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A B S T R A C T

Idiopathic pulmonary fibrosis (IPF) is characterised by lung scarring and stiffening, for which there is no effective
cure. Based on the immunomodulatory and anti-fibrotic effects of induced pluripotent stem cell (iPSC) and
mesenchymoangioblast-derived mesenchymal stem cells (iPSCs-MSCs), this study evaluated the therapeutic ef-
fects of iPSCs-MSCs in a bleomycin (BLM)-induced model of pulmonary fibrosis. Adult male C57BL/6 mice
received a double administration of BLM (0.15mg/day) 7-days apart and were then maintained for a further 28-
days (until day-35), whilst control mice were administered saline 7-days apart and maintained for the same time-
period. Sub-groups of BLM-injured mice were intravenously-injected with 1×106 iPSC-MSCs on day-21 alone or
on day-21 and day-28 and left until day-35 post-injury. Measures of lung inflammation, fibrosis and compliance
were then evaluated. BLM-injured mice presented with lung inflammation characterised by increased immune
cell infiltration and increased pro-inflammatory cytokine expression, epithelial damage, lung transforming
growth factor (TGF)-β1 activity, myofibroblast differentiation, interstitial collagen fibre deposition and topology
(fibrosis), in conjunction with reduced matrix metalloproteinase (MMP)-to-tissue inhibitor of metalloproteinase
(TIMP) ratios and dynamic lung compliance. All these measures were ameliorated by a single or once-weekly
intravenous-administration of iPSC-MSCs, with the latter reducing dendritic cell infiltration and lung epithe-
lial damage, whilst promoting anti-inflammatory interleukin (IL)-10 levels to a greater extent. Proteomic
profiling of the conditioned media of cultured iPSC-MSCs that were stimulated with TNF-α and IFN-γ, revealed
that these stem cells secreted protein levels of immunosuppressive factors that contributed to the anti-fibrotic
and therapeutic potential of iPSCs-MSCs as a novel treatment option for IPF.

Abbreviations: AAD, allergic airways disease; BALF, bronchoalveolar lavage fluid; BLM, bleomycin; BM, basement membrane; CART, collagen area to tissue ratio;
CCL2, chemokine C-C motif ligand 2; CCR4, chemokine receptor type 4; CD, cluster of differentiation; CM, conditioned media; DC, dendritic cell; DMEM-LG,
Dulbecco’s Modified Eagle Medium with low glucose; ERK, extracellular signal-regulated kinase; FBS, fetal bovine serum; H&E, haematoxylin and eosin; IDO1,
indoleamine 2,3-dioxygenase 1; IL, interleukin; IFN, interferon; IPF, idiopathic pulmonary fibrosis; iPSC, induced pluripotent stem cell; JNK, c-Jun N-terminal kinase;
LC-MS/MS, liquid chromatography tandem mass spectrometry; LFQ, label free quantification; MAP, mitogen-activated protein; MMP, matrix metalloproteinase;
MSC, mesenchymal stem cell; PGE2, prostaglandin E2; PTGES3, prostaglandin E synthase 3; RANTES, regulated upon activation, normal T cell expressed and
presumably secreted; SHG, second harmonics generation; Smad, suppressor of mothers against decapentaplegic; TIMP, tissue inhibitor of metalloproteinase; TNF,
tumour necrosis factor; TPE, two-photon excitation fluorescence; TSG-6, tumor necrosis factor-α-stimulated gene 6; Treg, regulatory T cells; VEGF, vascular endo-
thelial growth factor.
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1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic interstitial lung
disease characterised by aberrant tissue remodelling-induced scarring of
the lungs and an irreversible decline in lung function [1,2]. Whilst the
aetiology of IPF is not well understood, it is classified as a multifactorial
disorder associated with several risk factors such as aging, sex, genetic
predisposition and smoking [3,4]. IPF is considered a rare disease,
although its incidence can vary significantly according to geographical
location [5]. Its annual incidence is estimated at 16.3–17.4 cases in the
United States, 0.22–7.4 cases in Europe [5] and 10.4–11.2 cases in
Australia [6] per 100,000 people; which is expected to increase globally
over time. Despite its low incidence, IPF is associated with high mor-
tality rates that result from respiratory failure within 3–5 years of
diagnosis [7], and hence, is a significant healthcare concern.

Despite these alarming statistics, there are currently no effective
therapies for IPF that can completely halt or reverse disease progression.
When IPF was initially defined as a chronic inflammatory disorder,
traditional anti-inflammatory or immunosuppressive medications were
used to treat the disease, but were largely ineffective [8,9]. As inflam-
mation is now regarded as a secondary contributor to disease patho-
genesis, anti-fibrotic agents such as pirfenidone and nintedanib (which
block the pro-fibrotic actions of specific growth factors that promote
fibrogenesis), are now used as frontline treatments for IPF [10–14].
However, pirfenidone only slows down disease progression as it does not
reverse established disease pathology, and is associated with various
adverse effects including photosensitivity and GI disturbances [10,11,
15,16]. Hence, there is an urgent need for an alternative therapeutic
option that can particularly regress established disease pathology.

Mesenchymal stem cells (MSCs) are self-renewing, multipotent
stromal cells that have the capacity to divide into a few cell lineages, but
also possess immunomodulatory, anti-remodelling and tissue-reparative
properties as a stem cell therapy [17]. These cells are immunoprivileged
as they express class I major histocompatibility complex but lack class II
major histocompatibility complex and costimulatory molecules CD80,
CD86, and CD40 [18,19]. MSCs also home to the injured tissue through
the expression of the chemokine receptor type 4 (CCR4) [20]. However,
there are certain limitations to the therapeutic application of MSCs in
that they have not consistently relieved the adverse symptoms associ-
ated with chronic disease settings; the outcomes of MSC treatment can
vary depending on their tissue origin/source, extent of culture expan-
sion, donor-dependent viability and efficacy, and the timing of their
administration; and only a relatively small number of MSCs can be
isolated from each donor organ [21–23].

To overcome these limitations, Cynata Therapeutics have used
Cymerus™ technology to differentiate human induced pluripotent stem
cells (iPSCs) into precursor cells known as mesenchymoangioblasts (a
class of early clonal mesoendodermal precursor cells) and subsequently
into MSCs (iPSC-derived MSCs; iPSC-MSCs) [24]. As iPSCs can prolif-
erate indefinitely and because mesenchymoangioblasts can expand into
extremely large quantities of MSCs, sufficient iPSC-MSCs can be ac-
quired from a single master cell bank of iPSCs derived from a single
healthy blood donor (limiting donor- and expansion-dependent vari-
ability and contamination from nontarget cells) without the need for
excessive culture expansion once MSCs are formed. Furthermore, these
iPSC-MSCs were found to home to the inflamed lungs of mice with
established chronic allergic airways disease (AAD) for up to 5 days
post-administration [25], and effectively reduced airway inflammation,
subepithelial airway fibrosis and airway hyperresponsiveness indepen-
dently of their delivery route [26]; the latter two measures to a greater
extent than corticosteroid treatment [25]. Not only did these iPSC-MSCs
attenuate myofibroblast-induced fibrogenesis within the airways, they
also promoted the expression levels of collagen-degrading matrix met-
alloproteinases (MMPs) that can facilitate the breakdown of established
fibrosis.

Hence, in this study, we determined the cellular mechanisms and

downstream targets by which these iPSC-MSCs acted through to reverse
established interstitial lung fibrosis and related collagen topology and
lung stiffness in a preclinical model of bleomycin (BLM)-induced lung
injury, the most characterised and widely-used model of pulmonary
fibrosis [27]. Proteomic profiling of the condition media of cultured
iPSC-MSCs was also performed to further evaluate the immunomodu-
latory effects of these stem cells.

2. Materials and methods

2.1. Materials

Bleomycin sulfate (BLM) was obtained from Cayman Chemical
(catalogue number: 9041–93–4; Ann Arbor, MI, USA). iPSC-MSCs were
provided by Cynata Therapeutics Ltd.

2.2. Animals

10–12 week-old male C57BL/6 J mice, weighing approximately
25–30 g were obtained from Monash Animal Services (Monash Univer-
sity, Clayton, VIC, Australia) and used to determine if a single (x1) or
double/once-weekly (x2) administration of iPSC-MSCs could reduce
established BLM-induced interstitial lung fibrosis and related stiffness;
and evaluate the mechanisms of action involved. All mice were housed
(in groups of three to four mice per cage) under a controlled environ-
ment, given a 5- to 6-day acclimatisation period before they were sub-
jected to any experimentation, andmaintained on a 12-h light/12-h dark
cycle with free access to normal rodent lab chow (Barastock Stockfeeds,
Pakenham, VIC, Australia) and water. All animal care and experimental
procedures performed were approved by an Animal Ethics Committee of
Monash University (under animal ethics number: MARP/2020/23529),
which adheres to the guidelines for the Care and Use of Laboratory
Animals for Scientific Purposes (National Health and Medical Research
Council, Canberra, ACT, Australia). Male mice were used as they are
more prone to BLM-induced lung inflammation and fibrosis compared to
their age-matched female counterparts [28,29]; hence, male mice pre-
sented a larger therapeutic window in which the anti-inflammatory and
anti-fibrotic effects of iPSC-MSCs could be determined.

2.3. Induction and treatment of BLM-induced pulmonary fibrosis

Male C57BL/6 J mice (n=30) were intranasally (i.n)-administered
bleomycin sulphate (BLM) on Days-0 and -7 (0.15mg in 50 μl of saline
(SAL); 25 μl per nare on each day) [30], then left for a further four-weeks
for lung inflammation and fibrosis to develop. One sub-group of
BLM-injured mice were left untreated until day-35 post-injury (injury
control group; n=10). A second sub-group of BLM-injured mice were
given a single tail vein injection of 1×106 iPSC-MSCs on day-21 post--
injury, then maintained until day-35 post-injury (iPSC-MSC x1 treated
group; n=10). A third sub-group of BLM-injured mice were given a tail
vein of 1×106 iPSC-MSCs on day-21 and day-28 post-injury, then
maintained until day-35 post-injury (iPSC-MSC x2 treated group; n=10).
The dose of iPSC-MSCs used in this study was based on our previous
findings [26], in which the once-weekly i.v-administration of 1×106

iPSC-MSCs to mice subjected to 9-weeks of chronic AAD, at the begin-
ning of week-10 and week-11, therapeutically reduced several measures
of airway/lung remodelling, fibrosis and dysfunction in the absence of
any adverse effects on animal mortality. A further control group of mice
were i.n-administered 50 μl of SAL on Days-0 and -7 (25 μl per nare on
each day), and maintained until day-35 (healthy control group; n=10).

iPSC-MSCs were supplied in bags containing 1×108 cells in each bag.
These bags were shipped to Monash University in liquid nitrogen and
stored at − 80◦C (for 5–7 days at most) before use. On each day of iPSC-
MSC injection into respective mice, each bag was thawed at 37 ◦C,
before the 1×108 million cells in each bag were washed twice in warmed
sterile phosphate buffered saline (PBS), and reconstituted in 20ml of
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warmed PBS. Of this 20ml PBS solution containing cells, 200μl (con-
taining 1×106 cells) were delivered to each mouse at the appropriate
time-point via a tail vein injection. Notably, an intravenous (i.v) injec-
tion was used as it is a clinically-feasible route of cell delivery; and the
lung is the major site of cell migration following an i.v injection [31].

Initially, groups of equal size (n=10 per group) were designed using
randomization and blinded analysis. However, to account for the pos-
sibility that some mice might fail to tolerate BLM and/or iPSC-MSC
administration, power calculations were performed to ensure that
adequate group sizes were used for the studies detailed below, where it
was determined that with a 25% SD, we would be 80% powered to
detect a 20–30% effect with n = 6–10 animals per group.

2.4. Evaluation of dynamic lung compliance

On day 35 post-(the first) BLM or SAL administration to mice, all
mice were evaluated by plethysmography for changes in dynamic lung
compliance [32,33]. Mice were briefly anesthetized with an i.p. injec-
tion of ketamine (100mg/kg body weight) and xylazine (20mg/kg body
weight), tracheostomized and cannulated. As bronchial smooth muscle
contraction has been found to significantly influence lung compliance
[34], increasing doses of methacholine (0-50mg/ml) were nebulized for
dynamic compliance to be measured (Biosystem XA version 2.7.9, Buxco
Electronics, Troy, NY, USA) for 2minutes after each dose of meth-
acholine. The results were expressed as the percentage change in dy-
namic compliance after each dose of methacholine from baseline
compliance. To then better illustrate changes in dynamic compliance
between the various treatment groups investigated, the respective %
change in dynamic compliance that was subtracted from each respective
baseline value in response to the highest dose of methacholine tested
(50mg/ml) was presented.

2.5. Bronchoalveolar lavage fluid and tissue collection

Once dynamic lung measurements were completed and whilst mice
were still anaesthetised, bronchoalveolar lavage fluid (BALF) was
extracted from mice as outlined previously [35], by infusing and
removing three 1ml washes of ice-cold saline, which were pooled for
flow cytometry analysis of immune cell subsets. Following BALF
collection, mice were culled with an overdose of anaesthetic containing
ketamine and xylazine, before their lung tissue isolated. The lungs of
each animal were then divided along the transverse plane, resulting in
four separate lobes. In each case, the largest lung lobe was fixed in 10%
neutral buffered formalin overnight and processed to be cut and
embedded in paraffin wax. The remaining lobes were separately
snap-frozen in liquid nitrogen and eventually stored at -800 C for various
other assays.

2.6. Flow cytometry analysis of the BALF

Cells isolated from the BALF were counted and the concentration
adjusted to 1×105 cells/ml in a 50 µl volume for staining and
fluorescence-activated cell sorting (FACS) analysis. A rat anti-mouse Fc
block (CD16/CD32; #553141; 1:50 dilution; Becton Dickinson (BD)
Horizon, Franklin Lakes, NJ, USA) was applied to cells from all control
and treatment groups to minimize nonspecific Fc binding. Subsequently,
cells were stained in FACS buffer (dPBS+2% HI-FCS) using the
following anti-mouse antibodies: CD11c-BUV395 (#564080; 1:100
dilution; BD Horizon); CD45-PE-Cy5 (#553082; 1:200 dilution; BD
Biosciences, San Jose, CA, USA); F4/80-APC-Fire750 (#123151; 1:100
dilution; BioLegend, San Diego, CA, USA); CD206-AF647 (#141711;
1:100 dilution; BioLegend); CD4-BUV496 (#741050; 1:200 dilution; BD
Biosciences); CD25-BV785 (#564368; 1:100 dilution; BD Biosciences);
FoxP3-BV421 (#561293; 1:100 dilution; BD Biosciences). Live/dead
staining was conducted using zombie dye (#423101; 1:1000 dilution;
BioLegend), excluding unstained and fluorescent minus one (FMO)

controls.
Following primary antibody staining (with the exception of FoxP3)

and live/dead cell staining, intra-cellular staining for FoxP3 was per-
formed using FoxP3/Transcription Factor Staining Buffer Set
(#00–5523; Affymetrix eBioscience; Santa Clara, CA, USA). Fresh FoxP3
fixation/permeabilization working solution was prepared in a 1:3
concentrate with diluent along with permeabilization buffer in a 1:9
ratio with distilled water. Following the final wash after primary cell
staining, the supernatant was discarded before 200μl of FoxP3 fixation/
permeabilization working solution was added to the cell pellet. Samples
were incubated for 1 hour at room temperature in the dark, then
centrifuged at 500 g for 5minutes at room temperature before the su-
pernatants were discarded. 200μl of 1x permeabilization buffer was
added to resuspend the cells. This cell resuspension procedure was
repeated twice before cell pellets were finally resuspending in 100μl of
permeabilization buffer containing the anti-mouse Foxp3-BV421 anti-
body, which was left to incubate in the dark for 1 hour at room tem-
perature. The cells were then washed twice with 200μl of 1x
permeabilization buffer by centrifugation. Cells were resuspended in
FACS buffer and washed once followed by fixing the cells with
dPBS+1% PFA. Data was acquired using a BD Fortessa Flow Cytometer
x20; which was housed at the Monash FlowCore Platform (Clayton,
Victoria, Australia).

Unstained cells were utilized to set voltages for Forward Scatter
(FSC) and Side Scatter (SSC), followed by acquisition of the single-cell
control using compensation beads (ABC compensation beads;
#A10497; Invitrogen/Thermo Fisher Scientific; Scoresby, Victoria,
Australia). Data acquisition was performed using BD FACS Diva and
analysed with FlowJo. Firstly, all cells were gated based on their size and
granularity using FSC-A/SSC-A followed by doublet exclusion using
FSC-A/FSC-H to get single cells. Zombie/SSC-A was used to negatively
select cells which were live. Macrophages were gated as CD45+ and M2-
skewed macrophages were F4/80+CD206+. Dendritic cells were gated
as CD11c+ cells and regulatory T cells were gated first by selecting Th
cells as CD4+ and then CD25HiFoxP3+ cells. Although additional gating
for DCs could have been performed, previous studies had confirmed that
CD11c+ is considered a reliable marker of DCs in vivo [36] and often
used to identify DCs in the murine lung [37,38]. The same gating
strategy was applied to all replicates from control as well as treatment
groups. FMOs were used to properly place the gates for CD45 and
CD11c. A separate FMO was used to control for non-specific FoxP3
binding.

2.7. ELISA analysis of BALF cytokine levels

Total protein was measured from the BALF using the BioRad Protein
Assay Dye (BioRad Laboratories, Granville, NSW, Australia), for the
assessment of pro-inflammatory markers: TNF-α, IL-1β and IL-6; and
anti-inflammatory markers: IL-10 and IFN-γ. In each case, equivalent
protein from each sample was assayed using Quantikine ELISA kits for
either mouse TNF-α (RDSMTA00B; 1:1000 dilution), mouse IL-1β/IL-
1F2 (RDSMLB00C; 1:1000 dilution), mouse IL-6 (RDSM6000B; 1:1000
dilution); mouse IL-10 (RDSM1000B; 1:1000 dilution) or mouse IFN-γ
(RDSMIF00; 1:1000 dilution) (all from R&D Systems, Minneapolis, MN,
USA). Assays were performed in duplicate according to manufacturer’s
instructions, against serially-diluted standards.

2.8. Histology and immunohistochemistry

Formalin-fixed, paraffin-embedded lung tissue (from the largest lung
lobe of each mouse) was cut into 4μm serial sections. One serial section
from each animal was stained with haematoxylin and eosin (H&E) for
the assessment of inflammatory cell infiltration and changes in lung
architecture. A separate serial section from each animal was stained
with Masson’s trichrome to visualise interstitial lung fibrosis. Separate
serial paraffin-embedded sections were used to assess the localization of
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thymic stromal lymphopoietin (TSLP; a marker of epithelial damage
[33], which is expressed by alveolar epithelial cells in IPF patients and
BLM- injured mice [39,40]), the pro-fibrotic cytokine, TGF-β1, and
α-SMA (as a marker of myofibroblast differentiation). All sections were
subjected to antigen retrieval in a sodium citrate buffer, treated with
antibody diluent (Dako, North Sydney, NSW, Australia) to block
non-specific immunoreactivity, and then incubated overnight with
rabbit polyclonal (IgG) antibodies to detect either TSLP (ABT330; EMD
Millipore Corporation, Temcula, CA, USA) or TGF-β1 (#ab92486, 1:250
dilution; Abcam Antibodies), or a mouse monoclonal (IgG2a) antibody,
clone 1A4 to detect α-SMA (#M0851, 1:500, Dako). The following day,
all sections were stained with either a Dako Envision+ streptavidin-HRP
(HRP)-labelled polymer anti-mouse (IgG) secondary antibody (#E0464;
Agilent Technologies, Mulgrave, VIC, Australia) for the detection of
α-SMA (Dako); or HRP-labelled polymer anti-rabbit IgG secondary
antibody (for the detection of TGF-β1; Dako). Binding was visualised by
3,30 -diaminobenzidine (Dako), before slides were counterstained with
haematoxylin and mounted in DePex (VWR International, Radnor, PA,
USA). In each case, additional sections that were not stained with the
above-mentioned primary antibodies were included to ensure antibody
specificity. All histological and immunohistochemical-stained slides
were scanned and captured with the Aperio Scanscope AT Turbo scanner
(Leica Biosystems, Nussloch, Germany) and assessed with ImageJ 1.48
software (NIH, Bethesda, MD, USA) in a blinded fashion. In each case,
semi-quantification (of lung inflammation, interstitial lung fibrosis,
interstitial lung myofibroblast accumulation and interstitial lung TGF-β1
expression) was performed on eight to 10 consecutive non-overlapping
fields per lung section analysed, which were randomly selected and
analysed at x400 magnification. Inflammatory cell infiltration was
semi-quantitated in a blinded fashion from H&E-stained slides using a
0–4 scoring system described previously [32]; where 0 = no visible
inflammation; 1 = occasional inflammatory cell aggregates, pooled size
<0.1mm2; 2 = some inflammatory cell aggregates, pooled size of
0.2 mm2; 3 = widespread inflammatory cell aggregates, pooled size of
0.3 mm2; 4 = extensive inflammatory infiltration, pooled size of
0.6 mm2. Epithelial damage was analysed by counting the number of
TSLP-stained cells within the lung epithelium; which was expressed as
the number of cells per 100 μm of basement membrane (BM) length.
Interstitial lung fibrosis was determined by measuring the blue stained
extracellular matrix deposition from Masson’s trichrome-stained sec-
tions; and expressing the data as the % fractional area per field analysed.
Interstitial lung myofibroblast accumulation was quantified by
measuring the α-SMA (brown)-stained myofibroblast accumulation; and
expressed as the % myofibroblast staining per field analysed. Interstitial
lung TGF-β1 staining was quantified by measuring the levels of strong
positively stained (brown) areas within the interstitial regions, respec-
tively; and expressing the data as the % interstitial TGF-β1 staining per
field analysed.

2.9. HistoIndex analysis of interstitial collagen topology

To assess changes in interstitial lung collagen topology from the
various treatment groups established, a separate serial section from the
largest lung lobe was assessed using the stain-free, second harmonics
generation (SHG)-based HistoIndex platform, as outlined previously
[41]. Following the optimisation protocol and the scanning of lung tis-
sue sections to acquire SHG (green) and two-photon excitation fluores-
cence (red) signals from each section, the FibroIndex software was then
used to assess changes in interstitial lung collagen area to tissue ratio
(CART), interstitial collagen fiber density and thickness, interstitial
collagen fiber length and interstitial collagen fiber counts [41].

2.10. Western blotting

Equivalent amounts of lung protein (from the second largest lung
lobe of each mouse; 10–15 μg per sample) were run on 4–15% SDS-

PAGE gels and analysed by Western blotting [42,43]. As TGF-β1 is
recognised as the major pro-fibrotic cytokine that is stimulated by BLM
to promoting lung fibrosis [44,45], changes in intracellular proteins that
regulate TGF-β1 signal transduction were evaluated. Changes in ca-
nonical Smad2 phosphorylation (pSmad2) and pSmad3 (which promote
TGF-β1 signal transduction) and Smad7 (which inhibits TGF-β1 signal
transduction) were assessed using rabbit monoclonal (IgG) antibodies to
detect either pSmad2 (only when dually phosphorylated at serines 465
and 467; #3108; 1:1000 dilution; Cell Signaling Technology, Danvers,
MA, USA) or pSmad3 (only when dually phosphorylated at serines 465
and 467; #9520; 1:1000 dilution; Cell Signaling Technology); or a rabbit
polyclonal (IgG) antibody to detect Smad7 (ab216428; 1:1000 dilution;
Abcam Antibodies, Cambridge, MA, USA). Changes in non-canonical
mitogen-activated protein (MAP) kinase (MAPK) activity were
assessed using rabbit polyclonal (IgG) antibodies to detect either
pERK1/2 (when phosphorylated either individually or dually at threo-
nine 202 and tyrosine 204 of ERK1; #9101; 1:1000 dilution; Cell
Signaling Technology); pJNK (when dually phosphorylated at threonine
183 and tyrosine 185; #9251; Cell Signaling Technology); or pp38
MAPK (only when activated by phosphorylation at threonine 180 and
tyrosine 182; #9211; 1:1000 dilution; Cell Signal Technology). Mem-
branes probed for pSmad2 or pSmad3 were reprobed with a polyclonal
(IgG) antibody to detect total Smad2/3 (#3102; 1:1000 dilution; Cell
Signaling Technology), to confirm the equivalent loading of protein
samples. Similarly, membranes probed for pERK1/2 were reprobed with
a monoclonal (IgG1) antibody to detect total ERK1/2 (#4696; 1:1000
dilution; Cell Signaling Technology). On the other hand, membranes
probed for pJNK were also probed with a polyclonal antibody to detect
total p38 MAPK (#9212; 1:1000 dilution; Cell Signaling Technology),
then reprobed with either a polyclonal antibody to detect total JNK
(#9252; 1:1000 dilution; Cell Signaling Technology) or the antibody to
detect pp38 MAPK. Membranes probed for Smad7 were reprobed with a
rabbit monoclonal (IgG) antibody to detect GAPDH (clone 14C10;
#2118; 1:2000 dilution; Cell Signaling Technology).

As sub-groups of matrix metalloproteinases (MMPs), such as colla-
genases, can degrade collagen when activated, changes in lung MMP-13
(collagenase 3; the primary collagenase in mice) were detected using a
monoclonal (IgG1) antibody to MMP-13 (MA5–14238; 1:1000 dilution;
Thermo Fisher Scientific). As MMP activity can be inhibited by tissue
inhibitor of metalloproteinase (TIMP) activity, changes in lung TIMP-1
and TIMP-2 were also detected using or a polyclonal (IgG) antibody to
TIMP-1 (ab38978; 1:1000 dilution; Abcam Antibodies) or rabbit
monoclonal (IgG) antibody to TIMP-2 (#5738; 1:1000 dilution; Cell
Signaling Technology). In each case, these membranes were reprobed
with a rabbit monoclonal (IgG) antibody to detect GAPDH (Cell
Signaling Technology), to confirm the equivalent loading of protein
samples. In all cases, membranes were further probed with a goat anti-
rabbit HRP (#7074; 1:2000 dilution; Cell Signaling Technology) or
horse anti-mouse HRP (#7076; 1:2000 dilution; Cell Signaling Tech-
nology) IgG secondary antibodies, respectively. Proteins were then
detected using the Clarity Western ECL substrate detection kit and
quantified by densitometry with a ChemiDoc MP Imaging System and
Image Lab v.6.0 software (both from Bio-Rad Laboratories, Hercules,
CA, USA) [42,43]. The densitometry values were then expressed relative
to the value from the saline-treated control group, which was expressed
as 1 in each case. Representative blots of the appropriate end points
determined were also chosen for presentation in each case.

2.11. Gelatin zymography

Equivalent amounts of lung protein (5–10μg per sample) were
additionally analysed on SDS-PAGE gels consisting of 7.5% acrylamide
and 1mg/ml gelatin, to assess changes in MMP-2 (gelatinase A) and
MMP-9 (gelatinase B) levels from all groups studied, as detailed previ-
ously [43,46]. Gelatinases can further degrade collagenase-digested
collagen into gelatin, and gelatinolytic activity was indicated by clear
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bands and assessed by densitometry of the relevant bands, which was
performed as described above.

2.12. Proteomic profiling of cultured iPSC-MSCs

To further elucidate the immunomodulatory effects of iPSC-MSCs
when exposed to inflammatory stimuli in vitro, three different iPSC-
MSC lines were cultured at a density of 1.5×105 cells per well in 6-
well plates, in Dulbecco’s Modified Eagle Medium with low glucose
(DMEM-LG) supplemented with 10% heat-inactivated FBS (Thermo
Fisher Scientific), and allowed to adhere overnight. Subsets of cells
within the same plate were left unstimulated or stimulated with re-
combinant human TNF-α (15 ng/ml; PeproTech via Thermo Fisher Sci-
entific; #300–01 A) and recombinant human IFN-γ (15 ng/ml;
PeproTech; #300–02) for 48 hours. After this period, the conditioned
media (CM) was collected and filtered using a 0.2 µm filters to remove
cell debris. The CM was then processed for LC-MS/MS immediately or
aliquots stored at − 80◦C for further analyses.

Liquid chromatography tandem mass spectrometry (LC-MS/MS)
experiments were performed by the Monash Proteomics and Metab-
olomic Facility (Clayton, VIC, Australia). Proteins were retrieved from
50 µl of CM using 5 µl Strata Clean resin beads per ml of CM (Agilent
Technologies, Santa Clara, CA, USA) and further processed for in-gel
digestion. 5 µl peptide extract was analysed by LC-MS/MS on an
EASY-nLC1000 chromatograph connected to a QExactive HF mass
spectrometer (ThermoFisher Scientific) using a Pepmap100 Trap C18
300mm×5mm (Thermo Fisher Scientific) and a C18 separation column
(3 µm, 100̊A, 75 µm×15 cm, Nikkyo Technos, Tokyo, Japan) by applying
a 120minute gradient.

LC-MS/MS data was processed with MaxQuant (version 1.5.4.1)
using default settings for peak detection, strict trypsin cleavage rule
allowing for up to three missed cleavages, variable oxidation on
methionine, deamidation of asparagine and glutamine, and acetylation
of protein N-termini with strict carbamidomethylation of cysteines.
Match between runs was used within each sample group with a retention
time window of 1minute. Label free quantification (LFQ) was performed
using classical normalisation with LFQ separated into parameter groups.
The fragment spectra were interpreted with the SwissProt Homo sapiens
database (version 2016 04) accepting only protein identifications with
at least two razor peptides at a 1% false discovery rate (FDR) cut-off.

For LC-MS/MS data analysis, protein lists retrieved from MaxQuant
pipeline were processed using LFQ Analyst [47], removing contaminant
proteins, reverse sequences, proteins identified “only by site”, and those
detected in the unconditioned media control (DMEM-LG+ 1:100 ITS).
Remaining protein lists were mapped to Gene Ontology term: extracel-
lular space (GO:0005615) (GSEA database https://www.gsea-msigdb.
org/gsea/msigdb/human/genesets.jsp?collection=GO:CC) to filter for
secreted protein fractions. Where a protein was positively identified in
two of three samples within a group the missing value was imputed as
the median transformed intensity. Where proteins had at least one
positive identification across all samples missing values were imputed
from the low end of the Log2 transformed intensity distribution from
each individual sample using Perseus (version 1.5.5.3) as suggested by
Lazar and colleagues [48].

2.13. Data and statistical analysis

Unless otherwise stated, all data are expressed as the mean + stan-
dard error of the mean (SEM) and were statistically analysed with
GraphPad Prism v9.0 (GradPad Software Inc; San Diego, CA, USA) on
group sizes of at least n=6, where n refers to the number of independent
values from each group described. The in vivo data were mainly analysed
by a one-way ANOVA and Tukey’s post-hoc test to allow for multiple
comparisons between groups; whereas non-parametric Kruskal-Wallis
tests were used to compare data that was normalised to the saline con-
trol group, which was expressed as 1 in each case. The in vitro data,
which was normalised to the unstimulated cell control group (expressed
as 1 in each case), was analysed by a non-parametric Mann-Whitney test.
In the case of the HistoIndex analysis of collagen topology, a maximum
of n=8 samples per group were analysed; hence, data from n=6–8
samples per group were compared. Differences were considered statis-
tically significant with a P value less than 0.05.

3. Results

3.1. Final animal numbers

A double administration of BLM alone, 7-days apart, did not affect
the mortality of mice at the dose administered. Hence, n=10 BLM alone
injured mice and n=10 saline control mice completed the 5-week pro-
tocol. Following iPSC-MSC administration, we found that n=2 mice died
after each set of tail vein injections. Hence, for the BLM+iPSC-MSC x1
(single administration) group, n=2 mice died, leaving n=8 mice in that
group. For the BLM+iPSC-MSC x2 (double administration) group, n=2
mice died after each set of injections, leaving n=6 mice in that group. It
is proposed that this was due to cell aggregation post-tail vein injection
in some mice inducing thrombogenesis and/or a pulmonary embolism-
induced respiratory failure, rather than the toxic effects of the iPSC-
MSCs per se. The former are common occurrences, particularly in
BLM-injured mice [49–51], which would have exacerbated the breath-
ing capacity of animals that were already inflamed and fibrosed by BLM.
The i.v injections were performed by an experienced investigator

3.2. iPSC-MSCs ameliorated lung inflammation, epithelial damage and
pro-inflammatory cytokine expression whilst promoting anti-inflammatory
cytokine expression in BLM-injured mice

BLM-instilled mice presented with markedly increased lung
congestion and inflammatory cell infiltration at day-35 post-injury
compared to their saline-instilled counterparts (Fig. 1A). Morphometric
analysis of H&E-stained lung sections revealed that interstitial lung
inflammation was significantly increased by ~4.3-fold in BLM-instilled
mice (mean score of 2.2±0.2), compared to that measured in saline-
instilled control mice (mean score of 0.4±0.1; Fig. 1B). Additionally,
BLM-instilled mice had significantly increased (by ~1.5-fold; Fig. 1C
and D) TSLP-stained epithelial cells at day-35 post-injury, which indi-
cated that these mice had increased lung epithelial damage compared to
their saline-instilled controls. In line with the increased inflammation
that was detected in BLM-instilled mice, FACS analysis of the BALF
demonstrated that various immune cells, including CD11c+ dendritic
cells (by ~4.7-fold; Fig. 1E and F), CD45+F4/80+CD206+ M2-like

Fig. 1. Cynata™-iPSC-MSC-treatment of BLM-injured mice ameliorated measures of lung inflammation, epithelial damage and inflammatory cell infiltration into the
BALF. (A,C) Representative H&E- (A) and TSLP (brown)- (C) stained images (at x400 magnification) show the extent of inflammatory cell infiltration within the lung
and TSLP-associated lung epithelial damage, respectively, in each of the groups investigated. Scale bar = 90 μm (A) or 50 μm (C). (E,G) Representative flow
cytometry plots from the BALF samples of each the groups evaluated, show the expression of CD11c+ dendritic cells (E) or separation of myeloid cell subsets ac-
cording to CD45+F4/80+CD206+ (M2-like macrophage) expression (G). All gating was performed on fluorescent-minus-one (FMO) controls and unstained cells. (B,D,
F,H) Also shown are the mean + SEM interstitial lung inflammation score (from 10 non-overlapping fields of view per lung section analysed) (B); number (No.) of
TSLP-stained cell per 100 μm basement membrane (BM) length (from 10 non-overlapping fields of view per lung section analysed) (D); % CD11c+ cells within the
BALF (F) or % CD45+F4/80+CD206+ cells within the BALF (H) from n=6–10 mice per group. *P < 0.05, **P < 0.01, ***P < 0.001 versus the saline-instilled control
group; ##P < 0.01 versus the BLM alone-instilled group; ¶P < 0.05, ¶¶P < 0.01 versus BLM+iPSC-MSCs (x1)-treated group.
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macrophages (by ~2.1-fold; Fig. 1G and H) and CD4+CD25HiFoxP3+

regulatory T cells (Tregs; by ~0.8-fold; Fig. 2A and B) were significantly
elevated in these mice, compared to respective measurements obtained
from their saline-instilled counterparts. Although a high proportion of
CD4+ lymphocytes were detected in the BALF of BLM-injured mice, this
was line with previous findings from establishing this model in mice
[52]. Furthermore, ELISA analysis of the BALF revealed that
pro-inflammatory cytokines such as TNF-α (by ~47-fold; Fig. 2C), IL-6
(by ~9.7-fold; Fig. 2D) and IL-1β (by ~9.3-fold; Fig. 2E), were all
significantly increased; whereas anti-inflammatory cytokines such as
IL-10 were modestly increased (by ~1.4-fold; Fig. 2F), whilst INF-γ was
significantly reduced (by ~0.5-fold; Fig. 2G) in BLM-instilled mice
compared to respective measurements from saline-instilled control
mice.

For the most part, iPSC-MSC x1 or iPSC-MSC x2 treatment of BLM-
injured mice equivalently and significantly reduced the BLM-induced
increase in interstitial lung inflammation (by ~35–45 %; Fig. 1A and
B), epithelial damage (by ~35–70 %; Fig. 1C and D), immune cell
infiltration within the BALF (by ~45–85 %; Fig. 1E-H and Fig. 2A and B)
and pro-inflammatory cytokine expression within the BALF (by
~65–75 %; Fig. 2C-E), but markedly elevated pro-inflammatory IL-10
(Fig. 2F) and IFN-γ (Fig. 2G) expression levels within the BALF (by
~4–5-fold). Notably, iPSC-MSC x2 treatment of BLM-injured mice
further reduced TSLP-associated epithelial damage (Fig. 1D), dendritic
cell infiltration (Fig. 1F) and promoted IL-10 levels (Fig. 2F) to a
significantly greater extent than iPSC-MSC x1 treatment.

3.3. iPSC-MSCs ameliorated interstitial lung TGF-β1 expression and
canonical TGF-β1 signal transduction in BLM-injured mice

BLM-instilled mice also presented with significantly increased
interstitial lung TGF-β1 expression levels (which can be secreted by M2-
like macrophages and Tregs; by ~8.7-fold) at day-35 post-injury,
compared to that measured from saline-instilled control mice (Fig. 3A
and B). This was accompanied by a BLM-induced significant increase in
canonical lung pSmad2 levels (by ~1.3-fold; Fig. 3C and D), but
significantly reduced inhibitory Smad7 levels (by ~0.5-fold; Fig. 3C and
F), in the absence of any changes in lung pSmad3 (Fig. 3C and E) or non-
canonical pERK1/2 (Fig. 3C and G), pJNK (Fig. 3C and H) or pp38MAPK
(Fig. 3C and I) levels, compared to respective measurements from saline-
instilled control animals. iPSC-MSC x1 or iPSC-MSC x2 treatment of
BLM-injured mice equivalently and significantly reduced the BLM-
induced increase in interstitial lung TGF-β1 expression (by ~78–81 %;
Fig. 3A and B), normalised the BLM-induced pSmad2 levels (Fig. 3D)
and significantly promoted lung Smad7 levels (by ~2.5-fold and ~4-
fold, respectively; Fig. 3F), when administered to BLM-injured mice.
These iPSC-MSCs, however, did not affect pSmad3 (Fig. 3E) or non-
canonical MAP kinase activity (Fig. 3G-I), highlighting the selective
actions of these stem cells.

3.4. iPSC-MSCs abrogated several measures of interstitial lung fibrosis in
BLM-injured mice

BLM-instilled mice additionally presented with significantly
increased interstitial lung myofibroblast accumulation (by ~14.7-fold;
Fig. 4A and B) and Masson’s trichrome-stained interstitial extracellular
matrix deposition (fibrosis; by ~5.5-fold; Fig. 4C and D) at day-35 post-

injury, compared to respective measurements from saline-instilled
control mice. This was accompanied by a BLM-induced increase in
interstitial lung collagen area to tissue ratio (CART; by ~0.4-fold;
Fig. 4E), interstitial collagen fibre density (by ~0.26-fold; Fig. 4F) and
interstitial collagen fibre thickness (by ~0.4-fold; Fig. 4G), in the
absence of any marked changes in interstitial collagen fibre length
(Fig. 4H) or number (Fig. 4I) at the time-point studied, as determined by
second harmonic generation analysis of interstitial collagen topology.
Whilst iPSC-MSCs x1 or iPSC-MSCs x2 treatment of BLM-instilled mice
only partially but significantly reduced the BLM-induced increase in
interstitial lung myofibroblast accumulation (by ~38–45 %; Fig. 4B),
the once (x1) or once-weekly (x2) i.v-administration of these stem cells
equivalently normalised the BLM-induced increase in interstitial lung
fibrosis (Fig. 4D), CART (Fig. 4E) and interstitial collagen fibre density
(Fig. 4F) and thickness (Fig. 4G), to levels that were no different to that
measured in saline-instilled mice. Stem cell treatment also equivalently
reduced interstitial collagen fibre length (by ~17–20 %; Fig. 4H), whilst
iPSC-MSCs x2 treatment of BLM-instilled mice induced a trend towards
an increase in interstitial collagen fibre number (by ~20 %; Fig. 4I).

3.5. iPSC-MSCs promoted the balance between collagen-degrading MMPs
and their TIMPs within the lungs of BLM-injured mice

In line with the increased interstitial lung fibrosis that was measured
in BLM-instilled mice (Fig. 4), these mice had significantly reduced lung
MMP-13 (by ~0.5-fold; Fig. 5A and B), MMP-9 (by ~0.25-fold; Fig. 5A
and C) and MMP-2 (by ~0.3-fold; Fig. 5A and D) levels, but a trend
towards an increased lung TIMP-1 levels (by ~0.3-fold; Fig. 5A and E) in
the absence of any marked changes in lung TIMP-2 levels (Fig. 5A and F)
at day-35 post-injury. As a result of this, BLM-instilled mice had
significantly reducedMMP-13:TIMP-1 (by ~0.6-fold; Fig. 5G) andMMP-
9:TIMP-1 (by ~0.4-fold; Fig. 5H) ratios, and a trends towards a reduced
MMP-2:TIMP-2 ratio (by ~0.3-fold; Fig. 5I), compared to respective
measurements from saline-instilled control mice.

iPSC-MSC x1 or iPSC-MSC x2 treatment of BLM-injured mice
significantly restored the BLM-induced loss of lung MMP-13 (Fig. 5B),
MMP-2 (Fig. 5D), MMP-13:TIMP-1 (Fig. 5G), MMP-9:TIMP-1 (Fig. 5H)
and MMP-2:TIMP-2 (Fig. 5I) levels to that measured in saline-instilled
mice. Notably, whilst iPSC-MSC x1 treatment of BLM-instilled mice
restored the BLM-induced loss of lung MMP-13 (Fig. 5B), MMP-13:
TIMP-1 (Fig. 5G) and MMP-2:TIMP-2 (Fig. 5I) to corresponding levels
measured from saline-instilled mice, iPSC-MSC x2 treatment appeared
to further increase lung MMP-13 levels (by ~1.2-fold; Fig. 5B) and the
balance between MMP-13 to TIMP-1 (by ~0.9-fold; Fig. 5G) and MMP-2
to TIMP-2 (by ~0.4-fold; Fig. 5I) over that of iPSC-MSC x1 treatment.
Furthermore, iPSC-MSC x2 treatment significantly reduced lung TIMP-2
levels compared to that measured in BLM-instilled (by ~0.4-fold) and
saline-instilled (by ~0.3-fold; Fig. 5F) mice.

3.6. iPSC-MSCs restored the loss of dynamic lung compliance in BLM-
injured mice

In line with the increased interstitial lung inflammation, remodelling
and fibrosis that was evident in BLM-instilled mice, these animals un-
derwent a significant loss of dynamic lung compliance in response to the
bronchoconstrictor, methacholine (by ~0.4-fold at the highest dose of
methacholine tested (50 mg/ml); indicative of these mice having

Fig. 2. Cynata™-iPSC-MSC-treatment of BLM-injured mice ameliorated Treg infiltration and pro-inflammatory cytokines, whilst promoting anti-inflammatory cy-
tokines levels within the BALF. (A) Representative flow cytometry plots from the BALF samples of each the groups evaluated show the levels of CD4+CD25hiFoxP3+

cells. The gating strategy used show lavage cells (FSC-A and SSC-A) followed by doublet exclusion based on FSC-A and FSC-H. Live cells were gated based on the
Live/Dead exclusion die (zombie-V450) where positive staining indicated dead cells. All gating had been performed on FMO controls and unstained cells. (B-G) Also
shown are the mean ± SEM % CD4+CD25hiFoxP3+ cells (B); pro-inflammatory cytokine levels (ng/ml) including TNF-α (C), IL-6 (D) and IL-1β (E); as well as anti-
inflammatory cytokine levels (ng/ml) including IL-10 (F) and IFN-γ (G) within the BALF of each of the groups investigated; from n=6–10 mice per group. *P < 0.05,
**P < 0.01, ***P < 0.001 versus the saline-instilled control group; ##P < 0.01, ###P < 0.001 versus the BLM alone-instilled group; ¶¶P < 0.01 versus BLM+iPSC-MSCs
(x1)-treated group.

A. Chakraborty et al.



Biomedicine & Pharmacotherapy 178 (2024) 117259

9

(caption on next page)

A. Chakraborty et al.



Biomedicine & Pharmacotherapy 178 (2024) 117259

10

stiffened lungs), compared to that measured in saline-instilled control
mice (Fig. 6). This BLM-induced loss of dynamic lung compliance was
equivalently and significantly restored by iPSC-MSC x1 or iPSC-MSC x2
treatment of BLM-injured mice, to levels measured in saline-instilled
healthy control mice.

3.7. Insights into the immunomodulatory effects of iPSC-MSCs

To further assess the immunomodulatory effects of iPSC-MSCs,
separately cultured iPSC-MSC lines were stimulated with TNF-α and
IFN-γ in vitro, which provided an inflammatory stimulus to these stem
cells, and are the main cytokines involved in promoting MSC activation
and the immunoregulatory effects of MSCs [53]. Following a 48- hour
incubation period with these cytokines, iPSC-MSCs were found to
significantly promote the protein levels of indoleamine 2,3-dioxygenase
1 (IDO1; by ~68-fold), prostaglandin E synthase 3 (PGTES3; by ~3-fold)
and chemokine (C-C motif) ligand 2 (CCL2; by ~4-fold) as part of their
ability to markedly down-regulate collagen 1A1 (COL1A1) and collagen
1A2 (COL1A2) protein expression (Fig. 7).

4. Discussion

This study determined for the first time the therapeutic effects of i.v-
administered iPSC-MSCs, administered once (x1) or once-weekly over
two weeks (x2), in a BLM-induced model of pulmonary fibrosis. Adult
C57BL/6 J mice subjected to BLM presented with several key features of
human IPF at day-35 post-injury, including interstitial lung inflamma-
tion accompanied by immune (dendritic, M2-like macrophage, Treg) cell
infiltration and pro-inflammatory cytokine (TNF-α, IL6, IL-1β) expres-
sion within the BALF, lung epithelial damage, interstitial lung TGF-β1
expression and canonical signal transduction (increased pSmad2 in
conjunction with reduced inhibitory Smad7), interstitial lung myofi-
broblast accumulation and interstitial lung fibrosis (induced by
increased interstitial collagen fibre density and thickness, and collagen
to tissue ratio). On the other hand, BLM-injured mice had significantly
reduced IFN-γ expression within the BALF, collagenase (MMP-13) and
gelatinase (MMP-2, MMP-9) expression levels and MMP to TIMP-1 and
TIMP-2 ratios within the lung, and dynamic lung compliance. These
findings collectively indicated that these mice had inflamed, fibrosed
and stiffened lungs at the time-point studied. It is important to point out
that to overcome the resolution of disease pathology that can occur 4–6
weeks after a single administration of BLM to mice [54,55], mice were
given two instillations of BLM in this study, 7-days apart. This ensured
that a robust therapeutic window was created at the time-point studied,
from which the beneficial effects of iPSC-MSCs could be evaluated.
Notably, our previous studies had shown that mice subjected to a double
administration of BLM, 7-days apart, had established interstitial lung
inflammation, fibrosis and a loss of dynamic lung compliance at day-21
post-injury [32], the time-point at which these mice were treated with
iPSC-MSCs in the current study.

Strikingly, i.v-administered Cymerus™-generated iPSC-MSCs

induced multi-factorial therapeutic effects in BLM-injured mice,
whereby a single (x1) or once-weekly (x2) injection of iPSC-MSCs almost
equivalently ameliorated several measures of interstitial lung inflam-
mation and epithelial damage, and abrogated several measures of
interstitial lung fibrosis to restore the BLM-induced loss of dynamic lung
compliance. Not only did these iPSC-MSCs ablate the impact of lung
inflammation, epithelial damage, TGF-β1 and myofibroblast activity on
newly-formed ECM/collagen deposition, they clearly increased the
balance between various collagen-degrading MMPs and their TIMPs,
which would allow for the MMP-induced breakdown of established
collagen-induced fibrosis. These collective actions likely explained how
these iPSC-MSCs rapidly normalised several measures of lung fibrosis
including interstitial lung collagen area to tissue ratio, and collagen fibre
density, thickness and length.

In line with the immunosuppressive effects of iPSC-MSCs that have
been shown in other disease settings [56,57], these Cynata™-iPSC-MSCs
ameliorated BLM-induced inflammation at the level of dendritic cell,
M2-like macrophage and Treg infiltration, and via the inhibition of
pro-inflammatory cytokines such as TNF-α, IL-6 and IL-1β, whilst pro-
moting the actions of anti-inflammatory cytokines such as IL-10 and
IFN-γ. Dendritic cells are involved in initiating various T cell functions
[58], are a source of TNF-α [59] and IL-6 [60], and can mediate adaptive
immune system-induced organ inflammation. On the other hand,
M2-like macrophages are a major source of TNF-α, IL-6, IL-1β, IL-10 and
TGF-β1 [61], and play a key role in promoting wound-healing. However,
persistent M2-like macrophage accumulation and activation can
contribute to aberrant TGF-β1-induced fibrosis progression. Tregs can
adopt differential roles in pulmonary fibrosis, but when allowed to
accumulate, can also secrete and promote the TGF-β1-induced pro-
gression of interstitial collagen-associated fibrosis [62]. Hence, the
iPSC-MSC-induced amelioration of this immune cell infiltration likely
mitigated various pro-inflammatory and pro-fibrotic factors that were
secreted by these cells, that contributed to interstitial fibrosis progres-
sion when persistently activated.

When cultured in vitro and stimulated with TNF-α and IFN-γ, further
insights into the immunomodulatory effects of these iPSC-MSCs were
observed, particularly with the ability of these stimulated cells to pro-
mote IDO1, PTGES3 and CCL2 protein levels as part of their anti-fibrotic
effects on COL1A1 and COL1A2 protein expression. IDO1 is a key rate-
limiting enzyme that is produced by DCs, that converts tryptophan to
kynurenine and inhibits immune cell effector function and/or facilitates
the death of T cells [63]. MSCs do not innately express IDO1, but have
been found to up-regulate IDO1 in the presence of inflammatory (TNF-α,
IFN-γ and/or IL-1β) stimuli [64]. PTGES3 is also an enzyme that con-
verts prostaglandin endoperoxide H2 to prostaglandin E2 (PGE2), and
can induce immunosuppressive effects in the lung [65]. Although it has
mainly been studied in the context of cancer, the down-regulation of
PTGES3 has been found to correlate with enhanced lung inflammation
in infants and children with cystic fibrosis, that have been exposed to
second hand cigarette smoke [66]. Additionally, as immune cells
recruited by CCL2 (also known as monocyte chemoattractant protein 1)

Fig. 3. Cynata™-iPSC-MSC-treatment of BLM-injured mice ameliorated lung TGF-β1 expression and canonical TGF-β1 signal transduction. (A) Representative IHC-
stained images (at x400 magnification) show the extent of interstitial TGF-β1 expression (brown staining) within the lung of each of the groups investigated. (B) Also
shown is the mean ± SEM % interstitial TGF-β1 staining (from 10 non-overlapping fields of view per lung section analysed). (C) Representative Western blots show
the extent of canonical TGF-β1 signal transduction in the form of Smad2 phosphorylation (pSmad2), Smad3 phosphorylation (pSmad3) and Smad7; and non-
canonical TGF-β1 signal transduction in the form of phosphorylated (p) p44 and p42 mitogen-activated protein kinase (MAPK) (pERK1/2), pJNK and pp38
MAPK in each of the groups investigated. The total Smad2/3, total p44 and p42 MAPK (ERK1/2), total JNK and total p38 MAPK blots were included, respectively, to
demonstrate the quality and equivalent loading of protein samples when assessing changes in their phosphorylated forms; whilst a GAPDH blot is included to
demonstrate the quality and equivalent loading of Smad7 between the groups analysed. Lanes 1 and 2 are from two separate saline-instilled mice; lanes 3 and 4 are
from two separate BLM-instilled mice; lanes 5 and 6 are from two separate BLM+iPSC-MSCs (x1)-treated mice; and lanes 7 and 8 are from two separate BLM+iPSC-
MSCs (x2)-treated mice; and the predicted size of each end-point measured is indicated by arrows. The uncropped versions of the blots shown can be found in the
Supplementary file; and a further 3-to-4 blots analysing an additional two samples per group demonstrated similar findings. (D-I) Additionally shown are the relative
lung mean ± SEM OD of pSmad2 (corrected for total Smad2/3) (D); pSmad3 (corrected for total Smad2/3) (E); Smad7 (corrected for GAPDH) (F); pERK1/2
(corrected for total ERK1/2) (G); pJNK (corrected for total JNK) (H); and pp38 MAPK (corrected for total p38 MAPK) (I); from n=6–10 mice per group. **P < 0.01,
***P < 0.001 versus the saline-instilled control group; #P < 0.05, ##P < 0.01 versus the BLM alone-instilled group.
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play immunosuppressive roles, the iPSC-MSC-induced activation of
CCL2 (along with IDO1 and PTGES3) may have contributed to the im-
mune cell-dampening and anti-inflammatory effects of these stem cells.
Notably, as CCL2 release and chemotaxis by monocytes is promoted by
IL-10 [67], it could be suggested that therapeutic effects of iPSC-MSCs
were partly mediated via their ability to up-regulate the IL-10-CCL2
axis [68].

Cynata™-iPSC-MSCs also markedly reduced lung epithelial damage,
in line with the angiogenic and wound-healing properties of these cells.
Previous studies had found that an intra-myocardial injection of (5×106)
Cynata™-iPSC-MSCs to rats with myocardial infarction, promoted
arteriogenesis and the branching and sprouting of microvessels with the
heart [69], which could also be induced in the lung. Cyn-
ata™-iPSC-MSCs were also found to express IL-8, TIMP-1 and TIMP-2,
regulated upon activation, normal T cell expressed and presumably
secreted (RANTES) and vascular endothelial growth factor (VEGF) [60],
which are all involved in neovascularization. Furthermore, iPSC-MSCs
promoted epithelial cell proliferation via a tumor necrosis fac-
tor-α-stimulated gene 6 (TSG-6)- and Akt-dependent manner [70].
TSG-6 in turn, attenuated bleomycin-induced lung inflammatory cell
infiltration, fibrosis, and the deterioration of lung function in mice [71].
Consistent with these findings, it has been proposed that the extracel-
lular vesicles secreted by iPSC-MSCs, that contain the therapeutic and
reparative components of these cells, have an enhanced ability to
regulate the microenvironment and promote tissue repair, compared to
tissue-derived MSCs [72].

Whilst the viability and efficacy of other implanted stem cells can be
impaired by the build-up and presence of fibrosis [73,74], remarkably
these iPSC-MSCs abrogated the established interstitial fibrosis that had
developed in BLM-injured mice following a single or once-weekly
administration. Likewise, the once-weekly i.v- or intranasal applica-
tion of iPSC-MSCs (over a 2-week period) markedly reduced the estab-
lished airway fibrosis that had developed in mice subjected to 9-weeks of
chronic AAD [26]. Although these iPSC-MSCs only partially impaired
the BLM-induced increase in myofibroblast differentiation and accu-
mulation (and hence, myofibroblast-mediated ECM production), this
was likely mediated by their amelioration of pro-fibrotic TGF-β1 activity
(via the inhibition of pSmad2 and promotion of Smad7) on fibroblast to
myofibroblast differentiation. It is also possible that these iPSC-MSCs
may have promoted the de-differentiation of a portion of myofibro-
blasts back to fibroblast-like cells, through their inhibition of the
TGF-β1/pSmad2 axis [75]; although further studies are required to
validate this. The additional ability of these cells to promote the balance
between various collagen-degrading MMPs and their natural (TIMP)
inhibitors, also likely allowed for these cells to stimulate the
MMP-induced breakdown of existing BLM-induced collagen deposition.
This resulted in iPSC-MSC-treated BLM-injured mice having a markedly
reduced interstitial lung collagen to tissue ratio (CART) and character-
istics of degraded interstitial lung collagen fibres, compared to their
untreated counterparts. Based on these findings, it could be further
suggested that iPSC-MSCs may provide a better therapeutic alternative
to pirfenidone or nintedanib as a treatment for IPF, as these
currently-used drugs only suppress pro-fibrotic cytokine and related
receptor activity on myofibroblast-induced fibrogenesis [10–14], but do
not resolve established fibrotic disease pathology.

Notably, a once-weekly administration of iPSC-MSCs only reduced
TSLP-associated lung epithelial damage and promoted anti-

inflammatory IL-10 levels to a greater extent than a single administra-
tion of cells, but did not further impact on measures of fibrosis or dy-
namic lung compliance in BLM-injured mice. These findings conferred
that interstitial fibrosis is the key contributor to lung function decline in
IPF, and that the targeting of other features of disease pathology, such as
epithelial damage or inflammation, are unlikely to have a major impact
on alleviating the lung dysfunction associated with established disease.
To this extent, it was demonstrated that a single injection of iPSC-MSCs
maintained therapeutic efficacy after two weeks of administration and
restored the BLM-induced loss of dynamic lung compliance back to that
measured in healthy control mice. However, whether the therapeutic
effects of these cells are maintained for longer periods of time, or require
fortnightly or monthly dosing to maintain their effects requires further
investigation. Again though, this is potentially another advantage that
these iPSC-MSCs provide as a therapeutic option for IPF over pirfeni-
done or nintedanib, as these currently-used medications require daily
and multiple administrations per day to maintain their preventative
effects.

5. Conclusion

The findings of this study have demonstrated the therapeutic value of
Cynata iPSC-MSCs as a novel treatment option for IPF, albeit from
studies conducted in mice. These stem cells not only inhibited TGF-β1
signal transduction and myofibroblast-induced fibrogenesis, they pro-
moted the balance between collagen-degrading MMPs and their natural
inhibitors, which appeared to allow for the MMP-induced breakdown of
interstitial collagen fibres; effects that were maintained over a fortnight
following a single administration of iPSC-MSCs. Whilst the safety of
these cells has already been demonstrated in a clinical setting [76],
further studies evaluating the dosing and timing of these iPSC-MSCs in
primates or larger preclinical models, and the comparison of these
iPSC-MSCs with currently-used medications such as pirfenidone and
nintedanib, will be key to developing the therapeutic potential of these
stem cells as a viable treatment for IPF.
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Fig. 4. Cynata™-iPSC-MSC-treatment of BLM-injured mice abrogated several measures of BLM-induced lung fibrosis. (A,C) Representative α-SMA- (A) and Masson’s
trichrome- (C) stained images (at x400 magnification) show the extent of interstitial myofibroblast accumulation (brown staining) (A) and ECM deposition (blue
staining) (C) within the lung of each of the groups investigated. Scale bar = 50 μm (A) or 90 μm (C). (B,D) Also shown are the mean ± SEM % interstitial myofi-
broblast accumulation within the lung (from 10 non-overlapping fields of view per lung section analysed) (B) and interstitial lung fibrosis (ECM deposition; from 10
non-overlapping fields of view per lung section analysed) (D) from n=6–10 mice per group. (E-I) Additionally shown are the mean ± SEM interstitial lung collagen
area to tissue ratio (CART) (E); interstitial lung collagen fibre density (F); interstitial lung collagen fibre thickness (G); interstitial lung collagen fibre length (H); and
interstitial lung collagen fibre number (I) from n=6–8 mice per group. *P < 0.05, **P < 0.01, ***P < 0.001 versus the saline-instilled control group; #P < 0.05, ##P <

0.01, ###P < 0.001 versus the BLM alone-instilled group.
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