FoldChange
O +MSCy,,, B *MSCppapgssy O +MSCppaggs,

-Log10(p-value)

D woms E :

80+
ok ok Fkk el
1T
I MSCerparg/s()
60
1.0 4
= =
g, &
& 40 e
0.5
20 3
=]
m%ﬁPl [ ]
o-! 0.0-
FP671120.3
2 | sz W RGPDS. AC126755.2 SNRPGP2 o
APOOLOOL (g ippeey p' bl |
_ 25+ AC006449.2 MIR3648-1 | ] LINCO01159 | e
15 - . . pnug . U2AF1 - AC00504 1.
F = G ] LGy I MRss3sHG [ TSNAKPL HAAT O g Ao
= = =] g - b i
- L
% K ok QE_ 20 1 B
2
=, =] s
« 10 c
° 2157
s @
1 :
g 8 °
1 %10+ 5 4 3 2 -1 0 1 2 3 4 5
& 5 2
=] log2FoldChange
® g B
: £
4
. 0 Colour @ Downregulated @ Upregulated
1x10° hBM-MSCs 1x10° hBM-MSCs

Figure 2


https://doi.org/10.1101/2025.07.28.667170
http://creativecommons.org/licenses/by-nd/4.0/

A B C O +MsC,,,

B +MSCppprgssis)
2000~ 1500~ 400 O +MSCppaggs(y

* *
|1
u -]
isdddv prefrint doi: https://doiorg/10.1101/202.07.48.667170; this velsion posted3Afy]
was ot certifigd by peef review) isét@gnhor/ under, has gfianted bioRxiv a |i
m&g

ns

L]
E .
5
)

I

_|
g

=
Q. 200+

=
=1
=]
(=]
1

VEGF (p!

oo
MIF(

ANGPTL4 (pg/m
oy

2

100- o

500
500+

2.09 2.0+ 2.0

o
2]
1
-
n
1
o
-
tn
1

e
o
1
e
7]
1

Relative Expression of PTGS2
5
1
Relative Expression of IL-6
5
L
o |-
Relative Expression of IDO
& 5
1 L
=}

0.0-

Fd
o
I

@
T

1.5 ns 1.5+ ns
7] o
L 2 s
o 5] €L
= [u] 2
o | o
‘S 1.04 k) 1.0
c c
(=]

.Q —
] é @
4 e
< =
o *x
I.ﬁ @
o 0.5 5 0.5
2 ®
] T
[7] o
o

0.0- 0.0-

Figure 3


https://doi.org/10.1101/2025.07.28.667170
http://creativecommons.org/licenses/by-nd/4.0/

bioRXxi

V prepr :
(whichl was mot certified By peer reviev@’t’@orﬁunder, who fas/ granted BioRxiv a licens splay the prepiint in perpetuity. It is
made available under a CC- ND 4.0 International licens
1) Naive hBM-MSCs were 2) MSC-CM was made, 3) An ANGPTLA4 neutralising 4) ANGPTL4 neutralisation
seeded at 1x10° per well as previously described in antibody, or corresponding was assessed by-way-of
in a 6-well plate figure 5 1gG isotype control, was then ELISA
added
B Baseline O +MSC-CMy;. O +lIsotype Control
. +MSC.CMPPARW5(+) E +anti-ANGPTL4
O +MSC-CMpparg/s.)
C Aok
1004 *okok I Hokokok
I
+Isotype control +anti-ANGPTL4 *ok i
804
g =]
= o
c 2 -
5 o 60
© T |
= £
° o
(7] 3 404
= =
® = |O
(-}
204
2
2 0
4
=
Q
o
g Ak
I sFokokok
= Aokeokok
S 10004 XRRF
< o
o
o
= — 8004
o E
1) )
%) £ 600
= g
o o s =
& & 400
& 2
g < 200
= ND ND ND
Q
o
()
=

Substrate

ﬂ'aﬂm

Figure 4

|
Qiﬁ:‘n's”za*;"" N\ C
T 2 & i W p )
://in_QLgllO.iﬂ@Z@?.Z&%?l? ;t ersion Posi d July_3_’l1_,"_'2Q25. Ncopyright holder for this preprint

ND


https://doi.org/10.1101/2025.07.28.667170
http://creativecommons.org/licenses/by-nd/4.0/

Il ARDS
A biojgxiypsRyint doi: https://doi.org/10.1101/2025.07.28467170; this v

(which was not certified by peer review) is the author/furfierpmuipatas-granted bioRxiv a license to.display
made available under a CC-BY-IND 4.0 International license.
| NCOA1
Arachidonate
NCOA2-
05 EE
NCOA3- s
Palmitoleic acid CREBBP- ()
0 -
SIRT1~
NCOR14
Linoleate 0.5
NCOR2-
Non-ARDS SARS-CoV-2 ARDS Classical ARDS
0 200000 400000 600000 800000
Metabolite count
O Non-ARDS [ SARS-CoV-2 ARDS
B Classical ARDS
C PPARGC1A D NCOA1 E NCOA2 F NCOA3
0.7071 ns
0 | oswe 5000- lﬁ 4000+ 00625 4000+ *r
B N 0.1536 | o ]
154 = 4000+ H ] (] 3000 o u
3000 |l_| = -
50 i £ 39001 E % £ 2000
& e - E 2000 %E é o 8 N
g . I E%E 1000 E? EE]
5 il = 10004 10001 B
0- E 0 0 0
G CREBBP H SIRT1 | NCOR1 J NCOR2
05521 Hae
[ e | 2500 hasad
6000 0.3446 800+ dekkak 4000~ = i
o I:II | o 2000 o
o o o

T " oo OO =
4000
£ oo u% E °
Za00{ 2 2000
8 % 8
| |

.
. 1000 ﬁ
kS

i

1500+

Count
a

1

2000
1000 500

K 15000~ ! +MscNaiVB
B +MSCppprps
. - O +MSCpparps(y
. | ok | . | A +20% ARDS serum
— -
TE"M t |
E \ A
5 A
E A
=
< 5000
.u-

Figure 5


https://doi.org/10.1101/2025.07.28.667170
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv
(which

PBS

LPS

preprint doi: https://doi.org/10.110

25.07.28.

as notcertifred-by peerreview) s theauthor/fur

made-available-undera CC-BY.-N

+MSC-CMpparg/s()
+Isotype Control

+MSC-CMpparg/si+)
+Isotype Control

+MSC-CMppapg/s+)
+anti-ANGPTL4

LPS

567170; this version posted8t§g1, 2025.
der, who has granted biogxiv a |
4.0 Inte@ationa

ct
@
=1
=]
=1
S
1

Evan’s Blue in Lung Extra

mOO@

40000+

20000+

LPS

+MSC'CMPPARBIE(-) + Isotype control
+MSC-CMppppp s+ * ISOtype control
+MSC-CMpppgpsi+) + anti-ANGPTL4

ns

*
fght holdd

censex® disply the preprint
licgnse. " )

r for this preprint
n perpetuity. It is

2mglkg LPS

| LPS
O MSC-CMppapgs+) * Isotype control

B MSC-CMppagpgis+) * anti-ANGPTL4
O ARDS-MSC-CMppagrgs+) * Isotype control
B ARDS-MSC-CMppargs(+) + anti-ANGPTL4

150
800 - * * ns ns
E—— 40000 4 —— ————————
o | % ns ]
] 1 * £ 3
L] —
600 9 30000 f B
- - o ! 5,100 -
E = o =
2 m E £
= 400 - m ‘g- 2
B 2 20000 o
o
g = it &
= ™
= 5 50 -
200 - =
o 10000
ND
u -
PBsS kg LPS o PBS ’
moke 2mghkg LPS 2mglkg LPS
4 0 [ |
3 _5-
[ 1] *
S 3 (%
o - ¥
b E
® 27 S -10-
° K]
£ = .
(3) B
1 -15-
0- -20 T T T T T
0 6 24 30 48

Figure 6

Time (Hours)

Time (Hours)


https://doi.org/10.1101/2025.07.28.667170
http://creativecommons.org/licenses/by-nd/4.0/

	Study cohorts and ethical approval for patient samples
	Ethical approval was obtained from Galway University Medical Ethics Committee and Maynooth University Ethics Committee. All participants provided full consent.
	ARDS serum extraction
	Serum samples from both male and female patients, aged 40-80 years old, were taken from patients with SARS-CoV-2-induced ARDS, from the patient pools we previously characterised and described [12].

