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Abstract

LIGHT (HVEM-L, TNFSF14, or CD258), an entity homologous to lymphotoxins, with induc-
ible nature and the ability to compete with herpes simplex virus glycoprotein D for herpes
virus entry mediator (HVEM)/tumor necrosis factor (TNF)-related 2, is a member of the TNF
superfamily. It is expressed as a homotrimer on activated T cells and dendritic cells (DCs),
and has three receptors: HVEM, LT- receptor (LTBR), and decoy receptor 3 (DcR3). So
far, three receptors with distinct cellular expression patterns are known to interact with
LIGHT. Follicular DCs and stromal cells bind LIGHT through LTBR. We monitored the
effects of LIGHT on human bone marrow-derived mesenchymal stem cells (BM-MSCs). At
first, we checked the negative and positive differentiation markers of BM-MSCs. And we
confirmed the quality of MSCs by staining cells undergoing adipogenesis (Oil Red O stain-
ing), chondrogenesis (Alcian blue staining), and osteogenesis (Alizarin red staining). After
rhLIGHT treatment, we monitored the count, viability, and proliferation of cells and cell cycle
distribution. PDGF and TGF production by rhLIGHT was examined by ELISA, and the
underlying biological mechanisms were studied by immunoblotting by rhLIGHT treatment.
LTBR was constitutively expressed on the surface of human BM-MSCs. Cell number and
viability increased after rhLIGHT treatment. BM-MSC proliferation was induced by an
increase in the S/G»/M phase. The expression of not only diverse cyclins such as cyclin B1,
D1, D3, and E, but also CDK1 and CDK2, increased, while that of p27 decreased, after
rhLIGHT treatment. RhLIGHT-induced PDGF and TGF( production mediated by STAT3
and Smad3 activation accelerated BM-MSC proliferation. Thus, LIGHT and LTBR interac-
tion increases the survival and proliferation of human BM-MSCs, and therefore, LIGHT
might play an important role in stem cell therapy.
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Introduction

Mesenchymal stem cells (MSCs), a type of adult stem cells, are self-renewing, multipotent cells
capable of differentiating into multiple cell types such as adipocytes, chondrocytes, and osteo-
cytes [1-3]. They can be found in many tissues such as the bone marrow (BM), skeletal muscle,
dental pulp, bone, umbilical cord, and adipose tissue [2,4].

MSCs are of great interest in the areas of regenerative medicine and immunotherapy
because of their unique biological properties and diverse properties, including differentiation,
homing, and trophic function [5]. In particular, MSCs showed great potential for the replace-
ment of damaged tissues such as bone, cartilage, and tendon [6]. In addition, MSCs possess
immunomodulatory properties that can modulate immune as well as inflammatory responses
[4,7-9]. MSCs have therapeutic potential in diseases such as osteogenesis imperfecta [10],
graft-versus-host disease (GVHD) [11-13], myocardial infarction [14,15], Crohn’s disease
[16], alcoholic cirrhosis [17], and amyotrophic lateral sclerosis [18,19]. Many studies affirm
the effectiveness of these treatments. However, only low cell numbers (1-10 of 1 x 10> nucle-
ated cells) have been obtained from healthy volunteers by BM aspiration [7]. Thus, clinical
application has suffered because of limitations such as low cell number. Therefore, it is neces-
sary to search for alternative methods.

The interaction between tumor necrosis factor (TNF) and TNF receptor (TNFR) plays
important roles in cell differentiation, survival, and death, which further orchestrates lym-
phoid organogenesis, activation, and homeostasis of immune cells [20,21]. LIGHT (HVEM-L,
TNFSF14, or CD258), an entity homologous to lymphotoxins, with inducible nature, and
able to compete with herpes simplex virus glycoprotein D for herpes virus entry mediator
(HVEM)/tumor necrosis factor (TNF)-related 2 is a member of the TNF superfamily [22,23].
Itis a 29-kDa type II transmembrane protein, is expressed as a homotrimer on activated T
cells as well as DCs, and has three receptors, namely, HVEM, LT- receptor (LTBR, TNFRSF3)
and decoy receptor 3 (DcR3) [20,22]. So far, three receptors with distinct cellular expression
patterns have been known to interact with LIGHT [24-26]: HVEM (TNFRSF14, CD270)
detected on activated DCs, T and B cells, NK cells, monocytes, and endothelial cells [26-28];
LTBR found on follicular DCs and stromal cells and binds LIGHT [25]; and the soluble entity
decoy receptor 3 (DcR3) detected on diverse cancer cells such as multiple myeloma and diffuse
large B-cell lymphoma [29-31]. Moreover, the serologic DcR3 levels are associated with
advanced liver diseases [32].

To date, LIGHT and HVEM interaction leading to T cell activation [26,28], and lympho-
toxin o/f and LTPR interaction contributes to the organization of lymphoid architecture and
cellular positioning [25]. However, the effects of LIGHT in human BM-MSCs are unclear.
Therefore, we monitored the roles of LIGHT and LTPBR interaction in human BM-MSCs and
studied the underlying intracellular mechanism.

Materials and Methods
Reagents

Recombinant human LIGHT (thLIGHT) was purchased from R&D Systems (Minneapolis,
MN), and diluted in 0.1% BSA-PBS buffer. The CellTiter 96 AQueous One Solution Cell Pro-
liferation Assay (MTS) was purchased from Promega (Madison, W1, USA). StemPro™ MSC
SEM CTS™, StemPro™ Adipogenesis Differentiation Kit, StemPro® Chondrogenesis Differen-
tiation Kit, StemPro®™ Osteogenesis Differentiation Kit, and fetal bovine serum (FBS) were
obtained from GibcoBRL (Grand Island, NY, USA). Oil Red O staining kit (for adipocytes),
Alcian blue staining kit (for chondrocytes) and Alizarin red staining (for osteocytes) were
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purchased from Invitrogen (Camarillo, CA, USA). The antibodies for western blotting,
namely, anti-CDK2, cyclin E, and B-actin, were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Anti-p27, p-STAT3, p-Smad3, STAT3, Smad3, CDKI1, cyclin BI,
cyclin D1, and cyclin D3 were purchased from Cell Signaling Technology (Beverly, MA, USA).
Anti-HVEM, LTBR, CD19, CD34, CD45, CD44, CD90, and CD105 antibodies and PI/RNase
solution were purchased from BD Bioscience (San Jose, CA, USA). ELISA for PDGF-BB and
TGEF-B1 were purchased from R&D Systems. The Cell Proliferation ELISA, BrdU Assay Kit
was purchased from Roche Diagnostics (San Francisco, CA, USA). All reagents were obtained
from Sigma-Aldrich (St. Louis, MO, USA).

Human samples

Blood (n = 4) and BM samples (n = 4) were collected once from all healthy volunteers partici-
pating in this study at the Ulsan University Hospital, Ulsan, South Korea.

Ethics statement

All subjects provided informed written consent. The study protocol was approved by the
Ulsan University Hospital Institutional Review Board (UUH-IRB-2016-07-026).

BM-derived MSC isolation and culture

Mononuclear cells (MNCs) were isolated from the BM suspension by gradient centrifugation
with Lymphoprep (Axis-Shield, Oslo, Norway; density, 1.077 g/mL) and loaded into 100-mm
culture dishes containing DMEM (low glucose) with 10% FBS and 1% penicillin and strepto-
mycin. The most common method is based on the capacity of MSCs to adhere to plastic sur-
faces [2,33]. After 3-day culture in a humidified incubator at 37°C and 5% CO,, the non-
adhering cells were washed from the flask using PBS. Adherent cells were grown to reach
confluence and passaged. After two passages, the cells were cryopreserved in FBS with 10%
DMSO. The MSCs used throughout this study were between passage 2 and 5. BM-MSCs were
maintained in MSC basal medium, namely, StemPro®™ MSC SFM CTS™.

Flow cytometric phenotypic analysis

Cells were harvested and washed twice with FACS buffer (PBS containing 0.3% BSA and 0.1%
NaN3). Cells were incubated with diverse antibodies against each cell surface antigen such as
HVEM, LTPR, CD19, CD34, CD45, CD44, CD90, and CD105 (BD Bioscience, San Diego, CA,
USA) on ice for 30 min. Cells were then washed twice with FACS buffer and analyzed using
the FACSCalibur flow cytometer and CellQuest Pro software (BD Bioscience).

Differentiation of BM-MSCs into adipocytes, chondrocytes, and
osteocytes

BM-MSCs were cultured in specific adipogenic, chondrogenic, and osteogenic differentiation
media (GibcoBRL). After 21 days, the cells were harvested and stained by each staining kits.
Briefly, lipid droplets were visualized with Oil Red O staining in the adipogenic cultures. In
the chondrogenic cultures, cells were stained with Alcian blue. The osteogenic cultures were
analyzed for the presence of osteocytes by staining of calcium deposits with Alizarin red
(Invitrogen).
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Trypan blue exclusion assay

BM-MSCs were incubated with 0, 100, and 200 ng/mL rhLIGHT for 72 h at 37°C. Cells were
inoculated at a density of 4 x 10* cells in each concentration, and grown for 72 h. The grown
cells were then harvested, and trypan blue was added to the cell suspension to a final concen-
tration of 0.04%. Cells excluding trypan blue (viable cells) were counted under the microscope
with a hemocytometer. Each test was repeated a minimum of four times.

Cell viability assay (MTS assay)

Cells were seeded in 96-well plates at a density of 2 x 10* cells/mL, with 100 uL of medium per
well, and incubated with 0, 100, and 200 ng/mL rhLIGHT for 72 h at 37°C. MTS assay was per-
formed as previously described [34].

Cell proliferation assay (BrdU assay)

BM-MSCs were incubated with 0, 100, and 200 ng/mL rhLIGHT for 72 h at 37°C. Cell prolif-
eration was measured by a BrdU-(5’-bromo-2-deoxyuridine) enzyme-linked immunosorbent
assay (Cell Proliferation ELISA, BrdU; Roche Diagnostics), according to the manufacturer’s
instructions. Cells were cultivated under same conditions. For the BrdU assay, the cells were
fixed, and their DNA was denatured and blocked, following which the samples were incubated
with an anti-BrdU monoclonal antibody coupled to peroxidase and 3,3,5,5'-tetramethylbenzi-
dine (TMB). Next, absorbance was measured with a PowerWave XS2 Microplate Spectropho-
tometer (BioTek) at 490 nm. The results are expressed as percentage changes from the basal
conditions by using three to five culture wells for each experimental condition.

Western blotting

Cells were incubated with various concentrations of rhLIGHT for 72 h at 37°C. They were
washed three times with ice-cold PBS and then harvested. Western blotting was performed as
previously described [34].

Cytokine ELISA

BM-MSCs were incubated with various concentrations of rhLIGHT for 72 h at 37°C. Cell-free
supernatants were collected and frozen at -80°C. Cytokine concentrations were determined
using ELISA kits for PDGF-BB and TGF-B1 (R&D Systems).

Cell cycle analysis by flow cytometry

BM-MSCs were incubated with various concentrations of thLIGHT for 72 h at 37°C, and then
washed with PBS and fixed with 70% ice-cold ethanol for 24 h at 4°C. The fixed cells were
rinsed twice with PBS to remove ethanol, and then incubated with 500 ml of PI/RNase A Stain-
ing Buffer (cat. No. 550825; BD Bioscience) per test, and incubated for 15 min at room temper-
ature before analysis. Samples were analyzed by FACSCalibur flow cytometer and CellQuest
Pro software (BD Bioscience).

Microarray analysis

BM-MSCs were incubated with 0, 100, and 200 ng/mL rhLIGHT for 48 h, and analyzed using
a 44K oligo-microarray (Agilent Technologies, Inc., Palo Alto, CA, USA). Microarray analysis
was performed as previously described [34].
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Microarray data analysis

Microarray data analysis was performed as previously described [34]. Expression changes of
>2-fold were considered significant. For understanding expression patterns, hierarchical clus-
tering analysis was performed using GeneSpring software. Functional enrichment analyses
were performed using the Gene Ontology (GO) functional classification system (www.
geneontology.org) or DAVID (http://david.abcc.nciferf.gov/) (GEO accession: GSE85895).

Statistical analysis

The data represent the mean + standard error of mean (SEM) of a minimum of three indepen-
dent experiments. All values were evaluated by one-way analysis of variance, followed by
Tukey’s range test (GraphPad Prism 6.0). Differences were considered significant at P < 0.05.

Results
Negative and positive markers are confirmed in BM-derived MSCs

Phenotypic characterization of MSCs is usually performed by FACS analysis of cell surface
molecule expression [2,5,6]. Following isolation and subsequent expansion, the phenotype of
BM-MSCs were confirmed, including the negative markers (CD34, CD45, and CD19; Fig 1A)
and positive markers (CD90, CD44, and CD105; Fig 1B). MSCs are capable of self-renewal
and differentiation into multiple cell types, including osteocytes, chondrocytes, and adipocytes
[1,7]. We next analyzed the ability of BM-MSCs to differentiate into adipocytes, chondrocytes,
and osteoblasts, as shown in Fig 1C. Thus, BM-MSCs were determined phenotypically and
their ability to differentiate into mature mesodermal cell types was apparent (Fig 1).

LT-B Receptor (LTBR) is constitutively expressed in human BM-MSCs

At first, we examined whether BM-MSCs express LIGHT receptors such as LTBR and HVEM.
As shown in Fig 2A, the results of FACS analysis showed that LTBR receptor was expressed in
human BM-MSCs, but not HVEM. HVEM are constitutively expressed in human neutrophils
and monocytes [26,27], and similar results are shown in Fig 2B. Therefore, these results indi-
cate that LIGHT binds only LTBR in human BM-MSCs.

LIGHT and LTBR interaction increases cell survival and proliferation in
human BM-MSCs

We confirmed the effects of rhLIGHT on changes in cell number, survival, and proliferation.
RhLIGHT and LTPR interaction increased the number of BM-MSCs, as observed by using
an inverted microscope (Fig 3A). BM-MSCs were stimulated with 0, 100, and 200 ng/mL
rhLIGHT for 72 h, and the cell count was determined by trypan blue exclusion assay. This
effect worked in a dose- and time-dependent manner (Fig 3B and 3C).

Next, we tested the effects of thLIGHT on cell viability and diverse survival proteins such as
AKT, Bcl-2, Bcl-xL, and NF-kB. Briefly, not only cell viability, but also the expression of p-
AKT, Bcl-2, and Bcl-xL was significantly increased by rhLIGHT treatment of BM-MSCs (Fig
4A and 4B). Moreover, rhLIGHT-induced IkB-o. degradation activated NF-kB signal (Fig 4B).

In addition, rhLIGHT increased cell proliferation by increasing the S/G2/M phase in
BM-MSCs (Fig 4C and 4D). Cell cycle regulatory proteins were enhanced by rhLIGHT in
BM-MSCs, including cyclin B1, D1, D3, and E, and cyclin-dependent kinase (CDK) 1 and 2
(Fig 4E). Furthermore, the expression of the CDK inhibitor, p27, was significantly decreased
by rhLIGHT. Thus, LIGHT enhanced cell proliferation by promoting cell cycle and diverse
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staining), respectively. MSCs, mesenchymal stromal cells, MSCs; BM-MSCs, bone marrow-derived MSCs; P, passage
number.

doi:10.1371/journal.pone.0166589.9001

cell cycle regulatory proteins. Therefore, these results indicate that LIGHT enhances cell sur-
vival and proliferation in human BM-MSCs via LTBR (Figs 3 and 4).

LIGHT promotes PDGF and TGF-f production in human BM-MSCs via
activation of STAT3 and Smad3

PDGF, TGEF-B, and FGF signaling are important for the differentiation and growth of MSCs
[35]. We measured PDGF and TGF-f production. BM-MSCs were incubated with various
concentrations of rhLIGHT for 72 h at 37°C. Cell-free supernatants were collected, and
PDGF-BB and TGF-f1 were assayed using ELISA kits. Interestingly, thLIGHT induced
PDGEF-BB and TGF-B1 production in BM-MSCs, as shown in Fig 5A and 5B. The expression
of p-STAT3, p-Smad3, and Smad3 was dramatically increased by rhLIGHT at 72 h (Fig 5C).
Therefore, these results indicate that LIGHT promotes PDGF and TGF-J production in
human BM-MSCs via activation of STAT3 and Smad3 (Fig 5).

LIGHT upregulates the genes for TNF and chemokines in BM-MSCs

According to microarray results, many genes were altered by rhLIGHT in BM-MSCs, espe-
cially, those involved in signal transduction, cell differentiation, and cell proliferation (Fig 6A).
rhLIGHT upregulated TNF genes, namely, the genes encoding TNFSF4 (OX40L), TNFRSF7
(CD27) TNFSF7 (CD70), CD274, and TNFRSF9 (4-1BB). In addition, rhLIGHT induced the
expression of genes encoding diverse chemokines in BM-MSCs, such as CXCL1, CXCL2,
CCL3, CCL5, CCL17, IL-1b, and IL-8. Moreover, the expression of survival genes, namely,
BCL-2 and cell cycle-associated genes, MYC and CDK®6, was increased by rhLIGHT in
BM-MSCs (Fig 6B). In case of BCL-2, the expression of genes and proteins showed the same
pattern in BM-MSCs (Figs 4B and 6B).

Discussion

In the past decade, many basic studies showed the brilliant results of MSC-based therapeutic
plans, including myocardial infarcts [32], diabetes [33], neurological disorders [5,7], and
GVHD [7,12]. In addition, MSCs exhibit therapeutic potential for diverse diseases, including
Osteogenesis imperfecta [10], GVHD [11-13], myocardial infarction [14,15], Crohn’s disease
[16], alcoholic cirrhosis [17], and amyotrophic lateral sclerosis [18,19]. Thus, many reports
indicate that these treatments are very effective and offer therapeutic promises for several dis-
eases. However, only low number of cells (1-10 of 1 x 10° nucleated cells) were collected from
healthy volunteers by BM aspiration [7]. Thus, clinical application has always been limited
because of such issues. Therefore, it is necessary to search for solutions to these problems. The
most important approach could be the modification of MSCs before transplantation. This has
developed into a promising option for enhancing the beneficial effects of MSC-based therapy.
For example, modification of MSCs has helped cardiac tissue repair after myocardial infarction
[36]. Therefore, we hypothesized that TNF and TNER interaction play a significant role in the
immune system and that they might be very effective in the modification of MSCs before
transplantation.

LIGHT is a member of the TNF superfamily, and has three receptors, namely, HVEM,
LTBR, and DcR3 [23,26]. These receptors, with distinct cellular expression patterns, are
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Data represent the mean + SEM. Significantly different from the control cells (*); **, P<0.01; *** P<0.001.

doi:10.1371/journal.pone.0166589.9005
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Fig 6. RhLIGHT activates various genes associated with TNF and chemokines in human BM-MSCs.
Cells were incubated with 0, 100, and 200 ng/ml rhLIGHT for 48 h. (A) The number of genes in categorized

pathways affected by rhLIGHT. (B) Microarray analysis of rhLIGHT-treated cells.

doi:10.1371/journal.pone.0166589.g006
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described to interact with LIGHT [24-26]. LIGHT activates T cell response in the immune sys-
tem via HVEM [26,28]. LTBR is famous for its contribution toward the organization of lym-
phoid architecture and cellular positioning by other ligand, the lymphotoxin a/f [25].
However, the effects of LIGHT and LTBR interaction in human BM-MSCs are unclear.

It has been well known that pluripotency of the MSCs derived from the adult BM is the best
[3]. Therefore, we used BM-derived MSCs in our study. We confirmed the quality of BM-
derived MSCs, and analyzed them using FACS analysis to study cell surface molecule expres-
sion [2,5,6]. The phenotype of BM-MSCs was confirmed, including the negative (CD34,
CD45, and CD19) and positive markers (CD90, CD44, and CD105; Fig 1A and 1B). Second,
we also confirmed the differentiation quality by staining for adipogenesis (Oil Red O staining),
chondrogenesis (Alcian blue staining), and osteogenesis (Alizarin red staining), as shown in
Fig 1C. We screened the receptors of LIGHT in BM-MSCs. Human BM-MSCs expressed
LTPR on the cell surface, not HVEM as expected (Fig 2A). HVEM was expressed on the neu-
trophils and monocytes from peripheral blood (Fig 2B). Then, we monitored the effects of
rhLIGHT on human BM-MSCs. After rhLIGHT treatment, augmented cell numbers (Fig 3),
cell viability (Fig 4A), cell survival, anti-apoptotic proteins (Fig 4B), cell proliferation (Fig 4C),
and cell cycle progression (Fig 4D and 4E) were observed. Moreover, it induced MSC prolifer-
ation by increasing the S/G2/M phase. At the same time, cyclins and CDKs were increased,
and CDKI p27 was decreased by rhLIGHT treatment Also, the production of PDGF and TGFf
was enhanced by rhLIGHT, but this depended on STAT3 and Smad3 activation (Fig 5).
RhLIGHT upregulates the genes encoding TNF and chemokines in BM-MSCs (Fig 6). Thus,
LIGHT (TNESF14) obviously increases the survival and proliferation of human BM-MSCs via
LTBR, not HVEM.

In addition, we were interested in the effects of thLIGHT on differentiation quality, includ-
ing the effects on adipogenesis, chondrogenesis, and osteogenesis. We followed the schedule
shown in S1 Fig, plan B. We found that rhLIGHT treatment of human BM-MSCs did not have
any effect on the differentiation quality (S1 Fig) and positive markers (S2 Fig). These results
indicated that the property of human BM-MSCs was maintained despite rhLIGHT treatment.
RhLIGHT enhances the differentiation quality of BM-MSCs (Chondrogenesis < Adipogenesis
< Osteogenesis), as shown in S1 Fig. Liu et al. has already shown us that LIGHT/LTfR regu-
lated the adipogenesis of BM-MSCs in mouse system, suggesting that recombinant mouse
LIGHT controls the BM niche [37]. Therefore, we think that LIGHT can be used in stem cell
therapy for modification of MSCs.

Several physiological agents, such as chemokines, cytokines and growth factors have been
shown to induce ectodomain shedding [38]. Moreover, ectodomain shedding controls the
activity of a number of transmembrane proteins. TNFSF and TNFRSF proteins have also been
shown to be regulated by ectodomain shedding. For example, TNF-a [39], TGF-c. [40], and
HVEM [41,42]. They release the receptor-binding domain into the extracellular space
[39,40,42]. It has been recently reported that LIGHT inhibits osteoblastogenesis of MSC co-
cultured with monocytes in multiple myeloma-bone disease [43]. There are possibilities that
LIGHT signaling might be hampered by various cytokines or factors produced in the environ-
ment including soluble LIGHT, soluble HVEM, and its soluble receptor, DcR3.

In conclusion, LIGHT and LTPR interaction increases the survival and proliferation of
human BM-MSCs by activation of survival proteins, anti-apoptotic proteins, CDKs, and
cyclins. Moreover, LIGHT-induced STAT-3 and smad-3 activation induces the production of
PDGF and TGF-B, and enhances LIGHT signals in human BM-MSCs. We proposed the path-
way of LIGHT and LTR interaction in human BM-MSCs, as shown in Fig 7. Therefore,
LIGHT may play an important role in stem cell therapy involving stem cells, and contribute to
the modification of MSCs.
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smad-3 activation causes PDGF and TGF-f3 production, and they enhance LIGHT signals in human BM-MSCs. Therefore, LIGHT may play an

important role in stem cell therapy, and contribute to MSC modification.

doi:10.1371/journal.pone.0166589.9007

Supporting Information

S1 Fig. RhLIGHT does not affect differentiation quality. Cells were incubated with 0, 100,
and 200 ng/mL rhLIGHT for 72 h. (A) Schedule of rhLIGHT treatment and staining cells
undergoing adipogenesis (Oil Red O staining), chondrogenesis (Alcian blue staining), and
osteogenesis (Alizarin red staining). (B) Images of adipocytes, chondrocytes, and osteocytes
subjected to BSA-control (0.1% BSA-PBS buffer, upper panel) and rhLIGHT treatment (lower

panel) in human BM-MSCs.

(TIF)

S2 Fig. RhLIGHT does not affect the positive markers in human BM-MSCs. Cells were
incubated with 0, 100, and 200 ng/mL rhLIGHT for 72 h. (A) Staining for the positive marker
CD44 in BM-MSCs. (B) Staining for the positive marker CD90 in BM-MSCs. The expression
of each marker was determined by FACS analysis. Filled histogram represents the isotype con-
trol (mouse IgG), filled purple histogram represents each antigen on BSA-control treatment,
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and open green histogram represents each antigen after rhLIGHT treatment. Data represent
the mean + SEM. n.s., not significant; BSA, bovine serum albumin.

(TIF)
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