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Accumulating evidence indicates that mesenchymal stem/stro-
mal cell-derived extracellular vesicles (MSC-EVs) exhibit
immunomodulatory effects by delivering therapeutic RNAs
and proteins; however, the molecular mechanism underlying
the EV-mediated immunomodulation is not fully understood.
In this study, we found that EVs from early-passage MSCs had
better immunomodulatory potency than did EVs from late-
passage MSCs in T cell receptor (TCR)- or Toll-like receptor
4 (TLR4)-stimulated splenocytes and in mice with ocular Sjog-
ren’s syndrome. Moreover, MSC-EV's were more effective when
produced from 3D culture of the cells than from the conven-
tional 2D culture. Comparative molecular profiling using pro-
teomics and microRNA sequencing revealed the enriched
factors in MSC-EVs that were functionally effective in immu-
nomodulation. Among them, manipulation of transforming
growth factor B1 (TGF-B1), pentraxin 3 (PTX3), let-7b-5p,
or miR-21-5p levels in MSCs significantly affected the immu-
nosuppressive effects of their EVs. Furthermore, there was a
strong correlation between the expression levels of TGF-B1,
PTX3, let-7b-5p, or miR-21-5p in MSC-EVs and their suppres-
sive function. Therefore, our comparative strategy identified
TGF-B1, PTX3, let-7b-5p, or miR-21-5p as key molecules medi-
ating the therapeutic effects of MSC-EVs in autoimmune dis-
ease. These findings would help understand the molecular
mechanism underlying EV-mediated immunomodulation
and provide functional biomarkers of EVs for the development
of robust EV-based therapies.

INTRODUCTION

Accumulating evidence indicates that extracellular vesicles (EVs)
derived from mesenchymal stem/stromal cells (MSCs) recapitulate
a broad range of the therapeutic effects shown by MSC treatment."”
In a previous study, our group directly compared the therapeutic ef-
ficacy of MSCs with their EVs in autoimmune disease models for type
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1 diabetes and experimental autoimmune uveoretinitis and found
that MSC-derived EVs (MSC-EVs) were as effective as their parent
MSCs in alleviating immune responses.” In a subsequent study, we
also observed that therapeutic effects of EVs produced from induced
pluripotent stem cell (iPSC)-derived MSCs were similar to bone
marrow MSC-EVs in mice with dry mouth due to Sjogren’s syn-
drome.* Consistent with our findings, several groups reported on
the immunomodulatory effects of EVs from umbilical cord blood-
derived and adipose-derived MSCs.””

Mechanistically, our previous study showed that MSC-EVs sup-
pressed the activation of T cells and antigen-presenting cells
(APCs), thereby inhibiting the development of T helper 1 (Th1)
and Th17 cells.’? Similarly, other studies revealed that MSC-EV's
promoted the apoptotic activity toward activated T cells in spleno-
cytes and induced the secretion of immunomodulatory cytokines
such as interleukin (IL)-10 and transforming growth factor
(TGF)-B, which were capable of inhibiting autoreactive lympho-
cyte proliferation and inducing regulatory T cell (Treg) genera-
tion.'”'* Also, EVs have been shown to suppress macrophage
activation' ™' and induce M2-type macrophage polarization.”»'”'®
Therefore, the data strongly support the notion that MSC-EVs
exert immunosuppressive effects on immune cells and in mice
with immune-mediated diseases.
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MSC-EVs contain a large number of mRNAs, microRNAs (miRNAs),
and proteins'®*” that are responsible for the therapeutic effects of
EVs.”® *’ Indeed, treatment of EV's with proteases, RNase, miRNA in-
hibitors, or small interfering RNAs (siRNAs) for target genes reduced
biologic effects of EVs in tissue repair,”*** an indication that the ef-
fects of MSC-EVs are dependent on proteins and RNAs. However,
the molecular mechanism by which MSC-EVs modulate the immune
response is not fully understood. In addition, since EVs carry proteins
and RNAs of their parent cells, the contents of MSC-EVs would
change as their parent MSCs, and therapeutic efficacy of MSC-EVs
would largely depend on donors, culture conditions, and tissue
sources of MSCs. Hence, identification of a distinctive molecular
profile of functionally effective MSC-EVs is crucial to understanding
the mechanism underlying the EV-mediated immunomodulation
and developing EV-based therapies.

MSCs lose many of their biological properties as they expand
beyond about 20 population doublings (PDs) in culture.”>’® In
addition, 3D culture is more beneficial for tissue repair potency
of MSCs than conventional monolayer 2D culture because it pro-
motes the self-renewal, differentiation potential, engraftment,
homing, and paracrine factor production in MSCs.”” These data
suggest that EVs derived from early-passage MSCs may have better
therapeutic potency than do EVs from late-passage MSCs and that
EVs from MSCs in 3D culture (3D MSC-EVs) may be more effec-
tive than 2D MSC-EVs. Hence, the comparison of molecular pro-
files between functionally effective EVs and inert EVs would help
narrow down a list of candidate therapeutic molecules among
numerous factors that EVs contain. Based on these findings, in
this study, we purified EVs from early- and late-passage MSCs
and from 2D and 3D cultures of MSCs. Then, we compared the
immunomodulatory effects between early- and late-passage
MSC-EVs and between 2D and 3D MSC-EVs. To evaluate the
immunomodulatory effects in vitro, we used the following two
splenocyte culture systems: T cell receptor (TCR)-mediated activa-
tion of resting T cells by anti-CD3 antibodies®® or anti-CD3/CD28
beads,” and Toll-like receptor 4 (TLR4)-mediated activation of
splenocytes by lipopolysaccharide (LPS).*” The immunomodula-
tory effects of MSC-EVs were further confirmed in vivo in mice
with systemic LPS challenge and in a mouse model for ocular Sjog-
ren’s syndrome, which is a chronic autoimmune disorder charac-
terized by immune cell infiltration and progressive injury to
lacrimal glands, leading to keratoconjunctivitis sicca (dry eye dis-
ease).*"*” Since the pathogenesis of ocular Sjogren’s syndrome in-
volves activation of Thl and Th17 cells preceded by activation of
innate immune cells via TLRs,*>*
MSC-EVs on adaptive T cell immunity in lacrimal glands in
mice with ocular Sjégren’s syndrome,** and also examined the ef-
fects on TLR4-stimulated innate immunity in mice with systemic
LPS administration. Next, to search for therapeutic factors medi-
ating the immunomodulatory effects of MSC-EVs, we compared
molecular profiles between functionally effective and ineffective
EVs by proteomics and miRNA sequencing and identified the en-
riched factors in functional EVs. The candidate therapeutic factors

we evaluated the effects of

in MSC-EVs were verified through inhibition and overexpression
of each molecule in MSC-EVs.

RESULTS

Comparison of Inmunomodulatory Effects between EVs and
Proteins Secreted from MSCs

In this study, we capitalized on a size exclusion chromatography
(SEC) method to separate EVs from the conditioned media of MSC
cultures and to exclude abundant proteins. After fractionation by
SEC, the fractions containing EV's were identified by the EV marker
CD63, and the concentration of proteins was measured by Bradford
assay. As a result, EVs were enriched in early fractions (see “A” frac-
tion in Figure 1A), whereas most of soluble proteins were eluted in
later fractions (see “B” fraction in Figure 1A). The purified EVs
were further analyzed for size and EV marker expression. The average
size of the purified EV fractions was approximately 100 nm (Fig-
ure S1A). As expected, the EV markers CD63, CD81, and CD9
were detected in the purified EV fractions (“A”), but not in the protein
fractions (“B”) (Figure S1B). Also, EVs maintained their size and
spherical structure after storage at —80°C (Figures S1C and S1D).

Both purified EVs and soluble proteins were effective at suppressing
the TCR-mediated IL-2 and interferon (IFN)-y secretion in anti-
CD3-stimulated T cells and TLR4-mediated IFN-vy and IL-6 secretion
in LPS-stimulated splenocytes (Figures 1B and 1C). However, EVs
were more effective at suppressing the production of Thl and Th17
cytokines, and relatively higher concentrations of the protein were
required to achieve the similar suppressive effects to EVs.

To verify the immunomodulatory effect of MSC-EVs in vivo, we
directly injected the purified EVs or soluble proteins into the intraor-
bital lacrimal gland in 12-week-old NOD.B10.H2" mice exhibiting
a phenotype of ocular Sjogren’s syndrome (Figure 1D). One week
later, observation of the corneal surface after lissamine green vital
staining showed that MSC-EVs markedly improved the epithelial
integrity (Figure 1E). The severity of corneal epithelial defects was
significantly lower in MSC-EV-treated mice than in PBS- or pro-
tein-treated mice (Figure 1F). Similarly, the amount of tear produc-
tion was increased by MSC-EVs as assessed by a phenol red thread
test (Figure 1G). The mRNA levels of inflammatory cytokines tumor
necrosis factor (TNF)-a, IL-1p, and IFN-v were significantly lower in
the ocular surface (cornea and conjunctiva) and intraorbital lacrimal
gland of MSC-EV-treated mice compared to protein-treated or PBS-
treated mice (Figure 1H). Upon periodic acid-Schiff (PAS) staining,
the number of conjunctival goblet cells (mucin-secreting cells) was
increased by MSC-EVs but not by proteins (Figure 11). Also, infiltra-
tion of T cells in the intraorbital lacrimal gland was significantly
attenuated in the MSC-EV-treated group, compared to the protein-
and PBS-treated groups (Figure 1J).

Taken together, the data demonstrate that SEC efficiently separates
EVs from proteins in the MSC supernatant and that the purified
EVs by SEC exhibit better immunosuppressive potency than do the
soluble proteins.
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Figure 1. Comparison of EVs versus Proteins Derived from MSCs

(A) Size exclusion chromatography (SEC) elution profile. (B) IL-2 and IFN-y ELISAs with conditioned medium of splenocytes activated by plate-bound anti-CD3 for 18 h with
EVs (“A” fraction) or protein (“B” fraction) in (A) (n = 4). (C) IFN-v, IL-6, and IL-17 ELISAs with conditioned medium of LPS (50 ng/mL)-stimulated splenocytes for 24 h with or
without EVs (“A” fraction) or protein (“B” fraction) in (A) (n = 4). (D) Experimental scheme. (E) Representative ocular surface photographs after lissamine green vital dye
instillation. The green-stained area depicts the corneal epithelial defects. (F) Quantitation of corneal epithelial defects before and after treatment. (G) The amount of tear
production as determined by a phenol red thread test. (H) Real-time RT-PCR assays for inflammatory cytokines in the ocular surface (containing the cornea and conjunctiva)
and intraorbital lacrimal gland. The mRNA levels are presented as the fold expression relative to a normal control wild-type (WT) mouse. () Representative PAS staining of
conjunctival fornix for visualization of mucin-secreting conjunctival goblet cells (original magnification, x200) and quantitation of goblet cell counts per eye in each group.

(J) Representative CD3 staining of intraorbital lacrimal glands (original magnification,

x100). The number of CD3-stained inflammatory foci per gland was counted and

compared between the groups. All data are presented as means + SD. A dot indicates data from an individual animal. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001 by

one-way ANOVA followed by Dunnett’s or Tukey’s test. ns, not significant.

Comparison of Inmunomodulatory Effects between Early- and
Late-Passage MSC-EVs

Next, we compared EVs isolated from early-passage MSCs (about 15
PD levels [PD15]*°) and late-passage MSCs (about 40 PD levels
[PD40]). Although the average size and number of the purified EV
fractions were similar between PD15 EVs and PD40 EVs (Figures
2A-2C), PD15 MSC-EVs were more effective than PD40 EVs in
suppressing the secretion of Thl and Th17 cytokines in anti-CD3
or anti-CD3/CD28-stimulated splenocytes (Figures 2D and 2E) and
IFN-v secretion in LPS-stimulated splenocytes (Figure 2F). PD40
EVs exhibited similar suppressive effects on the secretion of TNF-a
and IL-6 in LPS-stimulated splenocytes compared to PD15 EVs
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(Figure 2F). These differences in the immunomodulatory efficacies
of EVs between early- and late-passage MSCs were also confirmed
with MSC-EVs derived from additional donors (Figure 2G).

We went on to compare the effects of PD15 and PD40 MSC-EVs
in two animal models. First, we intravenously injected either PD15
or PD40 MSC-EVs in LPS-challenged mice and 5 h later we
measured the IL-6 mRNA level in the spleen. Data showed that
PD15 MSC-EVs inhibited the level of IL-6 as effectively as dexa-
methasone (Dex), whereas PD40 EVs partially decreased the IL-
6 level (Figure 2H). Second, we injected PD15 or PD40 MSC-

EVs into the intraorbital lacrimal gland of 12-week-old
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Figure 2. Comparison of the Effect of EVs Derived from Early-Passage MSCs versus Late-Passage MSCs

(A) Representative scanning electron microscopy (SEM) images of PD15 and P40 MSC-EVs. (B) PD15 and PD40 MSC-EV particle sizes by nanoparticle tracking analysis. (C)
PD15 and PD40 MSC-EV particle numbers normalized by cell number. (D) IL-2 and IFN-y ELISAs with conditioned medium of splenocytes activated by plate-bound anti-CD3
for 24 h with or without EVs from PD15 or PD40 MSCs. (E) IFN-y and IL-17 ELISAs with conditioned medium of anti-CD3/28-stimulated splenocytes for 72 h with or without
PD15 or PD40 MSC-EVs. (F) TNF-a, IL-6, and IFN-y ELISAs with conditioned medium of LPS (50 ng/ml)-stimulated splenocytes for 24 h with or without EV's from PD15 or
PD40 MSCs. (G) IFN-y ELISA with conditioned medium of splenocytes activated by plate-bound anti-CD3 for 24 h with or without EVs (3 x 10%mL) from early- or late-
passage MSCs (#7075 and #6015). IL-6 ELISAs with conditioned medium of splenocytes stimulated with LPS (50 ng/mL) for 24 h with or without EVs (3 x 10%/mL) from early-
or late-passage MSCs (#6015 and #7075) are shown. (H) RT-PCR assay for spleen IL-6 mRNAs at 5 h after intravenous (i.v.) injection of EVs (1 x 10'° particles/mouse) in
LPS-challenged mice (30 pg/mouse; i.v.; n = 5/group). EVs were isolated from PD15 or PD40 MSCs. As controls, PBS and DEX (1.5 mg/kg) were injected. Data are presented

as means + SD (n = 4).;

NOD.B10.H2® mice (Figure 3A) and performed assays 1 week
later. Both PD15 and PD40 MSC-EVs markedly improved the
corneal epithelial integrity and tear production (Figures 3B-3D).
However, PD15 EVs were more effective in decreasing corneal
epithelial defects and promoting tear production than PD40 EVs
(Figures 3B-3D). The levels of pro-inflammatory cytokines were
significantly decreased in the ocular surface by PD15 EVs but
not by PD40 EVs or PBS (Figure 3E). The conjunctival goblet
cell counts were significantly increased by PD15 MSC-EVs but
not by PBS or PD40 EVs (Figures 3F and 3G). Also, the infiltration
of T cells in the gland was markedly reduced by PD15 EVs, while
PD40 EVs did not suppress T cell infiltration (Figures 3H and 3I).

*p < 0.05, *p < 0.01, *p < 0.001, ***p < 0.0001 by one-way ANOVA with Dunnett’s test.

These data collectively demonstrate that the EVs purified by SEC
exhibit immunosuppressive potency in vitro as well as in LPS-chal-
lenged mice, and they protect the ocular surface and lacrimal gland
against inflammatory damage in mice with ocular Sjogren’s syn-
drome. Both early- and late-passage MSC-EVs are effective, but the
immunomodulatory effects are higher with EVs from early-passage
MSCs than those from late-passage MSCs.

Protein Profiles of MSC-EVs

In order to identify a distinctive protein profile of functionally
effective EV's in immunomodulation, we compared protein expres-
sion profiles between PD15 and PD40 MSC-EVs. As in Figures 2
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Figure 3. Comparison of Inmunomodulatory Effects of EVs from Early- versus Late-Passage MSCs in a Mouse Model of Ocular Sjogren’s Syndrome

(A) Experimental scheme. (B) Ocular surface photograph after lissamine green staining to visualize the area of corneal epithelial defect. (C and D) The quantitation of corneal
epithelial defects (C) and aqueous tear production (D) before and after treatment. (E) mRNA levels of inflammation-related cytokines in the ocular surface as measured by real-
time RT-PCR. Shown are the values relative to normal wild-type (WT) mice. (F and G) PAS staining of the conjunctival fornix (F) to determine conjunctival goblet cells (original
magnification, x200) and the number of goblet cells per eye (G). (H) CDS staining of the intraorbital lacrimal gland. (I) The number of CD3-stained foci per gland is presented.
All data are presented as means + SD. A dot represents data from an individual animal. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001 by one-way ANOVA followed by

Tukey'’s test. ns, not significant.

and 3, PD40 MSC-EVs were less effective in suppressing immune
responses, an indication that downregulated factors in PD40 MSC-
EVs compared to PD15 EVs could be related to the loss of their
immunosuppressive functions and that enriched factors in PD40
EVs might interfere with the effects of MSC-EVs. Therefore, en-
riched factors (at least 2-fold) in PD15 and PD40 MSC-EVs (Fig-
ure 4A) were analyzed using Protein Analysis through Evolu-
tionary Relationships (PANTHER) When the
proteins enriched in PD15 or PD40 EVs were classified according
to molecular function, catalytic activity, binding, and structural
molecule activity, binding was the most common molecular func-
tion of the differentially expressed proteins (Figure 4B). The pro-
teins classified as binding were further analyzed according to pro-
tein class. As a result, most of the PD15 EV proteins were classified
as protein-binding proteins. In contrast, more than 50% of the

software.*®
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PD40 EV-binding proteins were classified as nucleotide/nucleic
acid binding (Figure 4C).

Then, we validated the differential expression levels of the top-ranked
binding proteins in PD15 EVs in Figure 4D. Especially, we tested
whether these proteins are expressed on the surface of EVs or inside
of EVs utilizing ELISA with or without lysis (Figure 4E). Consistent
with proteomics, the results showed that TGFBI (TGF-beta-induced
protein), PTX3 (pentraxin 3), EDIL3 (EGF-like repeat and discoidin
I-like domain-containing protein 3), BGN (biglycan), LUM (lumi-
can), and GAL3 (galectin-3) were highly expressed in PD15 EVs
compared to the PD40 EVs (Figure 4F). In addition, when EVs
were treated with lysis buffer, the levels of EDIL3 and BGN were
significantly increased in EV's (Figure 4F), indicating that these pro-
teins were located on the EV membrane as well as within EVs.
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Figure 4. Protein Profiles of EVs from Early-Passage MSCs and Late-Passage MSCs

(A) Venn diagram of protein profiling of PD15 and PD40 MSC-EVs. (B) Classification of proteins enriched in PD15 or PD40 EV's according to molecular function. (C) Distribution
of binding protein composition of PD15 and PD40 MSC-EVs. (D) Top ranked binding proteins at least 2-fold enriched in PD15 MSC-EVs. (E) Schematic of the ELISA in (F) to
measure the concentration of target protein on the surface of EVs. (F) ELISAs of proteins in PD15 and PD40 MSC-EVs with or without lysis buffer treatment (n = 3; three

different preparations). Data are presented as means + SD. **p < 0.01, ***p < 0.001,

Therefore, the proteomics data reveal that early- and late-passage
MSC-EVs have different protein profiles, and extracellular region
or matrix proteins TGFBI, PTX3, EDIL, BGN and LUM are enriched
in early-passage MSC-EVs while nucleic-acid binding proteins are
enriched in late-passage MSC-EVs.

Comparison of Inmunomodulatory Effects and Protein Profiles
between EVs Derived from MSCs Expanded under a 2D and 3D
Culture System

We next tested whether a 3D culture system (Figure 5A) might pro-
mote the immunosuppressive effects of MSC-EVs, as previous reports
showed the superior therapeutic effects of 3D-cultured MSCs to 2D-
cultured MSCs.”” EVs were isolated from PD15 MSCs that had been
expanded under a 2D or 3D culture system, and the immunomodu-
latory functions of EVs were measured in in vitro and in vivo assays.
Results showed that EV's derived from 3D MSCs more effectively sup-
pressed the secretion of pro-inflammatory cytokines IFN-y and IL-6
and induced the production of immunoregulatory cytokines TGF-B1
and IL-10 in anti-CD3/CD28-stimulated splenocytes (Figure 5B).
Consistent with these in vitro results, the serum levels of TNF-a,
IL-6, and IL-17 were significantly reduced in LPS-challenged mice
after treatment with MSC-EVs, and 3D MSC-EVs were more effective
than 2D MSC-EVs (Figure 5C).

In order to identify upregulated factors in 3D MSC-EVs, we per-
formed proteomics in EVs isolated from PD15 MSCs expanded under

****p < 0.0001 by one-way ANOVA with Tukey’s test.

a 2D or 3D culture system. As a result, proteomics identified about
600 proteins in the MSC-EVs. Among them, 186 proteins were found
in both 2D and 3D MSC-EVs, with 97 proteins being upregulated in
3D MSC-EVs (Figure 5D). When the upregulated proteins in 3D
EVs were classified according to molecular function, the most com-
mon functions of the enriched proteins were binding and catalytic
activity (Figure 5E). Among the binding proteins, about 25% of
them were classified as a signaling molecule, most of which were
TGE-B signaling-related genes: TGF-B1, TGF-B2, and TGFpI (Fig-
ure 5F). According to the biological process, the enriched proteins
in 3D EVs (Figure 5G, >1.5-fold enriched factors in 3D EVs; Fig-
ure 5H, proteins found only in 3D EVs) were predominantly involved
in the cellular process, stimulus, and biological adhesion. Of them,
TGEF-B signaling-related genes, i.e., TGF-B1, TGF-B2 and TGFpI,
were markedly upregulated in 3D MSC-EVs compared to 2D MSC-
EVs. In addition, TSG-6 was highly increased in 3D MSC-EVs
whereas 2D EVs contained a low level of TSG-6, which is consistent
with our previous observation that TSG-6 is secreted by MSCs upon
inflammatory cytokine stimulation or under 3D culture system.*”**
Therefore, we confirmed the differential expression levels of TGF-
B1, TGF-B2, TGFBI, and TSG-6 in 3D MSCs versus 2D MSCs as
well as in 3D MSC-EVs versus 2D EVs (Figure 5I). Additionally,
we found that the level of TGF-B1 was slightly increased in EVs
when the EVs were treated with lysis buffer, and the membrane-
bound TGF-Bl was significantly downregulated in PD40 EVs
compared to PD15 EVs (Figure 5]).
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Figure 5. Comparison of the Inmunomodulatory Effect and Protein Profiles between EVs Derived from MSCs Expanded under 2D versus 3D Culture System
(A) Representative photograph of fluorescence (Dil)-labeled MSCs on microcarriers (Corning Life Sciences) at 4 h after seeding. (B) IFN-v, IL-6, TGF-B1, and IL-10 ELISA with
conditioned medium of anti-CD3/28-stimulated splenocytes for 72 h with or without 2D or 3D MSC-EVs (1.5 x 10° particles/mL; n = 4). (C) ELISA for serum cytokines (TNF-a.,
IL-6, and IL-17) at 5 h after EV injection (1 x 10'° particles/mouse) in LPS-challenged mice (30 pg/mouse; i.v.; n = 5/group). EVs were isolated from PD15 MSCs expanded in
2D culture (CellStack cell culture chambers; Corning Life Sciences) or 3D culture (microcarriers in a spinner flask; Corning Life Sciences). All data are presented as means +
SD. *p < 0.05, *p < 0.01, **p < 0.001 by one-way ANOVA with Tukey’s test. (D) Venn diagram of protein profiling of 2D and 3D MSC-EVs. (E) Classification of proteins found
in both, but enriched (1.5-fold) in 3D MSC-EVs compared to 2D according to molecular function. (F) Classification of binding proteins in (E). (G) Classification of proteins found
in both, but enriched (1.5-fold) in 3D MSC-EVs compared to 2D according to biological process. (H) Classification of proteins found only in 3D MSC-EVs according to
biological process. () RT-PCR assays for TGF-B1, TGF-B2, TGFBI, and TSG-6 mRNA in 2D and 3D MSCs and ELISAs for TGF-B1, TGF-B2, TGFBI, and TSG-6 protein in 2D
and 3D MSC-EVs (n = 3; three different preparations). (J) ELISAs of TGF-B1 and TGF-B2 proteins in PD15 and PD40 MSC-EVs with or without lysis buffer treatment (n = 3;
three different preparations). All data are presented as means + SD. *p < 0.05 by one-way ANOVA with Tukey’s test.
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Hence, the results support the notion that the contents of EVs change
as their parent cells change. Additionally, our comparative analysis
with proteomics revealed that TGF-B1, TGF-B2, and TGFpI are up-
regulated in 3D MSC-EVs compared to 2D MSC-EVs, and TGF-1
and TGFI are downregulated in late-passage (PD40) 2D MSC-EVs.

Identification of Therapeutic Factors Responsible for
Immunomodulatory Effects of MSC-EVs

To examine whether the upregulated proteins in early-passage MSC-
EVs are responsible for the EV-mediated effect in ocular Sjogren’s
syndrome (Figure 3), we first screened for the effects of an individual
recombinant human protein in cultures of mouse splenocytes.
Considering the expression levels of putative candidates for therapeu-
tic proteins in EVs (Figures 4F and 5I), we adopted higher levels of
PTX3, TGFBI, LUM, and EDIL3 than TGF-B1 and TGF-B2 for use
in assays. As expected, recombinant human (rh)TGF-B1 was most
effective in inhibiting IFN-vy secretion in anti-CD3/CD28-stimulated
splenocytes, even at as low a concentration as 2.5 ng/mL (Figure 6A).
The rhTGF-PB2 was also effective but required a higher concentration
than rhTGF-B1 (Figure 6A). Of the tested proteins, rhPTX3,
rhTGFBI, and rhLUM were also effective (Figure 6A). Therefore,
we selected TGF-B1, TGFBI, PTX3, and LUM as candidate molecules
mediating the therapeutic effects of MSC-EV's and validated the role
of these proteins in ocular Sjégren’s syndrome. In order to inhibit the
expression of TGF-B1, TGFBI, PTX3, or LUM in MSC-EVs, we
downregulated the expression of these target genes in PD15 MSCs
with siRNAs (Figure S2A). Manipulation of MSCs with siRNAs suc-
cessfully decreased the target protein levels in their EVs (Figure 6B).
Notably, silencing the individual gene in MSCs, except LUM,
decreased not only its target protein level in their EVs but also the
expression of other candidates in EVs. For example, silencing TGF-
B1 in MSCs affected the level of TGFBI in EVs as well as the TGF-
B1 level (Figure 6B), which is expected because TGFpI is induced
by TGF-B1. Analogously, silencing PTX3 in MSCs partially decreased
the expression of all other candidates in their EVs (Figure 6B).

Next, we investigated the suppressive effects of the manipulated EV's
in splenocyte cultures and in NOD.B10.H2" mice. Silencing TGF-B1
or PTX3 in MSCs most significantly abrogated the suppressive effects
of their EV's (Figures 6C-6F). The EVs lacking PTX3 or TGF-B1 were
less effective in attenuating corneal epithelial defects and preserving
tear production and goblet cells in NOD.B10.H2" mice than were
control EVs or EVs lacking LUM (Figures 6D-6F). In contrast,
when we overexpressed TGF-B1 or PTX3 in EVs by transfection of
cDNA plasmids in PD15 MSCs (Figures S2B and S2C), the EVs
became more effective, and even lower doses of EVs were sufficient
to suppress TCR downstream IL-2 (Figure S2D) and IFN-y secretion
(Figure 6G) in splenocytes activated by anti-CD3. Also, they more
effectively suppressed IL-6 and IL-17 production in TLR4-stimulated
splenocytes (Figure 6H; Figure S2E). Therefore, these results clearly
demonstrate that TGF-B1 and PTX3 are major therapeutic factors
responsible for the EV-mediated TCR and TLR4 suppression.
These differential expression patterns of TGF-B1 and PTX3 were
further confirmed in the conditioned medium of early-passage and

late-passage MSCs (Figure S2F) and in early- and late-passage
MSC-EVs derived from two additional donors (Figure S2G).

Since TCR and TLR4 downstream genes were more highly suppressed
by EVs overexpressing TGF-B1 or PTX3, we examined the molecular
mechanism by which MSC-EVs suppress the activation of spleno-
cytes. Activation of T cells by antigens or cytokines leads to nuclear
translocation of nuclear factor kB (NF-kB), activator protein 1
(AP-1), nuclear factor of activated T cells (NFAT), and signal trans-
ducer and activator of transcription (STAT) transcription factors and
thereby induces the expression of genes that are important for growth,
differentiation, and cell adhesion.**° In fact, after 3 h of MSC-EV
treatment, we found a reduction in nuclear translocation of the tran-
scription factors NF-kB and NFAT1 in stimulated splenocytes (Fig-
ure 6I; Figure S2H), reflecting the suppression of TCR signaling
by MSC-EVs. Furthermore, MSC-EVs directly suppressed phosphor-
ylation of LAT (linker for activation of T cells) (Figure 6j), which is
associated with critical proteins, including enzymes and adapters
that regulate most TCR-dependent responses.”’ Activation of TLR4
by LPS induces nuclear translocation of NF-kB and p38 mitogen-acti-
vated protein kinases (MAPK) and increases the inflammatory cyto-
kines, including TNF- and IL-6.">>" After 1 h of treatment, we also
found a reduction in nuclear translocation of the transcription factors
NF-kB and p38 in stimulated splenocytes by MSC-EVs (Figure 6K;
Figure S2I).

These results collectively demonstrate that MSC-EVs directly sup-
press the TCR and TLR4 downstream genes and that TGF-B1
and PTX3 are major therapeutic factors responsible for the EV-medi-
ated TCR and TLR4 suppression.

miRNA Profiles of MSC-EVs

To identify a miRNA profile of functionally effective EV's in immuno-
modulation, we carried out miRNA sequencing with PD15 EVs, PD40
EVs, and 3D EVs. A Venn diagram shows the number of miRNAs ex-
pressed in all EVs (Figure 7A). As miRNAs directly regulate signal
transduction and EVs from late passage MSCs were also effective in
mice with ocular Sjégren’s syndrome, we focused on the top 10 ranked
miRNAs found in PD15 EVs among 180 miRNAs that were
commonly expressed in all three EV groups. The top 10 ranked miR-
NAs in PD15 EVs were expressed at similar levels to 3D EVs and
PD40 EVs, but let-7b-5p was increased in 3D MSC EVs while miR-
21-5p was decreased (Figure 7B). The volcano plots based on p values
and fold changes of the differentially expressed miRNAs showed that
there was a huge change between 2D EVs and 3D EVs, but miRNAs of
PD40 EVs were mostly downregulated compared to 2D EVs (Fig-
ure 7C). Also, let-7b-5p was the most significantly upregulated
miRNA in 3D EVs and downregulated in PD40 EVs, and miR-21-
5p, the most enriched miRNA in 2D EVs, was downregulated in 3D
EVs (Figure 7C). To fully inspect the function of the top two miRNAs,
let-7b-5p and miR-21-5p, we analyzed KEGG (Kyoto Encyclopedia of
Genes and Genomes) pathway annotation of the predicted miRNA
targets using the miRSystem web server (http://mirsystem.cgm.ntu.
edu.tw). The result shows that they are involved in multiple pathways,
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Figure 6. Inmunomodulatory Effects of EVs from MSCs with Manipulation

of TGF-B1 and PTX3 Expression

(A) IFN-y ELISA with conditioned medium of anti-CD3/28-stimulated splenocytes for 72 h with or without recombinant human (rh) proteins (0-200 ng/mL) (n = 4). (B) ELISAs
for protein levels of TGF-B1, TGFBI, PTX3, and LUM in MSC-EVs derived from MSCs transfected with target siRNAs. (C) IL-2 and IFN-y ELISAs with conditioned medium of
splenocytes activated by plate-bound anti-CD3 for 24 h with EVs derived from MSCs transfected with target siRNAs (n = 4). (D and E) Ocular surface photography with
lissamine green staining (D) and quantitation of corneal epithelial defects using a standardized scoring system (E). (F) Aqueous tear production as quantified by a phenol red

thread test and numeration of conjunctival goblet cells on PAS-stained conjunctival

specimens. A dot indicates data from a single animal. (G) IFN-y ELISA with conditioned

medium of splenocytes activated by plate-bound anti-CD3 for 24 h. (H) IL-6 ELISA with conditioned medium of LPS-stimulated splenocytes for 24 h with EVs derived from
PD15 MSCs transfected with target DNA plasmids (n = 4). All data are presented as means + SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by one-way ANOVA with
Dunnett’s or Tukey’s test. (I) Western blot assays with nuclear factions (NFs) of anti-CD3/28-stimulated splenocytes for 3 h with or without MSC-EVs (3 x 10° particles/mL). (J)
Western blot assays with total cell lysates (TCLs) of anti-CD3/28-stimulated splenocytes for 30 min with or without MSC-EVs (3 x 10° particles/mL). (K) Western blot assays
with nuclear factions (NFs) of LPS-stimulated splenocytes for 1 h with or without MSC-EVs (3 x 10° particles/mL).

including MAPK, JAK (Janus kinase)-STAT, TLR, and TCR signaling
pathways (Table S1). As such, miR-21-5p and let-7b-5p were selected
as the potential miRNA signature for further analysis based on expres-
sion levels in EVs, p values, and known target pathways. Consistent
with the miRNA sequencing data, we found that let-7b-5p was
decreased in PD40 EVs and miR-21-5p was slightly higher in PD40
EVs than in PD15 EVs (Figure 7D). Also, we confirmed that let-7b-
5p was significantly decreased in late-passage MSC-EVs with addi-
tional donor-derived MSCs and miR-21 was also decreased (Fig-
ure S3A). Moreover, the 3D culture system increased let-7b-5p in
MSC-EVs while decreasing miR-21-5p in MSC-EVs (Figure 7D).
Importantly, silencing let-7b-5p and miR-21-5p in MSCs (Figure S3B)
abrogated the inhibitory effects of their EV's on the secretion of IFN-v,
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IL-17, and IL-6 in stimulated splenocytes (Figures 7E and 7F) and
partially affected the production of the regulatory cytokine TGF-B1
in splenocytes (Figure 7E). Also, inhibition of let-7b-5p decreased
the expression level of PTX3 in their EVs (Figure S3C).

Therefore, these data suggest that let-7b-5p and miR-21-5p are
responsible for the EV-mediated inhibition in both TCR- and
TLR4-signaling downstream genes.

Positive Correlation between TGF-B1, PTXS3, let-7b-5p, or miR-
21-5p Levels in EVs and Their Inmunomodulatory Potency
Another interesting finding we observed is that as the cell density
increased, the levels of TGF-B1, PTX3, let-7b-5p, and miR-21-5p
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Figure 7. Comparison of miRNA Profiles of EVs from Early-Passage MSCs, 3D MSCs, and Late-Passage MSCs

(A) Venn diagram of miRNAs expressed in 2D_PD15 EVs, 3D_PD15 EVs, and 2D_PD40 EVs. (B) Top 10 ranked miRNAs in 2D_PD15 EVs. (C) Volcano plot of the differentially
expressed miRNAs in 2D_PD15 EVs versus 3D EVs or PD40 MSC-EVs. The y axis indicates the —log 10 of the p values and the x axis is the fold change (FC) (measured as the
logo-transformed ratio of the expression between both experimental groups). (D) Confirmation of relative let-7b and miR-21-5p expression in EVs from 2D-cultured PD15 and
PD40 MSCs and 3D-cultured PD15 MSCs. (E) IFN-v, IL-17, and TGF-B1 ELISAs with conditioned medium of anti-CD3/28-stimulated splenocytes for 72 h with or without
EVs from PD15 MSCs transfected with target miRNA inhibitor (n = 4). (F) IL-6 ELISA with conditioned medium of LPS-stimulated splenocytes for 24 h with EVs derived from
PD15 MSCs transfected with target miRNA inhibitor (n = 4). All data are presented as means + SD. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001 by one-way ANOVA with

Dunnett’s or Tukey’s test.

gradually increased in MSC-EVs (Figures 8A and 8BC). Accordingly,
EVs from high-density MSCs (about 80% confluency; ~12,000 cells/
cm?) more effectively suppressed TCR signaling in CD3/CD28-stim-
ulated splenocytes and TLR4 signaling in LPS-stimulated splenocytes
(Figure 8C). Notably, a high dose of EVs from low-density MSCs
(about 60% confluency; ~3,000 cells/cmz) had no effect on TCR-stim-
ulated splenocytes and rather increased IL-17 production (Figure 8C)
while being still effective at the suppression of TLR4-stimulated sple-
nocyte activation (Figure 8D). Similarly, EVs from late-passage MSCs
were still effective in suppressing TLR4 signaling (Figure 2F),
although they contained a low level of TGF-B1 (Figure 5]). Therefore,
we next analyzed correlations between the expression levels of these
factors in EVs isolated from different cell density, different cell pas-
sage, and different donors and their inhibitory function on TCR
and TLR4 signaling so as to define biomarkers predictive of the reg-
ulatory function of EVs. Results showed that the inhibitory function
of EVs on TLR4 signaling was more strongly correlated with their
PTX3, let-7b, and miR-21 levels, while TGF-B1 levels of MSC-EV's
were strongly correlated with their suppressive effects on TCR
signaling (Figure 8E). Furthermore, when we overexpressed TGF-
B1 or PTX3 in late-passage MSCs, let-7b-5p and miR-21-5p levels
were also increased in MSCs (Figure 8F), and their EVs were more
effective at the suppression of TCR and TLR4 downstream genes in
activated splenocytes (Figure 8G).

Hence, the data suggest that all of the key factors identified in MSC-
EVs synergistically contribute to the regulatory function of EVs and
thus can be used as signature molecules of functionally effective
MSC-EVs.

DISCUSSION

Our data demonstrate that EVs derived from early-passage MSCs
suppress Thl and Thl17 cytokines in splenocyte cultures and
improve inflammatory dry eye disease in mice with ocular Sjog-
ren’s syndrome more effectively than do late-passage MSC-EVs.
In addition, the immunomodulatory activities of EVs are enhanced
even further when the EVs are produced from MSCs expanded un-
der a 3D culture system. Through the comparative molecular
profiling, we found that EVs from early-passage MSCs contain
high levels of TGF-B1, PTX3, and let-7b-5p, compared to those
from late-passage MSCs and that both EVs from early- and late-
passage MSCs contain high levels of miR-21-5p. Importantly,
inhibition or overexpression of TGF-f1, PTX3, let-7b-5p, or
miR-21-5p in MSCs significantly abrogates or promotes the sup-
pressive effect of their EVs on Thl and Th17 cytokine production.
In addition, TGF-B1, PTX3, let-7b-5p, and miR-21-5p levels in
MSC-EVs show a strong positive correlation with their suppressive
function. Therefore, our strategy of comparative molecular
profiling of MSC-EVs herein reveals TGF-B1, PTX3, let-7b-5p,
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Figure 8. Correlations between TGF-B1, PTX3, let-7b-5p, or miR-21-5p Levels in EVs and Their Inhibitory Effects on TCR and TLR4 Signaling

(A) ELISAs of TGF-B1 and PTX3 in PD15 EVs derived from MSCs with different cell density. (B) Relative expressions of let-7b-5p and miR-21-5p in PD15 EVs derived from
MSCs with different cell density. (C and D) IFN-y and IL-17 with conditioned medium of anti-CD3/28-stimulated splenocytes for 72 h (C), and IL-6 ELISAs with conditioned
medium of LPS-stimulated splenocytes for 24 h (D) with or without EVs from MSCs with different cell density. (E) Correlations between the levels of TGF-B1, PTX3, let-7b-5p,
or miR-21-5p in PD15 EVs derived from MSCs with different cell density (60%-80%) or in early- or late-passage MSC-EVs from different donors (#6015, and #7075) and their
suppressive efficacy on IL-6 or IFN-vy production (reduction % of IL-6 or IFN-y production compared to the positive control). (F) Relative expressions of let-7b-5p and miR-21-
5p in MSCs transfected with target DNA plasmids. (G) IFN-y ELISA with conditioned medium of splenocytes activated by plate-bound anti-CD3 for 24 h, and IL-6 and IL-17
ELISAs with conditioned medium of LPS-stimulated splenocytes for 24 h with EVs derived from PD40 MSCs transfected with target DNA plasmids (n = 4). All data are
presented as means + SD. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001 by one-way ANOVA with Dunnett’s or Tukey’s test.

and miR-21-5p as key effectors mediating the EV-mediated
immunomodulation.

Previously, we reported that MSC-EVs directly suppressed the
activation of T cells and APCs, thereby inhibiting the development
of Th1 and Th17 cells.® In the present study, we further defined the
molecular mechanisms underlying the EV-mediated inhibition of
Thl and Th17 cells. Our data showed that MSC-EVs suppressed
TLR4 and TCR downstream signaling pathways in activated spleno-
cytes. In particular, MSC-EVs directly suppressed phosphorylation
of LAT, a direct downstream of TCR, and subsequent nuclear
translocation of NFAT1 and NF-kB. Also, MSC-EVs suppressed
nuclear translocation of NF-kB and p38 in TLR4-stimulated spleno-
cytes. In addition, manipulation of TGF-B1 or PTX3 in early-passage
MSCs directly affected the inhibitory function of their EVs on the
expression of TCR and TLR4 signaling downstream genes. TGF-p1
is a well-known immunoregulatory cytokine that uses distinct
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signaling mechanisms in immune cells to affect T cell homeostasis
and regulatory T cells.”* Consistent with our observations, a previous
study demonstrated that TGF-P1 represses IL-2 production in TCR-
activated T cells by inhibiting Tec kinases that increase NFAT trans-
location.” Also, despite the long-debated role of PTX3 in autoim-
mune disease,”® a recent study showed that PTX3 knockout mice
exhibited enhanced IL-17A levels, and PTX3-deficient dendritic cells
increased the production of Th17 polarizing cytokine IL-6 and IL-
23.”7 Therefore, previous studies support our findings that TGF-B1
and PTX3 are major therapeutic factors responsible for the EV-medi-
ated inhibition of TCR and TLR4 signaling downstream genes.
Furthermore, we showed that inhibition of let-7b-5p and miR-21-
5p in MSC-EVs negated the suppressive effect of EVs on the produc-
tion of Th1/Thl7 cytokines and failed to increase the regulatory
cytokine TGF-PB1 in splenocytes. In line with our observation, recent
studies reported that let-7b targets TCR signaling”®”” and both let-7b

and miR-21 modulate macrophage polarization,””** possibly by
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targeting the TLR4 signaling pathway.®”~” On the contrary, there are
reports showing that miR-21 and let-7 can serve as ligands of TLRs,
activating TLR signaling via the NF-kB pathway.*®”° Since our study
showed that EVs carrying low levels of let-7b and miRNA-21 were
less effective in suppressing inflammatory cytokines, it is possible
to speculate that the regulatory mechanism of miRNAs in TLR
signaling might change depending on the concentration of miRNAs
in EVs. Also, we found that manipulation of individual miRNAs
in MSCs changed not only the target miRNA but also other key fac-
tors. This finding suggests that the decreased regulatory function
of the modified EVs lacking let-7b-5p or miR-21-5p could be due
to indirect effects mediated by other factors. In this regard, further
dose-dependent studies are needed to determine whether miR-21
and let-7b in MSC-EVs directly suppress TCR and TLR signaling
by RNA silencing and post-transcriptional regulation of TCR,
TLRs, or downstream genes. Nevertheless, our data suggest that the
identified key effectors TGFB1, PTX3, let-7b-5p, or miR-21-5p
contribute to the suppressive effect of MSC-EVs and can also serve
as signature molecules of functionally effective MSC-EVs.

One of major challenges in developing MSC-based cell therapy is a
large variation in therapeutic efficacies of MSCs depending on differ-
ences in donors, culture conditions, and tissue sources. Since EVs
carry proteins and RNAs of their parent cells, the contents of MSC-
EVs would change as do their parent MSCs; therefore, EV-based
therapies pose the same challenge of functional variation as MSC
therapy. In this regard, our study has important clinical implications
in that they provide the following strategies for development of effec-
tive and robust MSC-EV therapies. First, early-passage MSCs
expanded under a 3D culture system can be used as a cellular source
for functionally effective EV production. Our data revealed that
EVs from early-passage MSCs exhibited better immunomodulatory
potency and they were more effective when produced from 3D culture
of the cells than from the conventional 2D culture. From the perspec-
tive of clinical translation, our observation of the enhanced regulatory
function in 3D MSC-EV:s is noteworthy because a 3D culture system
also benefits scalable EV production. Although the levels of key effec-
tors PTX3 and miR-21-5p in 2D MSC-EVs were decreased in 3D
MSC-EVs in our study, the powerful immunomodulatory cytokine
TGF-B1 and TLR4/NF-kB negative regulator let-7b-5p were mark-
edly increased in 3D MSC-EVs. Moreover, 3D MSC-EVs contained
a significant amount of the anti-inflammatory protein TSG-6, a key
therapeutic factor secreted by activated MSCs."”*®”"""* Additionally,
our data revealed that many other miRNAs, including miR-125a-5p, a
modulator of macrophage polarization,”” and adhesion molecules
(ITGA2 [integrin alpha2], ITGBL1 [integrin subunit beta-like 1),
were significantly increased in 3D MSC-EVs. For these reasons, our
study suggests that the 3D culture system activates MSCs more effi-
ciently to secrete EVs containing therapeutic factors than does 2D
culture. However, further studies are necessary to demonstrate
whether these molecules are responsible for the enhanced function
of 3D MSC-EVs. Second, the cell density should be considered in
the production of functionally effective EVs. We found that the
expression levels of the identified key factors in MSC-EVs as well as

their regulatory function varied with the cell density of parent cells
in culture. Interestingly, there was no change in TGF-f1 mRNA
levels in parent cells (data not shown), but TGF-B1 protein levels
increased in their EVs when produced from high-density MSCs, indi-
cating that proteins and RNAs can be discriminately transferred
into EVs during their biosynthesis. It has been shown that RNAs
are packaged into exosomes through a tightly regulated sorting and
packaging mechanism.”*”” However, the mechanisms by which
molecules are packaged into exosomes remain unknown, which advo-
cates further research. Third, the identified key effectors TGF-fI,
PTX3, let-7b-5p, or miR-21-5p in functionally effective EVs can be
used as functional biomarkers for EV production. Since our data
clearly showed a strong positive correlation between the levels of
TGF-B1, PTX3, let-7b-5p, or miR-21-5p in 2D MSC-EVs and
their regulatory potency, we anticipate developing bioassays with
these enriched factors to screen a cellular source for EV production
and evaluate the regulatory function of MSC-EVs by using simple
ELISA or RT-PCR assays. Lastly, the therapeutic potency of MSC-
EVs can be enhanced by overexpressing the identified key effectors
in MSCs. Our results revealed that the manipulation of TGF-BI,
PTX3, let-7b-5p, and miR-21-5p levels in MSCs directly affected
the immunomodulatory potency of their EVs. Also, overexpression
of TGF-B1 and PTX3 in late-passage MSCs led to production of
more effective EVs in suppressing the activation of splenocytes.
Therefore, even if late-passage MSCs lose their differentiation poten-
tial and show some early signs of genomic instability (Figures S4 and
S5), the strategy of overexpressing the key factors in MSCs would help
avoid the functional variation of MSC-EV's and potential risks related
to clinical use of MSCs extensively expanded in vitro. Furthermore,
our results showed that simple transfection of cDNA plasmids,
siRNA, or miRNA inhibitor into MSCs directly altered the expression
level of target protein or miRNA in their EVs. Given that the contents
of EVs could be easily manipulated by engineering their parent
cells, the platform using MSC-EV's would be applicable for systemic
and intracellular delivery of therapeutic proteins.

In summary, we herein provide the pre-clinical data to support the
therapeutic applications of MSC-EVs for the treatment of autoim-
mune disease. Our comparative analysis of molecular profiles of
functionally effective MSC-EVs helps understand the molecular
mechanisms by which MSC-EVs modulate immune response and
presents essential insights into the rational design of EV-based
therapies.

MATERIALS AND METHODS

MSC 2D and 3D Cultures

Human MSCs (donors #6015, #7012, and #7075) were obtained
from the Center for the Preparation and Distribution of Adult Stem
Cells in the Institute for Regenerative Medicine at Texas A&M Uni-
versity, expanded with a low-density seeding method as previously
described.*” The MSCs (donors #6015 and #7012) used in in vivo
studies were fully characterized in our previous study*” and Figure 4,
respectively. Also, karyotyping of #7012 MSCs was performed in the
Molecular Cytogenetics Laboratory of the Department of Veterinary
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Integrative Biosciences at Texas A&M University (Figure S5). In or-
der to produce EVs from early- and late-passage MSCs, PDI10,
PD35, or P40 MSCs were plated at 200 cells/cm” in the cell stack
with complete culture medium (CCM). After the cells reached about
70% confluency, MSCs were incubated with a medium optimized for
Chinese hamster ovary cells (CD-CHO medium, Invitrogen, Carls-
bad, CA, USA) for EV production.”® After 6 h, the medium was dis-
carded and replaced by fresh CD-CHO medium and recovered at 48
h. For 3D culture of MSCs, human MSCs (donor #7012) PD10 (1 x
10° cells) were seeded to 1 g of low-concentration Synthemax II mi-
crocarriers (Corning Life Sciences, catalog no. 3781; 360 cm?, Corn-
ing Life Sciences, Corning, NY, USA) with a volume of 15 mL of CCM
containing 5% fetal bovine serum (FBS) in a 125-mL spinner flask
for the first 24 h. Then CCM was added to cells to a final volume
50 mL for the remaining time according to the manufacturer’s
protocol. Cultures were incubated at 37°C with agitation at 30 rpm
for 5 min every 3 h. Half of the volume medium was replenished
every 2 days. On day 7, medium was removed, microcarriers were
washed in PBS twice, and 50 mL of CD-CHO medium was added
for EV production. After 24 h, the medium was recovered.

Isolation of MSC-EVs and Characterization

For EV isolation, the conditioned medium was filtered to remove
cellular debris (0.22 um), and then EV's were isolated from the super-
natant by SEC or ultracentrifugation. In the SEC method, the filtered
medium was concentrated by Vivaspin tubes (10 kDa molecular
weight cutoff [MWCO], GE Healthcare, Chicago, IL, USA) to
20 mL and applied to a pre-washed column (HansaBioMed, Tallinn,
Estonia; catalog ref. maxiPURE-EVs) according to the manufacturer’s
protocol. A total of 65 fractions of 1.8 mL were collected and the pres-
ence of tetraspanin CD63 and protein contents was determined in
each fraction by CD63 ELISA (see the ELISA section below) and
Bradford assay (Bio-Rad, Hercules, CA, USA), respectively. The
fractions containing CD63 (A in Figure 1A) and fractions containing
proteins (B in Figure 1A) were combined separately and concentrated
with Vivaspin tubes (10 kDa MWCO). In the ultracentrifugation
method, the medium was ultracentrifuged at 100,000 x g for 16 h
at 4°C using a Sorvall WX Floor Ultra Centrifuge with an AH-629
36-mL swinging bucket rotor (Thermo Fisher Scientific, Waltham,
MA, USA). EV pellets were resuspended in cold PBS.>* The particle
size and number of EVs were analyzed using the NanoSight LM 10
nanoparticle tracking analysis system (Malvern, Malvern, UK) and
the Tescan Vega scanning electron microscope (SEM; Tescan, Brno,
Czech Republic). The isolated EVs were stored at —80°C until used
for molecular profiling, ELISAs, in vitro splenocyte assays, and
in vivo studies.

Protein Profiling

Differential protein profiling was performed in PD15, PD40, and
3D-cultured PD15 MSC-EVs in the Mass Spectrometry Proteomics
Core (Baylor College of Medicine, Houston, TX, USA). In brief, pro-
teins were extracted from MSC-EVs and resolved on SDS-PAGE
Coomassie blue-stained gels. All bands were identified by mass
spectrometry (MS) with the nano-HPLC-ESI-LTQ. Obtained MS/
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MS spectra were searched against the target-decoy mouse RefSeq
database (release 2015_06, containing 58,549 entries) in the Proteome
Discoverer 1.4 interface (PD1.4, Thermo Fisher Scientific) with a
Mascot algorithm (Mascot 2.4, Matrix Science, London, UK).

Mouse Splenocyte Stimulation

Mouse splenocytes were isolated from BALB/c mice (Jackson Labora-
tory, Bar Harbor, ME, USA). For T cell activation, the splenocytes
(2.5 x 10° cells/well) were incubated in the plate bound with anti-
CD3 (Corning Life Sciences) for 24 h or in the plate with anti-
CD3/CD28 beads (Thermo Fisher Scientific) for 72 h with or without
EVs or commercial recombinant proteins. For LPS stimulation,
splenocytes (5 x 10° cells/well) were stimulated with 50 ng/mL LPS
(Sigma, St. Louis, MO, USA) for 24 h with or without EVs. One
day later, 0.1 mL of cell-free supernatant was harvested to measure
cytokine levels by ELISA.

ELISA

For detection of EVs in fractions, CD63 levels in SEC fractions were
quantitated in a 96-well plates coated with 5 pg/mL anti-CD63 (clone
H5C6, Becton Dickinson, Burlington, NC, USA) utilizing rhCD63
(RayBiotech, Norcross, GA, USA).”® Mouse IFN-vy, IL-2, IL-6,
TNF-o, and Th17A/F in the culture supernatants of splenocytes
were measured by commercial ELISA kits (R&D Systems, Minneap-
olis, MN, USA) according to the manufacturer’s protocol. The
concentrations of proteins in early-passage, late-passage, and 3D-
cultured MSC-EVs (1 x 10'® particles/mL) were measured by com-
mercial ELISA kits (EDIL3, GAL3, LUM, PTX3, TGF-B1, TGF-f2,
and TGFpI from R&D Systems, TSG-6 from RayBiotech, and BGN
from Invitrogen).

Western Blot Analysis

MSC-EVs (1 x 10° particles/lane) and protein (50 ng/lane) samples
were loaded onto a gel. Total protein (50 pg/lane) or nuclear extrac-
tion (20 pg/lane) was isolated from anti-CD3/CD28- or LPS-stimu-
lated splenocytes with/without MSC-EVs (3 x 10° particles/mL)
for 30 min, 1 h, or 3 h. The following antibodies were used: CD63
(H5C6; Becton Dickinson), CD81 (1.3.3.22; Invitrogen), CD9
(D8O1A), NFAT1, NF-kB p65, p38, phosphorylated (p-)LAT, LAT,
TBP (Cell Signaling Technology, Danvers, MA, USA), and B-actin
(Invitrogen).

Real-Time PCR Analysis of mRNA and miRNAs and miRNA
Profiling

RNA was extracted with an RNeasy mini kit (QIAGEN, Hilden, Ger-
many). The PCR probe and primer sets were purchased from Applied
Biosystems (TaqMan gene expression assay; Applied Biosystems,
Foster City, CA, USA), and GAPDH was used as the reference
RNA. For miRNA sequencing (LC Sciences, Houston, TX, USA), total
RNA was isolated from ultracentrifuged EVs (1 x 10'" particles) with
the EZNA total RNA kit (Omega Bio-tek, Doraville, CA, USA). For
the confirmation of the miRNA sequencing data, miRNA expression
levels of let-7b and miR-21-5p were measured by using a TagMan
miRNA reverse transcription kit. The expression of miRNAs in
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MSCs was normalized by the expression of U6B, and the expression
of miRNAs in EVs was normalized by miR-26b that was consistently
expressed in all of the conditions (3D EVs, early-passage EVs, and
late-passage EV) in our miRNA sequencing data.

Cell Transfection

When cells reached about 60% confluency, they were transfected
with 20 nM siRNA for control, TGF-B1, TGFBIL, PTX3, and LUM
(Santa Cruz, Dallas, TX, USA) or 30 nM miRNA inhibitors for
control, let-7b-5p, and miR-21-5p (Invitrogen), or 0.5 pg/mL DNA
plasmids for control, TGF-B1, and PTX3 (OriGene, Rockville, MD,
USA) using Lipofectamine (Invitrogen) for 6 h. After transfection,
cells were recovered with antibiotic-free CCM overnight. The next
day, the cells were treated with CD-CHO medium for collecting EVs.

Mouse Model of Primary Sjogren’s Syndrome

Experiments were approved by the Institutional Animal Care and
Use Committee at the Seoul National University Hospital. Twelve-
week-old NOD.B10.H2" mice (Jackson Laboratory) were used as a
model of ocular Sjégren’s syndrome.*"”” Twelve-week-old C57BL/6
mice (Orient Bio, Seongnam, Korea) were used as controls. For treat-
ment, PBS (20 uL) or MSC-EVs (5 x 10® particles in 20 pL of PBS)
were injected into intraorbital lacrimal glands using a 33G syringe
(Hamilton, Reno, NV, USA) under an operating microscope (Carl
Zeiss, Jena, Germany). The number of EVs (5 X 108 particles per
gland) was selected based on our previous study;** in this study, we
found that intra-lacrimal gland injections of 1 x 10> MSCs and
1 x 10’ MSCs were both effective in protecting the ocular surface,
with 1 x 10> MSCs being slightly superior to 1 x 10°> MSCs. Consid-
ering the EV number produced by MSCs (Figure 2C), 5 x 10% EVs
were chosen for intra-lacrimal gland injection.

One week later, the corneal epithelial integrity was imaged under a
microscope after 3% lissamine green vital staining (Sigma), and the
epithelial defects were graded as follows: 0, no punctuate staining;
1, less than one-third of the cornea was stained; 2, two-thirds or
less of the cornea was stained; and 3, more than two-thirds of the
cornea was stained.”” Tear production was measured by a phenol
red thread test for 60 s (FCI Ophthalmics, Pembroke, MA, USA).
The intraorbital lacrimal gland and ocular surface containing the
cornea and conjunctiva were extracted and subjected to molecular
and histologic assays.

LPS-Stimulated Mouse Model

Experiments were approved by the Institutional Animal Care and
Use Committee at Texas A&M University. The 2D- and 3D-cultured
MSC-EVs (1 x 10'° particles/mouse) and 30 pg/mouse LPS (Sigma)
were injected intravenously into 8-week-old male BALB/c mice
(Jackson Laboratory). After 5 h, spleen and blood were collected
for assays.

Histology
For PAS staining, the excised tissue was fixed in formalin and
sliced through superior and inferior conjunctival fornices. The

number of PAS-stained cells (goblet cells) was counted in four
different sections of the forniceal conjunctiva from the same ani-
mal under a microscope (Leica application suite, version 3.8.0, Le-
ica Microsystems, Heerbrugg, Switzerland), and the average count
per section was determined as the goblet cell count. For CD3
immunohistochemical staining, the intraorbital lacrimal gland
was stained with a rabbit anti-mouse CD3 (ab5690, Abcam, Cam-
bridge, MA, USA).

Statistical Analysis

All data were analyzed using one-way ANOV A followed by Dunnett’s
or Tukey’s multiple comparison tests. Statistical analysis and graph-
ical generation of data were done with GraphPad Prism software
(GraphPad, San Diego, CA, USA).
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Supplemental Table 1. KEGG pathway ranking summary of predicted targets of let-7b-5p and miR-

21a-5p.
TERM TERM | TOTAL_ | UNION_T | MIRS | SCORE
_ID GENES_ | ARGETS_| IN T
OF THE |IN_THE_|HE T
TERM | TERM ERM
MAPK_SIGNALING PATHWAY 4010 | 271 39 2 6.802
PATHWAYS_IN CANCER 5200 [ 323 35 2 3.962
NEUROTROPHIN SIGNALING PATH |[4722 | 131 17 2 3.229
WAY
AXON GUIDANCE 4360 | 131 18 2 3.137
JAK-STAT SIGNALING PATHWAY  [4630 | 153 18 2 2.698
TGF-BETA SIGNALING PATHWAY  [4350 |85 11 2 2.533
FOCAL ADHESION 4510 | 197 21 2 2.424
CYTOKINE- 4060 | 262 20 2 2.195
CYTOKINE RECEPTOR INTERACTIO
N
MELANOMA 5218 |71 11 2 2.173
ENDOCYTOSIS 4144 219 19 2 2.113
COLORECTAL CANCER 5210 |65 9 2 2.07
WNT SIGNALING PATHWAY 4310 | 153 16 2 2.048
INSULIN_SIGNALING PATHWAY 4910 | 137 15 2 1.996
REGULATION OF ACTIN CYTOSKE |4810 |215 17 2 1.906
LETON
NOTCH _SIGNALING PATHWAY 4330 |49 7 2 1.835
PROSTATE CANCER 5215 |89 11 2 1.835
CHEMOKINE SIGNALING PATHWAY | 4062 | 187 15 2 1.785
ENDOMETRIAL_CANCER 5213 |52 8 2 1.756
MTOR_SIGNALING PATHWAY 4150 |53 8 2 1.756
PANCREATIC CANCER 5212 70 9 2 1.748
GLIOMA 5214 |65 9 2 1.71
BASAL CELL CARCINOMA 5217 |55 8 2 1.683
T CELL RECEPTOR SIGNALING PA [4660 | 109 10 2 1.663
THWAY
UBIQUITIN MEDIATED PROTEOLYS |4120 | 138 11 2 1.653
IS
CHAGAS DISEASE 5142 [ 102 9 2 1.615
PROTEIN PROCESSING IN ENDOPL |4141 | 167 12 2 1.585
ASMIC_RETICULUM
TOXOPLASMOSIS 5145 | 128 12 2 1.577
CHRONIC MYELOID LEUKEMIA 5220 |73 9 2 1.548
BLADDER CANCER 5219 |42 6 1 1.427
ADIPOCYTOKINE SIGNALING PATH |4920 |68 7 2 1.424
WAY
GNRH_SIGNALING PATHWAY 4912 |99 9 2 1.395




AMOEBIASIS 5146 | 115 11 2 1.387
MELANOGENESIS 4916 | 100 10 2 1.382
SPLICEOSOME 3040 | 126 7 2 1.365
B _CELL RECEPTOR SIGNALING PA |4662 |76 7 2 1.348
THWAY

ERBB SIGNALING PATHWAY 4012 |87 9 2 1.345
BACTERIAL INVASION OF EPITHEL | 5100 |71 6 2 1.338
IAL CELLS

PROTEIN DIGESTION AND ABSORP |4974 |75 8 2 1.328
TION

HEPATITIS_C 5160 | 137 8 2 1.248
BASAL TRANSCRIPTION FACTORS [3022 |36 4 2 1.192
TYPE 1l DIABETES MELLITUS 4930 |49 6 2 1.191
SMALL CELL LUNG CANCER 5222 |85 8 2 1.185
APOPTOSIS 4210 |86 7 2 1.173
PROGESTERONE- 4914 |87 7 2 1.162
MEDIATED OOCYTE MATURATION

P53 SIGNALING PATHWAY 4115 69 7 2 1.149
VEGF_SIGNALING PATHWAY 4370 |76 7 2 1.129
NATURAL KILLER CELL MEDIATE |4650 | 150 10 2 1.122
D CYTOTOXICITY

NON-SMALL CELL LUNG CANCER [5223 |[54 6 2 1.102
RENAL CELL CARCINOMA 5211 |71 7 2 1.088
TYPE 1 DIABETES MELLITUS 4940 |59 4 2 1.076
RIG-I- 4622 | 69 5 2 1.072
LIKE RECEPTOR SIGNALING PATH

WAY

FC_GAMMA R- 4666 | 90 8 2 1.071
MEDIATED PHAGOCYTOSIS

ACUTE MYELOID LEUKEMIA 5221 |57 6 2 1.063
ADHERENS_JUNCTION 4520 |74 7 2 1.051
GLYCOSPHINGOLIPID BIOSYNTHESI | 601 26 4 2 1.043
S LACTO AND NEOLACTO SERIES

GLYCEROPHOSPHOLIPID METABOL | 564 79 7 2 1.03
ISM

PPAR SIGNALING PATHWAY 3320 |80 6 2 1.019
FC_EPSILON RI SIGNALING PATHW | 4664 | 80 7 2 0.986
AY

ALLOGRAFT REJECTION 5330 |52 4 2 0.933
CELL ADHESION MOLECULES (CA |4514 | 149 2 2 0.927
MS)

TOLL- 4620 | 101 7 2 0.921
LIKE RECEPTOR SIGNALING PATH

WAY

HEDGEHOG SIGNALING PATHWAY |4340 |54 5 2 0.91




LONG-TERM DEPRESSION 4730 |72 6 1 0.891
CELL CYCLE 4110 | 125 7 2 0.873
LYSOSOME 4142|121 8 1 0.843
LEUKOCYTE TRANSENDOTHELIAL |4670 | 120 3 2 0.831
MIGRATION

NOD- 4621 |62 5 2 0.831
LIKE RECEPTOR SIGNALING PATH

WAY

AMYOTROPHIC LATERAL SCLEROS | 5014 |56 5 2 0.83
IS_(ALS)

ECM-RECEPTOR_INTERACTION 4512 |83 6 2 0.796
CALCIUM SIGNALING PATHWAY | 4020 | 178 10 1 0.789
NEUROACTIVE_LIGAND- 4080 | 320 12 2 0.781
RECEPTOR INTERACTION

LYSINE DEGRADATION 310 43 4 2 0.753
SYSTEMIC LUPUS ERYTHEMATOSU | 5322 | 150 3 2 0.746
S

ALDOSTERONE- 4960 | 44 4 2 0.742
REGULATED SODIUM_REABSORPTI

ON

PHAGOSOME 4145 | 174 4 2 0.74
HYPERTROPHIC CARDIOMYOPATH |5410 |87 6 1 0.738
Y (HCM)

ABC_TRANSPORTERS 2010 |45 4 2 0.731
GALACTOSE METABOLISM 52 27 3 2 0.729
PHOSPHATIDYLINOSITOL SIGNALIN | 4070 | 78 5 2 0.727
G_SYSTEM

VASCULAR_SMOOTH MUSCLE CON |[4270 | 133 7 2 0.72
TRACTION

VIRAL MYOCARDITIS 5416 |89 6 1 0.72
GLYCOSAMINOGLYCAN BIOSYNTH | 534 26 3 1 0.719
ESIS HEPARAN SULFATE

ALZHEIMER'S DISEASE 5010 | 179 5 2 0.692
LONG-TERM POTENTIATION 4720 |69 5 1 0.692
O-GLYCAN BIOSYNTHESIS 512 28 3 1 0.682
HUNTINGTON'S DISEASE 5016 | 189 2 1 0.655
GRAFT-VERSUS-HOST DISEASE 5332 |54 3 2 0.654
MALARIA 5144 |54 4 2 0.654
THYROID CANCER 5216 |30 3 1 0.649
PARKINSON'S DISEASE 5012 | 141 1 1 0.63
RNA TRANSPORT 3013 | 150 5 2 0.616
LEISHMANIASIS 5140 |65 4 2 0.592
TIGHT JUNCTION 4530 | 135 5 2 0.592
AUTOIMMUNE THYROID DISEASE [5320 |67 3 2 0.584
HEMATOPOIETIC CELL LINEAGE | 4640 |83 2 2 0.567




PANCREATIC_SECRETION 4972 1105 4 2 0.543
COMPLEMENT AND COAGULATION | 4610 |76 2 2 0.541
 CASCADES

INOSITOL PHOSPHATE METABOLIS | 562 57 3 2 0.515
M

PEROXISOME 4146 |80 3 2 0.507
RNA DEGRADATION 3018 |58 2 2 0.491
CARBOHYDRATE DIGESTION AND | 4973 |39 2 2 0.487
ABSORPTION

INTESTINAL IMMUNE NETWORK F | 4672 |44 3 1 0.486
OR IGA PRODUCTION

VASOPRESSIN- 4962 |43 2 2 0.482
REGULATED WATER REABSORPTIO

N

AMINO SUGAR_AND NUCLEOTIDE_ | 520 47 2 2 0.48
SUGAR_METABOLISM

OOCYTE_MEIOSIS 4114|112 5 1 0.443
N-GLYCAN BIOSYNTHESIS 510 50 3 1 0.442
PURINE_METABOLISM 230 165 3 1 0.432
BIOSYNTHESIS OF UNSATURATED | 1040 |25 2 1 0.43
FATTY ACIDS

CYTOSOLIC_DNA- 4623 |55 3 1 0.412
SENSING PATHWAY

DILATED CARDIOMYOPATHY 5414 |89 4 1 0.408
GAP_JUNCTION 4540 | 88 1 1 0.373
ETHER LIPID METABOLISM 565 35 2 1 0.349
PRION DISEASES 5020 |35 2 1 0.349
SNARE INTERACTIONS IN VESICUL | 4130 |35 2 1 0.349
AR _TRANSPORT

ARRHYTHMOGENIC RIGHT VENTRI | 5412 |74 3 1 0.344
CULAR_CARDIOMYOPATHY (ARVC)

SALIVARY SECRETION 4970 |77 3 1 0.338
PYRIMIDINE METABOLISM 240 98 3 1 0.321
SPHINGOLIPID METABOLISM 600 41 2 1 0.32
PENTOSE PHOSPHATE PATHWAY | 30 28 1 1 0.314
GASTRIC_ACID SECRETION 4971 |73 1 1 0.312
LINOLEIC_ACID METABOLISM 591 45 2 1 0.306
BUTANOATE METABOLISM 650 30 1 1 0.304
ARACHIDONIC_ACID METABOLISM | 590 86 2 1 0.3
ALANINE_ASPARTATE AND GLUTA | 250 32 1 1 0.295
MATE METABOLISM

STAPHYLOCOCCUS AUREUS_INFEC |5150 |51 2 1 0.292
TION

CARDIAC MUSCLE CONTRACTION [ 4260 |79 2 1 0.289




ARGININE_AND PROLINE METABO | 330 53 2 1 0.288
LISM

RETINOL METABOLISM 830 77 2 0.287
AMINOACYL-TRNA BIOSYNTHESIS | 970 64 1 0.28
FRUCTOSE_AND MANNOSE METAB | 51 36 1 0.279
OLISM

CYSTEINE_AND METHIONINE MET | 270 38 1 1 0.272
ABOLISM

GLUTATHIONE METABOLISM 430 54 1 1 0.249
GLYCEROLIPID METABOLISM 561 50 1 1 0.238
FATTY ACID METABOLISM 71 47 1 1 0.232
GLYCOLYSIS GLUCONEOGENESIS | 10 60 1 1 0.228
STARCH_AND SUCROSE METABOLI | 500 44 1 1 0.226
SM

NUCLEOTIDE EXCISION REPAIR 3420 |43 1 1 0.224
GLYCOSYLPHOSPHATIDYLINOSITO | 563 25 1 1 0.22
L(GPI)-ANCHOR_BIOSYNTHESIS

ANTIGEN PROCESSING AND PRESE |4612 |78 1 1 0.217
NTATION

BASE_EXCISION REPAIR 3410 |38 1 1 0.217
RNA POLYMERASE 3020 |28 1 1 0.216
PHOTOTRANSDUCTION 4744 |29 1 1 0.215
CITRATE CYCLE (TCA CYCLE) 20 32 1 1 0.214
GLYCINE SERINE AND THREONINE | 260 34 1 1 0.214
_ METABOLISM

REGULATION OF AUTOPHAGY 4140 |35 1 1 0.214




Supplemental Figure 1. Characterization of MSC-EVs isolated by a size exclusion
chromatography method. a Particle sizes of MSC conditioned medium and purified MSC-EVs were
analyzed by nanoparticle tracking system. b Western blot assays with EVs and protein fractions using
CD63, CD81, and CD9 antibodies. ¢-d Particle sizes and electron microscopy images of MSC-EVs
before and after storage at -80°C.
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Supplemental Figure 2. Supporting data for the results in Figure 6. a Relative quantification (RQ)
of TGFBI1, TGFBIL, PTX3 and LUM mRNAs in PD15 MSCs after target siRNAs transfection by RT-
PCR assays. b RQ of TGFB1 and PTX3 mRNAs in PD15 MSCs after target DNA plasmid transfection
by RT-PCR assays. ¢ RQ of TGFB1 and PTX3 protein levels in EVs by ELISAs. EVs were isolated
from PD15 MSCs after target DNA plasmid transfection. d IL-2 ELISA with conditioned medium of
splenocytes activated by plate-bound anti-CD3 and e IL-17 ELISA with conditioned medium of LPS
stimulated splenocytes for 24 h with EVs derived from PD15 MSCs transfected with target DNA
plasmids (n=4). All data are presented as means + SD.; *p < 0.05, **p < 0.01, ***p <0.001, ****p <
0.0001 by one-way ANOVA with Tukey’s test. f TGFf1 and PTX3 ELISAs in conditioned medium of
early-passage and late-passage MSCs (donor #7012). g TGFB1 and PTX3 ELISAs in early-passage and
late-passage MSC-EVs from donors # 7075 and # 6015 (n=3). Data are presented as means + SD. *p <

0.05, ***p < 0.001, ****p <0.0001 by student’s t-test. h-i Quantitative band-intensity of western blots
in Figure 6i-k.

7]
a @'*)TGFp1 TGFPl PTX3 Lum b < < c 251
= 220000 = 801 2.0
(74 4 - ™
(=P £ sal x
=10 15000 € 60+ L. 1.54 7 - o
] o 2 oL % o>
> LL 10000 |>f 404 - E 104 % =
Q5 o o o ' / L e
< T soo0 = e £ % = Ne i
= 8 2 g Al e
0 0.0- o o g 4 é =
€E € £ €« € €& € € < ¥ vV K J 0.0- Al
T EEEEEEE S S 4> SN (3
 ® 6 ® @ ® B 6 G PN AN
cC = © @ £ ® ¢© £ ) A
0 @ o - 6 X o 5
ok 0o g 0 F O 5 3001
800~ O et o = 50000:
d= = € =0 - =
ESDO- . E 200 a 2004 g 40000
— ~
(o)) —_— D)y, 2 2 30000
© 4004 —_— Q. - -
; :100 L% 100 ;’2 20000
k> 200 - 5 o E 10000:
— - | o " .
0- -— 0 ot
%QOQ'.\(’ N q’&\‘) N %Q'.\‘) N <~ o'\o" o@ 0\6 0@
P Con® TGFp14 PTX32 N3 Con® TGFp14 PTX32 RV R ¥ R
EVs EVs EVs EVs EVs EVs
40
= o0 = u ] 25 30
g £ E>. h . 2w I 2
o W ) w = c = ‘»
) £% 5 3 2 g2
= % o X 2 a
[T X = ¢ 10
O c & £ < H
2= = L ; z
o
e() QO éfo \\0 Q() $©




Supplemental Figure 3. Supporting data for the results in Figure 7. a Relative expressions of let-7b
and miR-21 in early- and late-passage MSC-EVs from two additional donors #6015 and #7075. b
Relative expressions of let-7b and miR-21 in PD15 MSCs and let-7b in PD15 MSC-EVs after miRNA
inhibitor transfection. ¢ TGFB1 and PTX3 ELISAs with EVs isolated from PD15 MSCs after miRNA

inhibitor transfection. All data are presented as means = SD; *p < 0.05 by Student's t-test or one-way
ANOVA with Dunnett’s test.
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Supplemental Figure 4. Characterization of early-passage and late-passage MSCs (donor #7012). a
Flow cytometry analysis with antibodies to the MSC surface markers (CD73, CD90 and CD105), HLAs
(human leukocyte antigens) and hematopoietic marker CD34 in early-passage (PD15) and late-passage
(PD40) MSCs. b Representative images of Oil red O and Alizarin Red staining after adipogenic and
osteogenic differentiation induction with PD15 and PD40 MSCs. Both early- and late-passage MSCs
expressed the MSC markers, but adipogenic differentiation potential of late passage MSCs was
dramatically decreased.

a #7012 PD15

¥ i
] ] P2(39.40%) . P2(0.43%)
| =1
P2(0.63%) P2(100.00¢ P2(29.98%) P2(39.98 < P2(0.36%)
. ]
5] ]
= 0 10° it

100 10t 108 10 102 10° 10% 100 100 107 10° 10 10° 100

150

200
200
00
00

100

100
100
100
50

Count

102 100 10¢ 10° 10 1 10¢ 10° 10°
#7012_PD40
8 - 2 8
3 2
89 2]

= i
[t B 2 2] P2(27.06%) | P2(7.62%)
8 P2(0.88%) P2(39.95%) P2(99.65%) 2 P2(99.81%) &4
(@)

=] 2 R 2] =

Em’ 10° 10t 108 10":10’ 0 1t 108 n:'”c.m2 0 1‘0“ 100 10 10° 1wn;n7 10° 10t 108 |nnm7 100 104 10° 100

Isotype CD73 CD90 CD105 HLA-ABC HLA-DR,DQ CD34
b - L
Osteogenic differentiation

wn §

D

o

n-l

N

D

o

~

*

#7012_PD40




Supplemental Figure 5. Karyotyping of early-passage (PD15) and late-passage (PD35) MSCs
(donor #7012). Both early- and late-passage MSCs showed normal diploid genotypes, but some early
signs of instability (possible fusions and polyploidization) were also observed in late passage MSCs.

PD15_7012 MSCs

ossible fusion

Y & *) ©
& M ke 4 i
1 2 3 5
hn #8865 %8 A8 AR &b
6 7 8 9 10 1 12
(L2 SV O 1113 A% KB &k
13 14 15 16 17 18
{A ¥ Al sk 5&
19 20 21 2 X Y
PD35_7012 MSCs PD35_7012 MSCs PD35_7012 MSCs
N 40 ) y . Py e €
#3 (/;] gh Ulf 1 ~ - ; s ™~
1 2 3 5 N /*\ a" .‘g.‘h 9
el M e
B 3§ 86 8% &x &1 us N ) [ A i
6 7 8 9 10 1 12 N p; 7 . v % r
~ NJ ’;’" 'l ‘ - ’
., 4 \ ¢ V|| 2 LSRN
ho 84 aa T TH T ) P - @ !
13 14 15 16 17 18 g 4 / -y (/5%‘ . P
, '
i Ml - R
2.0-v &
iR XX AR ra 86 a
19 20 21 22 X Y V4

>z Tetraploid cell




	Comprehensive Molecular Profiles of Functionally Effective MSC-Derived Extracellular Vesicles in Immunomodulation
	Introduction
	Results
	Comparison of Immunomodulatory Effects between EVs and Proteins Secreted from MSCs
	Comparison of Immunomodulatory Effects between Early- and Late-Passage MSC-EVs
	Protein Profiles of MSC-EVs
	Comparison of Immunomodulatory Effects and Protein Profiles between EVs Derived from MSCs Expanded under a 2D and 3D Cultur ...
	Identification of Therapeutic Factors Responsible for Immunomodulatory Effects of MSC-EVs
	miRNA Profiles of MSC-EVs
	Positive Correlation between TGF-β1, PTX3, let-7b-5p, or miR-21-5p Levels in EVs and Their Immunomodulatory Potency

	Discussion
	Materials and Methods
	MSC 2D and 3D Cultures
	Isolation of MSC-EVs and Characterization
	Protein Profiling
	Mouse Splenocyte Stimulation
	ELISA
	Western Blot Analysis
	Real-Time PCR Analysis of mRNA and miRNAs and miRNA Profiling
	Cell Transfection
	Mouse Model of Primary Sjögren’s Syndrome
	LPS-Stimulated Mouse Model
	Histology
	Statistical Analysis

	Supplemental Information
	Author Contributions
	Acknowledgments
	References


