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ABSTRACT

Unraveling immunomodulatory mechanisms of mesenchymal stem cell
derived secretomes in mouse models of rheumatoid arthritis

and systemic lupus erythematosus

Taejun Yoon

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Yong-Beom Park)

Mesenchymal stem cells (MSCs) exert immunomodulatory and anti-inflammatory
effect to several diseases and immune cells, but they have several limitations as a
therapeutic agent. Secretome, secreted bioactive molecules, derived from MSCs is
proposed as an alternative to overcome the limitations. Among several diseases,
autoimmune diseases, result from the defect in immune system, are one of the targets for
applying MSCs as a new treatment to cover present unmet needs. Macrophages have

function in homeostasis with regulating immune systems and express two functional



phenotypes, classically activated M1 and alternatively activated M2 macrophages.
Recently, the importance of M2 subtypes, M2a, M2b, M2c, and M2d, is emerging to
understand detailed mechanisms of macrophages. Several recent studies tried to clarify
therapeutic efficacy and its mechanisms of MSCs; however, it is not fully understood. In
this study, the therapeutic efficacy of MSCs derived secretome was observed and the
underlying mechanism was studied with searching materials of immune modulation from
secretome.

For in vitro assay, a macrophage cell line, RAW264.7 cells and mouse peritoneal
macrophages were treated with adipose derived MSC (ADSC) secretome in the absence or
presence of LPS stimulation. Pro-inflammatory markers and anti-inflammatory markers of
macrophages were analyzed with flow cytometry (FACS), qRT-PCR, and enzyme-linked
immunosorbent assay (ELISA). To identify the mechanism of ADSC secretome, NF-
kB/AKT and STAT/SOCS pathways of macrophage were observed by western blot.
Therapeutic efficacy of ADSC secretome was confirmed with animal models of theumatoid
arthritis, collagen induced arthritis (CIA) and of systemic lupus erythematosus (SLE), NZB
W/F1 mouse. ADSC secretome was analyzed by LC/MS-MS proteomics and DAVID
bioinformatics. Antibody neutralization and recombinant protein were used to confirm
pivotal molecules in ADSC secretome.

ADSC secretome suppressed pro-inflammatory markers such as iNOS and TNF-a and
enhanced anti-inflammatory markers such as Arg-1 and IL-10 of macrophages. ADSC

secretome also suppressed phosphorylation of NF-kB and AKT with the increase of PTEN

Vi



expression of macrophages. Also, a PTEN inhibitor diminished the immune-modulatory
effect of ADSC secretome. Phosphorylation of STAT1 was reduced and of STAT3 was
escalated with activation of SOCS1 and SOCS3 by ADSC secretome. ADSC secretome
alleviated disease activity of CIA and NZB/W F1 mouse and made peritoneal macrophages
express M2b/c-like phenotype. From the proteomics analysis, 84 proteins were discovered
in ADSC secretome and 7 candidate molecules (ANAX1, CFH, DKK3, LGALS3BP, PTX3,
PROSI, and SERPINF1) were selected. Among them, pentraxin-3 (PTX3) was chosen for
the further examination. Antibody neutralization of PTX3 reduced the function of ADSC
secretome and recombinant PTX3 showed similar effect with ADSC secretome.

ADSC secretome regulated inflammation in RAW264.7 cells and animal models of RA
and SLE. Also, ADSC secretome was involved in M2b/c polarization of peritoneal

macrophage and PTX3 is a key molecule of the effect.

Key words : mesenchymal stem cell, secretome, macrophages, autoimmune
diseases, immunomodulation

Vil



Unraveling immunomodulatory mechanisms of mesenchymal stem cell
derived secretomes in mouse models of rheumatoid arthritis

and systemic lupus erythematosus

Taejun Yoon

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Yong-Beom Park)

I. INTRODUCTION

Mesenchymal stem cells (MSCs) are multipotent stem cells, which possess the ability
to differentiate to various cell types, characterized by self-renewal ability.! Based on
various origins of MSCs such as bone marrow, adipose tissue, and umbilical cord, MSCs
can be acquired easily compared to the other stem cells.? Also, MSCs are less affected by

ethical limitation than other stem cells.’> Nevertheless, MSCs cell therapy still has huddles



to use in clinic such as shortage of standardization of managing cells and delivery route,
function loss during the cell expansion, and adverse effects.*> MSCs exert their therapeutic
efficacy through several mechanisms other than cell-cell interaction: paracrine activity,
transfer of organelles and molecules by through tunneling nanotubes, and exosomes or
microvesicles.® Especially, MSCs express immunomodulatory and anti-inflammatory
effect by secreting several bioactive molecules containing secreted proteins (secretome).”8

Autoimmune diseases occur with malfunction of immune system, recognition own
body as foreign object and attacking it because of abnormal activation. These diseases are
related to chronic inflammation in several tissues and collapse of immune homeostasis.’
Current treatments for autoimmune diseases focus on suppressing immune function to
modify inflammation but they have several limitations such as incomplete treatment
responses and increased vulnerability of infection.'” As MSCs have immunosuppressive
and regenerative properties, MSCs are suggested as an alternative treatment to overcome
the current limitations and several studies reported that MSCs have therapeutic efficacy to
autoimmune diseases, such as systemic lupus erythematosus (SLE), multiple sclerosis
(MS), and rheumatoid arthritis (RA).!""!4

Macrophages play a vital role in the innate and acquired immune systems. Well known
functions of macrophage are host defense and apoptotic cells removal for tissue
homeostasis and immunoregulating.'> Macrophages also have diversity and plasticity as
their characteristics. Under functional plasticity, macrophages polarize between two

functional phenotypes, classically activated M1 and alternatively activated M2



macrophages according to the specific condition.'® M1 macrophages can be induced by
IFN-y or LPS and as they have ability to remove pathogen effectively, they secrete
inflammatory cytokine and produce nitric oxide (NO). IL-4 and IL-13 are popular inducers
of M2 macrophages, which carry out pathogen defense with improved phagocytosis.
Conversely to M1 macrophages, M2 macrophages induce anti-inflammatory condition and
are involved in would healing and tissue repair with secreting high levels of TGF-f1 and
IL-10."-1 M2 macrophages are further classified as M2a, M2b, M2c¢, and M2d subtypes
according to each stimulants and each subtype has different characteristics in exhibiting

immune-modulatory ability.?%!

Recently, significance in investigating impact of M2
subtypes on mechanism of diseases were proposed in many studies.??** Especially,
Alivernini et al. addressed that the number of MerTK+ macrophages, M2¢ subtypes, are
short in synovial tissue of rheumatoid arthritis patients and related to the improvement of
treatment.?

MSCs induce polarization of macrophage toward M2 state considered as having
immune-modulation characteristics with increased expression of arginase-1 (Arg-1) and
decreased inducible nitric oxide synthase (iNOS).?” Furthermore, MSCs generate M2b/c
like polarization with increased LIGHT (M2b) and MerTK (M2c) expressions of
macrophages.?®? Also, several studies reveal PGE2, TSG-6, TGF-B1, and IL-6 as secreted
molecules that exhibit immune-modulatory function of MSCs.?***% Even though notable

attempts were established, MSCs derived secretome still needs to be investigated further to

utilize as therapeutic agent. In this study, we examined the therapeutic efficacy of MSCs



derived secretome in animal models of RA and SLE and the mechanism of

immunomodulatory effect and anti-inflammatory effect of the secretome with macrophages.



Il. MATERIALS AND METHODS

1. Isolation of secretome from adipose tissue-derived MSCs

Adipose tissue-derived MSCs (ADSCs) were maintained with low glucose (1 g/L)
Dulbecco's modified Eagle medium (DMEM, Corning, NY, USA) supplemented with
10% fetal bovine serum (FBS, Corning), 1% nonessential amino acids, and 1%
penicillin—streptomycin at 37 °C in 5% CO,. When the confluence became over 90% at
passage 6, MSCs were cultured with FBS-free DMEM without phenol red containing 1%
penicillin-streptomycin for 48 hr. The cultured medium is gathered, residue such as cell
debris was removed by centrifugation at 2000 RPM for 5 min, and the secretome was
isolated using a tangential flow filtration (TFF) capsule with 3 kDa molecular weight
cut-off (MWCO) membrane (Pall Corporation, Ann Arbor, MI, USA). Protein
concentrations of secretome were quantified by BCA assay (Thermo Fisher Scientific,

Waltham, MA, USA) and then secretome was stored at -80 °C until use.

2. ADSC secretome treatment in RAW264.7 macrophage cells

RAW264.7 cells were purchased from Korea Cell Line Bank and maintained with
high glucose (4.5 g/L) DMEM containing 10% FBS and 1% penicillin-streptomycin in
6-well plates. For further experiment, cells were cultured with secretome and 1 pg/ml
LPS (Sigma-Aldrich, St. Louis, MO) for 24 hr. For PTEN inhibitor experiment, 2 uM

SF1670 (Abcam, Cambridge, UK) was added with secretome treatment.



3. Isolation of peritoneal macrophages and treatment with ADSC Secretome

8 ml of ice-cold PBS containing 3% FBS was injected into a peritoneal cavity of
mouse and the peritoneum was gently massaged. The peritoneal fluid was collected and
centrifuged at 1500 RPM for 5 min to collect peritoneal cavity cells. Cells were
suspended with RPMI 1640 medium (Corning) containing 10% FBS, 20 mM HEPES, 1
mM sodium pyruvate, 100 U/ml penicillin, 100 pg/ml streptomycin, 0.1 mM non-
essential amino acids, 20 pg/ml gentamycin, and 500 pM p-mercaptoethanol.
Macrophages were plated as 1 x 10° cells/well in 6-well plates and incubated at 37 °C
for 2 hr. Suspended cells were removed by gently washing with PBS. Adherent cells were
cultured with treatment of secretome for 18 hr and stimulated with LPS for 4 hr before

harvesting for further study.

4. Cell counting kit (CCK)-8 assay

RAW264.7 and peritoneal macrophages were plated in 96-well plates. After
secretome treatment for 24 hr, 10 ul of CCK-8 solution (Sigma-Aldrich) was added to
each well and incubated for 4 hr. Then, absorbance was measured at 450 nm by

microplate reader, VersaMax (Molecular Device, Sunnyvale, CA, USA).

5. Flow cytometry analysis (FACS)
Harvested macrophages were washed by PBS with 1% FBS. Then, the cells were

stained with F4/80-FITC, CD86-PE, CD206-APC (BD Biosciences, Oxford, UK),



AF700-LIGHT (R&D systems, Minneapolis, MN, USA), BV421-MerTK, and PerCP-
Cy5.5-CD197 (Biolegend, San Diego, CA, USA). The cells were analyzed using a

FACSVerse and FlowJo software (BD Biosciences).

6. Enzyme-linked immunosorbent assay (ELISA)

Supernatants from cultured macrophages were used for the cytokine measurement.
Inflammatory cytokines, TNF-o, IL-6 (BD Biosciences), and IL-1B (Invitrogen,
Carlsbad, CA, USA) and anti-inflammatory cytokine, IL-10 (BD Biosciences) were
measured using commercially available ELISA kits according to the manufacturer’s

instruction.

7. Quantitative real time-polymerase chain reaction (QRT-PCR)

Total RNA of macrophages was extracted using a GeneJET RNA Purification Kit
(Thermo Fisher Scientific) and cDNA was synthesized by Maxime RT PreMix (iNtRON
Biotechnology, Seongnam, South Korea). Real-time PCR was performed using an AB
Applied Biosystems platform with gPCR BIO Screen Mix Hi-ROX (PCR Biosystems,
London, UK). mRNA expressions were determined with 40 pg of cDNA using an ABI
Systems 7500 Fast Real-Time PCR System (Applied Biosystems, Weiterstadt, Germany).

Primers used for the experiment were shown in Table 1.



Table 1. Primers for qRT-PCR

Genes Forward Reverse
iNOS CCC TTC AAT GGT TGG TAC ACA TTG ATC TCC GTG ACA
ATG G GCC
TCT TCT CAT TCC TGC TTG GGT CTG GGC CAT AGA ACT
TNF-a
TGG GA
GGA GCC CAC CAA GAA CGA GTG AAG TAG GGA AGG cca
1L-6
TAG TG
IL-1B ATG GCA ACT GTT CCT GAA TTITCCTTTCTTAGATATG GAC
CTCAACT AGGAC
L-12p40 ATG GCC ATG TGG GAG CTG GTG GAG CAG CAG ATG TGA
P* GAGAAAG GTG GCT
CDS%6 TTG TGT GTG TTC TGG AAA AAC TTA GAG GCT GTG TTG
CGGAG CTG GG
COX-2 ATG CTC CTG CTT GAG TAT GT CACTACATCCTGACCCACTT
PGES1 GGA TGC GCT GAAACGTGG A gég GAA TGA GTA CAC GAA
Aro-1 GAA CAC GGC AGT GGC TTT TGC TTA GCT CTG TCT GCT
g AAC TTG C
1L-10 AAT AAG AGC AAG GCA GTG CCA GCA GACTCAATA CAC
CD206 %gg TTG CCT TTC CCA GTC TGA CAC CCAGCG GAATTTC
AGC AGT GCC CGA ACC CCC GGG GTC AGC AGC CcGG TTA
TGF-B1
AT CC
Y-l CAC CAT GGC CAA GCT CAT TAT TGG CCT GTC CTIT AGC
TCT TGT CCAACT
ACA GCA GTG TGC AGT TGA GGC AGT CAT GTC CGG TGA
SPHK1
TGA TG
LIGHT CTGCAT CAACGTCTTGGA GA GATACGTCAAGCCCCTCAAG
MerTK TCCTACCTCCTGTTGCGTTT ATTCACACTCTCAGGCTGCT
GAPDH GTG TTC CTA CCC CCA ATG ATT GTC ATA CCA GGA AAT

TGT

GAG CIT




8. Western blotting

Cells were lysed using RIPA buffer with a protease inhibitor and a phosphatase
inhibitor. Concentrations of cell lysates were measured with BCA assay (Thermo Fisher
Scientific). ~20 pg cell lysates were separated by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE, Bio-Rad, Hercules, CA, USA) and transferred onto a
PVDF membrane (Sigma-Aldrich). The membrane was blocked with a commercial
blocking solution (TransLab, Daejeon, South Korea) for 1 hr at room temperature. Then,
incubation with primary antibodies was performed for 1 hr at room temperature or
overnight at 4 °C. After washing membranes, incubation with secondary antibody was
performed for 1 hr at room temperature. Band intensities were visualized by West-Q
PICO ECL solution (GenDEPOT, Katy, TX, USA) and ImageQuant 800 (GE Healthcare,
Milwaukee, WI, USA). Relative expressions of the target proteins to f-actin or GAPDH
are measured by Image Studio Lite software (LI-COR Biosciences, Lincoln, NE, USA).
Used antibodies were listed as follows: iNOS (1:100, Abcam), Arg-1 (1:2000, BD
Biosciences), pNF-kB, NF-kB, pAKT, AKT, PTEN, pSTAT1, STAT1, pSTAT3, STAT3,
SOCS1, SOCS3 (1:1000, Cell Signaling Technology, Beverly, MA, USA), GAPDH, and

B-actin (1:2000, Santa Cruz Biotechnology, Dallas, TX, USA).

9. Induction of collagen induced arthritis (CIA) and treatment with ADSC

secretome



7 weeks old male DBA/1J mice (Central Lab Animal Inc., Seoul, Korea) were
immunized by injecting 200 pug bovine type Il collagen emulsified in Freund's complete
adjuvant (1:1) containing 200 pug mycobacterium tuberculosis H37Ra intradermally at
the base of the tail. After two weeks of the first immunization, the mice were immunized
secondly by injecting 100 pg CII in incomplete Freund's adjuvant (1:1). All reagents for
induction of CIA were purchased at Chondrex (Redmond, WA, USA)

Treatment was begun 52 days after the second immunization when the arthritis was
well established. CIA mice were distributed randomly to three groups: Untreated CIA,
MTX treatment, and secretome treatment. 35 mg/kg methotrexate (MTX) was injected
intraperitoneally twice weekly to MTX treatment group. Secretome treatment group was
injected with 10 mg/kg secretome intraperitoneally 3 times a week. The treatment lasted

for 4 weeks.

10. Assessments of CIA

Mice were checked twice a week with observing clinical arthritis and weight. Clinical
arthritis was scored on a scale of 0—4 (score 0 = no evidence of erythema and swelling,
score 1 = erythema and mild swelling confined to the tarsal or ankle joint, score 2 =
erythema and mild swelling extending from the ankle to the tarsal, score 3 = erythema
and moderate swelling extending from the ankle to the metatarsal joints, and score 4 =

erythema and severe swelling encompassing the ankle, foot, and digits or ankyloses of

_10_



the limb). The arthritis score of each animal was yield from summation of a grade of each
paw. (maximum possible score, 16).

After 4 weeks of treatment, all mice were sacrificed and peritoneal macrophages and
feet were collected to evaluate. Formalin fixed feet were decalcified in EDTA for 4 weeks
and then embedded in paraffin. Embedded samples were cut into serial 4 pm sections
and stained with hematoxylin and eosin (H&E). Sections were evaluated
histopathologically and scored for inflammatory cell infiltration, synovial hyperplasia,

and bone erosion, according to the criteria.**

11. Lupus-prone mouse (NZB/W F1) and treatment with ADSC secretome

21 weeks old female NZB/W F1 mice were obtained from Central Lab Animal Inc.
and maintained at the Yonsei Laboratory Animal Research Center (YLARC, Seoul,
Korea). Treatment was started at 23 weeks of age and lasted for 7 weeks. 7 mg/kg of
methylprednisolone (MPL, Pfizer, Bruxelles, Belgium) and 10 mg/kg of secretome were
injected intraperitoneally 3 times a week for MPL treatment and secretome treatment

groups, respectively.

12. Assessments of NZB/W F1

Proteinuria and body weight were observed once a week for 7 weeks. Proteinuria was

scored using protein reagent strips, URISCAN (Yongdong Pharmaceutical Co., Yongin,

_11_



Korea) by the following scale: 0 = none or trace; 1 = < 100 mg/dl; 2 =< 300 mg/dl; 3 =
< 1,000 mg/dl; and 4 => 1,000 mg/dl.

All mice were sacrificed at 30 weeks of age and kidneys and peritoneal macrophages
were acquired. Kidneys were fixed in formalin and then embedded in paraffin. Embedded
specimens were cut into serial 4 um sections and stained with H&E. Histopathological
score was determined by the scoring system of renal damage as described previously:
score 0 = no visible lesions, normal or near normal kidney morphology; score 1 = mild
dilation in some tubules, cell swelling, luminal debris (cast), and nuclear condensation,
partial loss of brush border membranes in < 1/3 tubules in high field; score 2 = obvious
dilation of many tubules, loss of brush border membranes, nuclear loss, and cast in < 2/3
tubules in high field; score 3 = severe dilation of most tubules, total loss of brush border

membranes, and nuclear loss in > 2/3 tubules in high field.*

13. Proteomic analysis

LC-MS/MS analysis with three secretome sets of three different donors was
performed by ProteomeTech (Seoul, Korea). First, secretome sets were quantified with
Bradford protein assay for the analysis. 2-DE electrophoresis was performed with 120
ug proteins for each sample and gels were stained with Coomassie brilliant blue G250.
Spots were selected based on the image analysis using Image] and the selected spots
were analyzed by LC/MS-MS method using nanoACQUITY UPLC and LTQ Orbitrap

XL mass spectrometer (Thermo Fisher Scientific). Individual spectra from MS/MS were

_12_



processed by SEQUEST software (Thermo Quest, San Jose, CA, USA) and searched
with NCBI database using MASCOT program (Matrix Sciences, London, UK.). Search
parameters for data analysis were set as followed: Carbamidomethyl (C) as fixed
modification, Deamidated (NQ) and Oxidation (M) as variable modifications, 10 ppm as
tolerance of peptide mass, 0.8 Da as MS/MS ion mass tolerance, and 2 as allowance of
missed cleavage. Peptides were selected with according to significance threshold in

identity score of p values < 0.05

14. Bioinformatics analysis

The Database for Annotation, Visualization and Integrated Discovery (DAVID)
program was used for Gene Ontology (GO) enrichment analysis.*® Identified protein list
was uploaded to the functional annotation clustering tool. GO terms, which have the
parameter of the FDR < 0.01 and p value < 0.05 were analyzed. p values were displayed

as —Logl10(p value).

15. Statistical analysis

All values represent the mean + standard error of the mean (S.E.M.). The statistical
significance of differences between two groups was compared using one-way ANOVA
with a bonferroni post-test. Body weight change, mean arthritis score, and proteinuria
were analyzed using two-way ANOVA test. p value < 0.05 were considered significant.

Statistical analyses were carried out using GraphPad Prism.

_13_



I11. RESULTS

1. ADSC secretome suppresses inflammatory condition of LPS-stimulated
RAW264.7 and induces M2 phenotypes

First, we showed that cell viability of RAW264.7 cells was not changed by ADSC
secretome treatment below 100 pg/ml for 24 hr (Fig. 1A). RAW264.7 cells were
stimulated with 1 pg/ml of LPS and treated with 100 pg/ml of ADSC secretome for 24
hr. Cells were stained with surface inflammatory markers, CD197 and CD86, and
analyzed by flow cytometry. Expressions of both markers were increased in LPS group
compared to control group and decreased in ADSC secretome group compared to LPS
group (Fig. 1B). Then, pro-inflammatory cytokines (TNF-a and IL-1B) and anti-
inflammatory cytokine (IL-10) were examined. TNF-o and IL-1p (Fig. 1C) were
decreased and IL-10 (Fig. 1D) was increased in ADSC secretome group compared to
LPS group. To verify the dose dependency of ADSC secretome, 10 pg/ml treatment
groups was added and mRNA expressions were examined. mRNA levels of iNOS, TNF-
a, and IL-6 were decreased and mRNA levels of Arg-1, IL-10, and CD206 were increased
by ADSC secretome in dose dependent (Fig. 2A-B). Also, LPS-induced COX-2 and its
related enzyme, mPGES1 were decreased by ADSC secretome in same manner with each
other (Fig. 2C). Together, ADSC secretome controlled inflammatory activity of

macrophages induced by LPS.
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Figure 1. Establishing anti-inflammatory milieu of RAW264.7 cells by ADSC
secretome. (A) Cell viability of RAW264.7 cells incubated for 24 hr with the ADSC
secretome at various concentrations (B) Flow cytometry analysis of LPS (1 pg/ml)-
activated RAW264.7 cells treated with or without 100 pg/ml ADSC secretome for 24 hr (C)
Quantifications of TNF-a and IL-1B and (D) IL-10 in culture supernatant by ELISA. Data
are expressed as mean = SEM of four independent experiments. Statistical significance was
determined by one-way ANOVA with a bonferroni post-test; *P <0.05, **P <0.01
compared to LPS-activated group. SEC: ADSC secretome; MFI: Mean fluorescent intensity.
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Figure 2. Change in gene expressions of RAW264.7 cells by ADSC secretome in
concentration dependent manner. RAW264.7 cells were activated with 1 pg/ml LPS and
treated with 10 or 100 pg/ml ADSC secretome for 24 hr. (A-C) Quantification of (A) pro-
inflammatory markers (iNOS, TNF-a, and IL-1B), (B) anti-inflammatory markers (Arg-1,
IL-10, and CD206), and (C) inflammatory mediators (COX-2 and PGES2) mRNA levels
by qRT-PCR. Data are expressed as mean = SEM of four independent experiments.
Statistical significance was determined by one-way ANOVA with a bonferroni post-test;
*P<0.05, **P<0.01, ***P<0.001 compared to LPS-activated group. SEC: ADSC

secretome.
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2. ADSC secretome regulates NF-kB/AKT pathway with PTEN activation

For a mechanism study of controlling inflammation, NF-kB and AKT pathways are
the first molecules to check. The pathways are closely related to induce inflammatory
markers such as iNOS, TNF-a, and IL-6.%"*® LPS induced the phosphorylation of NF-xB
and AKT of RAW264.7 cells and ADSC secretome suppressed them in dose dependent
(Fig. 3A-B). Also, 100 pg/ml of ADSC secretome induced PTEN expression
significantly (Fig. 3A-C). To confirm the function of PTEN in effect of ADSC secretome,
the PTEN inhibitor, SF1670 was applied with ADSC secretome. We checked the
decrease of PTEN expression and increase of AKT phosphorylation by SF1670 (Fig. 4A-
B). The effect of ADSC secretome to mRNA levels of pro-inflammatory and anti-
inflammatory markers of macrophages were weakened by SF1670 (Fig. 4C-E). In short,
ADSC secretome suppressed the phosphorylation of NF-kB and AKT with induction of

PTEN expression of macrophage.
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Figure 3. Regulation of NF-kB/AKT pathway of RAW264.7 cells by ADSC secretome
in concentration dependent manner. RAW264.7 cells were activated with 1 pug/ml LPS
and treated with 50 or 100 pg/ml ADSC secretome for 24 hr. (A) Immunoblots of NF-xB,
AKT, and PTEN (B) Quantification of pNF-«B/NF-xB and pAKT/AKT levels; (C)
PTEN/GAPDH level in RAW264.7 cells. Data are expressed as mean + SEM of three
independent experiments. Statistical significance was determined by one-way ANOVA
with a bonferroni post-test; *P < 0.05, **P < (0.01, compared to LPS-activated group. SEC:
ADSC secretome.
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Figure 4. Restraint of the effect of ADSC secretome by PTEN inhibition. RAW264.7
cells were activated with 1 pg/ml LPS and treated with 100 pg/ml ADSC secretome in the
absence or presence of 2 uM of SF1670 for 24 hr. (A) Immunoblots of AKT and PTEN. (B)
Quantification of pAKT/AKT and PTEN/GAPDH levels in RAW264.7 cells. (C-E)
Quantification of (C) pro-inflammatory markers (iNOS, TNF-o, and IL-1f), (D) anti-
inflammatory markers (Arg-1, IL-10, and CD206), and (E) inflammatory mediators (COX-
2 and PGES2) mRNA levels by qRT-PCR. Data are expressed as mean + SEM of three
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independent experiments. Statistical significance was determined by one-way ANOVA
with a bonferroni post-test; *P <0.05, **P<0.01, ***P <0.001 compared to LPS-
activated group and *P < 0.05, #P < 0.01, P < 0.001 compared to Secretome treatment

group. SEC: ADSC secretome.
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3. STAT/SOCS pathway is involved in the effect of ADSC secretome

As the other mechanism, which play crucial role in macrophage polarization, we
observed STAT pathway with its regulator, SOCS proteins. Phosphorylation of STAT1,
related to M1 polarization, was decreased and of STAT3, related to M2 polarization, was
increased by ADSC secretome. An inhibitor of STAT1, SOCS1 and a mediator of
negative feedback related to STAT3, SOCS3 were increased by ADSC secretome (Fig.
5A-B). With increase of SOCS1 and SOCS3 expressions, ADSC secretome regulated

STAT1 and STAT3 phosphorylation to affect macrophage polarization.
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Figure 5. Regulation of STAT/SOCS pathway of RAW264.7 cells by ADSC secretome

in concentration dependent manner. RAW264.7 cells were activated with 1 pg/ml LPS
and treated with 50 or 100 pg/ml ADSC secretome for 24 hr. (A) Immunoblots of STATT1,
SOCS1, STAT3, and SOCS3. (B) Quantification of pSTAT1/STAT1, SOCS1/GAPDH,
pSTAT3/STAT3, and SOCS3/GAPDH levels in RAW264.7 cells. Data are expressed as

mean = SEM of three independent experiments. Statistical significance was determined by

one-way ANOVA with a bonferroni post-test; *P < 0.05, ***P < 0.001 compared to LPS-

activated group. SEC: ADSC secretome.
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4. ADSC secretome improves the arthritis of CIA mice

To assess the therapeutic effect, ADSC secretome was treated to CIA mice 3 times a
week for 4 weeks and as a control MTX was treated 2 times a week (Fig. 6A). ADSC
secretome treated group (blue) lost bodyweight at 1 week of treatment, but gained
bodyweight significantly at last compared to CIA untreated group (red) (Fig. 6B). Both
ADSC secretome treated and MTX treated (yellow) groups showed lower arthritis score
compared to CIA untreated group (Fig. 6C). ADSC secretome treated group, however,
started to have lower arthritis score than CIA untreated group from 2.5 weeks of
treatment and showed similar therapeutic result with MTX treated group at the end. (Fig.
6C). After 4 weeks of treatment, feet for all groups were observed and examined by
histological analysis. CIA untreated group showed severe swollen paws and ankles but
treatment groups showed mild swollen paws (Fig. 6D). Histological analysis of feet also
showed improvement of cell infiltration, bone erosion, and synovial hyperplasia in
treatment groups compared to CIA untreated group (Fig. 6E-F).

Peritoneal macrophages were isolated and analyzed with flow cytometry.
Macrophages were gated by F4/80+ cells and a pro-inflammatory marker, CD86 and an
anti-inflammatory marker, CD206 were observed. Secretome treated group showed
decreased CD86 MFI and increased CD206 MFI significantly compared to CIA untreated
group. MTX treated group, however, did not show any change compared to CIA
untreated group (Fig 7). The results imply that ADSC secretome showed therapeutic

effect to CIA with polarization of macrophages.
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Figure 6. Therapeutic efficacy of ADSC secretome in CIA mice. (A) Schematic
representation of MTX (35 mg/kg) and ADSC secretome (10 mg/kg) treatment to CIA mice.
(B) Change in bodyweight based on weight at the first week of treatment and (C) Clinical
arthritis score of CIA mice. (D) Representative photo showing feet of each group and (E)
representative H&E images showing feet injury of each group. (F) Histological evaluation

of H&E images with cell infiltration, bone erosion, and synovial hyperplasia. Data are
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expressed as mean + SEM (n = 4 per group). Statistical significance of figure B and C was
determined by two-way ANOVA; *P < 0.05, **P < 0.01 for secretome treatment group and
*P <0.05 for MTX treatment group compared to CIA untreated group and of figure F was
determined by one-way ANOVA with a bonferroni post-test; *P <0.05, **P <0.01,
**%P <0.001 compared to CIA untreated group. CIA: Collagen induced arthritis; MTX:
Methotrexate.
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Figure 7. M2 polarization of peritoneal macrophage in CIA mice by ADSC secretome.
Flow cytometry analysis of CD86 and CD206 in peritoneal macrophages of CIA. Data are
expressed as mean = SEM (n=4 per group). Statistical significance was determined by one-
way ANOVA with a bonferroni post-test; ***P < (0.001 compared to CIA untreated group.
CIA: Collagen induced arthritis; MTX: Methotrexate; MFI: Mean fluorescent intensity.
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5. ADSC secretome shows therapeutic efficacy in NZB/W F1 mice

Experiment of treatment NZB/W F1 mice scheme was shown in Figure 8A.
Bodyweight showed no change in treatment group (MPL: yellow and ADSC secretome:
blue) compared to untreated group (red) except MPL treatment group showing higher
bodyweight on 27 weeks old (Fig. 8B). Proteinuria of the untreated group was increased
continuously and of treatment group showed significant difference compared to
untreated group starting from 26 weeks old (Fig. 8C). Histological analysis of kidney
showed improved renal damage as having lower histopathological score in ADSC
secretome treatment group similar to MPL treatment group (Fig. 8D-E).

Isolated peritoneal macrophages of ADSC secretome treatment group showed high
CD206 MFI, but no change in CD86 MFI and of MPL treatment group did not show any

change in both markers (Fig. 9).
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Figure 8. Therapeutic efficacy of ADSC secretome in NZB/W F1 mice. (A) Schematic
representation of MPL (7 mg/kg) and ADSC secretome (10 mg/kg) treatment to NZB/W
F1 mice. (B) Change in bodyweight based on weight at 23 weeks old and (C) proteinuria
of NZB/W F1 mice. (D) Representative H&E images showing kidney injury and (F)
histological evaluation. Data are expressed as mean + SEM (n = 8 per group). Statistical

significance of figure B and C was determined by two-way ANOVA; *P < 0.05, **P < 0.01,
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kkkP < (0,001 for secretome treatment group and *P < 0.05, #P < 0.01, #P < 0.001 for
MPL treatment group compared to untreated group and of figure E was determined by one-

way ANOVA with a bonferroni post-test; ***P < 0.001 compared to untreated group. MPL:

Methylprednisolone.
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Figure 9. M2 polarization of peritoneal macrophage in NZB/W F1 mice by ADSC
secretome. Flow cytometry analysis of CD86 and CD206 in F4/80* macrophages of
NZB/W F1. Data are expressed as mean + SEM (n = 8 per group). Statistical significance
was determined by one-way ANOVA with a bonferroni post-test; ***P < 0.001 compared
to untreated group. MPL: Methylprednisolone; MFI: Mean fluorescent intensity.
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6. Peritoneal macrophages in the steady state are switched to M2 phenotype by
ADSC secretome

Unlike RAW264.7 cells, viability of peritoneal macrophages was increased in dose
dependent (Fig. 10A). Sun et al. reported that M2 subtype of macrophages induced by
adipose MSCs or IL-4/-13 have high cell viability with strong adherence ability.”’ As
observed in vitro assay, ADSC secretome decreased CD86 MFI and increased CD206
MFTI in dose dependent. Especially, CD86 MFI was decreased to a large extent (Fig. 10B).
Other representative markers of macrophage, iNOS and Arg-1 were examined by qRT-
PCR and western blot. iNOS was suppressed and Arg-1 was induced by ADSC secretome
in dose dependent (Fig. 10C-E). Like CD86, expression of Arg-1 was highly increased
in both mRNA and protein levels. The mRNA levels of pro- and anti-inflammatory
markers of macrophage were analyzed further. CD86, TNF-a, IL-6, IL-12p40, and IL-1§
were decreased (Fig. 11A) and CD206, TGF-B1, and IL-10 were increased by ADSC
secretome in dose dependent (Fig. 11B). Taken together, ADSC secretome decreased M1

markers and increased M2 markers of peritoneal macrophages in the steady state.
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Figure 10. M2 polarization of peritoneal macrophage by ADSC secretome. (A) Cell
viability of peritoneal macrophages incubated for 24 hr with the ADSC secretome at
various concentrations. (B-I) Peritoneal macrophages were treated with with 10 or 100
pg/ml ADSC secretome for 24 hr. (B) Flow cytometry analysis of CD86 and CD206 in
F4/80" macrophages. (C) Quantification of iNOS and Arg-1 mRNA levels by qRT-PCR.
(D) Immunoblots of iNOS and Arg-1. (E) Quantification of iNOS/B-actin and Arg-1/p-
actin in peritoneal macrophages. Data are expressed as mean = SEM of four independent
experiments. Statistical significance was determined by one-way ANOVA with a
bonferroni post-test; *P < 0.05, **P < 0.01, ***P < (.001 compared to control group. MFI:

Mean fluorescent intensity.
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Figure 11. Change gene expression of peritoneal macrophage to M2 phenotype by
ADSC secretome. Peritoneal macrophages were treated with 10 or 100 pg/ml ADSC
secretome for 24 hr. Quantification of (A) pro-inflammatory markers (CD86, TNF-a, IL-6,
IL-12p40, and IL-1PB) and (B) anti-inflammatory markers (CD206, TGF-f1, and IL-10)
mRNA levels by qRT-PCR. Data are expressed as mean = SEM of four independent
experiments. Statistical significance was determined by one-way ANOVA with a

bonferroni post-test; **P < 0.01, ***P < 0.001 compared to the control group.
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7. ADSC secretome also regulate inflammatory activity of LPS-stimulated
peritoneal macrophages

We also tested the effect of ADSC secretome to LPS-stimulated peritoneal
macrophages. CD86 MFI (Fig. 12A) and mRNA level of iNOS (Fig. 12B) were
suppressed by ADSC secretome. ADSC secretome did not change CD206 MFI (Fig. 12A)
but increase mRNA level of Arg-1 (Fig. 12B). Similar to the result of steady state, mRNA
expressions of pro-inflammatory markers, CD86, TNF-a, IL-6, and IL-1B of LPS
stimulated peritoneal macrophages were decreased significantly by ADSC secretome
(Fig. 13A). ADSC secretome induced IL-10 mRNA expression of LPS stimulated
peritoneal macrophages apparently. CD206 mRNA expression of LPS stimulated
peritoneal macrophages was also increased significantly by ADSC secretome; however,
it showed a slight increase similar to the flow cytometry result (Fig. 13B). ADSC
secretome also restrained phosphorylation of NF-kB and AKT of LPS stimulated
peritoneal macrophages significantly (Fig. 14A-B). These results suggest that activated

peritoneal macrophages are also regulated by ADSC secretome.
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Figure 12. M2 polarization of LPS-stimulated peritoneal macrophage by ADSC
secretome. Peritoneal macrophages were treated with 100 pg/ml ADSC secretome for 24
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Figure 13. Change gene expression of LPS-stimulated peritoneal macrophage to M2
phenotype by ADSC secretome. Peritoneal macrophages were treated with 100 pg/ml
ADSC secretome for 24 hr and stimulated with 0.5 pg/ml LPS for 3 hr. Quantification of
(A) pro-inflammatory markers (CD86, TNF-a, IL-6, and IL-1p) and (B) anti-inflammatory
markers (CD206 and IL-10) mRNA levels by qRT-PCR. Data are expressed as mean +

SEM of four independent experiments. Statistical significance was determined by one-way
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ANOVA with a bonferroni post-test; **P <0.01, ***P <0.001 compared to the LPS
stimulated group. SEC: ADSC secretome.
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Figure 14. Reduction of NF-kB/AKT phosphorylation of LPS-stimulated peritoneal
macrophage by ADSC secretome. Peritoneal macrophages were treated with 100 ug/ml
ADSC secretome for 24 hr and stimulated with 1 pg/ml LPS for 3 hr. (A) Immunoblots of
NF-kB and AKT. (B) Quantification of pNF-kB/NF-kB and pAKT/AKT levels. Data are
expressed as mean £ SEM of three independent experiments. Statistical significance was
determined by one-way ANOVA with a bonferroni post-test; *P <0.05, **P <0.01,
compared to the LPS stimulated group. SEC: ADSC secretome.
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8. ADSC secretome controls the secretion of cytokines of peritoneal macrophages
Released cytokine levels of peritoneal macrophages were examined with cultured
supernatants by ELISA. TNF-a and IL-1p levels were decreased (Fig. 15A) and IL-10
level was increased (Fig. 15C) by ADSC secretome significantly in both environments.
Especially, secretion of IL-6 was elevated in the steady state, whereas it was reduced in

the LPS stimulated state by ADSC secretome (Fig. 15B).
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Figure 15. Regulation of cytokine secretion of peritoneal macrophage by ADSC
secretome. Quantification of (A) TNF-o, IL-1B, (B) IL-6 and (C) IL-10 in culture
supernatant by ELISA. Data are expressed as mean £ SEM of four independent experiments.
Statistical significance was determined by one-way ANOVA with a bonferroni post-test;
*P <0.05, ***P < 0.001 compared to control group and “P < 0.05, #P < 0.01, P < 0.001

compared LPS-stimulated group. SEC: ADSC secretome.
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9. ADSC secretome induces M2b/c-like phenotype of peritoneal macrophages

To analyze macrophages polarization in more details, M2 subtypes were observed
with Ym-1 (M2a), SPHK1 (M2b), LIGHT (M2b), and MerTK (M2c) as markers. In the
steady state, only MerTK and LIGHT mRNA levels were increased by ADSC secretome.
LPS-stimulated macrophages, however, showed increased all M2 subtype markers by
ADSC secretome (Fig. 16A). In addition to qRT-PCR result, membranous LIGHT and
MerTK were examined by flow cytometry. Similar to mRNA levels, LIGHT and MerTK
MFI were increased by ADSC secretome (Fig. 16B). Taken together, ADSC secretome

affects M2 polarization toward M2b/c as LIGHT and MerTK increases mainly.
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Figure 16. Involvement of ADSC secretome to M2 subtype polarization of peritoneal
macrophages. Peritoneal macrophages treated with 100 pg/ml ADSC secretome for 24 hr
in the absence or presence of 0.5 pg/ml LPS stimulation. (A) Quantification of Ym-1,
SPHK1, LIGHT, and MerTK mRNA levels by qRT-PCR. (B) Flow cytometry analysis of
LIGHT and MerTK in F4/80" macrophages. Data are expressed as mean + SEM of four
independent experiments. Statistical significance was determined by one-way ANOVA
with a bonferroni post-test; *P <0.05, ***P <0.001 compared to control group and
#p<0.01, ¥ P <0.001 compared LPS-stimulated group. SEC: ADSC secretome; MFI:

Mean fluorescent intensity.
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10. Compositions of ADSC secretome are analyzed

First, patterns of secreted proteins from 3 sets of ADSC secretome (SEC #1, #2, and
#3) were examined with the result of 1D SDS-PAGE. Even though strong similar patterns
at ~70kDa were observed between SEC #1 and SEC #2, total protein patterns were
similar between SEC #1 and SEC #3 (Fig. 17A). For further analysis, 2D SDS-PAGE
was performed and similar patterns between SEC #1 and SEC #3 were confirmed. There
was a specific pattern (blue arrow) that only show at SEC #1 and SEC #3 at ~150 kDa
and one spot at ~42 kDa (green arrow) has similar density at SEC #1 and SEC #3 but not
at SEC #2 (Fig. 17B).

Then, the 2D-PAGE result of SEC #1 was subjected to LC/MS-MS analysis and 84
proteins were identified (Table. 1). Functional enrichment analysis of the proteins was
carried out using DAVID software. Each 10 gene ontology terms (p value <0.05) of
biological processes (BP), molecular function (MF), and cell component (CC) was listed
in order of highest count with p value. Representative gene ontology terms of BP (Fig.
18A) include cell adhesion, intermediate filament organization, and extracellular matrix
organization (-Log10(p value) = 4.03, 9.44, and 6.03, respectively). Major gene ontology
terms of MF (Fig. 18B) include protein binding, calcium ion binding, and identical
protein binding (-Logl10(p value) = 1.89, 6.30, and 2.34, respectively). Gene ontology
terms of CC (Fig. 18C) include extracellular exosome, extracellular spaced, and

extracellular region (-Log10(p value) = 34.9, 31.6, and 26.3, respectively).
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Figure 17. Protein component analysis of ADSC secretome with 1D and 2D SDS-
PAGE. Images of (A) 1D and (B) 2D SDS PAGE with three sets (SEC #1, SEC #2, and
SEC #3) of ADSC secretome from three different donors. SEC: ADSC secretome
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Table 2. 84 proteins by LC/MS-MS proteomics analysis

Uniprot_ID Accession  Gene Protein

MMP2_HUMAN P08253 MMP2 72 kDa type 1V collagenase
ACTB_HUMAN P60709 ACTB Actin, cytoplasmic 1
ACTN1_HUMAN P12814 ACTN1 Actinin alpha 1
ACTN4_HUMAN 043707 ACTN4 Actinin alpha 4
Q562M3_HUMAN Q562M3  ACT Actin-like protein
FETUA_HUMAN  P02765 AHSG Alpha-2-HS-glycoprotein
A2MG_HUMAN P01023 A2M alpha-2-macroglobulin

L8E9Z3 HUMAN L8E9Z3 HRC Alternative protein HRC
ANXA1_HUMAN P04083 ANXA1 Annexin Al

B4GA1_HUMAN 043505 BAGAT1 Beta-1,4-glucuronyltransferase 1
BTD_HUMAN P43251 BTD Biotinidase

CO1A1_HUMAN  P02452 COL1A1 Collagen alpha-1(1) chain
CO3A1_ HUMAN  P02461 COL3Al Collagen alpha-1(I11) chain
CO6A1_ HUMAN  P12109 COL6AlL Collagen alpha-1(VI) chain
CO1A2 HUMAN  P08123 COL1A2 Collagen alpha-2(l) chain
CO5A2_HUMAN  P05997 COL5A2 Collagen alpha-2(V) chain
CO6A3_HUMAN  P12111 COL6A3 Collagen alpha-3(VI) chain
CFAH_HUMAN P08603 CFH Complement factor H
C1R_HUMAN P00736 Clr Complement C1r subcomponent
C1S_HUMAN P09871 Cls Complement C1s subcomponent
CFAB_HUMAN P00751 CFB Complement factor B
F5BAB3_HUMAN F5BAB3 CYTB Cytochrome b

PGS2_HUMAN P07585 DCN Decorin

DCD_HUMAN P81605 DCD Dermcidin

DSG1_HUMAN Q02413 DSG1 Desmoglein-1

DKK3_HUMAN QOUBP4  DKK3 gickkopf WNT signaling pathway inhibitor
EF2_ HUMAN P13639 EEF2 Elongation factor 2
EMIL2_HUMAN Q9BXX0 EMILIN2 EMILIN-2

CD248 HUMAN Q9HCUO CD248 Endosialin
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FBN1_HUMAN P35555 FBN1 Fibrillin-1

FINC_HUMAN P02751 FN1 Fibronectin

FBLN1 HUMAN  P23142 FBLN1 Fibulin-1

FSTL1 HUMAN Q12841 FSTL1 Follistatin-related protein 1
LG3BP_HUMAN Q08380 LGALS3BP Galectin-3-binding protein
GELS_HUMAN P06396 GSN Gelsolin

HSP13_ HUMAN  P48723 HSPA13 Heat shock 70 kDa protein 13
ISLR_HUMAN 014498  ISLR :Z;Z}ﬁ';?ﬁl%bﬁ‘;;ﬁ ;tugfc;{:m"y containing
IBP6_ HUMAN P24592 IGFBP6 Insulin-like growth factor-binding protein 6
ITIH2_ HUMAN P19823 ITIH2 Inter-alpha-trypsin inhibitor heavy chain H2
K1C10_ HUMAN P13645 KRT10 Keratin, type | cytoskeletal 10

K1C14 HUMAN P02533 KRT14 Keratin, type | cytoskeletal 14
K1C16_HUMAN P08779 KRT16 Keratin, type | cytoskeletal 16
K1C9_HUMAN P35527 KRT9 Keratin, type | cytoskeletal 9
K2C1_HUMAN P04264 KRT1 Keratin, type 1l cytoskeletal 1

K22E_ HUMAN P35908 KRT2 Keratin, type 1l cytoskeletal 2 epidermal
K2C5_HUMAN P13647 KRT5 Keratin, type 1l cytoskeletal 5
K2C6B_HUMAN  P04259 KRT6B Keratin, type Il cytoskeletal 6B
K2C6C_HUMAN  P02538 KRT6C Keratin, type Il cytoskeletal 6C
TRFL_HUMAN P02788 LTF Lactotransferrin

LAMB1 HUMAN P07942 LAMB1 Laminin subunit beta-1
LAMC1_HUMAN P11047 LAMC1 Laminin subunit gamma-1
LUM_HUMAN P51884 LUM Lumican

MOES_HUMAN P26038 MSN Moesin

NID1_HUMAN P14543 NID1 Nidogen-1

NUCB1_HUMAN Q02818 NUCB1 Nucleobindin-1

OLFL3_HUMAN Q9NRN5 OLFML3 Olfactomedin-like protein 3
PTX3_HUMAN P26022 PTX3 Pentraxin-related protein PTX3

PEDF HUMAN P36955 SERPINF1  Pigment epithelium-derived factor

IC1_ HUMAN P05155 SERPING1 Plasma protease C1 inhibitor
PLODI_HUMAN Q02809 PLOD1 Procollagen-lysine,2-oxoglutarate 5-

dioxygenase 1
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PE2R4 HUMAN P35408 PTGER4 Prostaglandin E2 receptor EP4 subtype
PDIA3_HUMAN P30101 PDIA3 Protein disulfide-isomerase A3
PTMA_HUMAN P06454 PTMA Prothymosin alpha

KPYM_HUMAN P14618 PKM Pyruvate kinase PKM

GDIA_HUMAN P31150 GDI1 Rab GDP dissociation inhibitor alpha
RLGPB_HUMAN Q86X10 RALGAPB Ral GTPase-activating protein subunit beta
ARH37_HUMAN  AlIGU5 ARHGEF37 Rho quanine nucleotide exchange factor 37
PRPC_HUMAN P02810 PRH1 f;a\zllvary acidic proline-rich phosphoprotein
ANT3_HUMAN P01008 SERPINC1  Serpin family C member 1
S12A7_HUMAN Q9Y666  SLC12A7 Solute carrier family 12 member 7
SPRC_HUMAN P09486 SPARC SPARC

TRAC_HUMAN P01848 TRAC T cell receptor alpha chain constant
TIAM2 HUMAN  Q8IVF5  TIAM2 mmﬁgopr?;;?r‘]’fion and metastasis-
BGH3_HUMAN Q15582 TGFBI Transforming growth factor beta induced
TKT_HUMAN P29401 TKT Transketolase

Q3T7B8_HUMAN Q3T7B8  TRIT1 :;I;I(;Ar\r:]sgpentenylpyrophosphate transferase
ADAT1 HUMAN Q9BUB4 ADAT1 tRNA-specific adenosine deaminase 1
SYWC_HUMAN  P23381 WARS1 Tryptophan--tRNA ligase, cytoplasmic
VASN_HUMAN Q6EMK4  VASN Vasorin

VIME_HUMAN P08670 VIM Vimentin

VTDB_HUMAN P02774 GC Vitamin D-binding protein
PROS_HUMAN P07225 PROS1 Vitamin K-dependent protein S
VTNC_HUMAN P04004 VTN Vitronectin

WDR1_HUMAN 075083 WDR1 WD repeat-containing protein 1

_45_



endodermal cell differentiation

proteolysis

cellular response to amino acid stimulus
negative regulation of endopeptidase activity
peptide cross-linking

innate immune response

cell migration

extracellular matrix organization
intermediate filament organization

cell adhesion

|

BP

12

o
-

protease binding

serine-type endopeptidase inhibitor activity
structural constituent of epidermis
structural constituent of cytoskeleton
collagen binding

integrin binding

extracellular matrix structural constituent
identical protein binding

calcium ion binding

protein binding

MF

HT_HHHHHH

40

ikl

o

10

collagen trimer

cornified envelope

platelet alpha granule lumen
basement membrane
extracellular matrix
endoplasmic reticulum lumen
blood microparticle
extracellular region

extracellular space

HHHHHH
JillliSe

cc

extracellular exosome

20

15

o

30

Count

-log10 of p value

45

Figure 18. Functional enrichment analysis of ADSC secretome. Count and p value of
major GO terms of biological processes (BP; A), molecular functions (MF; B), and cellular

components (CC; C).

_46_



11. Candidate molecules of the effect toward macrophage are identified

First, proteins which contain secreted, immune response, and inflammation as
keywords of DAVID bioinformatics analysis were selected among 84 proteins. As
patterns of electrophoresis were similar between SEC #1 and SEC #3, we compared the
effect of three ADSC secretome sets toward peritoneal macrophage. CD86 MFI of
peritoneal macrophages was decreased to a similar extent by SEC #1 and SEC #3;
however, it was decreased slightly by SEC #2 (Fig. 18A). Based on the result of patterns
and CD86 MFI, 36 common spots that have fold change < 2 between SEC #1 and SEC
#3 were selected through image analysis (Fig. 18B and Table. 3). Finally, 7 candidate
molecules were listed and pentraxin-3 (PTX3) and Galectin 3 binding protein

(LGALS3BP) were selected for further analysis (Table. 3)

_4’7_



L
Aoy
A}

[

A
1.0+
=
.2  0.81 —
w
&
=5 0.6
8 3
8 2 0.4
5
& 0.2 =
o.o T L] Ll T
Control SEC#1 SEC #2 SEC #3
B

SEC #1 SEC #3

Figure 19. Strategy of exploring candidate molecules of the effect from ADSC
secretome. (A) Relative expression of CD86 MFI of peritoneal macrophages treated with
three sets of secretome. (B) Image analysis of 2D SDS-PAGE of SEC #1 and SEC #3 to

select spots. Data are expressed as mean = SEM of three independent experiments.

_48_



Table 3. Spots having similar intensity between SEC #1 and SEC #3

Spot SEC #1 SEC #3 Ratio
1 2.748 2.518 1.091
2 2.312 1.992 1.161
3 1.365 1.011 1.350
4 0.809 0.865 1.069
5 0.436 0.415 1.049
6 0.472 0.472 1.002
7 0.340 0.217 1.569
8 0.592 0.606 1.024
9 0.621 0.647 1.041

10 0.768 0.652 1.178
11 0.544 0.3 1.815
12 0.596 0.303 1.968
13 0.455 0.462 1.017
14 7.931 13.376 1.687
15 0.149 0.226 1.511
16 0.188 0.238 1.269
17 0.181 0.259 1434
18 0.179 0.207 1.160
19 0.158 0.176 1.117
20 0.335 0.503 1.500
21 4.820 2.867 1.681
22 0.417 0.531 1.275
23 0.488 0.517 1.061
24 5.678 4.320 1.314
25 1.280 1.92 1.525
26 6.487 3.375 1.922
27 0.122 0.216 1.767
28 0.230 0.225 1.023
29 10.380 6.106 1.700
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30 0.365 0.249 1.466
31 3.367 4.654 1.382
32 1.330 1.036 1.284
33 0.371 0.354 1.049
34 0.497 0.298 1.665
35 0.186 0.234 1.257
36 0.400 0.374 1.069

Table 4. Seven candidate molecules from ADSC secretome

Uniprot_ID

Protein (Gene)

ANXA HUMAN

Annexin Al (ANXA1)

CFAH_HUMAN

Complement factor H (CFH)

DKK3 HUMAN

dickkopf WNT signaling pathway inhibitor 3 (DKK3)

LG3BP_HUMAN

Galectin 3 binding protein (LGALS3BP)

PTX3 HUMAN

Pentraxin 3 (PTX3)

PROS_HUMAN

Protein S (alpha) (PROS1)

PEDF_HUMAN

Serpin family F member 1 (SERPINF1)
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12. PTX3 of ADSC secretome is a key molecule of regulating inflammatory activity
of macrophage

To verify PTX3 and LGALS3BP as important factors for ADSC secretome, antibody
neutralization was performed. Peritoneal macrophages were treated with 100 pg/ml
ADSC secretome in the absence or presence of 1 pg/ml of neutralizing antibodies of
PTX3 and LGALS3BP. PTX3 neutralizing antibody prevented mRNA expressions of
iNOS and TNF-a by ADSC secretome from decreasing (Fig. 19A). Further, mRNA
expressions of anti-inflammatory markers, Arg-1 and IL-10, were disturbed to the same
level as the control by the PTX3 neutralizing antibody (Fig. 19B). Released cytokine
levels were checked with cultured supernatant to confirm the effect of neutralization.
Like the result of mRNA levels, decreased TNF-o and IL-1p by ADSC secretome were
increased and increased IL-10 were decreased to the same level as the control by PTX3
neutralization antibody (Fig. 19C). By the way, LGALS3BP neutralization only affected
IL-10 mRNA level (Fig 19B). Then, we tested the change in M2b/c markers by the
neutralization. PTX3 neutralization abated the increase of LIGHT and MerTK mRNA
levels by ADSC secretome (Fig. 20A). Nonetheless, only MerTK MFI was affected
PTX3 neutralization not LIGHT MFI (Fig. 20B and 20C).

Recombinant PTX3 (rhPTX3) was treated to peritoneal macrophage to confirm the
effect of PTX3. mRNA expressions of pro-inflammatory markers were decreased and of
anti-inflammatory markers were increased by rhPTX3 (Fig. 21A and 21B) Also, mRNA

levels of LIGHT and MerTK were increased by thPTX3 (Fig. 21C). Taken together,
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PTX3 rather than LGALS3BP is a main effector molecule of ADSC secretome in

macrophage polarization.
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Figure 20. Weakening the effect in M2 polarization of ADSC secretome by blocking
PTX3 and LGAL3BP. Peritoneal macrophages treated with 100 pg/ml ADSC secretome
in the absence or presence of 1 pg/ml neutralizing antibodies of PTX3 and LGAL3BP.
Quantification of (A) pro-inflammatory markers (iNOS and TNF-a) and (B) anti-
inflammatory markers (Arg-1 and IL-10) mRNA levels by qRT-PCR. (C) Quantification of
TNF-a, IL-1pB, and IL-10 in culture supernatant. Data are expressed as mean + SEM of
three independent experiments. Statistical significance was determined by one-way
ANOVA with a bonferroni post-test; *P < 0.05, **P <0.01, ***P <(0.001 compared to
control group. SEC: ADSC secretome; aPTX3: anti-PTX3; aGal3BP: anti-LAGAL3BP.
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Figure 21. Weakening the effect in M2 subtype polarization of ADSC secretome by
blocking PTX3 and LGAL3BP. Peritoneal macrophages treated with 100 ug/ml ADSC
secretome in the absence or presence of 1ug/ml neutralizing antibodies of PTX3 and
LGAL3BP. (A) Quantification of LIGHT and MerTK mRNA levels by qRT-PCR. (B) Flow
cytometry analysis of LIGHT and MerTK in F4/80" macrophages. Data are expressed as
mean + SEM of three independent experiments. Statistical significance was determined by
one-way ANOVA with a bonferroni post-test; *P < 0.05, ***P < 0.001 compared to control
group. CON: Control SEC: ADSC secretome; aPTX3: anti-PTX3; aGal3BP: anti-
LAGAL3BP; MFI: Mean fluorescent intensity.
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Figure 22. M2b/c polarization of peritoneal macrophage by PTX3 with ADSC
secretome. Peritoneal macrophages treated with 25 pg/ml ADSC secretome in the absence
or presence of 1 pg/ml recombinant PTX3 protein. Quantification of (A) pro-inflammatory
markers (iINOS, TNF-q, IL-6, and IL-1p), (B) anti-inflammatory markers (Arg-1 and IL-
10), and (C) M2b/c markers (LIGHT and MerTK) mRNA levels by qRT-PCR. Data are
expressed as mean + SEM of three independent experiments. Statistical significance was
determined by one-way ANOVA with a bonferroni post-test; *P < 0.05 compared to control
group and P <0.05, #P<0.01, #P <0.001 compared to ADSC secretome treatment
group. SEC: ADSC secretome; thPTX3: Recombinant human PTX3 protein.
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IV. DISCUSSION

MSCs have been tried to be used as therapeutic agent to various inflammatory diseases
due to their ability of regulating the immune response.! Not only cell-cell contact but also
paracrine effect of MSCs gets attention as MSC transplantation has several limitations.
MSC secretome is composed of extracellular vesicles, exosomes and microvesicles, and
soluble factors, cytokines, chemokines, growth factors, and proteases.*>*° Previous reports
showed that paracrine effect of MSCs induce M2 polarization of macrophage and several
soluble factors responsible for the effect were explored.*! Despite the active studies, the
mechanism of MSCs therapy still needs to be compensated. Therefore, we expanded MSC-
macrophage interactions to exploring NF-«B/AKT and STAT/SOCS pathways of
macrophage and PTX3 as active molecule inducing polarization of M2b/c like subtype.

With treatment of ADSC derived secretome to LPS stimulated RAW264.7 cell and
peritoneal macrophage, M1 markers (CD197, CD86, TNF-a, and iNOS) were suppressed
and M2 markers (Arg-1, CD206, and IL-10) were activated. Cyclooxygenase-2 (COX-2)
and microsomal prostaglandin E synthase-1 (mPGES1) expression were decreased by
ADSC derived secretome in same aspect. COX-2 and mPGES1 are in pathway of
prostaglandin e2 (PGE2) production, closely involved in inflammation and immune
disorders.* Jin et al. reported that MSC-CM decreased COX-2 expression of LPS activated
macrophage.®

NF-kB/AKT pathway is one of the main signaling pathways of regulating inflammation.

NF-kB is responsible for induction of inflammatory cytokines of macrophage and can be
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developed by phosphorylated AKT.** ADSC secretome suppressed phosphorylation of NF-
kB p65 and AKT and increased PTEN expression of LPS stimulated RAW264.7 cells.
PTEN is an inhibitor of PI3K/AKT pathway as blocking phosphorylation of AKT by
interference in formation of PI (3,4,5) P3 from PI (4,5) P2.*° Increased PTEN expression
and reduced AKT phosphorylation by ADSC secretome were confirmed with a PTEN
inhibitor, SF1670, which diminished the regulating ability of ADSC secretome toward
macrophage.

JAK/STAT pathway is the other important pathway in macrophage polarization. STAT1,
induced representatively by IFN-y, is mainly responsible for M1 polarization. STAT3 and
STAT6 generate M2 phenotype and activated typically by IL-10 and IL-4, respectively.**4’
SOCSI is known for suppressing the STAT1 pathway and also NF-xB signaling,*** so
SOCS]I, increased by ADSC secretome, might inhibit STAT 1 phosphorylation in this study.
ADSC secretome also increased STAT3 phosphorylation and SOCS3 expression. SOCS3
suppressed M1 phenotype by hindering IL-6R related STAT3 activation and is induced by
IL-10 mediated STAT?3 activation as a negative feedback.*®* As IL-10 is an inducer of and
also produced by M2¢ macrophage, SOCS3 and STAT3 are also closely related to the M2c¢
phenotype, which has functions as immuno-regulation and tissue remodeling.>!-**

M2 subtype of macrophages is divided into M2a, M2b, and M2¢ mainly according to
stimuli: IL-4 or IL-13 for M2a, stimulant of FCy receptors with TLR stimulant for M2b,

Glucocorticoid or IL-10 for M2c.>® Each subtype is classified with particular marker and

Ym-1 for M2a, SPHK1 and LIGHT for M2b, and MerTK for M2c were used to classify in
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this study. Philipp et al. addressed that bone marrow derived MSC induce M2b polarization
with increasing SPHK 1 and LIGHT expressions?® and Sun et al. demonstrated that adipose
tissue derived MSC induce M2b/c polarization with increasing IL-10 and SPHKI
expressions.”” When ADSC secretome was treated to peritoneal macrophage, only LIGHT
and MerTK expressions were increased without LPS stimulation but expressions for every
marker were increased with LPS stimulation. In the steady state condition, peritoneal
macrophages were mostly comprised of large peritoneal macrophages, which function as
apoptotic cell clearance, efferocytosis and tissue repair.>* MerTK on macrophages is known
for regulating the efferocytosis by binding Gas 6 or Protein S.%5°¢ ADSC secretome might
reinforce the efferocytosis of macrophage and control inflammation with increasing
MerTK expression. M2b macrophages are known for regulatory macrophages, but they
show shared some feature with M1 phenotype such as secreting TNF-a and IL-6. LIGHT
and SPHK 1, however, are used for distinguishing M2b macrophage from others.?! Even
though LIGHT is more favorable than SPHK1 to be used as M2b markers, both markers
can be supported each other.”” ADSC secretome might affect M2b polarization of peritoneal
macrophage in the steady state incompletely as only LIGHT expression is increased,
whereas peritoneal macrophage needs to be polarized to M2b phenotype completely with
the stimulation to action as regulatory function.

Previous studies addressed PGE2, TSG-6, IL-6, and TGF-B1 as candidate molecules
involved in polarization of macrophage and suppression of inflammation. Those reports,

however, did not contain analysis of MSC secretome composition such as proteomics or
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antibody array. Unlike previous reports, we performed LC/MS-MS proteomics analysis of
ADSC secretome to verify composition and discovered 84 proteins as a result. 7 candidate
molecules which contain secreted, immune response, and inflammation as a keyword of
DAVID bioinformatics analysis were selected among 84 proteins. MSCs have a
characteristic that the degree of function is different depending on the donor.*® As we used
this characteristic to identify active molecule of ADSC secretome, we analyzed three sets
of secretome: two sets show similar function in suppression of CD86 expression, but one
set show weak suppression of CD86 expression in peritoneal macrophage. Pentraxin-3
(PTX3), complement factor H (CFH) and galectin-3 binding protein (LGALS3BP) were
selected based on image analysis that identify common spots between two sets of secretome
with similar function and having 2-fold difference compared to one set of secretome with
weak function.

PTX3, also named as TNF-inducible gene 14 (TSG-14), is one of the pattern
recognition molecules (PRMs) and involved in inflammation, innate immunity,
haemostasis, and tissue repair.”>®° Shiraki et al reported that PTX3 restrained inflammatory
markers, TNF-a, IL-1B, AKT phosphorylation, and nuclear NF-xB, of human macrophage
cell line, THP-1 cells.! Additionally, Kim et al. reported that soluble PTX3 of human
umbilical cord blood derived MSC decrease M 1 marker expression and increase M2 marker
expression of rat macrophage cell line, NR8383.%* We confirmed that function of ADSC
secretome was abated by PTX3 neutralizing antibody and PTX3 recombinant protein

treatment with small amount of ADSC secretome induced M2-like polarization of
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peritoneal macrophage. Moreover, PTX3 was involved in M2b/c like polarization of
macrophage. The neutralizing antibody of PTX3 weakened MerTK expression, increased
by ADSC secretome and recombinant PTX3 protein induced LIGHT and MerTK
expression. Together, secreted PTX3 is a key molecule of ADSC secretome function in
macrophage polarization.

One of the main limitations of MSC therapy is shortage of criteria for therapeutic
efficacy.* Our study suggested that PTX3 can be used as a criterion for quality control of
ADSC secretome. The amount of PTX3 secreted by MSC has donor-variable and ability of
MSC depends on that.> Our image analysis also showed that specific ADSC secretome has
high spot density of PTX3 and PTX3 functions as main effector of M2b/c-like polarization.
Therefore, setting cut-off value with PTX3 might be helpful for future MSC treatment. Also,
there are several priming methods to amplify the therapeutic effect of MSC such as addition
of cytokines or culture in hypoxia conditions.®® Previous reports reported that increased
levels of PTX3 are observed at TNF-a, IL-1f, and IL-6 primed bone marrow-derived MSC
and TNF-o, primed adipose tissue derived MSC.**% The way to amplify the PTX3 level
should be confirmed and checking the effect of the priming MSC to macrophage

polarization might be helpful.
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V. CONCLUSION

In conclusion, ADSC secretome regulated inflammation in RAW264.7 cell via NF-
kB/AKT and STAT signaling pathways with the increase of PTEN, SOCSI, and SOCS3.
Also, in the animal models of RA and SLE, ADSC secretome treatment progress was
observed with M2 polarization of peritoneal macrophages. Moreover, ADSC secretome
induced M2b/c-like phenotype of peritoneal macrophages with escalating LIGHT and
MerTK expressions. 84 proteins in ADSC secretome were identified through LC/MS-MS
proteomics analysis. Neutralization assay and recombinant protein confirmed that PTX3 is
a key molecule in secretome. This study indicates that ADSC secretome could replace the
MSC cell therapy and establish the standard of therapeutic efficacy by applying PTX3 as a

marker.
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