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Abstract
Bone marrow!derived stromal cells or mesenchymal stromal cells (BMSCs or MSCs, as we will call them in this work) are
multipotent progenitor cells that can differentiate into osteoblasts, adipocytes and chondrocytes. In addition, MSCs have been
shown to modulate the function of a variety of immune cells. Donor age has been shown to affect the regenerative potential, dif-
ferentiation, proliferation and anti-inflammatory potency ofMSCs; however, the impact of donor age on their immunosuppres-
sive activity is unknown. In this study, we evaluated the ability of MSCs derived from very young children and adults on T-cell
suppression and cytokine secretion by monocytes/macrophages. MSCs were obtained from extra digits of children between 10
and 21 months and adults between 28 and 64 years of age. We studied cell surface marker expression, doubling time, lineage
differentiation potential and immunosuppressive function of the MSCs. Young MSCs double more quickly and differentiate
into bone and fat cells more efficiently than those from older donors. They also form more and dense colonies of fibroblasts
(colony forming unit!fibroblast [CFU-F]). MSCs from both young and adult subjects suppressed T-cell proliferation in a
mitogen-induced assay at 1:3 and 1:30 ratios. At a 1:30 ratio, however, MSCs from adults did not, but MSCs from infants did
suppress T-cell proliferation. In the mixed lymphocyte reaction assay, MSCs from infants produced similar levels of suppres-
sion at all three MSC/T-cell ratios, but adult MSCs only inhibited T-cell proliferation at a 1:3 ratio. Cytokine analyses of co-
cultures of MSCs and macrophages showed that both adult and young MSCs suppress tumor necrosis factor alpha (TNF-a)
and induce interleukin-10 (IL-10) production in macrophage co-culture assay in a similar manner. Overall, this work shows
that developingMSCs display a higher level of immunosuppression than matureMSCs.
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Introduction

Bone marrow!derived mesenchymal stromal cells
(BMSCs) are a heterogeneous [1] population of self-
renewing, multi-potent progenitor cells that are eas-
ily separated from bone marrow (BM)BM by their
adherence to plastic with potential to differentiate
into osteoblasts, adipocytes and chondrocytes [2].
This has led to their use in tissue engineering. Inter-
estingly, MSCs also have immune modulatory effects
[3] that were exploited clinically [4] years before they
were studied in detail. The immune modulatory

function first was used in the treatment of graft-ver-
sus-host disease (GVHD) [4,5] and later in other
autoimmune diseases [6,7]. Many studies have since
focused on the immunomodulatory potential of
MSCs in both animal models and humans [8]. The
cells seemed beneficial in several animal models of
inflammatory and immune disorders including sys-
temic lupus erythematosus (SLE) [9], multiple scle-
rosis [10], autoimmune type 1 diabetes [11], asthma
[12], sepsis [13], pulmonary fibrosis [14], primary
biliary cirrhosis [15], autoimmune myasthenia gravis

Correspondence: Eva Mezey, MD, PhD, DSc, Adult Stem Cell Section, National Institute of Dental and Craniofacial Research, National Institutes of Health,

Bldg 30, Room 523, 30 Convent Dr, Bethesda, MD 20892, USA. E-mail: mezeye@nidcr.nih.gov

(Received 28 June 2018; accepted 29 November 2018)

ISSN 1465-3249 Copyright Published by Elsevier Inc. on behalf of International Society for Cellular Therapy.
https://doi.org/10.1016/j.jcyt.2018.11.008

ARTICLE IN PRESS

Cytotherapy, 2018; 00: 1!14



[16] and stroke [17]. MSCs are being tested as treat-
ments for GVHD [5,18,19], SLE [20,21] and multi-
ple sclerosis [22,23].

There have been many studies exploring the
mechanism of MSC-driven immune-modulation, yet
the phenomenon is still incompletely understood.
MSCs have immunosuppressive and anti-inflamma-
tory effects that likely depend on several different
mechanisms including cell contact!dependent
secretion of soluble factors [24,25]. Several of these
factors suppress the production of proinflammatory
cytokines (e.g., interferon-g [IFN-g], tumor necrosis
factor-a [TNF-a], interleukin [IL]-1a or IL-1b) and
shift the immune system to an anti-inflammatory sta-
tus. The factors secreted by MSCs that induce these
changes include transforming growth factor (TGF)b
1 [12,26], prostaglandin E2 (PGE2) [13], hepato-
cyte growth factor (HGF), indoleamine-pyrrole 2,3-
dioxygenase (IDO) [26], nitric oxide (NO) [27] and
IL-10 [6,26]. In addition to secreting soluble factors,
the immune modulatory function of MSCs is also
mediated by extracellular vesicles (EVs) [28]. EVs
contain proteins, peptides, messenger RNA
(mRNA), microRNA and lipids, which all can play a
role in immune-regulation. EV administration in
GVHD [29] and sepsis [30] has been shown to alle-
viate symptoms. The MSCs’ immune-modulatory
function is exerted at the sites of inflammation and is
also regulated by cells and factors present in the local
microenvironment. In acute inflammatory condi-
tions in the tissue, high concentrations of local
inflammatory cytokines are present and these stimu-
late the MSCs’ immune-modulatory activities. How-
ever, in chronic inflammation, the cytokine levels are
lower and may not be sufficient to induce the
immune-modulatory functions of MSCs [31].

MSCs have been isolated from a variety of sour-
ces and many species. There are many similarities
and some differences among these MSCs, but there
is no indication that the immune suppressive proper-
ties of BMSCs would be dependent on the different
skeletal origin of the BM [32,33]. A recent equine
study suggested that, in an inflammatory environ-
ment, MSCs from different sources are likely to
respond similarly [34].

MSCs can inhibit T-cell proliferation, reduce
their survival and induce regulatory T cell (Treg)
production [35]. MSC-driven T-cell suppression
seems to result from a combination of cell contact
and release of soluble factors [6]. It has been
reported that the number of MSCs in the BM
decreases with age [36] along with their ability to
proliferate, differentiate and produce cytokines
[37!39]. Changes in gene expression were described
in the MSC population during aging [40] in the adult
population (17!84 years). We wanted to study the

impact of age on the immunomodulatory function of
MSCs derived from bones in extra digits of infants
10!21 months of age (called “young MSCs”) com-
pared with those isolated from adults. We also com-
pared their cell surface marker expression, lineage
differentiation potential and immune suppressive
activity. Young MSCs appear to divide more quickly,
differentiate more efficiently and suppress immune
function more effectively than adult MSCs do.

Materials and methods

Reagents

All reagents used in this study were obtained from
Sigma-Aldrich unless noted. Carboxyfuorescein succi-
nimidyl ester (CFSE) and Concanavalin A (Con A)
were purchased from Santa Cruz Biotechnology.
Cluster of differentiation 3-Allophycocyanin (CD3-
APC) antibody and 7-aminoactinomycin D (7-AAD)
were purchased from eBioscience. All other flow
cytometry antibodies are from BD Biosciences, USA
(Supplementary Table 1).

Isolation and culture of BMSCs

MSCs are usually separated from the aspirate or tissue
by their preferential adherence to plastic. Infant and
adult MSCs were isolated from surgically resected
polydactylous (i.e., extra) digits or from iliac crest
biopsy specimens, respectively. Adult MSCs from
healthy donors were obtained from the Bone Marrow
Stromal Cell Transplantation Center of the National
Institutes of Health (NIH) and cultured as described
earlier [41] (institutional review board [IRB]!
approved protocol NCT01071577). These MSCs
were grown from marrow aspirated from the iliac
crest. Young human MSCs were obtained from extra
digits removed electively from healthy infants between
10 and 21 months of age with polydactyly of the
hands or feet (approved by IRB P00006257). All sam-
ples are de-identified. Four different donor samples
were obtained (two toes and two fingers) from
patients clinically diagnosed with isolated, non-syn-
dromic polydactyly (i.e., extra digits were identified,
but no other pathology was found). The bones were
mechanically cleaned of all fibrous tissue and cut into
small pieces before being digested in collagenase type
IV for 30 min. Cells and the digested bone fragments
from the digest were then collected and plated in sepa-
rate dishes. Cells from both culture dishes were com-
bined; this combined fraction is used as one “young”
MSC donor. Each donor sample is kept separate. The
culture medium used was Minimum Essential
Medium eagle - alpha modification (a-MEM) with
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20% fetal bovine serum (FBS), 1% penicillin (Pen)/
streptomycin (Strep) and 1% Glutamine.

Population doubling

To determine the population doubling time, MSCs
were initially seeded at 3000 cells/cm2 in a 100-mm
plate and counted after 96 h. Cell population doubling
time was calculated using the formula DT= t (log2)/
(logNt¡ logNo), where t represents the culture time,
and No and Nt are the initial and final cell numbers
before and after seeding, respectively [42].

Immunophenotypic analysis

MSCs at passage five underwent immunophenotypic
analyses based on flow cytometry with accepted
markers. The following antibodies were used: Cluster
of differentiation 13-allophycocyanin (CD13-APC),
Cluster of differentiation 34-Fluorescein isothiocya-
nate (CD34-FITC), Cluster of differentiation 44-
phycoerythrin (CD44-PE), Cluster of differentiation
45-allophycocyanin (CD45-APC), Cluster of differ-
entiation 73-Phycoerythrin (CD73-PE), Cluster of
differentiation 90-Phycoerythrin (CD90-PE), Cluster
of differentiation 105-Fluorescein isothiocyanate
(CD105-FITC), human leukocyte antigen I- allophy-
cocyanin (HLA-I-APC) and HLA-II-PE. Isotype
antibodies were used as controls (Supplementary
Table 1). A minimum of 50,000 events were acquired
using a BD AccuriC6 flow cytometer (BD Bioscien-
ces). The data collected were analyzed using FlowJo
software (BD). Normalized median fluorescence
intensity (nMFI) was calculated using FlowJo soft-
ware as previously published [43].

Lineage differentiation

Osteogenic differentiation
MSCs were cultured in a-MEM with 10% FBS, 1%
Pen/Strep and 1% Glutamine. Cells were plated at
25 000 cells per well in six-well plates. When the
cells reached confluency, osteogenic differentiation
media was added containing 10 nmol/L dexameth-
asone, 50 mg/mL of ascorbate-2-phosphate and
2 mmol/L of b-glycerophosphate. The medium was
changed every 3 days for 21 days, at which time the
cultures were stained with alizarin red to identify
bone formation [44].

Adipogenic differentiation
MSCs are cultured in Dulbecco’s Modified Eagles’s
Medium (DMEM) high glucose with 10% FBS. Cells
were plated as described and at confluency they were
differentiated to adipocytes as previously described
[45] with modifications. The differentiation was

achieved by adding 5 mmol/L piglitazone for 4 days,
removing it and culturing the cells for 6 additional
days. The culture medium was changed every 2 days.
On day 10, the cells were stained with oil red O.

Colony forming unit!fibroblast assay

Colony forming unit!fibroblast (CFU-F) assay was
performed by seeding 500 cells per 100-mm plate.
The cells were cultured in a-MEM with 20% FBS,
1% Pen/Strep, 2 mmol/L Gluta-MAX (Thermo-
Fisher), 1 mmol/L sodium pyruvate and 55 mmol/L
b-mercaptoethanol. The medium was changed on
day 6, and on day 14 the cells were fixed with 10%
neutral buffered formalin and stained with 0.5%
crystal violet. Colony counting was performed using
Image J (NIH) after the plates were all scanned. Col-
ony size and density were quantified as previously
described using Image J (V1.34i; NIH) [46].

T-cell proliferation assays

Mitogen induced T-cell proliferation assay
Peripheral blood mononuclear cells (PBMCs) used in
this study are frozen. We obtained fresh isolated
PBMCs from the National Institute of Dental and
Craniofacial Research (NIDCR) flow cytometry core
facility and froze the cells for later use in freezing
media containing Iscove’s Modified Dulbecco’s
Medium (IMDM) with 40% FBS and 10% dimethyl
sulfoxide (DMSO). The viability after thawing is
92!96%. MSCs and PBMCs were co-cultured in
Roswell Park Memorial Institute-1640 (RPMI-1640)
media with 10% heat-inactivated FBS, 2 mmol/L glu-
tamine, 10 mmol/L 4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid (HEPES), 1 mmol/L sodium
pyruvate, 1£ nonessential amino acids and 1% Pen-
Strep (T-cell media). At first, young and adult MSCs
(at passage five) were seeded at 1£ 105, 1£ 104,
cells/well in T-cell medium. After an overnight incu-
bation, 3£ 105 CFSE-labelled PBMCs per well were
added to reach a final MSC:PBMC ratio of 1:3 or
1:30, respectively. The co-cultures were stimulated
with 5 mg/mL of concanavalin A (ConA) [47] for 96 h
at which time T-cell proliferation was determined
using CFSE dye dilution of CD3-positive cells using
an AccuriC6 flow cytometer. The gating strategy has
been described previously [47].

Mixed lymphocyte reaction assay
PBMCs from three random donors were pooled and
stained with CFSE; the pooled cells were used as
responder cells [48]. For stimulator cells, one
donor’s PBMCs were used without CFSE stain. The
MSC:PBMC ratios were the same as in the mitogen
assay. Flow cytometry analysis was done using CD3
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as a T-cell marker and CFSE for monitoring prolifer-
ation on day 7, without additional stimulus.

TNF-a and IL-10 cytokine secretion assay

MSCs for cytokine assay were cultured in a-MEM,
supplemented with 10% FBS, 1% GlutaMax and
1% Pen-Strep (MSC medium). THP monocytes
were obtained from ATCC. RPMI-1640 was supple-
mented with 10% FBS, 1% Pen-Strep and 50 mmol/
L b-mercaptoethanol (macrophage medium). For
the cytokine production assay, 10,000 adult and
young MSCs (passage five) were seeded with
100,000 THP-1 cells per well in 200 mL of macro-
phage medium. A large portion of the THP-1 cells
adhered to the plate and spontaneously took on mac-
rophage characteristics [49]. The enzyme-linked
immunosorbent assay (ELISA) was done in quadru-
plicate. Cells were allowed to adhere overnight and
then were stimulated with 1 mg/mL of lipopolysac-
charide (LPS). For TNF-a production assay, the
culture media were collected at 6 h after stimulation
with LPS. For the IL-10 production assay, the cul-
ture media were collected after 24 h of stimulation.
The collected culture media was either stored tem-
porarily at ¡20˚C or used immediately for ELISA to
determine IL-10 and TNF-a levels using DuoSet
ELISA (R&D Systems; used according to the manu-
facturer’s instructions). The co-cultures of both the
young and adult MSCs were performed using 4
donors each, with and without LPS stimulation.
With no LPS stimulation the cytokines were not
detectable at all (TNFa) or were just below or at the
lowest detectable standard (IL-10).

RNA sequencing and analysis

For RNA sequencing the cultured cells (young and
adult MSCs) were prepared using TRIzol extraction
(Fisher Scientific, 15-596-018) following the recom-
mendations of the manufacturer. RNA integrity was
assessed using a Fragment Analyzer (Advanced
Analytical). RNA was converted into full-length
complementary DNA (cDNA) using the SMART-
seq UltraLow v4 kit (Clontech) and Illumina cDNA
sequencing libraries were prepared using the Nextera
XT kit (Illumina). Libraries were sequenced on an
IlluminaHiSeq 1500 sequencer, on 126!base pair
(bp) paired-end mode. Raw sequences underwent
initial quality control analysis and were then aligned
to the mouse GRCm38 genome version with STAR
v2.5.2a. Raw gene read counts produced by STAR
were filtered to remove low-expressing genes and fur-
ther processed in R (R Development Core Team,
2011) using the EdgeR package [50] and the
START application [51]. A subset of genes involved

in hematopoietic and neural crest development was
examined with both RNA sequencing and quantita-
tive reverse transcription PCR (RT-qPCR) to yield
multiple, cross-supporting data sets.

RNA isolation and quantitative PCR

To confirm RNAseq results, we used qPCR to detect
genes of interest. Total RNA was isolated from cells
and purified using the Arcturus PicoPure RNA isola-
tion kit (ThermoFisher) according to the manufac-
turer‘s recommendation. On-column DNA digestion
was performed using Qiagen DNase (RNase free
DNase kit; Qiagen) at room temperature for 30 min.
Isolated total RNA was reverse transcribed using
oligo-dT primers and Moloney-murine leukemia
virus reverse transcriptase according to the instruc-
tions of the manufacturer (Promega). The resultant
cDNA was amplified with QuantiTect SYBR Green
RT-PCR kit (Qiagen) using the StepOnePlus Real
Time PCR System (Applied Biosystems). The
expression data were normalized to the housekeeping
gene (HPRT). Relative gene expressions were calcu-
lated as the average of three (n = 3) threshold cycle
numbers (Ct) compared with glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) expressions: calcu-
lated as DDCt. For primer sequences and target
gene bank accession numbers, see Supplementary
Table 2.

Statistical analysis

All values are expressed as standard error of the
mean (SEM) of four donors for each young and
adult MSCs. Statistical significance was assessed
using either student t test or one-way analysis of vari-
ance (ANOVA) followed by Tukey post hoc testing
using Prism 7 (GraphPad Software). P values are as
follows: *P < 0.05, **P < 0.01, ***P < 0.001 and
****P < 0.0001.

Results

Immunophenotype, differentiation, proliferation and
clonogenic potential of MSCs

Flow cytometric analysis of young and adult MSCs
confirmed that both types of MSCs were negative
for hematopoietic markers CD45 and CD34. More
than 95% of the cells in both populations expressed
MSC markers CD73, CD13, CD44, CD105 and
CD90. HLA-I expression in young MSCs was
about half that in adult MSCs. The percentage of
cells that express these markers was not different
among donors (Figure 1A and 1B). It has been
reported that measuring nMFI is more accurate in
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Figure 1. Phenotypic expansion and lineage differentiation differences between adult and young MSCs. (A) Flow cytometry analysis of

adult and young MSCs at passage 5. Cells were labeled with negative markers, CD45, CD34 and HLA-II, and positive markers, CD13,

CD44, CD90, CD73, CD105 and HLA-I. The values represent the mean percentage of all four donors, and graphs were done with these
values. Red line (adult MSCs), blue line (youngMSCs) and filled black indicate isotype control. (B) The graph represents the mean percent-

age of positive marker from all four donors. (C) nMFI quantification of the positive surface markers. (D) Adipogenic differentiation was indi-

cated by neutral lipid accumulation stained with oil red O staining. Osteogenic differentiation was indicated with calcium deposition stained

with alizarin red stain of adult and young MSCs. Young MSCs show higher adipogenic and osteogenic potential compared with adult
MSCs. (E) Average doubling time of adult and young MSCs. Error bars represent mean § SEM; n = 4; ***P < 0.001; ns, not significant;

scale bar equals 100 mm.
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describing the expression of markers in the popula-
tion [43]. The nMFI of MSC-specific positive sur-
face markers are shown in Figure 1C. The
expression of CD44 and CD73 are significantly
increased in the young compared with the adult
MSCs. Both young and adult MSCs were differen-
tiated into osteoblast and adipocytes and young
cells differentiated more efficiently than those from
adults did (Figure 1D). To analyze the proliferative
capacity of the cells, population doubling times
were calculated. Young MSC mean population
doubling time is 24 h compared with 34 h of adult
MSCs (Figure 1E), indicating increased prolifer-
ative potential of the young MSCs. To assess the
clonogenic potential of the cells, CFU-F assays
were done [2]. As seen in Figure 2A and 2B, the
total number of CFU-F colonies was higher in

young MSCs compared with adult ones. The CFU-
F colonies varied in size and morphology. Large,
dense (LD) colonies were typical of cells with high
proliferation rates and low mobility [46]. The num-
ber of LD CFU-F was significantly more in young
than adult MSC cultures (Figure 2C). Overall,
these results suggest that young MSCs have higher
proliferation and differentiation capacity than adult
MSCs.

Young MSCs are more immunosuppressive than adult
MSCs

To test the potential of adult and youngMSCs to sup-
press T-cell proliferation, we used PBMCs in mitogen
stimulation and mixed lymphocyte reaction (MLR)
assays. PBMCs were labelled with CFSE and the cell

Figure 2. CFU-F assay. (A) Five hundred cells of adult and young MSCs were seeded per 100-mm plate. After 10 days, the plates were

stained with crystal violet. Pictures are crystal violet!stained plate of CFU-F assay performed on four donors, adult MSCs (A1!A4) and
young (Y1!Y4). (B) Quantification of total colony number. There is significant donor variation in between the samples. (C) Colony mor-

phology was assessed by size and density. Large diameter (>2.5 mm) and dense cell growth (>80% confluency); the graph shown is quantifi-

cation of large and dense (LD) colony number. Error bars represent mean § SEM; n = 4; *P< 0.05; **P< 0.01.
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division was measured using CFSE dye dilution in
gated T-cell population [39], in the presence of young
and adult MSCs from different donors at 1:3 and
1:30 (MSCs:PBMCs) ratios. For mitogen stimulation
assay, the co-cultures were stimulated with Con A
[38]. After 72 h, flow cytometric analysis of T-cell
proliferation showed that adult MSCs at a ratio of 1:3
significantly inhibited T-cell proliferation compared
with cultures without MSCs. However, at a concen-
tration of 1:30, no suppression of T cells was observed
(Figure 3A; Supplementary Figure 1A). YoungMSCs
at a concentration of 1:3 also significantly inhibited
T-cell proliferation compared with cultures without
MSCs. In contrast to adult MSCs, Y1 and Y3 MSCs
at a 1:30 ratio were able to suppress T-cell prolifera-
tion (Figure 3B; Supplementary Figure 1B).

In the MLR assay, A1, A2 and A3 adult MSCs
donors (Figure 4A; Supplementary Figure 2A) at a
1:3 ratio significantly inhibited T-cell proliferation,
but the A4 donor did not inhibit T-cell proliferation
at this ratio. However, at a ratio of 1:30, the A1 and
A2 donors did not suppress T-cell proliferation; A3
and A4 significantly suppressed T-cell proliferation.
Young MSCs inhibited T-cell proliferation at both
1:3 and 1:30 ratios (Figure 4B; Supplementary
Figure 2B). A significant donor variation was
observed within both young and adult MSCs in both
mitogen and MLR assays. Together, these results
indicate that young MSCs are more potent in sup-
pressing T-cell proliferation than adult MSCs.

Effect of age on secretion of IL-10 and TNF-a by co-
cultured macrophages

We next examined the potential of adult and young
MSCs to regulate macrophage effector (TNF-a) and
regulatory (IL-10) cytokine production following
LPS stimulation [13]. THP-1 (monocytic) cells were
co-cultured with MSCs and stimulated with LPS.
Analysis of the co-culture supernatant showed that
the THP-1 cell-derived IL-10 production signifi-
cantly increased (3- to 4-fold) when MSCs were in
the culture (Figure 5A). At the same time, TNF-a
(pro-inflammatory cytokine) production was signifi-
cantly suppressed (4-fold) by both adult and young
MSCs compared with the no MSCs condition. In
this assay, both young and adult MSCs performed
equally well (Figure 5B), suggesting that the mecha-
nism underlying this effect is not affected by aging.

Differences in gene expression profiles

We used RNAseq to look for differences in gene
expression between young and old donors by using
two samples from each age group. The initial charac-
terization of the RNASeq dataset (by principal com-
ponent analysis, multidimensional scaling analysis,
sample to sample correlation analysis and unsuper-
vised clustering) revealed that most of the variance
across samples could be explained by donor-to-
donor variation. Analysis of differential gene

Figure 3. YoungMSCs are more potent in inhibiting mitogen-induced T-cell proliferation. CD3 T-cell proliferation was evaluated using the
CFSE dilution method. CFSE-labelled PBMCs were stimulated with Con A (5 mg/mL) in the presence or absence of MSCs. MSCs to

PBMCs ratios used are 1:3 and 1:30. (A) The data presented is the percentage of CFSE+CD3+ cells; (B) adult MSCs; (C) young MSCs.

Error bars represent mean § SEM; n = 4; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant.
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expression returned a large number of differentially
expressed (DE) genes (Supplementary Table 3).
Most of these have roles in differentiation, migration
and growth based on enrichment and gene ontology
analyses. This was not unexpected because there
were significant age differences among the donors. It
precluded more in-depth analyses because the data-
set was heavily biased by this fact. We might have
been able to reduce the impact of noise by increasing
the number of samples studied, but this was not pos-
sible because it is difficult to obtain many samples
from affected children. With more samples, process-
relevant variation will persist, but irrelevant genes
will vary across samples and this variation will dimin-
ish their significance, yielding a cleaner dataset with
a smaller number of more relevant genes across con-
ditions. Because we could not easily obtain addi-
tional samples to study, we decided to focus our
analysis on qPCR data instead of the RNASeq
results. Based on the RNAseq results, we used quan-
titative PCR to confirm the observed differences
indicated by RNAseq (Figure 6). The graph shows
fold change differences compared with the average of
adult MSCs. The highest up-regulated gene was
TSG-6 (TNAIP6). Four of five young donors
showed an over 20-fold up-regulation of this gene
(Figure 6). Two additional genes that are up-

regulated 6- to 7-fold in young donors are hepatic
growth factor (HGF) and pro-enkephalin (PENK),
whereas cyclooxygenase 1 (COX1), cyclooxygenase
2 (COX2) and suppressor of cytokine signaling 3
(SOCS3) showed a 2- to 3-fold increase in the young
cells. Down-regulated genes included prostaglandin
E synthase (PTGES), pregnancy-specific glycopro-
tein (PSG4) and leukemia inhibitory factor (LIF-1).
No change was detected in the expression of heme
oxygenase 1 (HMOX1), heme oxygenase 2
(HMOX2), programmed death-ligand 1 (PDL1),
indoleamine 2,3-dioxygenase (IDO), C3a anaphyla-
toxin chemotactic receptor (C3AR1), IL-6 and
Major Histocompatibility Complex, Class II, DM
Beta (HLADMB) genes. These results confirm that
there are donor variations in the reported immuno-
suppressive genes.

Discussion

In the first of our studies, we found that young MSCs
proliferate and differentiate into osteoblasts and adi-
pocytes more efficiently than adult MSCs do. This
was not unexpected; aging correlates with a decrease
in stem cell numbers in a variety of tissues as well as a
reduction in their capacity to proliferate [36]. The
high proliferative potential of young MSCs along with

Figure 4. Young MSCs show strong immunosuppressive capacity in MLR assay. CD3 T-cell proliferation was evaluated using the CFSE

dilution method in the MLR assay, in the presence or absence of MSCs at various concentrations of MSCs. Effect of MSCs on T-cell prolif-
eration was measured on day 7. (A) The data presented is the percentage of CFSE+CD3+ cells; (B) adult MSCs; (C) young MSCs. Error

bars represent mean § SEM; n = 4; *P < 0.05; **P < 0.01; ***P < 0.001; ****P< 0.0001; ns, not significant.

ARTICLE IN PRESS

8 V.D. Myneni et al.



a reduction in their migratory behavior was reflected
in their formation of large-size CFU-F colonies com-
pared with adult MSCs. The LD-CFU-F colonies
represent high proliferation and less migratory poten-
tial of the young MSCs. These colonies have been
reported to make less alkaline phosphatase (AP) [46],
an osteoblast marker, but we observed that young
MSCs differentiate efficiently into both osteoblasts
and adipocytes. This is in agreement with a previous
description of adipose-derived stem cells, cells with
low AP activity that also readily differentiate into
osteoblasts and adipocytes [52]. BM stromal cells
have been in clinical use for over a decade as immune-
modulators [5,7,53]. Immunomodulation by MSCs
may be related to their differentiation potential.
MSCs injected into wounds during healing modu-
lated immune responses and tissue regeneration [54],
minimizing tissue damage due to inflammation and
facilitating reparative and regenerative processes.

Next, we compared the immunomodulatory
functions of young MSCs with adult MSCs. We
examined the immunomodulatory potential of young
versus adult MSCs using mitogen-stimulated T-cell,
MLR and cytokine production assays. MSCs
obtained from 10- to 21-month-old children were
more efficient in suppressing immune functions than
adult MSCs. This is in agreement with previous
reports that donor age influences stem cell prolifer-
ative capacity, differentiation potential, and cytokine
production [36,37,39] although Landgraf et al.
found that the inhibitory effect of MSCs on T-cell
proliferation is preserved in old age [55]. Unlike the
authors cited above, we wanted to compare the abil-
ity of MSCs from developing BM of very young chil-
dren with those from adults.

To try to mimic physiological state as much as pos-
sible, we chose an assay to study immunosuppressive
effects where no irradiation of MSCs or PBMCs has to

Figure 5. Both young and adult MSCs are equipotent in inhibiting TNFa secretion and promoting IL-10 production. Adult and young

MSCs were directly co-cultured with LPS-stimulated THP-1 cells. Cell culture media were collected, and ELISA was done for IL-10 (A),
and TNFa (B). Error bars represent mean § SEM; n = 4; ****P < 0.0001.

ARTICLE IN PRESS

Immunomodulation of bone marrow stromal cells 9



be used. In mitogen-induced T-cell proliferation assay,
we observed that both adult and young MSCs show
significant inhibition of T-cell proliferation at a MSCs:
PBMCs ratio of 1:3 and 1:30. However, we did not see
dose-dependent changes (i.e., higher suppression with
1:3 versus 1:30 ratio) in either age, most likely due to
the fact that without irradiation the proliferation of
MSCs might cause an over-crowding, affecting our
results. The interesting fact is that at a ratio of 1:30
(when this is not a problem anymore due to the relative
rarity of MSCs) two donors of young MSCs still
showed a significant immunosuppression, indicating a
higher potency of youngMSCs in this assay.

Our MLR assay was a two-way MLR assay with
minimal cell manipulation to make it as close to
physiological conditions as possible. The true poten-
tial of young MSCs was more obvious in this MLR
assay than the previously described mitogen-induced
assay. We do not believe that the observed effect on
T-cell proliferation was falsely diminished due to T-
cell competition for nutrients because the color of
the culture medium did not show exhaustion at any
point during the assay.

In contrast to the differences seen in T-cell sup-
pression between young and adult MSCs, our cyto-
kine assay showed no difference between young and
adult MSCs. In this assay we cultured THP-1 cells
together with MSCs and measured the cytokine lev-
els in the media following LPS stimulation. The

assay has been used in earlier studies in mice [13] to
show that MSCs can change the character of macro-
phages from pro-inflammatory (M1) to anti-inflam-
matory (M2). Human MSCs have also been shown
to alter the character of cultured human peripheral
blood monocyte-derived macrophages that increase
IL-10 and decrease TNF-a [56]. In our assay, the
LPS-stimulated THP-1 cells (monocytic cell line)
increase their TNF-a production, which increase is
significantly reduced by the presence of MSCs in the
culture. THP-1 cells make no or very little IL-10,
but, when placed in culture with MSCs, they
increase their production of IL-10, a well-known
anti-inflammatory cytokine. We observed these
effects in all of the adult and young donors, however,
there seemed to be no difference in the efficacy of
MSCs between the two groups (adult versus young)
in this assay. This might be due to several differences
between the above assays. In one assay the targeted
immune cells are T cells, whereas in the other they
are monocytes/macrophages. It is very possible that
the MSC-derived factors involved in suppressing T-
cell proliferation are differentially expressed between
young and adult cells, whereas those regulating the
cytokine switch in macrophages are not. Further-
more, the timing of the co-cultures is also different.

We have to take into consideration that, although
we were focusing on the age differences in this study,
there might be other factors that differ between the

Figure 6. qPCR analysis of genes known to be involved in the immune modulatory effect of MSCs. All data are expressed as fold increase/

decrease of young MSCs versus sdult MSCs. Blue and red represent young MSCs from two different donors. Data are average of triplicate

measurements § SEM.
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two groups of cells. The young MSCs were derived
from BM of digits, whereas the adult MSCs were
from iliac crest biopsy specimens. When we used all
accepted surface markers and fluorescence-activated
cell sorter (FACS), the two populations were indis-
tinguishable. Also, there are no data suggesting that
MSCs are different depending on the source of BM
from which they are derived. In a recent report [57],
the authors found differences between BMSCs
derived from mandible and limbs (tibia) with regard
to osteogenic differentiation and in vitro prolifera-
tion, but did not study the effect of MSCs on T-cell
proliferation and/or their effect on inflammatory
macrophages. Also, in the above-mentioned work,
the developmental origin of the two sources are dif-
ferent (the mandible has a significant neural crest
contribution whereas the tibia does not), whereas
our samples were all derived from limbs of both the
young and the adult patients. We should also men-
tion the fact that our young donors had non-syn-
dromic polydactyly as did their parents. Two donors
had extra digits outside the thumb, and two had an
extra digit outside of the big toe. These forms of
polydactyly are “preaxial”. Many different genetic
alterations may underlie these developmental abnor-
malities [58], and our donors may not have had
genetic mutations in common. We do not know
whether or how such genetic changes might have
affected the experimental results we obtained, but,
because they are likely to have differed from subject
to subject, we prefer the hypothesis that the age of
the donors was more important than their genotypes.

Our preliminary gene expression analyses based
on RNAseq data from two of the young and two of
the adult donors revealed significant young/adult dif-
ferences in transcript levels of several genes that have
been suggested to play a role in T-cell proliferation
and in immunomodulation. Among these were
members of the PGE2 pathway (COX1 and COX2)
that we reported earlier [13] and genes that affect
innate immunity (HGF) [59!61]. Interestingly, the
most up-regulated gene in the young donors (in four
of five donors) was TNFa!stimulated gene 6 (TSG-
6), described by Prockop’s group in 2014 [62] as a
biomarker to predict efficacy in humanMSCs’ ability
to alleviate inflammation. We also looked for differ-
ences in programmed death-1 ligands (PD-L1) that
were shown to be secreted by MSCs and regulate T-
cell!mediated immune suppression [59] and found
that only one of five samples was up-regulated while
the others did not change. During screening for
secreted proteins from MSCs that affect immune
function, Milwid et al. found that PENK and micro-
fibrillar associated protein 5 (MFAP5) contribute to
increased IL-10 concentration in the serum of septic
mice. We found a 6- to 8-fold increase in PENK in

the young samples suggesting that the above findings
might be relevant in humans as well. Interestingly, in
our samples MFAP5 did not differ between the two
groups, which might be explained by looking at
mRNA as opposed to protein as Milwid et al. did
[63]. A difference in translation might account for
the discrepancy. Kilpinen et al. [39] were studying
differences in membrane glycerophospholipid com-
position in MSCs derived from young and older
adults and found differences in a number of genes
that are also known to affect innate immune func-
tion. Among these genes were C3AR1, SOCS3 and
HLA-DMB; only SOCS3 was found up-regulated in
our younger MSC samples. The most down-regu-
lated gene was PSG4, a member of the human-spe-
cific glycoprotein family, originally isolated from a
human placental library and suggested to participate
in regulation of immune-suppression [64,65]. In
addition, PTGES and LIF-1 [66] have also been
down-regulated in the young samples.

Authors of a recent article [67] suggested that the
inhibition of T-cell proliferation depends on phagocy-
tosis of apoptotic MSCs in vivo. This is not the case in
our cell culture models. From our results it seems that
MSCs may exploit a variety of mechanisms to modu-
late immune function. Genes that are known to
encode agents participating in the process of immune
suppression seem to be differentially regulated
between very young and adult patients’ MSCs. The
combination of these differences might be responsible
for the significantly more efficient immune suppres-
sion observed by young MSCs. There is still a lot of
work to do before we understand how they do this. It
is important work to do though because the more we
learn, the better able we will be to select cells that
work optimally in patients.
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