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ABSTRACT

Mesenchymal stromal/stem cells (MSCs) possess immunoregulatory properties and their
regulatory functions represent a potential therapy for acute lung injury (ALI). However,
uncertainties remain with respect to defining MSCs-derived immunomodulatory pathways.
Therefore, this study aimed to investigate the mechanism underlying the enhanced effect of
human recombinant bone morphogenic protein-2 (thBMP-2) primed ES-MSCs (MSC*2)

in promoting Tregs in ALI mice. MSC were preconditioned with 100 ng/ml rhBMP-2 for 24
h, and then administrated to mice by intravenous injection after intratracheal injection of 1
mg/kg LPS. Treating MSCs with rhBMP-2 significantly increased cellular proliferation and
migration, and cytokines array reveled that cytokines release by MSC®*? were associated
with migration and growth. MSC®™ ameliorated LPS induced lung injury and reduced
myeloperoxidase activity and permeability in mice exposed to LPS. Levels of inducible nitric
oxide synthase were decreased while levels of total glutathione and superoxide dismutase
activity were further increased via inhibition of phosphorylated STAT1 in ALI mice treated
with MSCPMP2, MSCEMP treatment increased the protein level of IDO1, indicating an increase
in Treg cells, and Foxp3'CD25" Treg of CD4" cells were further increased in ALI mice treated
with MSC®™*2, In co-culture assays with MSCs and RAW264.7 cells, the protein level of IDO1
was further induced in MSC®™*. Additionally, cytokine release of IL-10 was enhanced while
both IL-6 and TNF-a were further inhibited. In conclusion, these findings suggest that
MSCBMP has therapeutic potential to reduce massive inflammation of respiratory diseases by
promoting Treg cells.

Mesenchymal stem cells; Recombinant human bone morphogenetic protein-2;
Acute lung injury; Indoleamine-pyrrole 2,3,-dioxygenase; Regulatory T-cells
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INTRODUCTION

Innate immune response pathway is activated through pathogen-associated molecular
patterns receptors, such as TLR4, which recognizes common pathogens and triggers immune
responses. A large number of immune cells such as neutrophils are recruited into alveoli, and
they produce pro-inflammatory cytokines and chemokines. LPS, a well-known endotoxin,

is found in outer membrane of gram-negative bacteria and commonly used to induce acute
lung injury (ALI) experimental models in vivo and in vitro. Previously, in vitro studies have
shown that LPS triggers activation of inflammatory mediators which result in oxidative stress
consistently with pattern of patients with ALI/acute respiratory distress syndrome (ARDS).
IFN-vy is a prominent mediator of immune responses to LPS, and it drives activation of JAK-
STAT pathway that plays vital roles in initiating innate and adaptive immune response (1).
STAT1 is phosphorylated by LPS-related JAK activation, resulting in up-regulation of pro-
inflammatory factors, such as TNF-a, IL-6 and IL-1f.

Despite sustained clinical advances of ALI/ARDS, it is still a leading cause of death in
critically ill patients, and its mortality rates consistently reported approximately 40 percent
(2). Since pneumonia-associated ALI/ARDS with fatal inflammatory cytokine release are
one of the major complications of this disease (3), it has been rapidly increased the need
for development of preventive and treatment medications in recent years. Although lung
protective ventilation, antibiotic and pharmacologic therapies have been performed as
supportive care, there are still no specific and effective treatments for cure of ALI/ARDS (4).

Mesenchymal stem cells (MSCs) are considered to have broad application with reparative,
immunomodulatory, and antimicrobial properties. The beneficial effects of MSCs-based
therapies have been proposed to be mediated predominantly by paracrine activity such as
soluble factors (including cytokines, chemokines or growth factors) and extracellular vesicles
(EVs) secreted from MSCs (5). A few studies described the response of patients with ARDS
to MSCs, however the clinical effects have not shown to provide significant improvement

in ARDS (6,7). Moreover, the MSCs derived from adult tissues are hampered by a number
of limitations in donor heterogeneity and variable cell characteristics (8,9). Accordingly, it
is critical to produce and maintain MSCs derived from standardized sources to investigate
the efficacy of safety of MSCs in the clinical application of ALI/ARDS. Recently, human
embryonic stem cell-derived mesenchymal stem cells (ES-MSCs) are emerging an unlimited
source for MSCs, which overcome the limitations experienced with primary MSCs (10).

Bone morphogenetic protein 2 (BMP2) is a multi-functional growth factor involved in
embryonic development and cellular functions, and it belongs to the TGF- superfamily (11).
To date, a few studies have indicated that BMP2 increases MSC growth and EV release (12,13).
In LPS exposed rats, BMP2 transduced endothelial progenitor cells effectively attenuated
pulmonary edema, and recombinant BMP2 infusion inhibited the remodeling of pulmonary
arterioles leading to alleviate the inflammation via down-regulation of p21 and caspase-3
activation (14,15). However, the BMP2-induced effects of MSC infusion in alveolar damage

is not fully explained, and it is required further mechanism of rhBMP-2 primed MSCs in the
progression of ALIL

Maintenance of alveolar homeostasis after lung injury is imperative to primarily restore lung

functions as an innate defense system, and failure to repair can result in the acceleration
toward ARDS (10). In this context, Tregs plays a critical role in resolution phase from ALI.
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Several studies have shown that Tregs are elevated in patients with ALIL, and suggested Tregs
as playing critical prosurvival, immune suppressive and anti-inflammatory role in ALI. Tregs
activations or expansion can promote indoleamine 2,3-dioxygenase-1 (IDO1) expression

in immune cells including dendritic cells (DCs) and macrophages. IDO1 is an enzyme that
catalyzes the degradation of tryptophan along the kynurenine pathway, and upregulation of
IDOL1 in DCs and macrophages is associated with immunomodulatory effect through Tregs
expansion and T cell suppression (17,18). In this study, we hypothesized that priming MSC
with BMP-2 exerts immune modulation via the activation of Tregs. It suggests a potential
mechanism wherein it exhibits superior alleviating effects on ALI compared to naive MSCs.

MATERIALS AND METHODS

Recombinant human BMP2 was provided by Daewoong Pharmaceutical Co., Ltd. (Seoul,
Korea). Primary Abs against 3-actin (#3700), p-STAT1 (Ser701) (#7649s), p-STAT1 (Tyr727)
(#9177s), total STAT1 (#9172s) were purchased from Cell Signaling Technology Inc. (Beverly,
MA, USA), and inducible nitric oxide synthase (iNOS, sc-650) and IDO (sc-53978) were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Secondary Abs were
purchased from Invitrogen (Carlsbad, CA, USA; mouse: 31430; rabbit: 32460). FACS Abs
against HLA-DR (307603). CD4 (100411), CD25 (101907), and FOXP3 (320007) were purchased
from BioLegend, Inc. (San Diego, CA, USA), and CD105 (560839), CD45 (560973), CD34
(560940), and CD73 (561014) were purchased from BD Biosciences (San Jose, CA, USA).

Human ES-MSCs were provided by Daewoong Pharmaceutical Co., Ltd. ES-MSCs were
cultured in a StemPro® MSC SFM XenoFree (Gibco, Waltham, MA, USA) supplemented with
1% L-glutamine (Gibco) and 1% penicillin/streptomycin on the Corning® CellBIND® surface
cell culture plates (Corning Inc., Corning, NY, USA) at 37°C. For priming with rhBMP-2,

cells were treated with rhBMP-2 (100 ng/ml) for 24 h. All experiments were performed using
ES-MSCs at passage number 12. RAW264.7, murine macrophage cell line, was purchased
from Korean Cell Line Bank (KCLB, Seoul, Korea). RAW264.7 cells were grown in RPMI-1640
medium at 37°C. To determine immunomodulation effect by paracrine factors from rhBMP-
2-primed ES-MSCs in RAW264.7, cells were seeded in 60 mm culture dish at confluency
70%—-80%. RAW264.7 cells were incubated with conditioned medium (CM) from ES-MSCs/
rhBMP-2-primed ES-MSCs mixed with RPMI1640 (2:1 ratio). After 2 h, LPS was added for 6 h.
Cells were lysed with RIPA buffer for western blotting analysis, and CM was used for ELISA.

Animal studies have been accomplished according to the guidelines of the Kangwon National
University and approved and followed the regulations of the Institutional Animal Care

and Use Committee (IACUC No. KW-210203-2). All mice were purchased from Doo Yeol
Biotech (Seoul, Korea), and housed in a temperature- and humidity-controlled room with a
constant photoperiod (12 L:12 D). To establish ARDS/ALI mice model, 8-week-old mice were
anesthetized by 10% Zoletil (Virbac Corp., Westlake, TX, USA) 200 pl, after then, 1 mg/kg
LPS from Escherichia coli 026:B6 (Sigma, St. Louis, MO, USA) or saline (control) were injected
intratracheally. After 4 h LPS injection, 1x10° ES-MSC (MSC), rhBMP-2-primed ES-MSCs
(MSC®™2) in 100 pl saline were administrated into the tail vein. At 24 h after LPS injection,
mice were sacrificed. To harvest the bronchoalveolar lavage fluid (BALF), mice tracheas
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were immediately cannulated with 18 G catheter and the lungs were rinsed 2 times with 1 ml
saline. Cells were centrifuged at 3,000 rpm for 10 min at 4°C, and supernatants were used
immediately or stored at ~80°C. For sampling lung tissue, all lobes of mice lung except left
lung were snap-frozen with liquid nitrogen (for homogenization), and left lung was stored

in 4% paraformaldehyde (PFA) (fixation). To evaluate the survival rate of experimental mice,
mice were intratracheally injected with 40 mg/kg LPS. After 4 h LPS injection, 1x10° ES-MSCs
and rhBMP-2 ES-MSCs were administrated into the mice tail vein, and they were monitored
for 4 days.

ES-MSCs were seeded at 1x10° cells/well in 24-well CellBIND® plate with culture media with/
without BMP2 (0, 50, 100 and 200 ng/ml) for 24 h. Furthermore, ES-MSCs were seeded at
5x10* cells/well in 24-well CellBIND® plate and treated with BMP2 (0, 50, 100, 200, 400,

and 1,000 ng/ml) for 7 days to check cell viability by long-term treatment of BMP2. For MTT
assay, 0.1 mg/ml MTT solution (Sigma) was added to each well further incubated for 2 h at
37°C. The supernatant was removed, and then 500 pl of DMSO was added to each well to
dissolve the purple formazan crystals. The crystals were measured by platEpoch (BioTek,
Winooski, VT, USA) microplate spectrophotometer at 540 nm. For WST-8 assay, we used the
cell counting kit-8 (CCK-8) (CK04-11) (Dojindo Molecular Technologies, Inc., Rockville, MD,
USA), and performed according to the manufacturer’s protocol. Cell viability was calculated
as follows: Cell Viability (%) = (Ateatment-Ablank)/ (Acontrol-Abiank) X100%, A=absorbance, OD value.

Cell migration was determined by transwell assay and wound-healing assay. For the transwell
assay, 1x10° cells/well were seeded in 300 ul StemPro® MSC SFM XenoFree with/without BMP2
(100 ng/ml) on the insert (upper chamber), and 500 pl StemPro® MSC SEM XenoFree with/
without BMP2 (100 ng/ml) was added to the lower chamber. The cells were incubated for 24
h at 37°C. All chambers were fixed methanol and stained by Diff-quick staining. The cells on
the upper side of the insert were removed by a cotton swab, and then the lower filters of the
inserts were demounted carefully using a forceps and scalpel blades. The filters were put on
the slide and mounted with Canada balsam. Under a microscope, the cells were counted per
field of representative images (x100). For wound-healing assay, 5x10° cells/well were seeded
in 6-well plate. At 90% confluency, the cell layer was scraped off using 200 pl tips and then
cultured in StemPro® MSC SFM XenoFree medium with/without BMP2 (100 ng/ml) for 24 h.
The cells were observed under the microscope and captured images at O and 24 h.

The 1x10° cells were seeded in CellBIND® T75 flask. After 24 h, BMP2 (100 ng/ml) was
treated into the cells for 24 h. The CM of ES-MSCs and BMP2-primed ES-MSCs were used
for cytokine array (Human XL Cytokine Array Kit, ARY022B) (R&D Systems, Minneapolis,
MN, USA). The procedure was performed according to the manufacture instructions. At the
end of step, the membranes conjugated with the antigens/Abs were visualized on a BioRad
ChemiDoc™ imaging system (Bio-Rad, Hercules, CA, USA). Then, all of dot were quantified
by Image Lab software (ver. 6.0.1.; Bio-Rad) and generated as a heatmap clustering.

Harvested lung lobes were washed in ice-cold 1x PBS, and then immediately fixed with
4% PFA overnight at room temperature. The lungs were paraffin-embedded and cut into
4 pm sections. Lung sections were subsequently stained with H&E, then observed under

https://doi.org/10.4110/in.2023.23.e48 4/21



IMMUuUN=
Fostering Treg Cell Induction in MSCBMP2 n ETWO R I(

a microscope. Lung injury scoring test was performed in a blinded fashion based on 4
histological parameters: infiltration of neutrophils, thickening of alveolar walls, congestion,
edema. The histological severity was graded from O (normal) to 4 (severe), and the total score
was calculated (19).

To detect MPO activity, lung tissue homogenized in 0.5 mL of 0.5% hexadecyltrimethyl
ammonium bromide in 50 mM potassium phosphate buffer (pH 6.0). The homogenate
was centrifuged at 13,000 rpm for 15 min at 4°C. The supernatant or BALF was added with
o-dianisidine solution (3u,3'-dimethoxybenzidine dihydrochloride in potassium phosphate
buffer, pH 6.0) and determined at 450 nm using an Epoch microplate spectrophotometer
(BioTek). MPO activity (unit/mL) was calculated in following formula.

(ODsgmpie — ODgiank) X Dilutionfactor
Enzyme Volume (ml)

Unit/mL =

Total protein concentration in BALF was measured by Pierce™ bicinchonicic acid (BCA)
protein assay kit (cat. 23227) (Thermo Fisher Scientific, Waltham, MA, USA). The procedure
was performed according to the manufacture instruction. In brief, each 10 pl BALF and BSA
(standard) were replicated into 96-well plate. Next, 200 pl working reagent mixture were
added in each well for 30 min at room temperature, and they were measured at 540 nm using
an Epoch microplate spectrophotometer (BioTek).

Isolated BALF was centrifuged at 3,000 rpm for 10 min. Cell pellets were resuspended with

1 ml 1x PBS, then resuspended cells (100 pl) were cyto-centrifuged on poly-L-lysine-coated
slides at 3,000 g for 10 min (Sigma). The cells were stained using CAMCO® Stain Pak kit (cat.
702) (Cambridge Diagnostic Products, Fort Lauderdale, FL, USA) according to manufacture’s
protocol. Slides were observed, and each cell were counted under a microscope.

To determine inflammatory cytokines in BALF and cell CM, we used R&D Duoset® ELISA kit
(mTNF-0, DY-410; mIL-6, DY-406; mIL-1B, DY-401; mIL-10, DY-417; hIL-10, DY217B-05; hIL-
6, DY-206; hTNF-a, DY-210) (R&D System). All Abs were coated in Maxisorp Nunc-immuno
modules microplate (Thermo Fisher Scientific) overnight. Each procedure was performed
according to manufacture instruction. The sulfuric acid solution (Daejung Chemicals

& Metals, Siheung, Korea) was used to stop the colorimetric subtractive process. The
absorbance was detected at 450 nm using platEpoch microplate spectrophotometer.

Mice lung tissues and RAW264.7 cells were lysed by RIPA buffer; supernatants were
harvested to isolate protein. The 25 pug protein was quantified by BCA protein assay, and
then, the samples were prepared with 5X SDS sample buffer (BSS-9005) (Tech & Innovation,
Chuncheon, Korea). Protein was separated in 10%-15% SDS-acrylamide gel, and transferred
onto a nitrocellulose transfer membrane 0.45 mm (Bio-Rad). The membrane was blocked
with 5% skim-milk in 1X TBST for 1 h. First Ab was incubated for 4 h at room temperature or
overnight at 4°C, and 2nd Ab was incubated for 1 h. First Abs purchased from SantaCruz were
diluted 1:1,000; 1st Abs purchased from Cell Signaling were diluted 1:2,000; 1st Ab against
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B-actin was diluted 1:10,000. Anti-mouse/rabbit 2nd Abs were diluted 1:2,000. In case of
detection against B-actin, 2nd Ab was diluted 1:5,000. After Abs attachment, membrane was
washed by 1X TBST, and Ab binding was developed using ECL solution (Bio-Rad). Bands were
detected using BioRad ChemiDoc™ imaging system (Bio-Rad).

mRNA was isolated from mouse lung and ES-MSCs using Trizol (Invitrogen, Waltham,
MA, USA). The 1 ug of RNA was revers-transcribed using Reverse Transcription Premix
(ELPIS Biotech, Daejeon, Korea). Real-time PCR was performed using SYBR® green on the
StepOnePlus™ Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The
expression level of mRNA was quantified by following 2044%, All primer pairs used in real-
time PCR are listed in Table 1.

Human specific gene, chromosome 17-a was detected to confirm the human cells into the
ES-MSCs-injected mice lung by qPCR. Primers for human chromosome 17 were as follows:
F:5-GGG ATA ATT TCA GCT GAC TAA ACA G-3'; R: 5'-AAA CGT CCA CTT GCA GTT CTA
G-3'; mouse GAPDH: F: 5'-CCT GCG ACT TCA ACA GCA AC-3'; R: 5''TGG GAT AGG GCC
TCT CTT GC-3'.

To determine SOD, we used SOD assay kit (cat. 19160) (Sigma). Samples were prepared at 10

ug protein from lung tissue lysate. All procedures were performed according to manufacture
instruction. Each well was read at 450 nm absorbance using platEpoch microplate reader. The
SOD activity (inhibition rate %) was calculated using the equation in the manufacture’s protocol.

The assay for quantitative determination of GSH and glutathione disulfide (GSSG) levels was
conducted as previously described method by Rahman et al. (20). In brief, the mouse lung
tissues were homogenated with RIPA buffer. The supernatant concentration was determined by
a BCA Assay Kit. The 10 pg protein was mixed with 0.67 mg/ml 5,5’-dithiobis-(2-nitrobenzoic
acid) and 10 U/ml GSH reductase. After 30 s, 0.67 mg/ml B-NADPH was added to the sample.
The actual total GSH and GSSG concentrations in the sample were determined by calculated
linear regression values from a standard curve 4 times every 30 s at 450 nm absorbance.

Table 1. Sequences of the primers in real-time PCR analysis

Species Genes Sequence

Mouse Nos2 F: 5'-GGATCTTCCCAGGCAACCA-3’
R: 5'-TCCACAACTCGCTCCAAGATT-3'
Ido1 F: 5'-CGATGTTCGAAAGGTGCTGC-3’
R: 5'-GCAGGAGAAGCTGCGATTTC-3'
Gapdh F: 5'-GGCAAATTCAACGGCACAGT-3'
R: 5'-CGCTCCTGGAAGATGGTGAT-3'

Human MMP9 F: 5'-CATCGTCATCCAGTTTGGTG-3'
R: 5'-AGGGACCACAACTCGTCATC-3’

CXCR4 F: 5'-CCCTCCTGCTGACTATTCCC-3'
R: 5'-TAAGGCCAACCATGATGTGC-3'

FBXO5 F: 5'-ACCAAGTTATCCAATCAA-3’

R: 5'-GAATTACAGCGAATACAG-3'
GAPDH F: 5'-CAATGACCCCTTCATTGACC-3’

R: 5'-GACAAGCTTCCCGTTCTCAG-3’
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To confirm MSC phenotype markers in ES-MSCs and BMP2-primed ES-MSCs, cells were
incubated with/without BMP2 (100 ng/ml) for 24 h in CellBIND® 100 mm cell culture dish.
After, cells were trypsinized and washed with FACS buffer twice. Cells were transferred

in e-tube at density of 1x10° cells/100 ul FACS buffer, and they were stained with CD73,
CD105, CD45, CD34 and HLA-DR with the respective isotype control Ab (21). To determine
Tregs contribution in ES-MSCs and BMP2-primed ES-MSCs-injected ALI mice, spleen was
harvested in mouse. The spleen was transferred in a sterile petri dish containing 1X PBS.
Then, the spleen was gently pressed using syringe plunger in the petri dish. The pieces of
spleen were collected and transferred on 100 pm strainer attached to a conical tube. The
transferred pieces of spleen were gently press using the back of a syringe plunger to macerate
the cells through the filter, and the filter was rinsed with 1X PBS twice. All procedures were
performed on ice. The cells were centrifuged at 3,000 rpm for 10 min. Then, supernatant
was discarded, and cells were resuspended in 1 ml PBS and filtered through 100 pm strainer.
The cells were centrifuged at 2,000 rpm for 3 min, and then supernatant was removed. 1x10°
cells were resuspended in 100 pl FACS buffer with CD4 and CD25 Ab conjugated fluorescence
dye or fluorescence dye only (negative). After 30 min at room temperature, cells were
centrifuged at 3,000 rpm for 3 min, and then washed with FACS bufter. For FOXP3 staining,
True-Nuclear™ Transcription Factor Buffer Set (Cat. 424401) (BioLegend) was used. Next
procedures were performed according to the manufacture instructions. All labeled cells were
analyzed by Accuri-C6 flow cytometry (BD Biosciences).

The results are represented as the mean + SEM. One-way ANOVA followed by Bonferroni’s
multiple comparison test was used for comparisons between multiple groups. In comparison
between 2 experimental samples, unpaired 2-tailed Student’s t-test was used.

RESULTS

We investigated cell surface markers for the characterization of MSC by flow cytometry
analysis (22). The majority of MSCs expressed CD93 and CD105 (>90%), while CD34, CD45
and HLA-DR were virtually undetectable (<0.5%) in both non-treated cells (Supplementary
Fig. 1A) and rhBMP-2-primed cells (Supplementary Fig. 1B). To evaluate the effect of rhBMP-2
on cell viability, we initially performed the MTT and CCK-8 assay. After 24 h exposure,
rhBMP-2 significantly increased ES-MSCs viability at concentration of 100 ng/ml and 200 ng/ml
(Fig. 1A and B). The effect of thBMP-2 on the vertical and horizontal migration of MSCs were
measured by the transwell and scratch assays, respectively. As a result, rhBMP-2 significantly
improved cell migration capacity of ES-MSCs in both assays (Fig. 1C-E). Moreover, thBMP-2
increased mRNA levels of MSCs migration-related genes including MMP9, FBXO5 and
CXCR4 (Fig. 1F-H). We next evaluated that rhBMP-2 enhances secretion of soluble factors
produced from MSCs as paracrine effect. We performed cytokine array, which displayed
quantification of several cytokines production by visualizing as dots (Supplementary Fig. 2).
Heat-map data represented that thBMP-2 priming enhanced overall paracrine activity of
ES-MSCs (Supplementary Fig. 2A); in particular, IL-11, IL-6, PDGF-AB/BB, HGF, dkk1, and
TFF3 were considerable among 105 human cytokines (Supplementary Fig. 2B). In cytokine
array, upregulated factors were mostly related with migration (13 factors) (23-36) and growth
(11 factors) (27,30,31,36-41) in ES-MSCs (Supplementary Fig. 2C).
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Figure 1. rhBMP-2 enhanced proliferation and migration capacity of ES-MSCs. Cell viability was measured by MTT assay and WST-8 assay. (A) Cells were treated
0, 50, 100 and 200 ng/ml concentration of rhBMP-2 for 24 h and 120 h in MTT assay. (B) In WST-8 assay, cells were treated 0, 50, 100, and 200 ng/ml rhBMP-2 for
24 h. (C) The transwell migration assay and (D) wound healing assay were performed to confirm the improvement of migration ability by rhBMP-2 in ES-MSCs. (E)
We counted the cells in the microscope field. (F-H) The mRNA levels of migration-associated genes were detected by real-time PCR. All data are represented as
mean + SD.

ns, not significant.

*p<0.05, **p<0.01, and ***p<0.001 compared with control group.

EVs carry a variety of cargo including DNA, mRNA, micro-RNAs, long non-coding RNAs,
protein, lipids, and metabolites. Several studies have shown that EVs derived from MSCs
appear therapeutic potentials. Therefore, we isolated EVs from conditioned media to quantify
beneficial paracrine ability of ES-MSCs. In NTA analysis, rhBMP-2 further increased EVs
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concentration (particles/ml) suggesting that rhBMP-2 would enhance paracrine potency

of ES-MSCs, such as release of EVs (Supplementary Fig. 2D). Taken together, our findings
suggest that the secretion in MSCs could be enhanced by treatment with rhBMP-2 leading to
improve MSC proliferation and migration.

We next determined whether the enhanced migration of MSC®™ to lung injury improves

the therapeutic effect. MSC or MSCEM™ was intravenously injected in mice after injection of
LPS. To detect engrafted human cells within mice lung tissue, we performed PCR of human
specific a-satellite region of chromosome 17 (850 bp). As a result, both MSC and MSC* " were
observed in mice lung tissue after 20 h cell injection (Supplementary Fig. 3). In a survival
analysis, MSC- or MSC®""-treated mice were survived until the endpoint of observation (66.7%,
77.8% respectively at 4 days after LPS injection), and only 22.2% mice were survived in the LPS
group (Fig. 2A). Also, LPS markedly reduced mice body weight. Although MSC and MSC®
slightly increased body weight, it was not statistically significant (Fig. 2B). Body weight and
the lung weight-to-body weight (LW/BW) ratio remained largely unchanged in response to
MSC infusion. Conversely, the introduction of MSC®™* significantly diminished the LW/BW
ratio (Fig. 2C). In histological analysis, LPS-administrated mice lungs showed infiltration of
numerous inflammatory cells, hemorrhage and edema compared with control mice (Fig. 2D).
Although MSC group also diminished acute injury manifestations, MSC®™" showed further
protective effect than MSC in ALI mice (Fig. 2D). We calculated indices of lung injury based on
histological observations in Fig. 2D and E, MSC®" group significantly decreased lung injury
score compared with MSC group (Fig. 2D and E). Moreover, LPS exposure induced increase
of not only MPO enzyme activity that has been considered as an indicator of inflammation
and onset of sepsis and mainly expressed in neutrophils, but also total protein in BALF, which
reflects vascular permeability (Fig. 2F and G) (42). Interestingly, MPO activity in whole lung
tissue and BALF, and total protein in BALF were further reduced by MSC®*? group after LPS
injection (Fig. 2F-H). Taken together, these data showed that MSC®" were detected in the
injured lung tissue with enhanced potency and more effectively alleviate ALI.

To confirm whether rhBMP-2 could increase anti-inflammatory property of ES-MSC, we
harvested BALF and BALF cells from LPS and ES-MSCs treated-mice. Most of BALF cells
consisted of macrophages and neutrophils, which were distinguished based on difference
of morphology (Supplementary Fig. 4). We observed that LPS mediated numerous
inflammatory cells, especially neutrophils, and hemorrhage compared with control group
(Fig. 3A). MSC® transplantation exhibited a remarkable inhibition of inflammatory cells
infiltration (Fig. 3B-D). Pro-inflammatory cytokines such as TNF-a, IL-1$ and IL-6 in BALF
were increased by LPS administration. However, MSC®™” group markedly ameliorated level
of all cytokines (Fig. 3E-G) while MSC group reduced TNF-a significantly, but not IL-1 and
IL-6. These findings indicated that MSCEM™? possesses further enhanced anti-inflammatory
properties compared with non-primed ES-MSCs in ALI mice.

ROS and NO are generated by various cells, including leukocytes and parenchymal cells,
during acute inflammatory response, and it is believed that oxidative stress following these
free radicals has been implicated in the pathogenesis of ARDS or ALI (43,44). Hence,

https://doi.org/10.4110/in.2023.23.e48 9/21
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Figure 2. MSC®™" diminished lung injury in ALI mice. (A) To determine survival rate against ES-MSCs with LPS injection, mice were administrated LPS (40 mg/kg),
4 h after, ES-MSCs and rhBMP-2-primed ES-MSCs were injected to mice (1x10°) intravenously. For other experiments except survival analysis, mice were injected
1 mg/kg LPS intratracheally, and after 4 h, injected ES-MSCs and rhBMP-2-primed ES-MSCs intravenously (1x10°). (B) Body weight (g) and (C) the ratio of lung
weight to body weight (mg/g) were measured after 24 h LPS injection. (D) Histological analysis was performed by H&E staining under a microscope. Scale bar
=50 um. (E) The lung injury scores were quantified from histological data. (F) MPO activity was measured in whole lung tissues and (G) BALF (right). (H) Total

protein was measured in BALF by BSA assay. All data are represented as mean = SD.

ns, not significant.

**p<0.01, and ***p<0.001 compared with control group. Tp<0.05, Tp<0.01 and TTp<0.001 compared with LPS group. ¥p<0.05, and ¥#¥p<0.001 compared between

LPS+MSC and LPS+ MSC®"™ groups.

https://immunenetwork.org

we investigated oxidative stress-related signaling in ALI mice. Expression of iNOS, one

of enzymes generating NO, was significantly increased by LPS and inhibited by MSC®*2
transplantation in both protein- and mRNA levels. Although MSC group tended to decrease
iNOS, these results were not statistically significant (Fig. 4A-C). In addition, antioxidant
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Figure 3. MSC®™™ inhibited infiltration of inflammatory cells and cytokines. Mice were injected 1 mg/kg LPS intratracheally, and after 4 h, injected ES-MSCs and
rhBMP-2-primed ES-MSCs intravenously (1x10°). (A) In the BALF, cells were harvested and stained by Diff-quick staining. Scale bar = 50 um. (B) Macrophages, (C)
neutrophils and (D) total cells were counted under a microscope. Inflammatory cytokines in BALF, including (E) TNF-a, (F) IL-1B, and (G) IL-6 were detected by
ELISA. All data are represented as mean + SD.

ns, not significant.

*p<0.05, and ***p<0.001 compared with control group. Tp<0.05, and p<0.001 compared with LPS group. ¥p<0.05, and #*+p<0.001 compared with LPS+MSC group.

https://immunenetwork.org

enzymes, GSH peroxidase; GSH, and superoxide mutase; SOD, activity levels were recovered
by MSC®MP after LPS injury (Fig. 4D and E). We previously elucidated that LPS injury highly
mediated recruitment of neutrophils in which IFN-y signaling pathway is activated leading to
up-regulation of STAT1 (45). We next confirmed that LPS increased phosphorylation Tyr701
and Ser727 on STAT1. Furthermore, MSC®™" markedly decreased STAT1 phosphorylation
(Fig. 4F and G). These findings suggest that MSC®™", compared to MSC, attenuates oxidative
damage and inhibits STAT1 signaling activation in ALI mice.

https://doi.org/10.4110/in.2023.23.e48 11/21
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We next examined whether the released cytokines are involved in the immunomodulation
mediated by MSCPM™, In our secretion profile, several notable factors that exhibited
enhancement following rhBMP-2 priming (e.g., IFN-y, CHI3L1, ICAM-1, TARC, TIM-3)

are implicated in T cell inhibition and Tregs activation (46-50). Human MSCs enhance the
modulation of the inflammatory microenvironment through the catabolism of tryptophan

by IDO1 (51). To assess this, we determined the level of IDO1 in mouse lung tissues. When
mice were exposed to LPS, mRNA and protein level of IDO1 were increased in the lung

tissue. Interestingly, MSCE™* group, not MSC, further increased IDO1 at both mRNA and
protein levels (Fig. 5A-C) compared with LPS group. Therefore, we next investigated whether
MSC®?2 yp-regulates IDO1 mediated Tregs activation in ALI mice. Tregs were observed as a
distinct subset of CD4+ T cells by spleen and CD25+ FOXP3+ T cells were gated in CD4+ T cell
population using FACS analysis. Tregs were increased in MSC®*”-treated mice compared with
LPS exposed mice and LPS treated with MSC mice (Supplementary Fig. 5, Fig. 5D and E).
Since IDO1 is significantly induced by MSC® i vivo, we next sought to validate the
expression of IDO1 in vitro. To accumulate enough paracrine factors derived from cells, ES-
MSCs were primed with rhBMP-2 for 48 h. We subsequently harvested CM and added it into
RAW2064.7 cells after LPS exposure (Fig. 5F). IDO1 level was increased in RAW264.7 cells
treated with MSC®""2 CM compared with MSC CM-treated cells (Fig. 5G and H). In ELISA,
1L-10, was increased in MSC-CM, and MSC®"-CM treatment further increased level of IL-10
in LPS-exposed RAW264.7 (Fig. 51). On the other hand, pro-inflammatory cytokines, IL-6 and
TNF-a, were significantly decreased by MSC**2-CM compared to MSC-CM (Fig. 5J and K). In
addition, we validated whether rhBMP-2 allows ES-MSCs to produce cytokines. Regarding the
concentration of rhBMP-2 (100 ng/ml) for preconditioning, we compared the effect of single
rhBMP-2 treatment in ES-MSCs and RAW264.7 cells. Single rhBMP-2 treatment did not change
IDO1 expression and cytokine releases of IL-10, IL-6 and TNF-a (Supplementary Fig. 6). These
findings suggest that MSC®™" secreted factors particularly enhance IDO1 expression leading
to promote Tregs activation with anti-inflammatory effect.

DISCUSSION

In this study, we determined the effect of thBMP-2 in ES-MSCs and a pivotal role of MSCEMP?
to facilitate modulation of T cells for ALI treatment. Despite to therapeutic potential of
MSCs, human primary MSCs, in particular those from aged donors, have a limitation of
proliferation capacity and donor dependent variations. ES-MSCs have superior to maintain
high consistency, addressing the issue of their variations. Moreover, it is beneficial to be
processed from bench to bedside according to Good Manufacturing Practices production
facilities. Recently, it has shown that priming approaches to improve the efficacy of MSCs
with cytokines, growth factors, or hypoxia (52). Here, we sought to apply “priming strategy”
in therapeutic approach based on ES-MSCs for ARDS/ALI. Ability to proliferate in stem cells
is regarded as a critical factor in terms of successive engraftment and survival, determining
treatment efficiency. Accordingly, we observed that rhBMP-2 exhibits significant increase

of proliferation rate in short-term condition as well as culture for 5 days. It has shown that
rhBMP-2 is associated with osteogenic differentiation capacity of BM-MSCs, and systemic
rhBMP-2 treatment increased the number of MSCs while inhibiting MSCs apoptosis in
osteopenic mice. Despite rhBMP-2 administration promotes proliferation of MSCs obtained
from osteopenic mice, rhBMP-2 induced functional modulation of MSCs remains unknown.
Major therapeutic capacity of MSCs is the “homing” toward damaged tissue so that they

https://doi.org/10.4110/in.2023.23.e48 13/21
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Figure 5. MSC®™" enhanced macrophage-derived IDO1 and Tregs activation. Mice were injected LPS 1 mg/kg, after 4 h, MSC and MSC®™"* were injected
intravenously (1x10°). (A) In the mouse whole lung tissues, Ido7 mRNA expression was measured by real-time PCR. (B, C) IDO protein level was measured in
western blot analysis. (D) In mouse spleen, FOXP3+CD25+ of CD4+ Treg cells were measured by FACS analysis. (E) The frequency of FOXP3+CD25+ of CD4+ cells
(%) was displayed as a graph. All data are represented as mean = SD. (F-1) CM-derived control or rhBMP-2-treated ES-MSCs was treated into murine macrophage
cell line, RAW264.7, for 2 h. The 100 ng/ml LPS was added in culture medium. (G, H) Western blotting analysis for IDO in RAW264.7. (1) Anti-inflammatory
cytokine, IL-10, and pro-inflammatory cytokines, (J) IL-6 and (K) TNF-o. in CM from RAW264.7 were determined by ELISA. All data are represented as mean + SD.

ns, not significant.

*p<0.05, **p<0.01, and ***p<0.001 compared with control group. TTp<0.01, and Tp<0.001 compared with LPS group. ¥p<0.05, ¥p<0.01, and *#p<0.01 compared
between LPS+MSC and LPS+ MSC®™™ groups.
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produce a large amount of paracrine factors for tissue recovery and regeneration (53). In
trans-well- and scratch assay, our results showed that rhBMP-2 promotes cell migration with
up-regulation of migration-related genes including MMP9, FBXO5 and CXCR4. In various cell
types, MMP9 has been shown to be involved in cell migration (54), and FBXO5 and CXCR4

in MSCs migration. Since the survival and migration of MSCs at the site of the lesion is
limited, it is proposed that paracrine factors (i.e., cytokines, chemokines, extravesicles) are
critical and considered as primary mechanism of their therapeutic effect. Our data revealed
that rhBMP-2 increased cytokine secretion profile which are mostly involved in MSC growth,
proliferation and migration. IL-11 and IL-6 (members of IL-6 cytokine family) are well known
pro-inflammatory cytokines, whereas both had been identified to be related with MSC
proliferation and migration (37,55). Moreover, we observed that EVs released from ES-MSCs
were increased by pre-conditioning with rhBMP-2. EV includes a various type of vesicles,
such as exosomes and microvesicles, which is recognized as a pivotal mediator of cell-to-cell
communication involved in repair processes and disease progression (56). Recent studies
suggest that substantial therapeutic mechanism of MSCs is paracrine signaling, dependent
on EVs. Although we showed that rhBMP-2 increased paracrine effects including release of
EVs and soluble proteins (i.e., cytokines and growth factors), further investigation of specific
mechanism through paracrine signaling is needed.

We next determined the effect of thBMP-2 primed MSCs (MSC®*2) in ALI mice. MSCBMF?
presented to diminish LPS-induced tissue injury and inflammation responses than non-primed
ES-MSCs. Previously, Wu et al. (51) described that MSCs could release immunomodulatory
factors during an immune response to the inflammatory cytokines produced by T cells and
antigen-presenting cells. The MSC-like cells named IMRCs exhibited that T cell-suppressive
IDO1 is increased in IMRCs, possessing a hyper immunomodulatory capacity. Indeed, it has
been reported that IDO1 is one of paracrine and immunomodulatory factors that play a role

in MSC-mediated suppression of T-cell proliferation via Treg activation (57). Therefore, we
investigated whether rhBMP-2 increases immunosuppressive capacity of ES-MSCs by analyzing
IDO1 expression in the cells; however, level of IDO1 did not changed in ES-MSCs after pre-
conditioning of hBMP-2. On the other hand, we found that LPS slightly increased ido1 in

mice lung, and MSC®? administration induced further increase of mRNA and protein levels
ofidol. Several studies have reported that inflammatory mediators, such as IFN-y, stimulate
expression of IDO1 (58). Inflammatory cytokines stimulate IDO1 to activate host’s innate
defense mechanism by depleting tryptophan, which acts in apoptosis of CD4+T cells sensitively
(59). Furthermore, inflammatory response triggers an anti-inflammatory response mediated
via the activation of IDO1-KYN-AhR signaling, resulting in induction of immunosuppressive
factors, such as IL-10, TGF-§ and FOXP3 (60). Tregs have been highlighted in ALI due to their
roles in immune homeostasis, anti-inflammation and repair of damaged tissues. According

to Mock and colleagues suggested that the number of Tregs increases after lung injury leading
to inflammatory resolution and improvement of alveolar epithelial cells proliferation (61).
Consistent with previous studies, our data showed that LPS induced slight increase of Tregs.
Moreover, MSC®™” further increased Tregs population than single LPS-administrated mice,
suggesting that MSC®""? possess enhanced immunosuppressive capacity through IDO1 and
Tregs activation. In addition, these findings suggest that MSCE™™ increases IDO1 in certain

cell types in the lung, not in itself, and which helps activation of Tregs. Although IDO1 is
widely expressed in various cell types, its expression in macrophages and DCs has been
reported to be especially relevant with modulation of T cell behavior (62). Under inflammatory
conditions, IDO1 can be activated in macrophages to control immune system (63). In this
study, we determined mouse macrophage cell line, RAW264.7, to investigate expression of
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IDO1 in macrophages. Interestingly, IDO1 was further increased in RAW264.7 treated with
MSCBMP2-CM compared with LPS- and LPS+MSC-CM treated cells. Furthermore, we observed
that high level of anti-inflammatory cytokine, IL-10 was produced in MSC®*-CM-treated
RAW?2064.7 cells. These observations indicate that not rhBMP-2 increase IL-10 in ES-MSCs but
MSCB"? gllow macrophages to produce secretion of IL-10. Taken together, we demonstrated
that MSCEM™ are available to modulate host immune response and inhibit inflammation

by regulating macrophages or Tregs. Accordingly, our findings are needed further to seek
specific factor regulate immunomodulatory mechanism associated with IDOL1. In this study,
our data suggest that paracrine factors increased by rhBMP-2 priming might be facilitated

for ALI treatment. In this study, we demonstrated that BMP2 priming not only enhances the
immunomodulatory function inherent in naive MSCs but also leads to an overall improvement
in cellular capabilities. This technique has the potential to address the limitations of previous
MSC therapy, such as low yield and diminished therapeutic efficacy. It could be a cost-effective
and safe approach that may overcome the limitations, offering a promising solution to enhance
the effectiveness of MSC-based therapies in the future.

Taken together, hBMP-2 promoted proliferation, migration, and paracrine capacity of ES-
MSCs. MSC® inhibited tissue impairment, inflammation, dysregulated oxidative homeostasis,
STAT] activation after ALI in vivo. In addition, MSC®""* allowed mice macrophage to release
anti-inflammatory cytokine, IL-10; and highly expressed IDO1 resulting in Tregs activation.
Taken together, MSC®? and its associated cellular mechanism could contribute to understand
immunomodulation and paracrine effect of MSC treatment in pre-clinical approaches.
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SUPPLEMENTARY MATERIALS

Surface markers of ES-MSCs. Representative histogram of flow cytometric analysis of general
MSC markers (positive for CD105 and CD73, and negative for CD34, CD45 and HLA-DR)

in (A) MSC and (B) MSC®¥"2 (gray = isotype control, purple or red = specific cell surface
markers). Each percentage of positive population was indicated in the plots.

Click here to view
rhBMP-2 allowed ES-MSCs to promote release of paracrine factors. (A) Multiple cytokines
were assessed by Proteom Profiler Human XL Cytokine Array Kit (R&D Systems), and heat

map showed the expression profiles of soluble proteins in the cell culture supernatants
from MSC and MSC®" for 24 h. (B) Compared the cultured medium from MSC (CTL)
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and MSC®?2 top 20 ranked up-regulated genes were shown by graph of fold-change in
expression, and (C) the top 30 ranked up-regulated genes were categorized 13 categories
based on other references. (D) NTA analysis was performed to characterize EVs derived MSC
and MSCP®™P_ Data are represented as mean + SD.

Click here to view

Detection of human ES-MSCs in mice lungs. Mice were injected LPS with MSC and

MSCBM? after 4 h LPS administration. The injected human cells were detected with human
chromosome 17a (850 bp) by quantitative RT-PCR, indicating cell engraftment into mice lung
in both LPS+MSC and LPS+MSC®"* groups. Data are represented as mean + SD.

Click here to view

Histologic image of cells in BALF. Cells were stained by Diff-quick staining, and each cell is
distinguished based on morphology. Scale bar = 20 um.

Click here to view

Gating strategy for Tregs isolated from spleens. Tregs are identified as a distinct subset of
CD4+ T cells expressing high levels of the CD25 and express FOXP3. Single cells isolated from
spleen were stained APC-conjugated CD4, PE-conjugated FOXP3 and FITC-conjugated CD25,
and analyzed by FACS. CD4+ cell population was distinguishable from negative control due to
APC-expressing (red line), and then CD25+ FOXP3+ cells were gated in CD4+ cell population
(upper right quadrant, Q2) (n=3).

Click here to view

IDO1 and cytokines alteration against rhBMP-2 in RAW264.7 and ES-MSCs. To confirm
whether IDO1 expression and cytokine production were affected by thBMP-2 in CM, we
treated only rhBMP-2 containing medium (not conditioned). (A) IDO protein level was
measured in western blot analysis. (B) Densitometric ratio of IDO1 against 3-actin by ImageJ
software (fold change). (C) In RAW264.7-CM, mIL-10 (pg/ml), (D) mIL-6 (pg/ml) and (E)
mTNF-a (pg/ml) were detected by ELISA. To detect human cytokines in MSC-CM, we
performed ELISA assay. (F) hIL-10 (pg/ml), (G) hIL-6 (pg/ml), and (H) hTNF-a (pg/ml) were
detected in MSC-CM after 24 h rhBMP-2 priming. Data are represented as mean (n=3).

Click here to view
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