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Abstract

Mesenchymal stem cells (MSCs) possess unique paracrine and immunosuppressive properties,
which make them useful candidates for cellular therapy. Here, we address how cellular senescence
influences the therapeutic potential of human MSCs (hMSCs). Senescence was induced in bone
marrow-derived hMSC cultures with gamma irradiation. Control and senescent cells were tested
for their immunoregulatory activity in vitro and in vivo, and an extensive molecular
characterization of the phenotypic changes induced by senescence was performed. We also
compared the gene expression profiles of senescent hMSCs with a collection of hMSCs used in an
ongoing clinical study of Graft Versus Host disease (GVHD). Our results show that senescence
induces extensive phenotypic changes in hMSCs and abrogates their protective activity in a
murine model of LPS-induced lethal endotoxemia. Although senescent hMSCs retain an ability to
regulate the inflammatory response on macrophages in vitro, and, in part retain their capacity to
significantly inhibit lymphocyte proliferation, they have a severely impaired migratory capacity in
response to proinflammatory signals, which is associated with an inhibition of the AP-1 pathway.
Additionally, expression analysis identified PLEC, C80orf48, TRPC4, and ZNF14, as differentially
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regulated genes in senescent hMSCs that were similarly regulated in those hMSCs which failed to
produce a therapeutic effect in a GVHD trial. All the observed phenotypic alterations were

confirmed in replicative-senescent hMSCs. In conclusion, this study highlights important changes
in the immunomodulatory phenotype of senescent hMSCs and provides candidate gene signatures
which may be useful to evaluate the therapeutic potential of hMSCs used in future clinical studies.

Keywords

Mesenchymal stem cells; Senescence; Cellular therapy; Immunotherapy

Introduction

Mesenchymal stem cells (MSCs) are multipotent precursors of nonhematopoietic
mesodermal lineages that are capable of clonal differentiation into both mesenchymal and
nonmesenchymal lineages. Although isolated predominantly from bone marrow and
subcutaneous fat, MSCs can be found in virtually all mammalian connective tissues
(reviewed in Bernardo et al. [1]). Human MSCs (hMSCs) can be isolated easily from small
tissue biopsies, and expanded ex vivo for many cell passages without significant loss of
differentiation potential. Together, these properties mark hMSCs as ideal candidates for cell
and genetic therapy. Indeed, in the last decade, hMSCs have been used to treat a variety of
traumatic and degenerative disorders, including bone fractures, cartilage lesions, and
myocardial infarction.

In addition to their robust differentiation potential, MSCs have a remarkable capacity for
inhibiting the immune response; an activity known generally as immunomodulation or
immunoregulation (reviewed in Gebler et al. [2]). This activity bestows MSCs with a
hypoimmunogenic phenotype, allowing them to evade, at least temporally, the alloreactive
immune response, even in xenogeneic conditions. This immunoregulatory capacity of
hMSCs includes the inhibition of host T-cell proliferation and cytokine production, B-cell
proliferation, NK cell activation, and dendritic cell maturation. By exploiting these
characteristics, hMSCs have been used successfully in different experimental models to
prevent allogeneic transplant rejection, and to treat various experimental autoimmune/
inflammatory disorders such as graft versus host disease (GVHD), experimental
autoimmune encephalitis, collagen-induced arthritis, and septic shock. This
immunoregulatory capacity is also being tested in clinical studies of GVHD, Crohn’s
disease, and other human inflammatory disorders.

While the immunoregulatory capacity of MSCs is recognized, the specific molecular
mechanisms that govern this ability are poorly understood. Several cell-to-cell and soluble
signals have been identified as potential drivers of immune suppression by MSCs, including
prostaglandin E, indoleamine 2,3-dioxygenase, NO, and IL-10, but none of these can explain
fully the diverse immune modulatory activities of MSCs observed in vivo. Moreover, the
immunosuppressive ability of MSCs is not constitutive, but requires proinflammatory
signals such as IFNc, which induce important phenotypic changes in MSCs [3,4].
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Increasing evidence suggests that the regenerative capabilities of transplanted MSCs in
damaged tissues, such as infarcted myocardium, are linked more to their paracrine activity
(including anti-inflammatory actions), than to their potential for differentiation into specific
cell lineages (reviewed in Liang et al. [5]). Accordingly, understanding the physiological
and pathological factors that affect the immune modulatory activity of hMSCs is not only
relevant for the treatment of autoimmune/inflammatory disorders, but should also be
considered a key step in the development of effective hMSC strategies for the treatment of
degenerative pathologies.

Previously, we validated the use of xenogeneic murine models of autoimmune and
inflammatory diseases to study the immunoregulatory activity of hMSCs in vivo. We found
that systemic infusion of hMSCs in mice significantly reduced the incidence and severity of
experimental arthritis [6], colitis [7, 8], and sepsis [8], to a degree similar to that of
syngeneic murine MSCs. These therapeutic effects were mediated through downregulation
of both Th1-driven autoimmune and inflammatory responses; as hMSCs migrate to
secondary lymphoid organs, they reduce the production of inflammatory cytokines and
chemokines, and induce de novo generation of CD41CD251FoxP31 Treg with capacity to
suppress self-reactive T effector responses [9].

Although hMSCs are available from different tissues, their quantity in the body is relatively
low. As most cell therapy protocols use a minimum of 20-100 million hMSCs per treatment
(autologous transplantation), hMSCs need to be expanded in vitro for at least 4-8 weeks
prior to transplantation. The length of this period, and the overall quality of the hMSC
product, depends both on the isolation and culture methods used, and also the clinical
history, age, and the genetic makeup of the donor. Still longer expansion regimens would be
required for more clinically useful off-the-shelf allogenic hMSC therapies.

Recently, it has been demonstrated that human cells (fibroblasts and normal and tumorigenic
epithelial cells), induced to senesce through replicative exhaustion, DNA damage, or other
stresses, mount a severe proinflammatory response through the activation of a senescence-
associated secretory phenotype (SASP, reviewed in Tchkonia et al. [10]). This SASP is
characterized by a 10-800-fold overexpression and secretion of various proinflammatory
chemokines including IL-8, IL-6, Granulocyte macrophage (GM)-CSF, GROa, GROb,
GROc, ICAM-1, and MCP1-4. Additionally, it is becoming more accepted that all ex vivo
cell expansion procedures favor the accumulation of aneuploid cells, which is intimately
associated with the progression of senescence [11-13]. Other studies describe a direct
correlation between telomerase activity (which blocks cell senescence) and stem cell
function (reviewed in Tumpel and Rudolph [14]). Therefore, it is evident that a pre-
expansion test, which can anticipate the behavior of the hMSCs, would be a valuable tool to
help improve expansion yields and also to guarantee biosafety and functional value of the
clinical product.

Considering that immunosuppressive activity is induced upon exposure of MSCs to
proinflammatory signals, we hypothesized that this response will be dependent on the
functional state of the MSCs. We show here that cell senescence strongly impairs the
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immunoregulatory capacity of hMSC in vivo, and suggest that examination of cell
senescence markers could be a useful approach to evaluate the clinical potential of hMSCs.

Materials and Methods

Biological Samples

Cell Culture

The study was carried out in accordance with guidelines of the Instituto de Salud Carlos 111
(Madrid, Spain). For the induction of senescence and related experiments, four independent
hMSC lines (listed as #19, #33, #44, and #45), isolated from bone marrow tissue of male or
female donors aged 18-29 years, were acquired from Inbiobank Stem Cell Bank (San
Sebasti an, Spain). For some experiments, we also used eight bone marrow-derived hMSC
samples obtained from an ongoing clinical study of graft-versus-host disease (GVHD). A
brief description of the clinical study is included in Supporting Information.

hMSCs (4 x 103 cells per square centimeter) were cultured in low glucose Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2
mM glutamine, penicillin 100 U/ml, and streptomycin 1,000 U/ml (all culture reagents were
from Sigma-Aldrich, St. Louis, MO). Cells were cultured in a humidified 37°C incubator at
5% CO», and were passaged once per week. Media were changed twice weekly.

Induction of Cell Senescence

Cell senescence was induced by exposing cultured hMSCs to ionizing radiation (10 Gy)
produced by a high-voltage X-ray-generator tube (Mark 1-68, J.L. Shepherd & Associates,
San Fernando, CA). Senescence was assessed 10 days after irradiation by cytochemical
staining for f~galactosidase, as described in Supporting Information. The obtained radiation-
induced senescent cells were denoted SEN+. Alternatively, in some experiments, cells were
grown until reaching replicative exhaustion (replicative-senescent cells).

TERT Lentiviral Transduction

Primary hMSCs at passage 5 were transduced as described [15] with a lentiviral vector
encoding the human telomerase reverse transcriptase catalytic subunit (pbRRL.hTERT) [16].
Cells were evaluated for long-term cell proliferation, telomerase expression and activity, and
telomere length after >10 passages (described in Supporting Information). Immortalized
cells were denoted SEN-.

Induction of Endotoxemia and Sepsis

Endotoxemia was induced in 7-10-week-old BALB/c male mice (Harlan Laboratories,
Gannat, France) by i.p. injection of 400 pg/mouse lipopolysaccharide (LPS, from
Escherichia coli serotype 055:B5; Sigma-Aldrich). At 30 minutes after LPS injection, mice
received an i.p. injection of phosphate buffered saline (PBS) or 1 million hMSCs in PBS.
Survival after LPS injection was monitored every 12 hours for 6 days.

Serum, liver, lungs, and small intestines were collected 6 hours after LPS administration and
used for protein extraction and cytokine measurement. All experiments were performed in
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accordance with institutional guidelines for the Care and Use of Laboratory Animals in
Research, and approved by CNIC.

Lymphocyte Proliferation Assay

Buffy coat preparations were obtained from whole blood of healthy volunteers following the
guidelines of the Centro de Transfusion de la Comunidad de Madrid, Spain. Human
peripheral blood mononuclear cells (PBMCs) were isolated from the buffy coats by density
sedimentation on Ficoll-Hypaque (Sigma-Aldrich) gradients (20 minutes, 2,000 rpm, at
room temperature). Cells recovered from the gradient interface were washed twice in
Roswell Park Memorial Institute (RPMI) complete medium (consisting of RPMI 1640
medium supplemented with 10% FBS, 2 mM glutamine, penicillin 100 U/ml, and
streptomycin 1,000 U/ml) and immediately used for culture.

PBMCs (10°) were cultured in duplicate with RPMI complete medium in the presence of
phytohemagglutinin (PHA, 10 pg/ml, Sigma-Aldrich) with or without various quantities of
hMSCs (2 x 102 to 5 x 10%) in flat-bottomed 96-well plates. After 72 hours culture,
proliferation was evaluated using a colorimetric method of BrdU incorporation (Roche
Applied Science, Mannheim, Germany).

Macrophage Culture

Peritoneal exudate mouse cells were elicited by i.p. injection with 2 ml of 3% sterile sodium
thioglycolate (Sigma-Aldrich) in 8-week-old BALB/c male mice (Harlan Laboratories).
Peritoneal cells were obtained 3 days later by peritoneal lavage with cold PBS, washed in
cold RPMI medium, and cultured in RPMI complete medium at a concentration of 106 cells
per milliliter. After 2 hours at 37°C, nonadherent cells were removed by extensive washing.
At least 95% of the adherent cells were macrophages as judged by morphological and
phagocytic criteria, and by flow cytometry analysis (CD11b and F4/80). Macrophage
monolayers (1 x 106 cells per well) were incubated with RPMI complete medium in the
absence or presence of LPS (1 pug/ml), and hMSCs (1:5 hMSC/macrophage cell ratio). To
determine the cell-contact dependence of the coculture response, LPS-stimulated
macrophages (1 x 10%) were placed in the upper insert of a transwell system (0.8 pm pore,
Corning, Inc., Corning, NY), and hMSCs (2 x 10°) were placed in the lower well. Cell-free
supernatants were collected after 24 hours incubation, and cytokine levels were determined.
For the generation of macrophage-CM, macrophages were cultured for 24 hours at 80%
confluence in RPMI complete medium containing LPS (1 ug/ml).

Cell Migration Assay

To determine the in vitro migratory potential of hMSCs in response to signaling by
stimulated macrophages, hMSCs (1.5 x 104) were cultured in RPMI complete medium in a
24-well tissue culture insert with an 8 um pore size membrane (Corning). Inserts were
placed on top of wells containing macrophage-conditioned media (macrophage-CM). For
the generation of macrophage-CM, macrophages were cultured for 24 hours at 80%
confluence in RPMI complete medium containing LPS (1 ug/ml). After 3 hours, the filter
membranes were washed with PBS, and nonmigrated cells were removed from the upper
side using a cotton swab. Finally, membranes were fixed with 4% paraformaldehyde and
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mounted in mounting medium containing DAPI. Migration of hMSCs was determined by
counting the number of DAPI-stained nuclei on the underside of the membrane under x200
magnification, using Cell-Profiler image analysis software (http://www.cellprofiler.org).

Cytokine Determination

For cytokine determination in mouse tissues, protein extracts were isolated by
homogenization of tissue fragments (50 mg tissue per milliliter) in 50 mM Tris-HCI, pH 7.4,
with 0.5 mM dithiothreitol, and 10 pg/ml of a cocktail of proteinase inhibitors containing
phenylmethylsulfonyl fluoride, pepstatin, and leupeptin (Sigma-Aldrich). Samples were
centrifuged at 30,000¢ for 20 minutes and stored at —80°C. Cytokine levels in the serum,
tissue protein extracts, and culture supernatants were determined by specific sandwich
ELISAs using BD OptEIA ELISA Sets (BD Biosciences, Mississauga, Canada).

Secretome Analysis

Subconfluent cultures (10,000 cells per square centimeter) were washed and incubated in
serum-free DMEM for 24 hours to generate conditioned medium (CM), which was collected
and cells counted. CM was filtered (0.2 um pore), frozen at —80°C, and later analyzed using
a custom human 51-plex Luminex assay (Affymetrix, Santa Clara, CA), as described in
Supporting Information.

Microarray Analysis

Total RNA was isolated from cultured cells with the miRNeasy Mini Kit (Qiagen, Valencia,
CA). RNA was quantified with a NanoDrop-1000 spectrophotometer and quality was
monitored with an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA).

Agilent Whole Human Genome 4x44K V2 Microarray Kit (G4845A, Agilent Technologies)
and Agilent Human miRNA Microarray V3 (G4470C, Agilent Technologies) were used to
measure gene and miRNA expression, respectively. A full description of the samples,
experimental procedures, data processing, and statistical analysis used for both types of
microarrays is included in Supporting Information. All microar-ray results have been
submitted to the Gene Expression Omnibus database at http://www.ncbi.nlm.nih.gov/geo;
accession number GSE48662.

Gene and Protein Expression Analysis

Total RNA was isolated and quantified as described for the microarray analysis. Human
transcripts were quantified by real-time reverse transcriptase polymerase chain reaction (RT-
PCR) using the corresponding TagMan Gene Expression Assays (Applied Biosystems,
Foster City, CA). GAPDH was used as endogenous normalization control. Western blot and
immunofluorescence analyses were performed as described in Supporting Information.

Statistical and Functional Analysis

Statistical analysis of experimental data was performed with Prism 5.0 (Graphpad Software,
Inc., San Diego, CA). All values are expressed as mean + SE of mice/experiment. Unless

otherwise stated, differences between groups were analyzed by double-tailed t test. Survival
curves were analyzed by the Mantel-Cox log-rank test. Results were considered statistically
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significant at p < .05. Gene (or gene product) functional analysis was generated as described
in Supporting Information.

Results

Cell Senescence Inhibits the Lymphocyte-Inhibitory Activity of hMSCs

Cell senescence was induced in human bone marrow-derived hMSCs by gamma-irradiation
(10 Gy). Ten days after irradiation, 90% of cells displayed a senescent phenotype as
measured by /f-gal expression (Supporting Information Fig. S1A). These cells were denoted
“SEN+.17

To inhibit (prevent) senescence, hMSCs were immortalized by lentiviral transduction of
hTERT. Both expression of hTERT and telomerase activity were positive in the transduced
cells after >10 passages in culture (Supporting Information Fig. S1B, S1C). Compared with
wild-type, nontransduced hMSCs, cumulative population doublings of the transduced cells
showed an absence of proliferative arrest more than 12 cell passages (Supporting
Information Fig. S1E), together with significant telomere elongation (Supporting
Information Fig. S1D). These telomerase-immortalized cells were denoted “SEN-.”

To determine the extent to which cell senescence could impair the inhibitory effect of
hMSCs on lymphocyte proliferation, we first performed an in vitro PBMC proliferation
assay. Human allogeneic PBMCs were cultured with PHA for 3 days in the presence or
absence of wild-type or senescent (gamma-irradiated) hMSCs (SEN+). We found that,
although the basal inhibitory activity was variable in the four samples tested, the inhibition
of lymphocyte proliferation by hMSCs was significantly reduced in all samples cultured
with SEN+ cells, compared to nonirradiated cells (Fig. 1). However, SEN+ hMSCs still
retained a significant lymphocyte inhibitory capacity in vitro (between 25% and 53% at a
PBMC/MSC ratio of 5:1).

Senescence Abolishes the Therapeutic Immunoregulatory Activity of hMSCs In Vivo

We and others have previously described that infusion of hMSCs has significant therapeutic
efficacy in experimental-induced sepsis, and protects against mortality caused by endotoxin
[8, 17]. We thus investigated whether cell senescence influences the protective effect of
hMSCs in a murine model of lethal endotoxemia induced by high-dose endotoxin. Using
three independent bone marrow hMSC isolates, we tested the protective effect of the
administration with: wild-type short passage (<6 culture passages) nonsenescent (WT) cells,
short passage gamma-irradiated SEN+ cells, and long-term passage (>20 culture passages)
telomerase-expressing hMSCs (SEN-). Interestingly, compared to WT cells, SEN+ hMSCs
lost the capacity to rescue mice from LPS-induced endotoxemic death, while SEN- cells
showed a similar protective effect to WT cells (Fig. 2A). As demonstrated previously, the
protective effect of hMSCs to endotoxemic death is mediated by downregulating the
exacerbated inflammatory response, which is characteristic of this condition [8, 17]. As
anticipated, administration of WT hMSCs resulted in a significant reduction of the
inflammatory mediators TNFa, and IL-6, in the serum and lungs of septic animals (Fig. 2B).
Similar findings were observed with SEN- cells (Fig. 2B). Furthermore, IL-10 was
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significantly decreased in the serum, but not lung, of animals administered with WT or SEN
- cells. In contrast, animals administered SEN+ hMSCs had similar levels of inflammatory
mediators to those detected in untreated septic mice (Fig. 2B). No significant changes in
cytokine levels were detected in the liver or intestine of the treated animals compared to
untreated septic mice (data not shown).

Radiation-Induced Senescent hMSCs Maintain Their Immunomodulation Activity on
Stimulated Macrophages, but Have a Reduced Migratory Capacity

We next asked whether SEN+ hMSCs were regulating the inflammatory response through
acting directly on inflammatory cells, as has been reported previously for wild-type hMSCs
[8]. Thus, we cocultured hMSCs with mouse macrophages activated with 1 pg/ml LPS, and
measured inflammatory cytokine production. Consistent with our findings in vivo, coculture
of macrophages with WT or SEN-hMSCs inhibited the production of TNFa and IL-6 by
macrophages under LPS stimulation, and this was accompanied by a significant increase in
secretion of IL-10 (Fig. 3A). Notably, these results were mirrored with SEN+ cocultures
(Fig. 3A). However, when hMSCs were cocultured with macrophages on transwells (0.8 um
pore size), macrophage TNFa and IL-6 productions were inhibited similarly to that observed
with direct contact, but IL-10 levels were unchanged, underscoring the requirement for cell
contact [17]. Given that a central component of the anti-inflammatory activity of hMSCs is
their capacity for migration to sites of inflammation (reviewed in Spaeth et al. [18]), we then
used transwell assays (8 um pore size) to assess the migration of hMSCs in the presence of
LPS-stimulated mouse macrophages. Interestingly, compared with wild-type cells, SEN+
hMSCs had a significantly reduced migratory capacity (approximately 85% reduction) in
response to stimulated macrophages (Fig. 3B). Collectively, these results suggest that
although SEN+ hMSCs appear to maintain most of their intrinsic modulatory activity on
macrophages, their capacity for performing this in vivo is probably limited due to their
reduced migratory potential. Similar results (more than 75% reduction in migratory
capacity) were obtained using replicative-senescent (rSEN) hMSCs (Fig. 3C; refer
Supporting Information Fig. S7 for characterization of replicative-senescent hMSCs).

A Senescence-Associated Secretory Phenotype in hMSCs

Previous work has described that irradiated fibroblasts undergo permanent senescence
growth arrest, and develop a senescence-associated secretory phenotype (SASP) 4-7 days
after irradiation [19]. To determine the secretory phenotype of SEN+ hMSCs, we induced
senescence in four independent isolates of human bone marrow-derived hMSCs by exposure
to a similar dose of ionizing radiation (10 Gy). Ten days following irradiation, wild-type
(WT, nonirradiated) and senescent (SEN+, gamma-irradiated) cells were cultured in serum-
free medium for 24 hours and this conditioned medium (CM) was collected. The CM was
analyzed using Luminex antibody arrays designed to detect 51 secreted human proteins
involved in intercellular signaling during inflammation (Supporting Information Table S1).
Signals were calculated and quantified as described in Supporting Information Methods, and
presented as the median fluorescence intensity log 2-fold changes between SEN+ and WT
samples for each analyte. Consistent with studies in other cell types [19], we found that,
although the profiles were in part donor dependent, senescent hMSCs (SEN+) secreted
higher levels of numerous proteins compared to WT cells (Fig. 4A). Of the 51 proteins
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interrogated by the arrays, 27 were significantly altered (#test, p<.05) in the CM of SEN+
cells and were oversecreted in comparison to CM from WT cells. These 27 identified SASP
components ranged from (normalized to 10° cells per milliliter) a low concentration of 0.92
pg/ml for IL-17F, to the highest concentration of 716.87 pg/ml for IL-6, in the CM of SEN+
cells (Fig. 4B). Furthermore, nine of the proteins (LEPTIN, TGFA, IL8, EOTAXIN, IFNG,
VCAMLI, IFNB, IL4, and MCP1) were secreted greater than 10-fold more from SEN+ cells
compared to WT cells (Fig. 4C). The immune system processes (Gene Ontology, GO terms)
associated to all the identified SASP components are shown in Supporting Information
Table S2.

In order to verify whether the alterations found in radiation-induced senescent hMSCs were
representative for replication-induced senescence, we analyzed the expression of three major
components of the SASP (IL6, IL8, and MCP1) by real-time RT-PCR. Results demonstrated
that all three genes were also overexpressed in replicative-senescent hMSCs in comparison
with presenescent cells (Fig. 4D).

Genome-Wide Gene Expression Profile Analysis of Radiation-Induced Senescent hMSCs

To complement the secretome profile of hMSCs, we also measured global gene expression
of hMSCs in a parallel study. Microarray analysis (Agilent Whole Human Genome
Microarray Kit) indicated that a total of 5,975 protein-coding genes (of which 4,102
corresponded to annotated genes) were significantly regulated (adjusted p < .05) in hMSCs
10 days after irradiation, when compared with nonirradiated cells. Gene set enrichment
analysis using the PANTHER program revealed significant enrichment (Bonferroni multiple
test-corrected p-value < .05) for a wide variety of biological processes, including cell
communication and immune system process (Supporting Information Fig. S2). A detailed
analysis using the IPA software showed a predominant enrichment (Benjamini-Hochberg
multiple test-corrected p-value < .05) for biological functions involved in gene expression,
cell cycle, and cancer (Fig. 5A). Other significantly enriched functions included cell death,
cellular growth and proliferation, and cellular movement (Supporting Information Fig. S3).
The IPA analysis also showed a significant enrichment of canonical pathways involved in
cancer, cell cycle, and DNA repair (Fig. 5B). The regulated genes were mapped to a total of
25 networks (Supporting Information Table S5). The top functions related to the altered
networks were: cell assembly and morphology, cell cycle, and DNA replication,
recombination, and repair.

To identify miRNAs potentially regulated in senescent hMSCs, we obtained differential
miRNA expression profiles of SEN+ hMSCs versus nonirradiated cells (Agilent Human
microRNA Microarray v2.0). A total of 31 miRNAs were significantly altered in the SEN+
cells (adjusted p < .05, Supporting Information Table S6). The most prominently regulated
family of miRNAs was the hsa-miR-17 cluster; strikingly, all members of this family were
downregulated in SEN+ cells. Those miR-NAs prominently upregulated included
miR-629-3p, miR-572, and miR-135a-3p (Supporting Information Table S6). Analysis of
the miRNA microarray data with the IPA software showed a predominant enrichment
(Benjamini-Hochberg multiple test-corrected p-value < .05) for cellular functions involved
in cellular development, cell growth and proliferation, cell cycle, cell death, and DNA
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replication, recombination, and repair (Supporting Information Fig. S4A, refer Supporting
Information Fig. S5 for a full list of enriched biological functions). We also used the RNA22
tool to generate a list of putative targets for all the regulated miRNAs, and obtained a
nonredundant list of 5,148 genes (4,713 annotated). Of these, 3,543 were assigned to 17
known GO biological processes by the PANTHER program (Supporting Information Fig.
S4B). Many of these processes could play a relevant role during the development of hMSC
senescence. Interestingly, the second-highest score network identified through the use of
IPA in the gene expression microarray data share MY C as their nodal molecule (Fig. 5C), in
a network including 13 of the regulated miRNAs (Fig. 5D). Taken together, our results show
an extensive alteration in pathways related with cell proliferation and DNA damage
response in SEN+ hMSCs, which is consistent with injury through irradiation.

A Strong Inhibition of the AP-1 Pathway Is Associated with the Migratory Defect in
Senescent hMSCs

Based on our unpublished results, we hypothesized that the clear migration defect observed
in senescent hMSCs could be related to the inactivation of AP-1. AP-1 mediates the
response to a variety of extracellular stimuli and plays a key role in the regulation of diverse
processes such as differentiation, proliferation, and migration (reviewed in Angel et al.
[20]). When we measured the expression of the AP-1 components FOS and JUN (and their
phosphorylated forms) after stimulation of presenescent and both radiation- and replicative-
senescent hMSCs with macrophage-conditioned medium (previously used as a migratory
stimuli), we found that senescent hMSCs showed a marked decrease in the expression of
these proteins (Fig. 6A).

To ascertain whether this defect in AP-1 activation could be related to the migratory
impairment observed in senescent hMSCs, we evaluated FOS expression in an in vitro
wound-healing assay (see Supporting Information). The majority of presenescent wound-
edge cells showed a high FOS expression 90 minutes after the scraping of the cell
monolayer, whereas both irradiation- and replication-induced senescent wound-edge hMSCs
exhibited comparatively weak FOS levels after the same time (Fig. 6B). These results
demonstrate a close association of AP-1 inhibition with the impaired response of senescent
hMSCs to migratory stimuli.

Clinical Efficacy of hMSCs Correlates with the Expression Levels of Senescence-
Regulated Genes

Reminiscent of the results for our secretome profiling, it is recognized in the field that there
is significant donor-dependent variability in the biological properties of hMSCs, which may
limit their clinical value in allogeneic applications. Given our findings so far, we thought it
instructive to determine whether the differentially regulated gene functions in
experimentally induced cell senescence could correlate with the clinical efficacy of hMSCs.
We therefore performed microarray analyses of gene and miRNA expression in eight
different hMSCs isolates (C1 through C8) which are being used in an ongoing clinical study
(EudraCT number: 2009-011164-11). In this study, allogeneic MSCs obtained from bone
marrow samples of healthy donors are being used to treat patients diagnosed of refractory
severe acute or extensive GVHD.
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For statistical analysis, the eight donor hMSC samples were classified in two groups
depending on their clinical efficacy (see Supporting Information for a summary of the
clinical study and the major variables analyzed). Group 1 samples (Grl: C1, C2, C4, C5, and
C7) were those that induced a therapeutic response, either complete (C5), or partial (C1, C2,
C4, and C7) at the lowest dose used in the study. Group 2 samples (Gr2: C3, C6, and C8)
were those that did not elicit an effect that could be classified as a complete or partial
response (Supporting Information Table S7). As might be expected from cells isolated from
healthy donors and expanded under highly reproducible Good Manufacturing Practices cell
culture conditions, no significantly regulated (adjusted p < .05) gene functions (neither in
protein-coding genes nor miRNAs) were found when comparing Grl and Gr2. However, a
hierarchical cluster analysis of gene expression data revealed that two of the Gr2 samples
(C4 and C8) were more similar to the SEN+ samples than to the control (WT) samples
(Supporting Information Fig. S6). We then searched for genes differentially upregulated or
downregulated in both SEN+ and Gr2 samples compared with WT samples, but not
differentially expressed in Grl compared with WT or SEN+ samples. As shown (Fig. 7A),
PLEC (upregulated; logFC = 1.303) and C8orf48, TRPC4, and ZNF14 (downregulated; log
FC =-1.202, -3.005, and —1.220, respectively) were selectively regulated in both Gr2 and
SEN+ samples compared with WT hMSCs. None of these genes were similarly regulated in
Grl cells compared to SEN+ or WT cells, which precludes the possibility of these
differences being dependent on the slightly different culture conditions used for the clinical
(Grl and Gr2) and nonclinical samples (WT and SEN+).

When real-time RT-PCR was performed with the same RNA samples used for the
microarray experiments, only TRPC4 gave a statistically significant differential expression
(Fig. 7B). Similar results were obtained when the relative expression of PLEC, TRPC4, and
ZNF14 was evaluated in replication-induced senescent hMSCs (Fig. 7C). These results
indicate that TRCP4 deserves further study as a potential quantitative marker for pre-
evaluating the clinical efficacy of individual hMSCs samples used in future allogeneic
clinical applications.

Discussion

Human MSCs (hMSCs) display a potent in vivo immunoregulatory activity, and are used
with increasing frequency for cell therapy in the setting of autoimmune/inflammatory
responses. Therefore, understanding the physiological and pathological factors that affect
the immunoregulatory activity of hMSCs is of critical importance to develop safe and
effective strategies for the treatment of degenerative disorders with an inflammatory
component. Previous studies have clearly established that organismal aging correlates with a
certain level of functional decline in hMSCs (reviewed in Sethe et al. [21]), including the
reduction of proliferation, differentiation [22], and angiogenic [23] potential. This process
has been related to phenotype alterations observed in culture, such as: morphological
changes [24], reduction of telomere length [24, 25], expression of cell senescence markers,
for example, p53 and beta-galactosidase [26—28], reduction in a subset of signaling
molecules, for example, TGF-£and BMP2/4 [29], increased levels of proinflammatory
molecules such as IL-6 [30], differential expression of several miRNAs [31], increased
genetic damage [32], and decreased protection mechanisms such as repair [33] and
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antioxidant enzyme activities [34], and heat shock proteins [31]. However, a clear
understanding of this process and the specific mechanisms involved in age/senescence-
related loss of therapeutic potential in hMSCs is still lacking.

Here, we studied the potential relationship between the cell senescence process and the
immunoregulatory activity of hMSCs, and attempted to assess the relevance of cell
senescence markers as quantitative indicators for the clinical efficacy of hMSCs. We
focused our investigations on cell senescence because: (a) due to the prolonged expansion
regimens that are needed in the clinic to obtain sufficient amounts of hMSCs for therapy, it
is quite likely that a substantial proportion of cells may undergo senescence, and (b) it is
recognized that senescent human cells display important changes in their transcriptional and
secretory states that confer them with strong proinflammatory characteristics [19].

Cellular senescence is a normal biological process which functions to prevent the
proliferation of damaged cells, thus avoiding the transmission of damage to daughter cells. It
consists of an irreversible cell growth arrest initiated in response to a range of intrinsic and
extrinsic factors such as aging and exposure to stress. lonizing radiation is a genotoxic agent
that is able to induce cell senescence in a reproducible and persistent manner [35], without
triggering cell death mechanisms such as apoptosis [36]. Our data demonstrate that
radiation-induced senescence abrogates the protective immunoregulatory effect of h(MSCs in
a murine model of sepsis. Previous studies have shown that the mechanisms involved in the
strong in vivo anti-inflammatory effects of hMSCs include the reduction of inflammatory
cytokines and chemokines, the impairment of Thl cell expansion, the induction of
immunomodulatory macrophages, and the induction of regulatory T cells [6-10, 17, 37]. In
agreement with these findings, systemic administration of hMSCs elicited a significant
reduction in the serum and lung concentrations of TNFa and IL-6 in our murine model. In
contrast to data from other experimental models, we also observed a significant decrease in
serum levels of IL-10 [6-8, 17]. The absence of a protective phenotype in senescent hMSCs
correlated with the failure of these cells to cause significant reductions in cytokine levels in
animals compared to those administered with hMSCs. However, senescent hMSCs retained
some capacity for lymphocyte inhibition in vitro, and were comparable in their capacity to
modulate the activation of macrophages, both by paracrine action and by cell-to-cell contact.
Nevertheless, the migratory response of senescent hMSCs to signals from activated
macrophages was severely reduced. Collectively, these results strongly suggested that the
loss of in vivo immunoregulatory activity in senescent hMSCs is probably due mainly to
their reduced migratory potential, rather than a dysfunction in their signaling mechanisms.
Thus, administration of a senescent population of hMSCs in an inflammatory context could
be biologically comparable to the administration of a very low dose of WT hMSCs. Infused
senescent cells may modulate to a degree, the function of lymphocytes and macrophages,
but too few cells would be able to reach the sites of inflammation to achieve clinical benefit.
This reduction in the ability of senescent MSCs and other cell types to migrate has been
reported previously [38-41], and may be related to changes in the cytoskeleton [42]. Our
results suggest that this senescence-related migration defect could have important
implications for the clinical use of hMSCs, and could be mediated by the inactivation of the
AP-1 signaling pathway.
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Human cells induced to senesce through extended proliferation or by genotoxic stress
secrete many factors associated with inflammation (reviewed in Tchkonia et al. [10]). This
senescence-associated secretory phenotype (SASP) develops over several days, and is
triggered by persistent DNA-damage signaling [43]. The SASP described here for hMSCs
was complex, and showed significant variability between donors, making interpretation of
its potential biological effects challenging. Nevertheless, three proteins (IL-8, VCAM-1, and
MCP1) were secreted more than 10-fold in senescent cells compared to nonirradiated cells,
reaching levels greater than 100 pg/ml. IL-8 induces chemotaxis in neutrophils and other
granulocytes [44], and is a potent promoter of angiogenesis [45]. VCAM-1 mediates the
adhesion of leukocytes to vascular endothelium, and the level of its soluble form has been
frequently related to systemic inflammation [46, 47]. Finally, MCP1 (CCL2) is a
chemoattractant for monocytes and basophils and has a prominent role in several
inflammatory diseases, such as multiple sclerosis [48] and inflammatory bowel disease [49].
The increased levels of these three molecules alone, notwithstanding other secreted
proinflammatory mediators, strongly suggest that in vivo administration of senescent
hMSCs could exacerbate the inflammatory response at a systemic level and/or counteract
the anti-inflammatory effect of these cells as measured in vitro.

Cellular senescence changes profoundly the transcriptional profile of hMSCs [50, 51]. Our
microarray analysis detailed more than 5,000 genes, including 31 miRNAs, differentially
expressed (adjusted p < .05) in senescent hMSCs compared to control cells. Cellular
functions prominently altered in senescent cells included cell growth and proliferation, cell
cycle, cell death, and cellular movement. Furthermore, profiling of miRNA expression
revealed an upregulation of the miR-34 family, which has been previously reported to be
regulated by p53 and to induce cell senescence [52, 53]. In contrast, the miR-17 cluster was
downregulated in senescent cells, mirroring its expression in human aging [54]. In our study,
the pattern of senescence-regulated miRNAs was different from that previously reported in
similar studies [31, 51, 55]. Whether these differences are related to the different species
used, or are dependent on culture conditions or methods used to induce senescence
(replicative versus radiation), and so forth, remains to be determined.

Notably, a significantly downregulated gene in senescent hMSCs was the proto-oncogene
MY C, which also appeared as the nodal molecule in two of the highest scoring genetic
networks identified from the gene expression microarray. MY C is a transcription factor
whose activation by diverse mitogenic signals such as WNT, SHH, and EGF results in cell
proliferation. Moreover, reduced MY C signaling triggers telomere-independent senescence
by regulating BMI1 and CDKN2A [56]. Indeed, the relevance of MY C downregulation in
hMSC senescence has been highlighted in previous data [57]. Thus, our results support the
idea that radiation-induced MYC downregulation in hMSCs could be an important
mechanism for limiting the proliferation of damaged cells.

The complex transcriptional response triggered by senescence in hMSCs prevented any
meaningful analysis to identify specific markers that could be relevant for the therapeutic
efficacy of these cells. Also, our microarray data from hMSC cells used in an allogeneic
clinical study failed to identify a single regulated gene when comparing therapeutically
effective hMSC (Gr1) cells to clinically ineffective cells (Gr2). However, we did find that
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PLEC, C8orf48, TRPC4, and ZNF14 were similarly regulated in the latter group and in
senescent (SEN+) hMSCs, when compared with WT control cells. PLEC (plectin,
upregulated in both Gr2 and SEN+ compared to WT) is a cytoskeletal cross-linking protein
whose inhibition has been reported to bypass cellular senescence in rat embryo fibroblasts
[58]. It is also described to be a major early substrate for caspase-8, which is required for
actin reorganization during apoptosis [59]. The downregulation of TRPCA4 (a nonselective
calcium-permeable cation channel) is also biologically relevant in the context of senescence,
since it is known that replicative senescence leads to the suppression of calcium-dependent
membrane currents in human fibroblasts [60]. Reassuringly, real-time RT-PCR validated the
differential expression of TRPC4 in both radiation- and replication-induced senescent
hMSCs. Therefore, we tentatively suggest that these four genes should be considered in
further studies as potential markers for identifying hMSC samples with a low therapeutic
potential in allogeneic clinical applications.

Conclusions

This study provides evidence that cell senescence abrogates the protective activity of
hMSCs in an experimental model of lethal sepsis. Interestingly, this loss of efficacy was not
associated with a defect of hMSC-related inflammatory responses in vitro, but was possibly
the result of a reduction in their migratory capacity associated with an inhibition of the AP-1
pathway. Senescent hMSCs also adopted a senescence-associated-secretory phenotype,
directed to promote systemic inflammation. Candidate gene pathways dysregulated in
senescent hMSCs included MYC, miR-34 family, and miR-17 cluster. In particular, four
genes (PLEC, C8orf48, TRPC4, and ZNF14) were similarly regulated in senescent hMSCs,
and in hMSC cells that were therapeutically ineffective in an allogeneic GVHD clinical
study. The potential of these gene expression variations to act as markers for hMSC pre-
evaluation will be addressed in future studies to gauge the therapeutic potential of hMSCs
intended for use in clinical allogeneic applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PBMCs (10°) were cultured in triplicate with complete RPMI medium in the presence of
PHA (10 pg/ml), and with or without various numbers of bone marrow-derived hMSCs (0:1
to 1:5 MSC/PBMC ratios) from different donors (hMSC19, 33, 44, and 45) in flat-bottomed

96-well plates. After 72 hours of culture, proliferation was evaluated by colorimetric

measurement of BrdU incorporation. White bars, PBMC without hMSC; gray bars, PBMC
cocultured with wild-type hMSC; black bars, PBMC cocultured with senescent hMSC; NS,
non-stimulated PBMC. All data correspond to experiments performed using PBMCs from
the same donor. *, p<.05; **, p<.01; ***, p<.005, versus cocultures with nonsenescent
hMSCs. Error bars represent SEM. Abbreviations: hMSC, human mesenchymal stem cell;

PHA, phytohemagglutinin.
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Figure 2.
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Senescent hMSC:s fail to protect against lethal sepsis. Mice (10 mice/group) were injected
i.p. with LPS (400 pg/mouse) and treated i.p. with PBS or 108 hMSCs 30 minutes later.
Three different hMSC isolates (hnMSC19, 33, and 44) were used. WT, wild-type primary
hMSCs; SEN+, gamma-irradiated hMSCs; SEN-, telomerase-immortalized hMSCs. (A):
Survival was monitored every 12 hours. (B): Cytokine levels were determined by ELISA in
protein extracts from blood serum and lung collected 6 hours after LPS injection (7=15). *, p
<.05; **, p<.01; *** p<.005, versus controls with LPS alone. Error bars represent SEM.
Abbreviations: hMSC, human mesenchymal stem cell; LPS, lipopolysaccharide PBS,

phosphate buffered saline.
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Figure 3.

Senescent human mesenchymal stem cells (nMSCs) maintain their intrinsic
immunomodulatory activity on stimulated macrophages, but fail to migrate in response of
proinflammatory signals. (A): Macrophages (1 x 106 cells/well) were cultured in the
presence of LPS (1 pg/ml), alone (wo), or with hMSCs (2 x 10° cells/well). Macrophages
cultured in the absence of LPS and hMSCs (NS) were used as negative controls. The
experiment was performed with macrophages and hMSCs in the same well (upper panels) or
with the macrophages and hMSCs separated by a 0.8 um-pore transwell (lower panels).
Cytokine levels in the medium were determined after 24 hours, by ELISA. WT, wild-type
presenescent hMSCs; SEN+, gamma-irradiated hMSCs; SEN-, telomerase-immortalized
hMSCs. (B): 1.5 x 104 presenescent (WT) or gamma-irradiated (SEN+) hMSCs were used
in transwell migration assays in response to conditioned medium from LPS-stimulated
macrophages. (C): 1.5 x 10% presenescent (WT) or replicative-senescent (rSEN) hMSCs
were used in trans-well migration assays in response to conditioned medium from LPS-
stimulated macrophages. **, p<.01; ***, p<.005, versus controls. Error bars represent
SEM (n=3). Abbreviations: LPS, lipopolysaccharide; WT, wild type.
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Figure4.
Senescent hMSCs secrete higher levels of inflammatory mediators compared to WT cells.

(A): Soluble factors secreted by the indicated cells were detected by antibody arrays and
analyzed as described in the text, Materials and Methods, and Supporting Information. WT,
wild-type primary hMSCs; SEN+, gamma-irradiated hMSCs. For each protein, all signals
were averaged and used as the baseline. Signals higher than baseline are displayed in
yellow; signals below baseline are displayed in blue. The numbers in the heat map key
(right) indicate log 2-fold changes from the baseline. Only proteins significantly
oversecreted in SEN+ cells (p < .05; compared with WT cells) are represented. (B): Levels
of proteins (normalized to 10° cells per milliliter) significantly oversecreted in SEN+ cells
compared with WT cells. (C): Fold changes in the levels of proteins significantly
oversecreted in SEN+ cells compared with WT cells. When protein levels where under the
detection limit, a baseline of 0.1 pg/ml was considered. (D): Relative expression levels of
the major SASP components IL6, IL8, and MCP1 were quantified by real-time RT-PCR in
three different isolates of presenescent and replicative-senescent hMSCs. a-Tubulin was
used as endogenous control. *, p<.05; **, p<.01; ***, p<.005, versus controls. Error bars
represent SEM (7= 3). Abbreviations: hMSC, human mesenchymal stem cell; WT, wild

type.
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Role of CHK Proteins in Cell Cycle Checkpoint Control
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Gene function alterations found in SEN+ human mesenchymal stem cells (hMSCs). (A):

Genes significantly regulated in SEN+ hMSCs (multiple-test adjusted p-value < .05) in

comparison with nonirradiated (WT) cells were analyzed using IPA (Ingenuity Systems,
www.ingenuity.com). Graphs show the top five functional categories altered in each of the
three IPA major BioFunction groups. The full list of biological functions significantly
regulated is shown in Supporting Information Figure S3. (B): Significantly regulated IPA
canonical pathways (Benjamini-Hochberg multiple test-corrected p-value < .05). (C): Top
network generated using IPA from the list of differentially expressed miRNAs (SEN+ vs.
WT hMSCs). Major functions associated with this network are: cancer, reproductive system
disease, and connective tissue disorders. Regulated genes appear shaded in green
(downregulated) or red (upregulated). (D): Second most significant network found in the list
of differentially expressed genes (SEN+ vs. WT hMSCs). Major functions associated with
this network are: cellular assembly and organization, cell cycle, and DNA replication,
recombination, and repair (Supporting Information Table S5).
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Figure®6.

Senescent human mesenchymal stem cell (nMSC) shows a strong inhibition of the AP-1
pathway in response to migratory stimuli. (A): Western blot analysis of AP-1 components
FOS, JUN, and their phosphorylated forms after treatment of presenescent (pre) or senescent
(SEN) hMSCs with conditioned medium from LPS-stimulated macrophages at indicated
times (minutes). Representative results from at least three experiments are shown. (B):
Analysis of FOS activation at the wound edge. A scratch in a monolayer of presenescent
(pre), radiation-induced senescent (SEN+), and replication-induced senescent (fSEN)
hMSCs was made as described in Supporting Information. At the indicated times after
scratching (30 or 90 minutes), the cells were fixed, permeabilized, and stained with an anti-
FOS antibody and the corresponding Cy5-labeled secondary antibody (red). Cell nuclei were
counterstained using DAPI (blue). Representative fluorescence microscopy images with
merged DAPI and Cy5 signals are shown. White dotted lines indicate the cell migration
front (wound edge). White arrows point to some cell nuclei expressing FOS. Scale bar = 100
um.
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Figure?7.

Four genes in the microarray analyses appear selectively regulated in both senescent and
therapeutically ineffective hMSCs. We searched for genes differentially upregulated or
downregulated in both SEN+ and Gr2 samples (therapeutically ineffective) compared with
WT samples, but not differentially expressed in Grl (therapeutically effective) compared
with WT or SEN+ samples. (A): Venn diagrams show the number of RNA probes
differentially expressed (adjusted p < .05) in each cell population, analyzed with the Agilent
Whole Human Genome Microarray Kit. For SEN+ and WT, n= 4, for Grl, n=5; for Gr2, n
= 3. (B): Relative expression levels of PLEC, TRPC4, and ZNF14 (endogenous control
GAPDH) measured by real-time RT-PCR. The samples used were the same as those used
for the microarray analysis. WT (average) was used as a calibrator for SEN samples, and
Gr1 (average) was used as a calibrator for Gr2 samples. (C): Relative expression levels of
PLEC, TRPC4, and ZNF14 (endogenous control GAPDH) measured by real-time RT-PCR
in three different isolates of replicative-senescent h(MSCs. *, p< .05; **, p<.01; ***, p<.
005, versus presenescent samples. Error bars represent SEM (7= 3). Abbreviations: hMSC,
human mesenchymal stem cell; WT, wild type.
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