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ABSTRACT

Mesenchymal stem cells (MSCs) are well established to have promising therapeutic properties. TNF-
stimulated gene-6 (TSG-6), a potent tissue-protective and anti-inflammatory factor, has been demon-
strated to be responsible for a significant part of the tissue-protecting properties mediated by MSCs.
Nevertheless, current knowledge about the biological function of TSG-6 in MSCs is limited. Here, we
demonstrated that TSG-6 is a crucial factor that influences many functional properties of MSCs. The
transcriptomic sequencing analysis of wild-type (WT) and TSG-6—/"-MSCs shows that the loss of
TSG-6 expression leads to the perturbation of several transcription factors, cytokines, and other key
biological pathways. TSG-6"/"-MSCs appeared morphologically different with dissimilar cytoskeleton
organization, significantly reduced size of extracellular vesicles, decreased cell proliferative rate, and
loss of differentiation abilities compared with the WT cells. These cellular effects may be due to
TSG-6-mediated changes in the extracellular matrix (ECM) environment. The supplementation of
ECM with exogenous TSG-6, in fact, rescued cell proliferation and changes in morphology. Impor-
tantly, TSG-6-deficient MSCs displayed an increased capacity to release interleukin-6 conferring
pro-inflammatory and pro-tumorigenic properties to the MSCs. Overall, our data provide strong
evidence that TSG-6 is crucial for the maintenance of stemness and other biological properties of
murine MSCs. STEM CELLS 2019;37:973-987

b,c

SIGNIFICANCE STATEMENT

Mesenchymal stem cells (MSCs) are a heterogeneous population of pluripotent stem cells that are
difficult to study due to the lack of specific markers. Isolation, culture, and in vitro manipulation may
influence the expansion of a selective clonal population exhibiting specific functions. Moreover, het-
erogeneity and lack of predictive biomarkers of their efficacy widely impact the translational use of
MSCs. TNF-stimulated gene-6 (TSG-6), acting as an autocrine factor regulating morphology and sev-
eral other key cellular processes, is crucial for the maintenance of stemness and biological properties
of MSCs. Its loss is associated with the abrogation of immunomodulatory activities and leads to a
pro-tumorigenic phenotype. These observations warrant further investigations with human MSCs
and pave the way for TSG-6 being used as a predictive marker for the success of MSC-based therapy.

INTRODUCTION

Mesenchymal stem cells (MSCs) are a heteroge-
neous population of adult stem/stromal cells
isolated from easily accessible sources including
bone marrow, adipose tissue, and umbilical cord

of MSCs has led to the exponential increase, in the
last decade, of the number of registered clinical tri-
als on MSC-based therapy (ClinicalTrials.gov). How-
ever, only a few of them have successfully reached
the final phases of development. The discrepancy

with the multipotency capability to differentiate
into various cell lineages (reviewed in [1,2]).
The potent immunoregulatory and regenerative
properties exerted by MSCs [3-6], and their
lack of immunogenicity [7] have attracted grow-
ing interest in the treatment of autoimmune,
degenerative, and inflammatory disorders. The
overwhelming evidence of the beneficial features

STEM CELLS 2019;37:973-987 www.StemCells.com

between the promising therapeutic properties
of MSCs in experimental models and their cur-
rent clinical effectiveness might be attributed
in part to the heterogeneity of these cells [8]
leading to their variability in terms of quality
and efficacy. Moreover, their therapeutic utility
has been limited because of the absence of
a specific predictive marker of their activity.
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Although the clinical use of MSCs has shown an excellent
safety profile to date [9, 10], the pro-tumorigenic effects of
various MSC populations [11-13] have not been fully
explored, which is needed if MSCs are to reach their full
clinical potential. Therefore, there is an urgent, unmet clini-
cal need for biomarkers able to predict MSC efficacy and
off-target effects before transplantation into clinical prac-
tice. Murine MSCs, despite major differences compared with
human MSCs [14, 15], can serve as a useful tool to explore
characteristic biological properties, or indeed molecules that
may be useful as potential biomarkers to predict their thera-
peutic activities.

Tumor necrosis factor-stimulated protein 6 (TNFAIP6 or
TNF-stimulated gene-6 [TSG-6]) is an ~35 kDa secreted protein
produced by immune cells (e.g., neutrophils, monocytes, mac-
rophages, myeloid dendritic cells) and by stromal cells (e.g.,
fibroblasts and smooth muscle cells) often in response to pro-
inflammatory mediators including TNF-a and interleukin (IL)-1p
[16-18]. TSG-6 exerts strong anti-inflammatory properties, act-
ing as a potent inhibitor of neutrophil migration, suppressing
inflammatory signaling, and contributing to the downregulation
of the protease network. This wide functional repertoire appears
to be correlated, at least in part, with TSG-6’s capacity to regu-
late matrix organization/function [18]. For example, TSG-6 has
the potential to tune the mechanical properties of the matrix
[19,20], which can influence the association of the ubiquitous
polysaccharide hyaluronan (HA) with its cell surface receptors
[20-22] and communicate anti-inflammatory signals to the
cell [23]. Moreover, TSG-6 modulates the interaction of
chemokines with heparan sulfate on the cell surface and in the
matrix [24,25] and thus the bioavailability of these important
extracellular signaling molecules [18]. Increasing evidences has
demonstrated that TSG-6 is secreted by MSCs and is responsi-
ble for a significant part of their beneficial effects. Indeed,
murine and human MSCs where the expression of TSG-6 has
been reduced (e.g., by siRNA), failed to resolve inflammatory
conditions [18,26—30] displaying a loss of their immunosup-
pressive activities. However, whether the lack of TSG-6 leads
to further changes in the functions of MSCs remains to be
investigated.

Here, we identify TSG-6 as having a crucial role in regulating
stemness and directing the biological properties of murine MSCs.

MATERIALS AND METHODS

Animals

Mice were housed at the specific-pathogen-free animal house
of Humanitas Clinical Research Center (ltaly). MSCs were
isolated from bone marrow of 4-week-old to 6-week-old male/
female mice of Balb/c TSG-6~~ (C.12956-Tnfaip6tm1Cful/J;
The Jackson Laboratory, Paris, France) and wild-type (WT)
littermate mice. Total splenocytes were isolated from the spleen
of Balb/c WT mice. The colorectal cancer (CRC) model associ-
ated with inflammation was induced in 8-week-old to 12-week-
old female C57BL/6 mice, whereas the xenograft model of CRC
was induced in athymic nude 8-week-old female mice (both
purchased at The Jackson Laboratory). All the procedures
were in conformity with the principles of laboratory animal care,
in compliance with national (Direttiva 2010/63/UE) laws and
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policies and approved by the Italian Ministry of Health. Other
experimental procedures are detailed in the Supporting
Information.

RESULTS

Loss of TSG-6 Affects the Morphology of MSCs

In order to explore whether and how TSG-6 influences MSC
biological functions and activities, MSCs were isolated from
the bone marrow of TSG-6~/"-mice and WT-mice and character-
ized as previously described [30] by flow cytometry. Although
TSG-6/"-MSCs differed in size scatter height (SSC-H) and for-
ward scatter (FSC) from WT cells (Fig. 1A), both groups of cells
displayed the typical immunophenotype of bona fide MSCs lac-
king expression of hematopoietic markers (CD45 and CD117), the
prototypical endothelial marker CD31, and expressing stemness
markers, such as stem cells antigen (SCA)-1, as well as markers
reported to be highly expressed on MSCs including CD106, CD29,
and CD44 (Fig. 1A). However, the expression of SCA-1 and CD44
appeared reduced in TSG-67/"-MSCs as compared with WT MSCs
(Fig. 1A).

Next, we studied the transcriptome of two different clones
of WT-MSCs and three different clones of TSG-6~/"-MSCs by
RNA sequencing (RNAseq) analysis. Despite intragroup variabil-
ity (i.e., across clones with the same genotype), principal com-
ponent analysis and hierarchical clustering clearly separated
WT-MSCs from TSG-6~/"-MSCs (Fig. 1B, 1C). Overall 1,537
downregulated and 1,487 upregulated genes were identified in
TSG-6~/"-MSCs compared with their WT counterparts (false
discovery rate (FDR) < 0.1; Fig. 1C). Loss of the TSG-6 gene
affected pathways related to many biological processes, as
shown by the gene set enrichment analysis (GSEA) summary
(p < .001). Particularly, we noticed significant changes in gene
sets related to cell organization, cell cycle, immune response,
and cell metabolism (Fig. 1D). Furthermore, investigations by
Ingenuity Pathway Analysis (IPA) confirmed a significant modula-
tion in genes involved in cell cycle, cell death and survival, cell
morphology, cellular movement, DNA replication, and repair
(Fig. 2A). In order to analyze the effect of TSG-6 deletion on pro-
tein expression, we selected the top seven differential genes
(Sox2, Areg, Mmp3, Dnml, Pxn, HoxB7, and Acta2; p < .001)
from the RNAseq comparison of TSG-6~/"-MSCs and WT-MSCs
(Supporting Information Fig. S1A), and quantified their protein
levels by Western blot or immunofluorescence assay. The level
of proteins encoded by Sox2, Mmp3, Dmnl, Pxn, and Areg
were significantly downregulated, whereas those encoded by
HoxB7 and Acta2 were upregulated in TSG-6"/"-MSCs com-
pared with WT-MSCs (Supporting Information Fig. S1B-S1D),
thus consistent with the results of RNA sequencing. Interest-
ingly, the decreased expression of paxillin, a scaffold protein
encoded by Pxn and involved in the interaction of sites of cell
adhesion to the extracellular matrix (ECM) and in the regula-
tion of actin polymerization [31], suggested a defective actin
organization in absence of TSG-6.

GSEA analysis performed on the cytoskeletal gene set rev-
ealed a significant decrease in the enrichment score across the
genes in TSG-6"/"-MSCs compared with WT-MSCs, supporting
a different cytoskeletal organization in the two groups of cells
(Fig. 2B). Morphologically, WT-MSCs appeared to be more elon-
gated and crescent-shaped than TSG-6~/"-MSCs (Fig. 2C), which
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Figure 1. Characterization of wild-type (WT) and TNF-stimulated gene (TSG)-6~/~ murine mesenchymal stem cells (MSCs). (A): Dot plot
of size scatter height versus forward scatter (FSC) flow cytometric analysis of hematopoietic (CD45, CD117), endothelial (CD31), and
stemness markers (SCA-1, CD106, CD29, CD44) performed on three different clones of WT-MSCs (red line) and TSG-6~/"-MSCs (blue line)
at passage 7. Control cells are shown as solid gray histograms. The data are expressed as %max; scaling is achieved by normalizing to
100% peak height at mode of distribution. (B): Principal component analysis plot showing distinct distribution of samples. WT-MSCs and
TSG-6~/"-MSCs are segregated into separate groups across the PC1 axis. (C): Hierarchical clustering of protein coding transcripts differen-
tially expressed between WT-MSCs and TSG-6/~-MSCs (FDR < 0.1) showing 1,487 genes upregulated and 1,537 genes downregulated in
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were also characterized by larger cytoplasm and nucleus volume properties of TSG-6"/"-MSCs and WT-MSCs. The morphological
(p < .0001; Fig. 2D). These morphological differences were con- analysis of the cytoskeleton organization performed on the z-
sistent with the different SSC-H and FSC values between the projection of the F-actin confirmed a dissimilar distribution and
two groups of cells (Fig. 1A), thus reflecting distinct physical expression of actin between TSG-6/7-MSCs and WT-MSCs.
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Whilst WT-MSCs showed abundant actin filaments particularly
surrounding the nuclei and beneath the plasma membrane,
TSG-6~/"-MSCs displayed more diffuse and weaker actin
staining in these locations (Fig. 2E). Although larger than WT
cells, TSG-6~/"-MSCs cells had almost twofold lower actin levels
(shown as integrated density in Fig. 2F; p = .0004), with lower
aspect ratio and higher circularity (Fig. 2G). These data con-
firmed cytoskeletal arrangements with a shift toward rounded
cell morphology in TSG-6"/"-MSCs. In addition to actin changes,
decreased expression of dynamin 1 in TSG-6~/"-MSCs (Supporting
Information Fig. S1B), a GTPase protein encoded by Dnm1 that
along with actin plays a role in the formation of vesicles originat-
ing from the plasma membrane [32], raised the possibility of a
defect in the release of extracellular vesicles that are accountable
for MSC-trophic effects [33] in TSG-6-deficient cells. To address
this point, we quantified the production of exosomes (EXs) and
microvesicles (MVs) in the supernatant of MSCs. No differences
were found between WT-MSCs and TSG-6~/"-MSCs in terms of
total protein concentration, as assessed using the Bradford assay
(MVs: 37.8 pg in TSG-6~/"-MSCs and 34.65 pg in WT-MSCs; EXs:
11.25 pg in TSG-6"/"-MSCs and 8.6 pg in WT-MSCs), and the
number of extracellular vesicles, as measured using dynamic light
scattering. However, TSG-6/"-MSCs generated significantly smaller
EXs and MVs in comparison to WT-MSCs (Fig. 2H; p < .05, p < .01).
Altogether, these results strongly indicate that TSG-6 plays an impor-
tant role in several biological processes dependent on actin cytoskel-
eton organization in MSCs.

TSG-6"/~-MSCs Display Proliferative and Expansion
Defects

IPA analysis on TSG-6"/~ and WT-MSCs identified a significant
modulation in the expression of genes involved in the cell
cycle. These data were further confirmed by GSEA analysis per-
formed on the cell cycle gene set, showing a significant negative
enrichment of genes regulating processes that stop, prevent, or
reduce frequency, rate, extent, and direction of the cell cycle
(Fig. 2I1). To validate this finding, we next analyzed the cell cycle
distribution of the two cell lines after serum deprivation. After
24 hours of incubation in serum-free medium, cells lacking TSG-6
arrested at the Gy/G; phase of the cell cycle with a significant
reduction of S-phase as compared with WT-MSCs (Fig. 2J).
Moreover, TSG-6"/"-MSCs displayed reduced clonogenic potential
(Fig. 2K), which is a distinct feature of MSCs [34] and cell prolifera-
tion (i.e., as assessed at 24 and 48 hours of culture) compared with
WT-MSCs (Fig. 2L).

TSG-6 Deficiency Causes Loss of the Multilineage
Differentiation Potential of MSCs

High proliferation potential, clonal expansion capacity, and
ability to differentiate into mesenchymal lineages are all reg-
arded as distinctive stem cell characteristics of MSCs [1]. The
finding that loss of TSG-6 impacted on the proliferative and
clonal expansion capacities of MSCs prompted us to evalu-
ate whether genetic depletion of this gene also affected the
multilineage differentiation potential of MSCs. We found that
TSG-6""-MSCs were unable to differentiate into adipocytes
after 14 days of culturing in adipogenic conditioned medium,
as opposed to WT-MSCs, which differentiated into Qil Red O-
positive adipocytes (Fig. 3A). However, addition of recombi-
nant murine TSG-6 (rmTSG-6; 5 ng/ml) to the conditioned
medium rescued the adipogenic potential of TSG-6"/"-MSCs,

©AlphaMed Press 2019

indicating that TSG-6 expression is required for the differentia-
tion of MSCs to adipocytes. Indeed, TSG-6 mRNA levels signifi-
cantly increased in WT-MSCs over the 14-days of adipogenic
differentiation (Fig. 3B). Since GSEA analysis revealed a signifi-
cant downregulation of genes involved in the regulation of
adipogenic differentiation (Fig. 3C), we analyzed the expression
of two critical transcription factors (TFs) for this process, the
early B cell factor (EBF-1) and the peroxisome proliferation-
activated receptor-y 2 (PPAR-y2) [35]. Both TFs were
upregulated in WT-MSCs, but not in TSG-6"/"-MSCs during
adipogenic differentiation (Fig. 3D). Interestingly, administration
of exogenous rmTSG-6 restored PPAR-y2 and EBF-1 expression
in TSG-6/"-MSCs (Fig. 3D), thus supporting the hypothesis that
TSG-6 acts as a key regulator of the mesenchymal adipogenic
differentiation.

Based on these findings, we explored whether loss of TSG-
6 impacted also on the ability of MSCs to differentiate into
other cell types such as osteoclasts and chondrocytes. TSG-67"-
MSCs failed to differentiate into osteogenic cells (Fig. 3E). Expres-
sion of two major TFs involved in osteogenic differentiation,
Runt related transcription factor 2 (Runx2) and transcription fac-
tor Sp7 (Osterix) [35] did not change in TSG-67/"-MSCs over the
14-days of osteogenic differentiation. By contrast, both TFs were
highly upregulated in differentiated WT-MSCs (Fig. 3F). However,
addition of rmTSG-6 was not sufficient to rescue osteogenic dif-
ferentiation and Runx2 and Osterix induction in TSG-6"/"-MSCs
(Fig. 3F). Similar results were observed when the chondrogenic
differentiation potential of these cells was assessed. Indeed, WT-
MSCs reacted with the Alcian blue dye, which stains extracellular
components of the cartilage matrix (e.g., proteoglycans), whereas
TSG-6~/"-MSCs did not (Fig. 3G). GSEA analysis on the chondro-
cyte differentiation gene set identified 24 genes that were signifi-
cantly modulated in TSG-67/"-MSCs compared with WT-MSCs
(Fig. 3H). Among these genes, SRY-Box 9 (Sox-9) and bone mor-
phogenetic protein 2 (Bmp2), two crucial factors for condensa-
tion and differentiation to chondrocytes, were downregulated
in the absence of TSG-6. Altogether, these results demonstrate
that TSG-6 regulates the differentiation capacities of MSCs.

Protein Enrichment of the ECM Rescues Cell
Morphology and Proliferation in TSG-6"/~-MSCs

TSG-6 is involved in the organization and stabilization of the
ECM interacting with glycosaminoglycans such as HA and heparan
sulfate [18, 36, 37]. In line with this, GSEA analysis showed enrich-
ment of the “extracellular space” gene set in WT-MSCs compared
with TSG-6~"-MSCs (Fig. 4A). In the absence of TSG-6, the genes
involved in the ECM-cell interactome, including the cell division
control protein 42 homolog (Cdc42) that is known to play a key
role in actin remodeling, were downregulated (Supporting Infor-
mation Fig. S2A, S2B). Given that ECM-interactions either directly
or indirectly control fundamental cellular processes such as adhe-
sion, migration, and proliferation [38], we explored whether the
loss of TSG-6-mediated changes in the extracellular environment
can affect some of these cellular functions. To address this point,
TSG-6~/"-MSCs were plated for 48 hours at 37°C on top of a HA-
based scaffold, in the absence (nonsupplemented) or in the pres-
ence (supplemented) of TSG-6 and other ECM proteins, such as
pentraxin-3 (PTX3), which is known to cooperate with TSG-6 in
the assembly and organization of HA matrices [20,39]. We then
analyzed cell morphology and proliferation (Fig. 4B). When cul-
tured on the supplemented scaffold, TSG-6"/"-MSCs appeared
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as elongated and crescent-shaped cells (Fig. 4C) showing a mor-
phology similar to WT-MSCs (Supporting Information Fig. S3A),
although they maintained larger nuclear size than WT-cells
(Supporting Information Fig. S3B). However, in comparison to TSG-
6/7-MSCs cultured directly on plastic or on nonsupplemented
scaffold they displayed smaller nuclei (p < .05 and p < .0001,
respectively; Fig. 4D). In addition, on the HA scaffold TSG-67/"-
MSCs significantly increased their proliferative rate (p = .0121).
This effect was more enhanced after supplementation of the
scaffold (Fig. 4E). These observations support a key role for
ECM components and in particular for TSG-6 in modulating cell
morphology and proliferation of MSCs.

Loss of TSG-6 Alters Several Transcription Factors
Crucial for Stem Cell Properties

Morphological, proliferative, and differentiation changes observed
in MSCs upon TSG-6 depletion could be due to alterations in reg-
ulatory pathways, as suggested by upstream analysis in IPA
(Fig. 4F). In particular, TSG-6/"-MSCs had more inhibited genes
than activated genes compared with WT-MSCs (p < .01), espe-
cially with reference to those coding for transcription regula-
tors (44 versus 26, respectively), growth factors (9 versus 1),
enzymes (28 versus 20), and cytokines (11 versus 5; Fig. 4F).
Loss of TSG-6 led to perturbation of the expression of TFs, per-
haps supporting TSG-6 as an extrinsic regulator of TFs (Fig. 5A).
Notably, gene ontology analysis (performed on the differentially
expressed genes; i.e., with fold changes of 22 or <—2) revealed
that the expression of several TFs targeting genes involved in
the regulation of cell division, stem cell differentiation, mesen-
chymal differentiation, and the Wnt signaling pathway (Fig. 5B,
Supporting Information Fig. S4) were inhibited upon TSG-6
depletion. Thereby, these data provide corroborating evidence
that TSG-6 is a regulator of several biological properties
of MSCs.

Activated TSG-6"/~-MSCs Are More Prone to Release
IL-6 Than WT-MSCs

The anti-inflammatory properties of MSCs are taken as a cor-
nerstone of MSC-based therapies. Previously, we reported a
defective release of anti-inflammatory cytokines in TSG-6 defi-
cient MSCs (i.e., IL-10) with an unbalanced production of pro-
inflammatory cytokines (i.e., IL-17, interferon y, TNF-a) [30].

Here, IPA analysis identified a global perturbation in the
expression of cytokine genes upon TSG-6 depletion. Since in vivo
implantation of MSCs increased levels of pro-inflammatory cyto-
kine IL-6 compared with WT-MSCs [30], we assessed whether
TSG-6 could modulate the production of IL-6. To this end, we
measured the levels of IL-6 in the culture supernatant of
TSG-6"/"-MSCs and WT-MSCs. Both MSC cultures had compa-
rable amount of IL-6 (TSG-67/7-MSCS: 917 4+ 56; WT-MSCs:
760 + 113 pg/total number cells per well; Fig. 6A). Since
activated (AT) immune cells induce MSCs to produce IL-6
[40], we cocultured both groups of MSCs in the presence of
non-AT or AT splenocytes. As expected, the levels of IL-6 mark-
edly increased in the coculture of MSCs with AT splenocytes
(SPLC; Fig. 6A). To determine whether the cytokine was pro-
duced by MSCs, we plated MSCs at different ratios with SPLC
(1:2.5; 1:5; 1:20) and after 24 hours, we collected the superna-
tants for the measurement of IL-6. The IL-6 concentration mark-
edly increased when AT SPLC were present at 2.5-fold or
5.0-fold higher levels than MSCs (MSCs:SPLC 1:2.5 and 1:5
ratios) but decreased when the ratio was 1:20. Non-AT and
AT SPLC displayed significantly lower IL-6 secretion in com-
parison of MSCs (Fig. 6A). The normalization of IL-6 levels
based on the number of MSCs per well showed a linear cor-
relation between number of MSCs and IL-6 concentration
(Fig. 6B). The analysis of IL-6 mRNA from recovered MSCs cor-
related with the protein data. MSCs at a ratio 1:2.5 to immune
cells displayed higher expression of IL-6 mRNA compared with
those at a ratio of 1:5 and to MSCs alone (Supporting Infor-
mation Fig. S5). These data confirm that MSCs upregulate
their secretion of IL-6 in the presence of AT immune cells.
Notably, TSG-6"/"-MSCs at all ratios exhibited substantially greater
release of IL-6 compared with WT cells (p < .05; Fig. 6A, 6B and
Supporting Information Fig. S5) supporting a role of TSG-6 in
the regulation of IL-6 production in MSCs.

TSG-6—/~-MSCs Conditions the Tumor
Microenvironment

IL-6 is a key mediator of the inflammatory response [41] and
has a pathological role in the development of several tumors
[42,43]. Indeed, high serum concentrations of IL-6 have been
reported to correlate with a poor outcome in cancer patients
including colorectal, melanoma, and lung cancer [44, 45]. Recent

(Figure legend continued from previous page.)

p-value reported in logarithmic scale to base 10. (B): Gene set enrichment analysis (GSEA) showing significant negative enrichment of
“cytoskeletal part” gene set in TSG-6"/~-MSCs with respect to WT-MSCs (normalized enrichment score [NES] = —1.267; p < .05). (C): Rep-
resentative immunofluorescence images showing costaining of F-actin (red) and Lamin B1 (green) in WT-MSCs (left panel) and TSG-6~/"-
MSCs (right panel) after 48 hours of culture. White scale bar: 10 pm. (D): Nuclei volumes of WT-MSCs and TSG-6"/"-MSCs expressed in
pm3 as calculated by Imaris software (Bitplane). (E): Representative confocal images of isolated WT-MSCs and TSG-6~/~-MSCs. Colors cor-
respond to the F-actin expression as indicated by the color scale (white scale bar: 20 pm). (F): Graph showing integrated density of F-actin
and (G) cell shape descriptors of the actin-cytoskeleton in WT-MSCs and TSG-6""-MSCs quantified using Imagel) software suite and
reported in arbitrary units. (H): Size distribution analysis of purified exosomes (left panel) and microvesicles (right panel) assessed by
dynamic light scattering and expressed as size peak radius (nm) indicate the distribution of values for WT (red) and TSG-67/~ (blue) MSCs
(n =3). (I): GSEA showing significant negative enrichment of “cell cycle” gene set in TSG-6~/7-MSCs with respect to WT-MSCs
(NES = —5.852; p < .05). (J): Cell cycle of WT-MSCs and/or TSG-6"/"-MSCs analyzed by flow cytometry analysis after 48 hours of seeding.
Cells were gated based on forward and side scatter to separate debris, and then the cellular events were further gated based on their
BrdU and 7-AAD content. Results are expressed as percentage of the cells gated in the various cell cycle phases (n = 2). (K): Colony-
forming unit assay. (Left panel) Formed colonies visualized with Giemsa staining after 14 days for WT-MSCs (on the top) and TSG-67/"-
MSCs (on the bottom); (right panel) bar graph showing the number of colony forming cells from WT-MSCs and TSG-6~/7-MSCs. (L): Time
course over 48 hours of the proliferation rate of WT-MSCs and/or TSG-6~/"-MSCs incorporating [3H]-thymidine. Results are expressed as
a percentage of cell proliferation normalized on time zero (n = 4 independent experiments); *, p < .05; **, p <.01; ***, p <.001 by
t test; or by analysis of variance.
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pictures of adipogenic differentiation of wild-type (WT)-MSCs and TSG- 6~/~-MSCs. Accumulated lipid vacuoles were detected by Oil Red
O staining after 14 days of stimulation (lipid vacuoles in red) in absence or presence of recombinant murine TSG-6 (rmTSG-6, 5 ng/ml).
Black scale bar: 100 pm. (B): gRT-polymerase chain reaction (PCR) quantification of TSG-6 expression in WT-MSCs at day-0 (gray bar) and
at day-14 of adipogenic differentiation (yellow bar); *, p < .05 by t test. (C): Gene set enrichment analysis identified positive enrichment
of WT-MSCs in “adipogenesis hallmark” gene set (normalized enrichment score [NES] = 1.40; p = .0487). (D): qRT-PCR quantitation of
EBF-1 and PPARYy2 gene expression in WT-MSCs, TSG-6 /~_MSCs alone and/or in presence of rmTSG-6 (5 ng/ml) at day-O (gray bars) and
at day-14 of adipogenic differentiation (yellow bars). (E): Representative pictures of osteogenic differentiation of WT-MSCs and TSG- 67/~
MSCs. Deposited calcified matrix was visualized by Von Kossa staining at day-14 (calcified matrix in black; black scale bar: 200 pm)

(Figure legend continues on next page.)
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studies have shown that human bone marrow-derived MSCs
can enhance cancer cell proliferation via the IL-6 signaling
pathway [46,47]. Given the high levels of IL-6 produced in
TSG—6_/_—MSCS, it was of interest to determine whether the loss
of TSG-6 could sustain pro-tumoral effects of MSCs. To investi-
gate this possibility, we exploited the effect of MSCs on tumor
development in a colitis-associated model of CRC in which IL-6
has profound impact on tumorigenesis [48, 49]. Interestingly, we
observed that mice receiving allogeneic TSG-67/7-MSCs dis-
played a significant increased number of tumor lesions com-
pared with either untreated (phosphate-buffered saline [PBS])
or WT-MSCs-treated groups, as determined by endoscopic and
histological recordings (Fig. 6C, 6D). Of note, the incidence of
tumors correlated with high serum levels of IL-6 (Fig. 6E). Indeed,
mice treated with TSG-6~/"-MSCs displayed higher levels of IL-6
than those receiving WT-MSCs cells; i.e., consistent with the loss
of TSG-6 in MSCs enhancing the release of IL-6 (see above),
which could have the effect of amplifying the pro-tumorigenic
effects of MSCs in specific tissues.

MSCs have been shown to have tumor-promoting effects
stimulating directly tumor growth [13,50-54]. In order to
explore whether the lack of TSG-6 exacerbates this effect,
we evaluated tumor growth in xenograft models by subcutane-
ously implanting two different adenocarcinoma cell lines
(A549 lung cancer cell line or colon cancer cell line Caco-2)
in coadministration with MSCs (Fig. 6F). Here, none or small
tumor lesions were observed after the injection of A549 and
Caco-2 cells alone. In both models, coadministration of MSCs
boosted tumor growth (Fig. 6G, 6H), thus confirming the
capacity of MSCs to promote tumor cell growth [55]. Never-
theless, no statistically significant difference in tumor vol-
ume was found between mice receiving TSG-6~/"-MSCs and
WT-MSCs, thus excluding a defect in TSG-6 as a direct cause
in promoting tumor growth.

This study provides the first evidence of the important role
played by TSG-6 in the definition of stemness and other bio-
logical properties of murine MSCs, conferring to these cells
an anti-inflammatory phenotype and reducing their pro-
tumorigenic effects. Thus, in addition to mediating the anti-
inflammatory and reparative properties of MSCs by acting as a
paracrine factor on different cell targets [18, 26—-30], TSG-6 can
also act as an autocrine factor regulating MSC cellular pro-
cesses. An autocrine function has been reported previously for
TSG-6 in regulating the bone resorbing properties of human
osteoclasts [36].

Loss of TSG-6, in fact, not only affects the immunomodula-
tory capacities of MSCs as previously described [18], but also

strongly influences quantity and organization of actin, cell mor-
phology, proliferation, and cell differentiation. Actin filaments
in active cells are highly concentrated at the periphery of the
cell, where they form a three-dimensional network beneath the
plasma membrane supporting mechanical properties, determin-
ing cell shape, and a variety of cell surface activities including
division and migration.

Interestingly, in the absence of TSG-6, the actin filaments
appeared to be localized mainly around nuclei with a disconti-
nuity in close proximity to the plasma membrane, resulting in
enlarged rounded cell shape characterized by large nuclei simi-
lar to senescent cells. Indeed, during cellular senescence, mes-
enchymal cells change their morphology from a spindle shape
to an enlarged, flattened, and irregular shape, associated with
enlarged and often irregular nuclei and chromatin reorganiza-
tion that leads to a reduced cell proliferation [56]. Although
TSG-6~/"-MSCs displayed a reduced proliferative ability, with
an arrest of cells into the Go/G; phase of the cell cycle com-
pared with WT cells, the transcriptome profile of these cells
was not consistent with inactive and senescent cells. In sup-
port of this, the expression of nuclear lamin B1, which is con-
sidered a senescence-associated biomarker [57] did not differ
between TSG-6~/"-MSCs and WT-MSCs. TSG-6 exerts a large
number of activities including the modulation of immune and
stromal cell function, regulation of ovulation, inhibition of
the protease network, and promotion of tissue regeneration
[16-18]. The wide functional repertoire of TSG-6 reflects its
ability to regulate matrix organization, to control the associa-
tion of matrix molecules with cell surface receptors and extra-
cellular signaling factors such as chemokines [18,24,25]. In
particular, TSG-6 is able to interact with glycosaminoglycans
such as HA and heparan sulfate [18], ubiquitous components
of the ECM, for example, participating in the (re)organization
of the newly formed ECM following inflammation and tissue
injury [58]. By crosslinking HA, TSG-6 may drive reorganization
of the HA receptors, such as LYVE-1 and CD44 on the cell sur-
face and modulate their activity [21,59]. TSG-6 is a potent
modulator of HA binding to CD44 on lymphoid cell lines [21],
which likely regulates leukocyte migration to the sites of inflam-
mation. Interestingly, a recent study has demonstrated that the
cell surface distribution of CD44 can restrict the movement of
other receptors and influence the organization of the actin cyto-
skeleton [60, 61]. Our flow cytometry analyses revealed a reduc-
tion in the expression of CD44 on the surface of TSG-6""-MSCs
compared with WT cells. Therefore, the involvement of TSG-6 in
actin organization and cellular morphology of MSCs could be due
to its interaction with HA and heparan sulfate, that in turn
impacts on cell shape and functional activities of MSCs through
the stabilization of ECM components. Given the evidence for a
role of heparan sulfate proteoglycans in exosome formation [62],
and the possibility that TSG-6 could affect heparan sulfate

(Figure legend continued from previous page.)

(F): gRT-PCR quantitation of RUNX and OSTERIX genes in WT-MSCs, TSG-6~/"-MSCs alone and in presence of rmTSG-6 at day-0 (gray bars)
and at day-14 of osteogenic differentiation (yellow bars). (G): Representative pictures of chondrogenic differentiation of WT-MSCs and
TSG-6"'"-MSCs. Cartilage glycosaminoglycans were visualized by Alcian Blue staining at day 21 (glycosaminoglycans in blue, cell nuclei in
pink; black scale bar: 200 pm). (H): Hierarchical clustering of the gene set (24 genes) related to the chondrocyte differentiation differen-
tially expressed between WT-MSCs and TSG-6~/"-MSCs (FDR < 0.1). For all gRT-PCR results, data reflect mean + SEM from four independent
experiments, the results were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA and to the condition “time zero,”
considered as 1. *, p < .05 by one-way analysis of variance (n = 3 independent experiments).
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structure by crosslinking mechanisms [18], it is reasonable to
suggest that TSG-6 influences extracellular vesicle formation
through its interaction with ECM. However, the hypothesis that
morphological and functional changes observed in TSG-67/~-
MSCs are mediated by the loss of glycosaminoglycan—TSG-6
interaction, needs to be further investigated. Certainly, the dele-
tion of TSG-6 leads to a decreased expression of gene products
that interact with actin, such as dynaminl that is involved in
the formation of extracellular vesicles originating from the
plasma membrane [32], and focal adhesion proteins including
paxillin and Cdc42 that regulate the interaction of sites of cell
adhesion to the ECM and actin polymerization [31,63]. The
ECM, consisting of a complex mixture of structural and func-
tional macromolecules, serves an important role in cell organi-
zation and function such as adhesion, migration, proliferation,
and differentiation. Improvements in cell morphology and pro-
liferation (toward WT behavior) of TSG-6 deficient cells when
cultured on a HA matrix scaffold supplemented with TSG-6
and PTX3 confirm a defective function of ECM in the absence
of TSG-6. ECM provides the cells with important biomechanical
cues that guide their behavior and fate through the activation
of distinct transcriptional factors in MSCs [64,65]. Failure of
TSG-6/7-MSCs to differentiate into osteoblast and chondrocytes
could be linked to changes in ECM. Both processes require spe-
cific transcriptional programs to be activated and/or repressed in
a process of mechano-transduction from the ECM to the nucleus.
Integrin-based focal adhesions with focal adhesion kinase are a
mechano-sensitive signaling pathway that transmits signals from
ECM to transcriptional machinery [66]. Interestingly, FAKs such as
paxillin and Cdc42 are significantly downregulated in the
transcriptome profile of TSG-6"/"-MSCs. However, whether dys-
regulation of the ECM triggers all alterations observed in TSG-
67/7-MSCs or whether there are additional mechanisms at play
needs further investigations. Increased levels of TSG-6 found
during preadipocyte differentiation [67] and the high TSG-6
expression in WT-MSCs fully differentiated to adipocytes iden-
tifies TSG-6 as a potential regulator of adipogenic differentiation.
Indeed, here we discovered that MSCs deficient in TSG-6 failed
to differentiate into adipocytes. Nevertheless, the addition of
exogenous recombinant TSG-6 only rescued the MSC-adipogenic
differentiation capacity and not MSC differentiation to cho-
ndrocytes or osteoblasts. These data raise two mechanisms of
action on how TSG-6 regulates MSC biology, one as a modulator
of the ECM, the other as an autocrine factor (that could be, at
least in part, matrix-dependent). Overall, these results demon-
strate that loss of TSG-6 triggers a cascade of changes in MSCs
that affect differentiation processes and culminate in the abro-
gation of their stemness properties.

In 2006, the International Society of Cell Therapy (ISCT)
identified minimal criteria for defining human multipotent MSCs,
which were also extended to MSCs from animal origin. The
criteria included their capacity to: adhere to plastic, give rise
to colony-forming units, show positivity for specific stemness
markers, and negativity for hematopoietic and endothelial
markers and, finally, differentiate into three lineages (adipocytes,
osteoblasts, and chondrocytes) [68]. Notably, although both WT
and TSG-6/"-MSC lines adhered to plastic and were positive or
negative for appropriate surface markers, TSG-6/"-MSCs fail to
correspond to ISCT criteria in that they did not differentiate to
adipocytes, osteoblasts, and chondrocytes. Although further
studies are necessary to gain insight into the molecular mecha-
nisms by which TSG-6 impacts differentiation processes, data
from transcriptome profile analysis support TSG-6 as an extrin-
sic regulator of transcriptional factors essential to maintain
stem cell properties. If confirmed in human MSCs, these find-
ings could be relevant to the therapeutic use of MSCs, since
they have become a very attractive cell source in regenerative
medicine. TSG-6 may be used as a predictive marker of MSC
effectiveness not only in terms of their immunomodulatory
effects as already demonstrated [26-28], but also of their
regenerative properties.

Loss of TSG-6 expression impacts on the anti-inflammatory
properties of human and murine MSCs in vitro and in vivo in a
wide range of disease models [18]. In the present study, IPA
analysis identified a global perturbation in the expression of
cytokine genes upon TSG-6 depletion confirming its role in the
regulation of cytokines. With reference to this, we previously
observed a failure of TSG-67"-MSCs to improve intestinal
inflammation [30]. In this study here, we explored whether
TSG-6 could modulate the production of IL-6. Human and
murine MSCs secrete IL-6 in response to activated immune
cells by which they exert immunomodulatory effects [40]. Con-
sistent with these results, both WT-MSCs and TSG-6~/~-MSCs
in presence of activated SPLC released IL-6. Interestingly,
TSG-6"/"-MSCs responded more strongly to the activation with
an increased IL-6 production compared with WT cells identify-
ing TSG-6 as a potential regulator of IL-6.

IL-6 signaling is generally considered a key mediator of
the inflammatory response and also to play a direct role in
promoting tumor progression [69]. Increased levels of IL-6
have been correlated with a poor outcome in cancer patients
including colorectal, melanoma, and lung cancer [44, 45]. Pre-
vious studies have provided evidence that human bone
marrow-derived MSCs could enhance cancer cell proliferation
and tumor progression via the IL-6 signaling pathway and
reduce the sensitivity of cancer cells to antitumor drugs

(Figure legend continued from previous page.)

variance (ANOVA) followed by Bonferroni multiple comparison test; n = 3 independent experiments. IL-6 levels were reported as
pg/number of total cells per well or as pg/MSCs number per well. (C): Endoscopic and histological evaluation of tumor lesions in a model
of colitis-associated cancer induced by one injection of azoxymethane and followed by three cycles of DSS (each of 6 days) in drinking
water ad libitum. At day-3 of each cycle, mice received 3 x 10° of WT-MSCs or TSG-6~/"-MSCs by intraperitoneally injection or
phosphate-buffered saline (PBS) as negative control. The presence of tumors is highlighted by white dashed lines in the endoscopic
images, and by black asterisks in the histological images (n = 6). (D): Number of tumor lesions per mouse in untreated (PBS), WT-MSC, or
TSG-6"/"-MSC treated mice; *, p < .05; ** p < .01 by one-way ANOVA. (E): IL-6 protein levels (pg/ml) determined by ELISA in the serum
of untreated (PBS), WT-MSC, or TSG-6"/"-MSC treated mice; *, p < .05 and **, p < .01 by one-way ANOVA. (F): Schematic illustration of
tumor growth in xenograft models of cancer. Nude mice were injected subcutaneously with 3 x 10° A549 cells or Caco-2 cells alone or in
combination with 3 X 10° of WT-MSCs or TSG-6/~-MSCs. (G, H): in vivo tumor growth measured as tumor volume (mm?) over a 30-day
period (n = 5) and representative macroscopic images of tumors at day 30; *, p <.05; **, p <.01; *** p < .001 by one-way ANOVA
followed by Bonferroni’s test. Abbreviation: ns, not significant.
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[70-73]. Interestingly, the level of IL-6 was markedly higher in
the cancer tissue-derived MSCs in comparison to bone
marrow-derived MSCs, suggesting that IL-6 may act as a key
mediator of the tumor-promoting activity of the former cells
[73]. It is likely that the higher level of IL-6 production in
TSG-6"/"-MSCs accentuates their pro-tumorigenic properties;
the studies described here in an in vivo model of colon can-
cer, in which IL-6 has profound impact on tumor develop-
ment, supported this theory. We observed a correlation
between number of tumors and serum levels of IL-6 among
the groups of mice receiving TSG-6"/"-MSCs, WT-MSCs, and
PBS. TSG-6~/"-MSC-based treatment resulted in increased
levels of IL-6 and a higher incidence of tumors compared with
WT-MSCs or vehicle control. Further studies are now needed
to gain insight into the mechanisms linking the loss of TSG-6
with increased levels of IL-6 and tumor development. The
function of MSCs in tumor microenvironments are unclear
due to contradictory results from different studies in differ-
ent cancer types. There is increasing evidence that MSCs can
exert stimulatory [12,55,74-76] or inhibitory [77-81] effects on
tumor growth and invasion through their direct or indirect inter-
action with tumor cells. However, the mechanisms remain poorly
defined. Comparable effects of the WT and TSG-6 failed-deficient
MSCs in promoting tumor growth excluded IL-6 production and
the loss of TSG-6 as a direct cause of enhanced tumorigenesis.
Considering that MSCs enter wounds to facilitate tissue repair
and that a tumor is considered a wound that never heals [82], it
is likely that TSG-6 deficient MSCs contribute indirectly (e.g., IL-6)
to tumor progression by sustaining the inflammatory process and
tumor microenvironment.

CONCLUSION

Our data reveal a fundamental role for TSG-6 in regulating the
biological properties of murine MSCs. In addition to working as
a paracrine factor on different cell targets exerting potent anti-
inflammatory effects, TSG-6 can also act as an autocrine factor
regulating the morphology and several key cellular processes
in MSCs. The loss of TSG-6 triggers a cascade of changes in
MSCs that affect differentiation processes and culminate in the
abrogation of their stemness properties. These data, if con-
firmed in human MSCs, support a potential application of TSG-
6 as a predictor of the efficacy of MSCs in terms of their immu-
nomodulatory and regenerative effects. In this scenario, TSG-6
may represent a clinically useful marker of antitumorigenic risk
and a predictive tool for monitoring the effectiveness of immu-
nomodulatory and regenerative therapies. Future studies are
needed to address the link between IL-6 and TSG-6 and to
understand the increased ability of TSG-6"/"-MSCs in promot-
ing tumorigenesis.
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