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Aging affects responsiveness
of peripheral blood
mononuclear cells to
immunosuppression of
periodontal ligament
stem cells
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Abstract

Objectives: The effect of age on the response of peripheral blood mononuclear cells (PBMCs)

to immunosuppression induced by human periodontal ligament stem cells (hPDLSCs) is unclear.

The identity of the cytokines most effective in inducing the PBMC immune response remains

unknown. This study investigated the effects of age on immunophenotype, proliferation, activa-

tion, and cytokine secretion capacities of PBMCs following co-culture with hPDLSCs.

Methods: PBMCs were collected from younger (16–19 years) and older (45–55 years) donors,

then co-cultured with confirmed hPDLSCs for various lengths of time. T lymphocyte proliferation

and cell surface marker expression were analyzed by flow cytometry. Cytokine expression levels

were measured by quantitative polymerase chain reaction assays and enzyme-linked immunosor-

bent assays.

Results: CD28 expression by T lymphocytes decreased with age, indicating reduced prolifera-

tion; CD95 expression increased with age, indicating enhanced apoptosis. Moreover, hPDLSCs

inhibited T lymphocyte proliferation in both age groups; this inhibition was stronger in cells from

older donors than in cells from younger donors. Age reduced the secretion of interleukin-2 and
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interferon-c, whereas it increased the secretion of tumor necrosis factor-b by PBMCs cultured

with hPDLSCs.

Conclusions: Aging may have a robust effect on the response of PBMCs towards hPDLSC-

induced immunosuppression.
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Introduction

Recently, it has been established that mes-

enchymal stem cells (MSCs) have great
potential for use in allotransplantation pro-

cesses and treatment of severe autoimmune
diseases because of their low immunogenic-

ity and strong immunomodulatory effects.1

Human periodontal ligament stem cells

(hPDLSCs), one kind of MSC, are easily
harvested; they also exhibit strong self-

renewal and multilineage differentiation
capacities and thus constitute a reliable

cell origin for the clinical application
of periodontal regeneration therapy.2

According to Wei et al.,3 hPDLSCs can
reconstruct periodontal tissues and bone

defects; they also exhibit low immunogenic-
ity and strong immunoregulatory ability, as

observed in other MSCs.4 Ding et al.5

found that hPDLSCs can inhibit the activa-

tion and proliferation of T lymphocytes,
thus avoiding rejection of allogeneic trans-

planted cells. Considering the increase
in life expectancy in many nations world-
wide, the number of older people with

degenerative diseases (e.g., periodontitis) is
expected to grow substantially in the

future.6 Currently, studies of hPDLSC
immunoregulation involve samples mainly

derived from young animal models or
young human donors.7 However, both

younger and older patients may undergo
allotransplantation.

Previous studies have revealed many
aging-related changes in most components
of the immune system.8 The decline in
immune response associated with aging is
often referred to as “immunosenescence.”9

The earliest study to show a relationship
between immune function and age reported
that T cell proliferation was reduced in
older individuals, compared with younger
individuals.10 Subsequently, T cells were
found to undergo age-related changes in phe-
notype and function; these included reduced
production of naı̈ve T cells, enhanced gener-
ation of memory and effector T cells, weak
activation of T cells, and impairment of cyto-
kine secretion.11,12 Wu et al.13 demonstrated
that peripheral blood mononuclear cells
(PBMCs) differ between older and younger
individuals. Additionally, immune cells in
older people generally lack a coordinated
response; their gene expression patterns are
variable and unstable.12,14

Despite extensive research concerning
immunosenescence, the difference in
immune responses between older and youn-
ger PBMCs is not yet fully understood. This
study was performed to compare the
responses of younger and older PBMCs to
hPDLSC-mediated immunosuppression
and assess the underlying mechanism, with
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the aim of providing an important theoret-
ical basis for the application of hPDLSC
allotransplantation.

Materials and methods

Culture and identification of hPDLSCs

hPDLSCs were harvested from intact
third molars that had been extracted from
14 systemically healthy donors aged 16
to 20 years; all donors and their parents
provided written informed consent for use
of their tissues in this study. The samples
were cultured in accordance with previously
described methods.15 All procedures per-
formed herein, regarding third molars,
were approved by the Research Ethics
Committee of Shandong University
(approval no: G201401601). For osteogenic
or adipogenic differentiation assays,
hPDLSCs were cultured with osteogenic
or adipogenic inductive medium, respective-
ly. After 7 days of culture, hPDLSCs
were identified by staining with alkaline
phosphatase; after 21 days of culture, min-
eralized nodules were identified by staining
with alizarin red. Additionally, after
14 days of culture, lipid droplets were
identified by staining with oil red O. To
confirm their identity, hPDLSCs were incu-
bated with phycoerythrin-conjugated
anti-STRO-1 (cat. no. FAB1038G, R&D
Systems, Minneapolis, MN, USA), anti-
CD146 (cat. no. 12-1469-41, eBioscience,
San Diego, CA, USA), anti-CD31 (cat.
no. 11-0319-41, eBioscience), anti-CD45
(cat. no. 12-0459-41, eBioscience), anti-
HLA-I (cat. no. phhad-25, BioLegend,
San Diego, CA, USA), anti-HLA-II DR
(cat. no. phhd-25, BioLegend), anti-CD80
(cat. no. phc80-25, BioLegend), and anti-
CD86 (cat. no. phc86-25, BioLegend) anti-
bodies; all antibodies were used without a
dilution step. Cells without antibody were
used as blank controls. Subsequently, the
cells were analyzed by flow cytometry

(BD Accuri C6, BD Biosciences, Franklin
Lakes, NJ, USA).

Culture and identification of PBMCs

Peripheral blood was collected from 24 sys-
temically healthy donors who were either
younger (age range: 16–19 years) or older
(age range: 45–55 years); all donors provid-
ed written informed consent. All procedures
performed herein, regarding peripheral
blood, were approved by the Research
Ethics Committee of Shandong University
(approval no: G20180506). The large gap
between the two age groups was expected
to ensure a clear difference in the character-
istics of their cells.16 Two milliliters of
fresh heparinized peripheral blood were
diluted with phosphate-buffered saline
(PBS; HyClone, Logan, UT, USA), careful-
ly layered onto 5 mL Ficoll (1.077 g/mL),
then centrifuged at 900� g for 30 minutes.
The lymphocyte layer was separated and
washed with phosphate-buffered saline,
and the precipitated cells were suspended
in RPMI-1640 medium (Gibco BRL,
Gaithersburg, MD, USA) containing 10%
fetal bovine serum (Gibco BRL), 100 U/mL
penicillin (Hyclone), and 100 mg/mL strep-
tomycin (Hyclone). PBMCs were incubated
with phycoerythrin-conjugated anti-CD3
(cat. no. 12-0038-41, eBioscience), anti-
CD28 (cat. no. 12-9039-82, eBioscience),
and anti-CD95 (cat. no. 12-0959-41,
eBioscience) antibodies; all antibodies
were used without a dilution step. Cells
without antibody were used as blank con-
trols. Subsequently, the cells were analyzed
by flow cytometry.

Immune assays

Effect of hPDLSCs on T lymphocyte proliferation,

compared between age groups. hPDLSCs were
seeded in six-well plates (5.0� 104 cells per
well) in RPMI-1640 medium (Gibco BRL)
containing 10% fetal bovine serum (Gibco
BRL), 100 U/mL penicillin (Hyclone), and
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100 mg/mL streptomycin (Hyclone). After
2 hours of culture, allogeneic PBMCs
from donors in the different age groups
were added (5.0� 105 cells per well) and
stimulated with 5 mg/mL phytohemaggluti-
nin (PHA; Sigma-Aldrich, St. Louis, MO,
USA). The mixtures were cocultured for
5 days. Supernatants of PMBCs from the
different age groups were collected and
stored at �80�C for use in enzyme-linked
immunosorbent assays (ELISAs) to exam-
ine cytokine production. Following the col-
lection of supernatant (8 hours before cells
were harvested), fresh medium containing
5-ethynyl-20-deoxyuridine (EdU; 10 mM;
RiboBio, Guangzhou, China) was added
to the cultures; T lymphocyte proliferation
was then analyzed by flow cytometry using
an anti-CD3 antibody (as described in the
“Culture and identification of PBMCs”
section.

Effect of delayed hPDLSC addition on T

lymphocyte proliferation, compared between

age groups. PBMCs from different age
groups were seeded in six-well plates
(5.0� 105 cells per well), stimulated with
5 mg/mL PHA, and cultured in RPMI-
1640 medium. After 2 days of culture,
hPDLSCs (5.0� 104 cells per well) were
added to each well; the mixtures were then
cocultured for 3 days. Eight hours before
cells were harvested, EdU (10 mM) was
added to the cultures; T lymphocyte prolif-
eration was then analyzed by flow
cytometry.

Repeated stimulation of T lymphocytes, compared

between age groups. hPDLSCs were seeded
in six-well plates (5.0� 104 cells per well)
in RPMI-1640 medium containing 10%
fetal bovine serum, 100U/mL penicillin,
and 100 mg/mL streptomycin. After
2 hours of culture, allogeneic PBMCs from
donors in the different age groups were
added (5.0� 105 cells per well) and stimu-
lated with 5 mg/mL PHA. The mixtures

were cocultured for 5 days; then, suspended
PBMCs were separated and 5 mg/mL PHA
was added to reactivate PBMCs. Two days
later, EdU (10 mM) was added to the cul-
tures and incubated for 8 hours; cells were
then harvested for analysis of T lymphocyte
proliferation by flow cytometry.

Transwell culture of T lymphocytes, compared

between age groups. hPDLSCs (5.0� 104

cells per well) were seeded in 12-well
plates and cultured in RPMI-1640 medium
containing 10% fetal bovine serum,
100U/mL penicillin, and 100 mg/mL strep-
tomycin. Allogeneic PBMCs from donors
in the different age groups (5.0� 105 cells
per well) were seeded with PHA in the top
Transwell chambers. Cells were cocultured
for 5 days. Eight hours before cells were
harvested, EdU (10 mM) was added to the
cultures; T lymphocyte proliferation was
then analyzed by flow cytometry.

Effect of hPDLSCs on two-way mixed lymphocyte

response, compared between age groups.

hPDLSCs were seeded in six-well plates
(5.0� 104 cells per well) were cultured in
RPMI-1640 medium containing 10% fetal
bovine serum, 100 U/mL penicillin, and
100 mg/mL streptomycin. After 2 hours of
culture, PBMCs from donors in the differ-
ent age groups (PBMC donors in this
specific step were confirmed to be distinct
from hPDLSC donors) were added (5.0�
105 cells per well) and stimulated with
5mg/mL PHA. The mixtures were cocul-
tured for 5 days. Eight hours before cells
were harvested, EdU (10 mM) was added
to the cultures; T lymphocyte proliferation
was then analyzed by flow cytometry.

Quantitative polymerase chain reaction
analysis

Total RNA was isolated from PBMCs from
donors in the different age groups using
RNAios Plus reagent (Takara, Shiga,
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Japan), then reverse transcribed to synthe-
size complementary DNA using the Prime
Script RT reagent Kit (Takara). Primer
sequences for quantitative polymerase
chain reaction analysis were as follows:
interleukin (IL)-2, sense: 50-TGCTGATG
AGACAGCAACCAT-30, antisense: 50-
TCAAGTCAGTGTTGAGATGATGC-30;
interferon (IFN)-c, sense: 50-AAGTGATG
GCTGAACTGTCG-30, antisense: 50-TAC
TGGGATGCTCTTCGACC-30; tumor
necrosis factor (TNF)-b, sense: 50-TCTG
GAGAGCAAACACGGAC-30, antisense:
50-ACCACCTGGGAGTAGACGAA-30;
and glyceraldehyde 3-phosphate dehydro-
genase (GAPDH), sense: 50-TCATGGGT
GTGAACCATGAGAA-30, antisense: 50-G
GCATGGACTGTGGTCATGAG-30. GA
PDH was used to quantify and normalize
the results of all samples. Relative transcript
levels were measured with quantitative poly-
merase chain reaction analysis using a
Roche LightCyclerVR 480 sequence detection
system (Roche, Basel, Switzerland), in accor-
dance with the manufacturer’s protocol.
Each 20-lL reaction volume contained
10mL of SYBRVR Premix Ex TaqTM

(Takara), 0.4mL of 10mM forward primer
(0.4mM final), 0.4mL of 10mM reverse
primer (0.4mM final), 200 ng of template
cDNA, and diethylpyrocarbonate-treated
water. The amplification protocol was as fol-
lows: 95�C for 30 s, followed by 45 cycles of
95�C for 5 s and 60�C for 30 s. All amplifi-
cation analyses were performed in triplicate.

ELISA

Concentrations of IL-2, IFN-c, and TNF-b
secreted by PBMCs from donors in the dif-
ferent age groups were determined using an
ELISA kit (Elabscience, Wuhan, China).
Supernatants were screened and analyzed
in accordance with the manufacturer’s
instructions. Standard curves were generat-
ed based on absorbance values of standard
samples; regression equations were

established to calculate the concentrations

of IL-2, IFN-c, and TNF-b in tested

samples.

Statistical analysis

All experiments were performed indepen-

dently at least three times, and the data

are expressed as mean� standard deviation.

Student’s t-test was used to determine

statistical differences. GraphPad Prism

software, version 5.0 (GraphPad Inc., La

Jolla, CA, USA) was used to conduct sta-

tistical analyses. Differences with p< 0.05

were considered statistically significant.

Results

Culture and identification of hPDLSCs

Figure 1A and B shows evenly distributed

and proliferated hPDLSCs with a long

spindle-like shape. Flow cytometry analyses

revealed that 4.19% and 54.62% of these

cells possessed STRO-1 and CD146 MSC-

specific surface markers, respectively.

However, hPDLSCs did not exhibit the

leukocyte-specific molecule CD45 or plate-

let endothelial cell-specific molecule CD31

(Figure 1C–F). These results suggest that

hPDLSCs are the source of MSCs.

Similarly, flow cytometry analyses of

hPDLSCs showed that 99.93% of these

cells expressed HLA-I, whereas they did

not express HLA-II DR or costimulatory

molecules CD80 and CD86 (Figure 1G–J).

These characteristics may contribute to the

low immunogenicity of hPDLSCs.

Observations of alkaline phosphatase activ-

ity (Figure 1K), alizarin red-positive calci-

um deposits (Figure 1L), and oil red

O-positive lipid droplets (Figure 1M) after

osteogenic and adipogenic induction con-

firm the multilineage differentiation ability

of hPDLSCs.
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Phenotypic changes of T lymphocytes

according to donor age

PBMCs were isolated from blood samples

from younger and older donors, then stim-

ulated with PHA to achieve T lymphocyte

activation (Figure 2A, B). Flow cytometry

analysis revealed similar rates of CD3

expression in T lymphocytes from younger

and older donors. However, the rates of

CD28 and CD95 expression in these

groups were significantly different; the rate

of CD28 expression decreased with

age (p< 0.01), whereas the rate of CD95

expression increased with age (p< 0.001;

Figure 2C–E). This finding implied that

aging reduces the proliferation of T lym-

phocytes, while promoting apoptosis in

these cells.

T lymphocyte proliferation according to

donor age

To determine the effect of allogeneic

hPDLSCs on mitogen-activated T lympho-

cyte proliferation according to donor

age, hPDLSCs were cultured with PHA-

stimulated PBMCs collected from older

and younger donors. The results are

shown in Figure 3A. hPDLSCs were able

Figure 1. Isolation, culture, and identification of hPDLSCs. (A): hPDLSCs were cultured for 14 days
(scale bar: 200 lm). (B): hPDLSCs of third generation (P3) (scale bar: 200 lm). (C–F): hPDLSCs were
positive for CD146 and STRO-1, but negative for CD31 and CD45. (G–J): hPDLSCs were positive for
HLA-I, but negative for HLA-II DR, CD80, and CD86. (K–M): hPDLSCs could undergo osteogenic and
adipogenic differentiation when cultured in inductive medium (scale bars: 50 lm [panels K and M] and
200lm [panel L]).
Abbreviations: ALP, alkaline phosphatase; CD, cluster of differentiation; HLA, human leukocyte antigen;
hPDLSCs, human periodontal ligament stem cells.
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to significantly suppress the proliferation of

PHA-stimulated T lymphocytes from both

younger and older donors (both p< 0.05);

however, the proliferation of T lymphocytes

from older donors was weaker than the pro-

liferation of T lymphocytes from younger

donors (p< 0.0001). Notably, delayed addi-

tion of hPDLSCs also inhibited T lympho-

cyte proliferation (i.e., hPDLSCs could

inhibit the proliferation of activated T

lymphocytes; both p< 0.05); however, the

proliferation of T lymphocytes from older

donors was weaker than the proliferation

of T lymphocytes from younger donors

(p< 0.001). Furthermore, T lymphocytes

from both younger and older donors that

had been inhibited by hPDLSCs could be

reactivated when stimulated with PHA; T

lymphocytes from younger donors were

more easily reactivated and proliferated

more rapidly than T lymphocytes from

older donors (p< 0.0001). Additionally,

hPDLSCs could inhibit the proliferation

of T lymphocytes in Transwell culture

(both p< 0.05), but the proliferation of T

lymphocytes from older donors was weaker

than the proliferation of T lymphocytes

from younger donors (p< 0.01), suggesting

that variation in T lymphocyte proliferation

rates between younger and older donors

was dependent on cell–cell contact and on

soluble factors (e.g., cytokines). Two-way

mixed lymphocyte response analysis

revealed that hPDLSCs collected from a

third party were also capable of inhibiting

the proliferation of T lymphocytes in allo-

geneic PBMCs collected from younger and

older donors (both p< 0.0001), and that

Figure 2. Extraction, culture, and identification of PBMCs from donors of different ages. (A): (a) PBMCs
isolated from younger donors, (b) PHA-activated PBMCs from younger donors (scale bar: 200 lm). (B): (a)
PBMCs isolated from older donors, (b) PHA-activated PBMCs from older donors (scale bar: 200 lm). (C):
Analysis of CD3, CD28, and CD95 surface markers in PBMCs from younger donors. (D): Analysis of CD3,
CD28, and CD95 surface markers in PBMCs from older donors. (E): Rate of CD28 expression decreased
with age and rate of CD95 expression increased with age. Data represent three independent experiments.
Values are expressed as mean� standard deviation (**p< 0.01, ****p< 0.0001, n.s., no significance).
Abbreviations: CD, cluster of differentiation; hPDLSCs, human periodontal ligament stem cells; OPBMCs,
older peripheral blood mononuclear cells; PBMCs, peripheral blood mononuclear cells; PHA, phytohe-
magglutinin; YPBMCs, younger peripheral blood mononuclear cells.
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this effect was stronger in T lymphocytes
from older donors (p< 0.05; Figure 3B).

These results suggest that T lymphocytes
from older people have a weak immune
response and are poorly reactivated.

Levels of IL-2, IFN-c and TNF-b according

to donor age

The mechanism by which hPDLSCs may

inhibit T lymphocyte proliferation was

Figure 3. T lymphocyte proliferation from donors of different ages. (A): Effects of hPDLSC addition on
PHA-stimulated PBMC proliferation under different experimental conditions. (B): Effect of hPDLSCs on
two-way mixed lymphocyte reaction. Number of EdUþ cells per 10,000 viable lymphocytes after incubating
cells. Data represent three independent experiments. Values are expressed as mean� standard deviation (#,
p< 0.05, compared with PHA-stimulated PBMCs in same age group; *p< 0.05, **p< 0.01, ***p< 0.001,
****p< 0.0001).
Abbreviations: EdU, 5-ethynyl-20-deoxyuridine; de-hPDLSCs, delayed addition of human periodontal liga-
ment stem cells; hPDLSCs, human periodontal ligament stem cells; MLR, mixed lymphocyte reaction;
OPBMCs, older peripheral blood mononuclear cells; PBMCs, peripheral blood mononuclear cells; PHA,
phytohemagglutinin; re-PHA(hPDLSCs), peripheral blood mononuclear cells reactivated by phytohemag-
glutinin after inhibition by human periodontal ligament stem cells); transwell(hPDLSCs), transwell culture of
peripheral blood mononuclear cells and human periodontal ligament stem cells; YPBMCs, younger periph-
eral blood mononuclear cells.
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investigated, using PBMCs from donors in
both age groups. The expression levels of
three T lymphocyte immunoregulatory
cytokines (IL-2, IFN-c, and TNF-b) were
examined by quantitative polymerase
chain reaction. The results showed signifi-
cant differences between T lymphocytes
from younger donors and those from
older donors. Moreover, mRNA levels of
these cytokines within activated T lympho-
cytes in both younger and older groups
were significantly different, based on
the presence or absence of hPDLSCs
(Figure 4). Compared with the younger
group, the mRNA expression levels of
IL-2 (p< 0.0001 for the presence and
absence of hPDLSCs) and IFN-c were
down-regulated (p< 0.0001 for the absence
of hPDLSCs and p< 0.001 for the presence
of hPDLSCs; Figure 4A, B) in the older
group, whereas expression levels of TNF-b
were up-regulated (p< 0.05 for the absence
of hPDLSCs and p< 0.001 for the presence
of hPDLSCs; Figure 4C). ELISA revealed

that cultures of allogeneic hPDLSCs in
mixed lymphocyte reactions of different

age groups secreted significantly lower con-

centrations of IL-2 and IFN-c proteins
(for both, p< 0.01 for the presence and

absence of hPDLSCs; Figure 4D, E) and

higher concentrations of TNF-b protein
(p< 0.001 for the absence of hPDLSCs

and p< 0.01 for the presence of

hPDLSCs; Figure 4F) in the older group,
compared with the younger age group.

The age-induced changes in the expression

levels of these three immunoregulatory
cytokines may lead to reduced T lympho-

cyte proliferation and activation, as well as

other alterations of immunologic functions.

Discussion

According to Clarkson et al.,17,18 adverse
bodily reactions to allogeneic or xenogeneic

transplants are highly complex immunolog-

ical processes that involve many mecha-
nisms of immune damage mediated by

Figure 4. Quantitative polymerase chain reaction analysis of (A) IL-2, (B) IFN-c, and (C) TNF-b gene
expression levels in PBMCs from younger and older donors. Enzyme-linked immunosorbent assays of (D) IL-
2, (E) IFN-c, and (F) TNF-b protein levels in supernatant of PBMCs from younger and older donors. Data
represent three independent experiments. Values are expressed as mean� standard deviation (*p< 0.05,
**p< 0.01, ***p< 0.001, ****p< 0.0001).
Abbreviations: hPDLSCs, human periodontal ligament stem cells; IFN, interferon; IL, interleukin; OPBMCs,
older peripheral blood mononuclear cells; PBMCs, peripheral blood mononuclear cells; PHA, phytohe-
magglutinin; TNF, tumor necrosis factor; YPBMCs, younger peripheral blood mononuclear cells.
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cells and antibodies. An important antigen-
specific immune response is controlled
by recipient T lymphocytes.17,18 hPDLSCs
exhibit low immunogenicity and potent
immunoregulatory capacity;4 thus, they
can inhibit the proliferation of T lympho-
cytes either by direct contact or through
secretion of soluble factors.5 Accordingly,
hPDLSCs have great potential for use in
allogeneic applications. However, previous
studies have shown that immune aging (also
known as immunosenescence), an inevitable
stage of a body’s metabolic lifespan,19 leads
to changes in the numbers of T lymphocytes
and cell subsets, as well as changes in
the surface molecules and functions of the
cellular membrane.20 Ultimately, immuno-
senescence results in diminished and abnor-
mal T lymphocyte immune functions.

Thus far, it has been established that
aging triggers a complex remodeling of the
immune system, whereby the functions of
lymphocytes, especially T lymphocytes,
exhibit the greatest change.21 These aging-
related alterations, including imbalanced
T lymphocyte subsets and modified prolif-
eration responses to antigen and mitogen
stimulation,21 are partly due to variations
in expression patterns of marker molecules
on the cell surface.22 CD28 and CD95
are currently recognized as potential bio-
markers for the evaluation of immune
aging. Previous studies have shown that the
age-induced decline in CD28 expression is
associated with reduced T lymphocyte
responsiveness to mitogens, which affects
the abilities of these cells to proliferate and
secrete various cytokines.23 Conversely,
CD95 expression increases with age, ulti-
mately leading to excessive T lymphocyte
apoptosis.24 Consistent with previous
findings, our results showed that the CD3-
positive rates of T lymphocytes from youn-
ger and older donors in this study were
relatively similar; however, the rate of
CD28 expression was higher in T lympho-
cytes from younger donors, whereas the rate

of CD95 expression was higher in T lympho-
cytes from older donors. CD28– T cells are
characterized by oligoclonal expansion,
which results in reduced diversity of corre-
sponding antigen receptors, narrowing of
the T cell antigen recognition spectrum,
weakening of the pathogen-clearing ability,
and the presence of mutant cells in vivo.25

An elevated proportion of CD95þ T cells
and substantial splitting of regular DNA
fragments are indicative of higher rates of
cellular apoptosis.26 Therefore, suppression
of the immune response in older people is
partly caused by reduced CD28 expression
and elevated CD95 expression.

The lymphocyte proliferation experiment
and mixed lymphocyte reaction can be used
as an in vitro model to simulate in vivo cel-
lular immune regulation and allogeneic
transplantation; this constitutes a reliable
method to study the immunosuppressive
ability of MSCs. Therefore, we used lym-
phocyte proliferation and mixed lympho-
cyte reaction experiments to compare
immune responses produced by PBMCs
from younger and older donors exposed
to allogeneic hPDLSCs. The results of this
study showed that hPDLSCs have a strong
immunosuppressive effect, both through
cell–cell contact and Transwell (diffusion)
mechanisms; moreover, the immune
response is weaker in older PBMC donors
than in younger donors. Thus, the activity
and proliferation of T lymphocytes from
older recipients are less robust, compared
with T lymphocytes from younger recipi-
ents. Indeed, previous studies have shown
that younger recipients exhibit less PBMC
suppression by bone marrow MSCs, com-
pared with older recipients, or that there
are no significant differences between
the two groups.16,27 Considering that the
same cell ratio (1:10) was used in the previ-
ous and current studies,5,28 the observed
inconsistency is attributable to variation
in the immunosuppressive capacities of
hPDLSCs and bone marrow MSCs.28,29
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The weaker immune rejection of hPDLSC
allotransplantation in older recipients, com-
pared with younger recipients, may be due
to poor immune functions (e.g., activation,
proliferation, and differentiation) in older
recipients.

Our results also demonstrate that aging
may interfere with the immune response of
allogeneic hPDLSCs by affecting the ability
of T lymphocytes to secrete cytokines.
Importantly, age gradually changes cyto-
kines, thereby altering the normal activa-
tion, proliferation, and differentiation of T
lymphocytes; these changes lead to reduced
or abnormal immune functions.30 Previous
reports have shown that the main cytokines
related to T lymphocyte functions are IL-2,
IL-3, IL-4, IL-5, IL-10, IFN-c, and
TNF-b;31 however, the current study did
not investigate which factors play a major
role in this process. Previous studies have
shown that IL-2—a cytokine signaling mol-
ecule that plays an important role in the
body’s immune response and can promote
the production of other cytokines—is
mainly produced by activated T lympho-
cytes.32 Similarly, IFN-c, an important
immunoregulatory factor in vivo, can only
be secreted when T lymphocytes are activat-
ed by antigens or mitogens during an
immune response.33 T lymphocytes can
also produce high levels of TNF-b follow-
ing stimulation by antigens and mitogens.34

Here, our findings indicated that the expres-
sion levels of IL-2 and IFN-c in T lympho-
cytes were negatively correlated with age
after co-culture with hPDLSCs, while the
expression level of TNF-b was positively
correlated. These results are consistent
with those of previously published reports,
indicating that reduced IL-2 and IFN-c
secretion in older individuals impairs the
production and further activation of T lym-
phocytes that are activated by specific anti-
gens or mitogens;35 conversely, elevated
TNF-b secretion by T lymphocytes in
older individuals can enhance T lymphocyte

proliferation and promote the production

of other cytokines.34 Therefore, the reduced

levels of IL-2 and IFN-c in older recipients

may be the main reason for the weakened

immune rejection of T lymphocytes.
In summary, PBMCs from younger and

older donors exhibited different responses to

hPDLSC-induced immunosuppression.

Allogeneic hPDLSCs inhibited T lympho-

cyte proliferation more strongly in PBMCs

from older donors than in PBMCs from

younger donors, due to changes in the

expression levels of T lymphocyte surface

molecules and secretion of cytokines.

Further understanding regarding the mecha-

nism of age-related differences in T lympho-

cyte immunity is critical for the development

of hPDLSC allotransplantation.
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