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Abstract
Alterations in immunity that occur with aging likely contribute to the development of infection,
malignancy and inflammatory diseases. Naturally occurring CD4+ regulatory T cells (Treg)
expressing high levels of CD25 and forkhead box P3 (FOXP3) are essential for regulating immune
responses. Here we investigated the effect of aging on the number, phenotypes and function of
CD4+ Treg in humans. The frequency and phenotypic characteristics of CD4+,FOXP3+ T cells as
well as their capacity to suppress inflammatory cytokine production and proliferation of
CD4+,CD25− T cells (target cells) were comparable in young (age ≤ 40) and elderly (age ≥ 65)
individuals. However, when CD4+,FOXP3+ Treg and CD4+,CD25− T cells were co-cultured at a
ratio of 1:1, the production of anti-inflammatory cytokine IL-10 from CD4+,CD25− T cells was more
potently suppressed in the elderly than in the young. This finding was not due to changes in CTLA-4
expression or apoptosis of CD4+,FOXP3+ Treg and CD4+,CD25− T cells. Taken together, our
observations suggest that aging may affect the capacity of CD4+,FOXP3+ T cells in regulating IL-10
production from target CD4+ T cells in humans although their other cellular characteristics remain
unchanged.
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1. Introduction
Alterations in the immune system that occur with aging (Effros et al., 2003; Frasca et al.,
2005; Goronzy and Weyand, 2005; Linton and Dorshkind, 2004; Miller, 1999) likely contribute
to increased risk of infection and malignancy in the elderly (Effros et al., 2003; Goronzy and
Weyand, 2005; Linton and Dorshkind, 2004; Miller, 1999). Although the exact cause for such
findings is yet to be determined, it is conceivable that aging may cause diminished immunity
against microorganisms and malignant cells via altering the mechanisms involved in generating
immune responses. The latter response is inevitably accompanied by some degrees of
inflammation, which should be kept in balance. The increased frequency of infection and
tumors in the elderly suggests the possibility of reduced inflammatory responses with aging
(Effros et al., 2003; Goronzy and Weyand, 2005; Linton and Dorshkind, 2004; Miller, 1999).
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However, aging appears to be associated with dysregulated inflammation as suggested by
increased plasma levels of inflammatory cytokines IL-6 and TNF-α that predict an increased
mortality risk independently of other risk factors in the elderly (Huang et al., 2005; Krabbe et
al., 2004). Furthermore, some chronic inflammatory diseases such as polymyalgia rheumatica
and giant cell arteritis are more commonly found in the elderly (Hasler and Zouali, 2005;
Hunder, 2000), and metabolic disorders like atherosclerosis and type II diabetes that develop
with aging are now viewed as chronic inflammatory disorders driven in part by an imbalance
between pro- and anti-inflammatory cytokines (Huang et al., 2005; Vasto et al., 2007).
However, it is largely unknown about the mechanisms underlying dysregulated inflammation
with aging in humans.

A population of naturally occurring CD4+,CD25+ T cells with immune regulatory function
exists in humans and mice (Sakaguchi et al., 1995; von Boehmer, 2005; Wing et al., 2006).
However, CD25 as a single marker for CD4+ Treg has been challenged since T cells stimulated
by T cell receptor (TCR) triggering can up-regulate the expression of this molecule. Recent
studies demonstrate that the forkhead family transcriptional factor FOXP3 is expressed in
CD4+,CD25+ Treg and that transfection of the same molecule to CD4+,CD25− T cells, which
do not have regulatory function, confers the immune regulatory property (reviewed in (Ziegler,
2006)) (Fontenot et al., 2003; Hori et al., 2003; Khattri et al., 2003). Furthermore, mutations
in the Foxp3 gene have been found in scurfy mice with X-linked lymphoproliferative disease
as well as in humans with immune dysregulation, polyendocrinopathy, enteropathy, and X-
linked syndrome (IPEX) (Bennett et al., 2001; Brunkow et al., 2001). Although the mechanism
(s) of immune regulation by CD4+,CD25+ Treg is not fully understood, such regulation is
dependent on cell contact rather than on soluble factors like cytokines (reviewed in (von
Boehmer, 2005; Wing et al., 2006)). The target cells for suppression appear to be both T cells
and antigen presenting cells (APC) (von Boehmer, 2005; Wing et al., 2006).

In the current study, we investigated whether aging affects the number, phenotype and function
of human CD4+ Treg, defined by their expression of CD25 and FOXP3. In particular, we
focused on the direct inhibitory effect of Treg on conventional CD4+ T cells in the absence of
APC since the latter cells can affect T cell function. The results of our study showed that the
frequency, phenotypic characteristics and anti-proliferative function of CD4+,FOXP3+ Treg
were comparable in the young (age ≤ 40) and the elderly (age ≥ 65). However, when
CD4+,CD25− T cells were stimulated in the presence of the same number of CD4+,FOXP3+

Treg, the production of anti-inflammatory cytokine IL-10 from the former cells was more
potently suppressed in the elderly than in the young. These findings suggest that aging may
affect the capacity of CD4+,FOXP3+ Treg in regulating IL-10 production from
CD4+,CD25− T cells in humans although other cellular characteristics of CD4+,FOXP3+ T
cells remain unchanged with aging.

2. Experimental Procedures
2.1. Human subjects

Healthy elderly (age ≥ 65, n = 32) and young subjects (age ≤ 40, n = 29) were recruited for this
study (mean age ± SD, 77.1 ± 7.8 and 30.5 ± 5.9). There was no gender difference between
the two groups (P = 0.427 and 0.576 by Fisher’s exact tests for phenotypic and functional
studies, respectively). Individuals who were taking immunosuppressive drugs or who had any
disease potentially affecting the immune system including autoimmune diseases, infectious
diseases, malignancy, diabetes, and asthma were excluded (Hong et al., 2004; Kang et al.,
2004). Informed consent was obtained from all subjects. This work was approved by the
institutional review committees of Yale University and the Veterans Administration New
England Health Care System West Haven Campus.
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2.2. Flow cytometry and cell sorting
Peripheral blood mononuclear cells (PBMCs) were stained with mouse anti-human CD4 and
CD25 antibodies (Abs) (BD Pharmingen, San Jose, CA) followed by washing,
permeabilization with permeabilizing buffer and staining with mouse anti-FOXP3 Abs (clone
PCH101, eBioscience, San Diego, CA). Some cells were stained additionally with Abs to
CD45RA, CTLA-4, CCR7, CCR4, CCR5, CXCR3, IL-15Rα, IL-2/15Rβ, IL-7Rα (the first six
Abs from BD Pharmingen and the latter three Abs from R&D Systems, Minneapolis, MN), or
appropriate isotype Abs. Stained cells were analyzed on a FACSCalibur® (BD
Immunocytometry, San Jose, CA). For cell sorting, PBMCs were stained with mouse anti-
human CD4 and CD25 Abs and sorted into CD4+,CD25bright and CD4+,CD25− T cells using
a FACSAria® (BD Immunocytometry). Collected flow cytometry data were analyzed using
FlowJo® software (Tree Star, Ashland, OR).

2.3. In vitro proliferation and cytokine assays
Sorted CD4+,CD25− T cells (target cells) were labeled with carboxyfluorescein diacetate
(CFSE, Molecular Probe, Eugene, OR) as described previously (Glimm and Eaves, 1999).
CD4+,CD25bright T cells (see Figure 1A, Treg) and target cells (CD4+,CD25−) were mixed at
different ratios of Treg to target cells (0:1, 0.01:1, 0.1:1 and 1:1) and incubated for 7 days in a
96-well round bottom tissue culture plate in the presence of polystyrene latex microspheres
(diameter 6 μm, Polyscience Inc, Warrington, PA) coated with anti-CD3 and of anti-CD28
Abs (beads to cell ratio 2:1) as previously described (Lowin-Kropf et al., 1998); (Kim et al.,
2007). Cells were analyzed on a FACSCalibur® following incubation. Collected flow
cytometry data were analyzed using FlowJo® software (Tree Star, Ashland, OR). Inhibitory
index for cell proliferation was calculated for each sample as follows: (proliferation of target
cells alone –proliferation of target cells in the presence of Treg)/proliferation of target cells
alone × 100. Some sorted target cells were incubated for 7 days in a 96-well flat bottom tissue
culture plate coated with anti-CD3/-CD28 Abs (4 and 2 μg/ml, respectively) in the presence
or absence of CD4+,CD25bright T cells. Supernatants were harvested and analyzed using a
commercially available multiplex cytokine assay kit according to the manufacturer’s
instruction (Bio-Rad Laboratories, Hercules, USA). Inhibitory index for cytokine production
was calculated as follows: (cytokine production from target cells alone – cytokine production
from target cells in the presence of Treg)/cytokine production from target cells alone × 100.
In some experiments, the frequency of live cells was determined by staining with annexin V.

2.4. Statistical analysis
The Mann-Whitney U test was used to compare measurable variables between the young and
the elderly. P value < 0.05 was considered statistically significant. All statistical analyses were
performed using SPSS 12.0 (SPSS, Chicago, IL).

3. Results
3.1. The relationships of CD25, FOXP3 and IL-7 receptor α chain (IL-7Rα) expression by
CD4+ T cells are similar between young and elderly individuals

CD25 has been used as a marker for identifying naturally occurring CD4+ Treg with immune
regulatory function (Sakaguchi and Sakaguchi, 2005; Wang et al., 2006; Yamaguchi and
Sakaguchi, 2006). However, the expression of CD25, which can be up-regulated upon T cell
activation, on CD4+ T cells is heterogeneous, and there is no established limit for the minimal
level of CD25 expression that defines a homogeneous Treg population. Now FOXP3 is
considered the best marker for CD4+ Treg although cell sorting using this marker is impossible
because of the necessity of cell permeabilization for FOXP3 staining (Fontenot et al., 2003;
Hori et al., 2003; Khattri et al., 2003; Ziegler, 2006). Thus, we first determined the relationship
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of CD25 expression with FOXP3 expression in CD4+ T cells from young (age ≤ 40) and elderly
(age ≥ 65) individuals. Based on CD25 expression and isotype staining, CD4+ T cells were
divided into four groups: CD25bright, CD25medium, CD25dim and CD25− (Figure 1A, R1–R4,
respectively) as previously described (Miyara et al., 2006; Seddiki et al., 2006b; Sugiyama et
al., 2005). In both young and elderly individuals, most CD4+,CD25bright T cells were
FOXP3+ although some CD4+,CD25medium cells also contained FOXP3 expressing cells (Fig.
1B). In contrast, FOXP3 expressing cells were hardly found in CD25dim and CD25− cells
irrespective of age (Fig. 1B). In analyzing the frequency of the different subsets of CD25
expressing CD4+ T cells, young and elderly groups had similar frequencies of CD25bright,
CD25medium and CD25dim CD4+ T cells (Fig. 1C).

Several studies suggested a potential role for IL-7Rα(CD127) as a marker for identifying
CD4+,FOXP3+ Treg (Liu et al., 2006; Seddiki et al., 2006a). Of interest, we recently observed
decreased expression of IL-7Rα on effector memory CD8+ T cells in the elderly (Kim et al.,
2006), suggesting the effect of aging on the expression of this molecule. Therefore, we
investigated the relationship of this molecule with CD4+,FOXP3+ Treg in the young and the
elderly. A large fraction of CD4+,FOXP3+ Treg had decreased levels of IL-7Rα expression
compared to CD4+,FOXP3− T cells in both groups (Fig. 1D). There was no significant
difference in expressing IL-7Rα on CD4+,FOXP3+ Treg cells between the young and the
elderly (mean fluorescent intensity (MFI) of IL-7Rα expression ± standard deviation (SD),
23.9 ± 33.1 vs. 18.3 ± 6.3, P = 0.272, n = 10 for each group). Considerable numbers of
CD4+,FOXP3− T cells in the young and the elderly also expressed low levels of IL-7Rα (Fig.
1D, mean frequency (%) ± standard deviation (SD), 15.5 ± 3.34 vs. 12.7 ±4.11, P = 0.647, n
= 10 for each group), which indicates that IL-7Rα is not superior to CD25 in identifying
CD4+,FOXP3+ T cells. Therefore, we identified a pure population of CD4+,FOXP3+ Treg cells
for functional studies by gating on CD4+,CD25bright T cells (R1 in Fig. 1A, Treg cells), which
was typically less than 1.5% of total CD4+ T cells. In fact, the frequency of FOXP3+ cells in
CD4+,CD25bright T cells was not different between the young and the elderly (mean frequency
(%) ± S.D., 89.3 ± 6.4 vs 90.2 ± 4.5, P = 0.597, n = 10 for each group).

3.2. The elderly have a higher frequency of CD4+,FOXP3+ T cells with a memory phenotype
(CD45RA−) compared to the young, although both groups have comparable frequencies of
CD4+,FOXP3+ T cells in peripheral blood

We next analyzed the frequency of CD4+,FOXP3+ T cells in the peripheral blood from young
and elderly individuals. The frequency of CD4+,FOXP3+ T cells was not different between the
two groups (young vs elderly, mean frequency (%) ± SD, 5.28 ± 0.54 vs 5.45 ± 0.62, P = 0.880)
(Fig. 2A and B). In addition, the frequency of the total CD4+ T cells among lymphocytes was
not different between the young and the elderly (mean frequency (%) ± SD, 44.8 ± 2.21 vs
44.97 ± 3.95, P = 0.970, n = 15 for each group). These findings indicate that aging does not
affect the frequency of CD4+,FOXP3+ Treg in humans. Based on the expression of CD45RA,
CD4+ T cells can be divided into naïve (CD45RA+) and memory (CD45RA−) cells, and studies
indicate that most CD4+,CD25+ Treg have the memory phenotype (Baecher-Allan et al.,
2001; Seddiki et al., 2006b). Of interest, aging is associated with a decreased frequency of
naïve CD4+ T cells and an increased frequency of memory CD4+ T cells (Linton and
Dorshkind, 2004). Thus, we determined the frequency of naïve (CD45RA+) and memory
(CD45RA−) cells in CD4+,FOXP3+ T cells in young and elderly individuals. Consistent with
previous studies (Baecher-Allan et al., 2001; Seddiki et al., 2006b), most CD4+,FOXP3+ T
cells were CD45RA− in both young and elderly individuals (Fig. 2C). The frequency of
CD4+,FOXP3+ T cells with the naïve phenotype was lower in the elderly than in the young
(mean frequency (%) ± SD, 3.49 ± 0.846 vs 8.13 ± 0.987 P = 0.002) whereas the frequency of
CD4+,FOXP3+ T cells with the memory phenotype was higher in the elderly than in the young
(mean frequency (%) ± SD, 94.35 ± 1.14 vs 86.74 ± 1.39, P = 0.001) (Fig. 2D). A similar
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finding was noticed in CD4+,FOXP3− T cells (data not shown), which indicates that the age-
associated alteration in the proportion of naïve and memory subsets occurs in both
CD4+,FOXP3+ and FOXP3− T cell populations.

It is largely unknown how CD4+,FOXP3+ Treg cells are generated and maintained although
studies suggest the unique differential lineage of such cells in the thymus (Fontenot et al.,
2003; Itoh et al., 1999). This is an intriguing point since the elderly still have unaltered numbers
of CD4+,FOXP3+ Treg cells despite the thymic atrophy that occurs with aging (Linton and
Dorshkind, 2004). Of interest, recent studies reported the possibility of generating
CD4+,FOXP3+ Treg cells in the periphery (Vukmanovic-Stejic et al., 2006). In order to address
how CD4+,FOXP3+ T cells are maintained at similar numbers in the young and the elderly,
we measured the expression of the IL-2/-15 receptor β chain (IL-2/15Rβ), a critical receptor
chain for IL-2 and IL-15 signaling, on CD4+,FOXP3+ Treg. Although Treg cells are anergic
to TCR triggering and have impaired proliferation and IL-2 production (Thornton and Shevach,
1998), these cells can be expanded significantly in response to a combination of TCR triggering
and IL-2 or IL-15 in vitro (Clark and Kupper, 2006; Earle et al., 2005; Karakhanova et al.,
2006). This suggests a role for these cytokines in maintaining CD4+,FOXP3+ Treg. In fact,
this notion is supported by the fact that CD4+ Treg cells have high levels of CD25, the high
affinity alpha chain of the IL-2R complex. In our study, CD4+,FOXP3+ Treg cells had higher
levels of IL-2/15Rβ expression compared to CD4+,FOXP3− T cells in both young and elderly
individuals (Fig. 2E). The two groups had no difference in expression of this cytokine receptor
chain on CD4+,FOXP3+ Treg cells (Fig. 2F). These findings suggest that the expression of the
IL-2/15Rβ chain which is essential for IL-2 and IL-15 signaling is properly maintained on
CD4+,FOXP3+ in the elderly, likely contributing to the unaltered number of such cells with
aging.

3.3. CD4+,CD25bright T cells in the young and the elderly have comparable levels of inhibitory
function except for suppressing IL-10 production

Although we have not found an alteration in the number of CD25+,FOXP3+ T cells with aging,
their immunosuppressive function could be different between the young and the elderly. In
fact, this notion is supported by the findings of impaired immunosuppressive function of
CD4+ Treg cells in patients with rheumatoid arthritis (Ehrenstein et al., 2004; Valencia et al.,
2006). Thus, we next determined the inhibitory function of CD4+,CD25bright T cells (R1 in
Fig. 1A, Treg) by measuring cytokine production and proliferation of autologous
CD4+,CD25− T cells (R4 in Fig. 1A, target cells) in the presence and absence of the former
cells in both young and elderly individuals. In this experiment CD25 was used as a surrogate
marker for identifying CD4+,FOXP3+ T cells since staining for FOXP3 involves
permeabilization of cells and CD4+,CD25bright T cells are mostly FOXP3+ T cells regardless
of age (Fig. 1A and B).

CD4+,CD25bright T cells (Treg) suppressed cytokine production and proliferation of
CD4+,CD25− T cells in a cell-number dependent manner (Fig. 3). The higher the number of
CD4+,CD25bright T cells, the stronger the inhibitory effect was. The young and the elderly had
similar levels of the proliferation inhibitory index (Fig. 3B), which suggests that the capacity
of CD4+,CD25bright T cells to suppress the proliferation of CD4+,CD25− T cells does not
change with aging. Of interest, IL-10 production from CD4+,CD25− T cells was suppressed
more in the elderly than in the young when CD4+,CD25bright T cells and CD4+,CD25− T cells
were co-cultured in equal numbers (Treg to target ratio, 1:1) (Fig. 3C). However, in the same
culture, the production of pro-inflammatory cytokines including IFN-γ, TNF-α, IL-6 and IL-2
from CD4+,CD25− T cells was suppressed at similar levels between the two groups (Fig. 3C).
In fact, IL-10 levels in supernatant from the co-culture of CD4+,CD25bright and
CD4+,CD25− T cells at a ratio of 1:1 were lower in the elderly than in the young (n = 9 and 8,
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respectively, mean (pg/ml) ± standard error of the mean (SEM), 33.0 ± 17.0 vs. 123.6 ± 43.2,
P = 0.027) (Fig. 3D). IL-10 levels were not different between the two groups when
CD4+,CD25− T were stimulated alone (mean (pg/ml) ± SEM, 457.9 ± 108.1vs. 277.6 ± 88.7,
P = 0.229). IL-10 levels were either undetectable or lower than 10 pg/ml in all tested samples
except one when CD4+,CD25bright T cells were stimulated alone. This indicates that the
production of IL-10 was mostly from CD4+,CD25− T cells when the two cell populations were
co-cultured. Also, there was a trend of stronger suppression of IL-4 production from
CD4+,CD25− T cells in the elderly although it was not statistically significant. These findings
suggest that aging affects the capacity of CD4+ Treg in regulating IL-10 production from
CD4+,CD25− T cells. However, the effect of aging on such a capacity appears to be small since
the suppression of IL-10 production was only significant in the presence of high numbers of
CD4+,CD25bright T cells.

3.4. Age-associated alteration in the capacity of CD4+,CD25bright T cells to suppress IL-10
production from CD4+,CD25− T cells is not secondary to changes in CTLA-4 expression or
apoptosis

It is still largely unknown how CD4+ Treg suppress immune responses although cell to cell
contact appears to be an important mechanism. One of the suggested cell-contact dependent
mechanisms is immune regulation via CTLA-4 which provides an inhibitory signal in T cells
(von Boehmer, 2005; Wing et al., 2006). However, in this case, the CTLA-4-mediated
inhibitory mechanism is somewhat different from its conventional mechanism involving non-
Treg and APCs. CD4+ Treg appear to provide an inhibitory signal to other T cells expressing
CD80 via a mechanism called outside-in signaling where CTLA-4 expressed by CD4+ Treg
binds to CD80 on activated non-Treg cells (Paust et al., 2004; Taylor et al., 2004; von Boehmer,
2005; Wing et al., 2006). In order to address why CD4+ Treg-mediated suppression of IL-10
production from CD4+,CD25− T cells was more potent in the elderly than in the young, we
measured intracellular CTLA-4 expression in CD4+,FOXP3+ T cells. CTLA-4 was expressed
only in CD4+,FOXP3+ T cells but not in CD4+,FOXP3− T cells in both young and elderly
groups (Fig. 4A). The levels of CTLA-4 expression were not different between the two groups
(Fig. 4B). This finding suggests that the age-associated enhancement in suppressing IL-10
production from CD4+,CD25− T cells by CD4+ Treg is not due to any alteration in CTLA-4
expression in CD4+ Treg.

We next studied whether the enhanced suppression of IL-10 production from CD4+,CD25− T
cells in the presence of high numbers of CD4+,CD25bright Treg in the elderly was related to an
alteration in activation-induced cell death (apoptosis). This is based on our observation that
Fas, a member of the TNF receptor family mediating apoptosis, was highly expressed on
CD4+,FOXP3+, even higher than on CD4+,FOXP3− (Fig 4C), suggesting their susceptibility
to apoptosis. However, the young and the elderly had similar levels of Fas expression on
CD4+,FOXP3+ T cells (Fig. 4D). We also measured the frequency of live CD4+,CD25bright

(Treg) and CD4+,CD25− T cells (Target) after incubating them (1:1 ratio) in the presence of
anti-CD3/-CD28 Abs. The frequency of live CD4+,CD25bright and CD4+,CD25− T cells was
similar between the two groups as measured by annexin V staining (Fig. 4E). This finding
indicates that apoptosis is not responsible for the age-associated enhancement in suppressing
IL-10 production from CD4+,CD25− T cells in the presence of high numbers of
CD4+,CD25bright Treg.

3.5. The expression of chemokine receptors on CD4+,FOXP3+ T cells remains unchanged
with aging

In order for CD4+ Treg to execute their immune regulatory function via cell contact, these cells
need to migrate and localize to inflamed or infected sites where they can interact with other
immune cells. This process is regulated by interactions between chemokines in the tissues and
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chemokine receptors expressed on T cells. Of interest, alterations in chemokine receptor
expression on T cells have been noticed in aged humans and mice (Mo et al., 2003; Yung and
Mo, 2003), raising the possibility of aging affecting the same receptors on CD4+ Treg.
However, in our study, the expression levels of chemokine receptors CCR7, CCR4, CCR5 and
CXCR3 on CD4+,FOXP3+ T cells were similar between young and elderly individuals (Fig.
5), suggesting their cell trafficking dependent on these receptors likely remains unchanged
with aging.

4. Discussion
Alterations in the immune system that occurs with aging likely contribute to the development
of infection, malignancy and inflammatory diseases in the elderly (Effros et al., 2003; Goronzy
and Weyand, 2005; Hasler and Zouali, 2005; Huang et al., 2005; Krabbe et al., 2004; Linton
and Dorshkind, 2004; Miller, 1999). Although the exact cause for such alterations is yet to be
determined, changes in regulating inflammatory immune responses may account in part for
developing such conditions with aging. CD4+ T cells that express high levels of CD25 and
FOXP3 have been recognized as naturally occurring Treg that have a critical role in regulating
inflammatory immune responses. In the current study, we investigated whether the number
and function of human CD4+ Treg is altered with aging. The frequency and phenotypic
characteristics of CD4+,FOXP3+ T cells as well as their capacity to suppress inflammatory
cytokine production and proliferation of CD4+,CD25− T cells were comparable in young and
elderly individuals. However, when CD4+,FOXP3+ Treg and CD4+,CD25− T cells were co-
cultured at a ratio of 1:1, the production of the anti-inflammatory cytokine IL-10 from
CD4+,CD25− T cells were more potently suppressed in the elderly than in the young. This
finding was not due to changes in CTLA-4 expression or apoptosis of CD4+,FOXP3+ Treg and
CD4+,CD25− T cells. Taken together, our findings suggest that aging may affect the capacity
of CD4+,FOXP3+ T cells to regulate IL-10 production from CD4+,CD25− T cells in humans
although other cellular characteristics of CD4+,FOXP3+ T cells remain unchanged with aging.

CD25 was used as a single marker for CD4+ Treg in most studies investigating the effect of
aging on human CD4+ Treg (Gregg et al., 2005; Tsaknaridis et al., 2003), although this
molecule can also be up-regulated on T cells. In our study, in conjunction with CD25, we used
FOXP3 which is considered as an essential and sufficient marker to identify CD4+ Treg
(Ziegler, 2006). As previously reported (Ehrenstein et al., 2004), the expression of FOXP3
correlated with the expression of CD25 although only CD4+,CD25bright T cells were mostly
FOXP3+ (R1 in Fig. 1A and B). In our study the frequency of CD4+,FOXP3+ T cells was not
different between young (age ≤ 40) and elderly (age ≥ 65) individuals (mean (%) ± SD, 5.28
± 0.54 vs 5.45 ± 0.62, Fig. 2B). Of interest, a recent study reported a moderately increased
frequency of CD4+,FOXP3+ T cells in elderly individuals of age 70 or older compared to young
individuals of age 30 or younger (5.8% vs 4.4%) (Lages et al., 2008). Although the cause for
such a discrepancy is not clear, it could be related to the difference in defining young and
elderly groups between the two studies.

We observed no difference in suppressing the proliferation of CD4+,CD25− T cells in the
presence of CD4+,CD25bright Treg between the young and the elderly, which is consistent with
the results of a mouse study (Nishioka et al., 2006). Of interest, two previous human studies
on aging and CD4+ Treg reported inconsistent results (Gregg et al., 2005; Tsaknaridis et al.,
2003). One study found no difference in suppressing target T cell proliferation in small numbers
of young and elderly human subjects (3 for each group) (Gregg et al., 2005) whereas the other
study reported decreased anti-proliferative capacity of CD4+,CD25+ T cells in the elderly
(Tsaknaridis et al., 2003). However, in the latter study, CD4+,CD25+ T cells, including
FOXP3+ and FOXP3− cells, were isolated using magnetic beads and no statistical analysis was
done (Tsaknaridis et al., 2003). The results of our study clarify this issue by demonstrating no
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age-associated change in CD4+ Treg-mediated suppression of CD4+,CD25− T cell
proliferation. A recent study reported suppression of cytotoxic activity of CD8+ T cells and
NK cells by CD4+,CD25+ T cells in humans (Trzonkowski et al., 2006). In this study, the
elderly had increased numbers of CD4+,CD25+ T cells that correlated with impaired
cytotoxicity of CD8+ T cells and NK cells as well as reduced IL-2 production by
CD4+,CD25− T cells (Trzonkowski et al., 2006). However, when magnetic bead-sorted
CD4+,CD25+ T cells were added to target CD8+ T cells, NK cells and CD4+,CD25− T cells in
young and elderly subjects, the suppression of cytotoxic activity and IL-2 production of the
target cells appeared to be similar between the two groups, which supports our findings. Of
note, in this study, the frequency of CD4+,CD25+ T cells was higher in the elderly compared
to the young, suggesting that the overall capacity of Treg could be increased with aging.
However, this interpretation has a limitation since the expression of FOXP3, the best marker
for Treg, was not measured in CD4+ T cells.

In our study, we noticed that IL-10 production from CD4+,CD25− T cells was suppressed in
the presence of CD4+,CD25bright Treg with FOXP3 expression. This finding is different from
a previous study reporting increased production of IL-10 from the former cells in the presence
of CD4+,CD25+ T cells (Dieckmann et al., 2002). Although the origin of such a discrepancy
is unclear, in our study the suppression of IL-10 production from CD4+,CD25− T cells (target)
in the presence of high numbers of CD4+,CD25bright Treg (Treg to target ration, 1:1) was more
profound in the elderly than in the young while the suppression of other cytokine production
was similar between the two groups (Fig. 3C). The exact mechanism for this phenomenon still
remains unknown although we explored several possibilities. At least, this phenomenon
appears not to be stemming from alterations in CTLA-4 expression or apoptosis of CD4+ Treg
and CD4+,CD25− target cells (Fig. 4). Also, this finding is unlikely originating from a defect
in CD4+,CD25− T cells since IL-10 production from CD4+,CD25− T cells in the absence of
CD4+ Treg was not different between the young and the elderly. We recognize that there is
individual variation in IL-10 production from CD4+ T cells as with other cytokines. This was
the reason for us to obtain the inhibitory index for IL-10 to avoid the influence of the individual
variation (Figure 3C). Indeed, total IL-10 levels in culture supernatants (Figure 3D) and the
IL-10 inhibitory index were lower in the elderly when Treg and target cells were co-cultured
at 1:1 ratio.

Our study found the enhanced suppression of IL-10 production from CD4+,CD25− T cells in
the presence of high numbers of CD4+,FOXP3+ Treg in the elderly. It is arguable that our
finding may not have any biological significance since the proportion of CD4+,FOXP3+ Treg
is about 5% of the total CD4+ T cells in circulation. However, a mouse study reported an age-
associated increase in the frequency of CD4+,FOXP3+ Treg in the secondary lymphoid tissues
including lymph nodes and spleen, which was about 30% of the total CD4+ T cells (Lages et
al., 2008). In addition, infiltration of CD4+,FOXP3+ Treg was noticed in tissues with tumors
or inflammation such as sarcoidosis and rheumatoid arthritis (Jokinen et al., 1994; Miyara et
al., 2006; Yamaguchi and Sakaguchi, 2006). These findings suggest that large numbers of
CD4+,FOXP3+ T cells can be recruited to inflamed sites as a counter regulatory force. Thus,
the age-associated increase in suppressing IL-10 production from CD4+,CD25− T cells in the
presence of high numbers of CD4+,FOXP3+ Treg could be detrimental in controlling
inflammation at the tissue level since this cytokine has broad anti-inflammatory properties
(O’Garra and Vieira, 2007). In fact, IL-10 has an important role in limiting damage to host
tissue during infection via regulating the immune response against microorganisms (reviewed
in (Moore et al., 2001)). For instance, IL-10 protected mice from various forms of sepsis models
including septic peritonitis (Cusumano et al., 1996; Florquin et al., 1994; Standiford et al.,
1995). Also, IL-10 pretreatment reduced fever and the release of pro-inflammatory cytokines,
including TNF-α, IL-6 and IL-8, in humans experimentally received endotoxin (Pajkrt et al.,
1997). The incidence and mortality of sepsis increases with aging (Angus et al., 2001). Such
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findings could be secondary in part to uncontrolled inflammatory responses to microorganisms
with augmented production of pro-inflammatory cytokines (Chorinchath et al., 1996; Turnbull
et al., 2003). Therefore, it is conceivable that the enhanced suppression of anti-inflammatory
cytokine IL-10 production from CD4+,CD25− T cells by large numbers of CD4+ Treg in the
elderly accounts in part for their increased mortality and morbidity from sepsis with augmented
inflammatory cytokine production (Fig. 6). Of interest, healthy elderly people had higher levels
of serum IL-10 compared to frail elderly people (Uyemura et al., 2002) although serum levels
of this cytokine were not different between healthy young and elderly people in a study
involving small numbers of human subjects (Peterson et al., 1994).

In summary, we found that the frequency, phenotypic characteristics and anti-proliferative
function of CD4+ Treg were comparable in the young (age ≤ 40) and the elderly (age ≥ 65).
Of interest, IL-10 production from CD4+,CD25− T cells was suppressed more in the elderly
than in the young in the presence of high numbers of CD4+ Treg although the inhibition of
inflammatory cytokine production was similar between the two groups. These findings suggest
the possibility that aging affects the capacity of CD4+ Treg to regulate IL-10 production from
CD4+,CD25− T cells in humans. The results of our study introduce a possible explanation for
dysregulated inflammation with aging that may contribute to the development of unwanted
inflammatory pathologies in the elderly.
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Fig. 1.
Correlation of CD25, FOXP3 and IL-7Rα expression by CD4+ T cells in young and elderly
humans. Purified peripheral blood mononuclear cells (PBMCs) from young (n = 10) and elderly
(n = 10) individuals were stained with Abs to CD4 and CD25, followed by permeabilization
and staining with Abs to FOXP3 or isotype Abs. Some cells were additionally stained with
Abs to IL-7Rα or isotype Abs. (A) Representative dot plots showing CD4+ T cell subsets
expressing CD25 at different levels. (B) Representative histograms demonstrating the
relationship of CD25 and FOXP3 expression by CD4+ T cells. (C) The frequency of CD4+ T
cell subsets expressing CD25 differentially in young and elderly individuals. Error bars indicate
standard error of the mean (SEM). (D) Representative histograms showing the expression of
IL-7Rα on CD4+,FOXP3+ and FOXP3− T cells. P values were obtained by the Mann-Whitney
U test.
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Fig. 2.
Comparing the frequency of CD4+,FOXP3+ T cells and their naïve (CD45RA+) and memory
(CD45RA−) phenotypes between young and elderly humans. PBMCs from young (n = 15) and
elderly (n = 15) individuals were stained with Abs to CD4, CD45RA and IL-2/15Rβ, followed
by permeabilization and staining with Abs to FOXP3 or isotype Abs. (A) Representative dot
plots showing identification of FOXP3+ T cells in CD4+ T cells. Numbers in the plots indicate
the frequency of FOXP3+ or isotype stained cells. (B) The frequency of FOXP3+ T cells in
CD4+ T cells from young and elderly individuals. (C) Representative dot plots showing
CD4+,FOXP3+ T cells with and without expressing CD45RA. Numbers in the plots indicate
the frequency of CD45RA+ cells. (D) The frequency of CD4+,CD45RA−,FOXP3+ T cells and
CD4+,CD45RA+,FOXP3+ T cells. (E) Representative histograms showing the expression of
IL-2/-15Rβ on CD4+,FOXP3+ and FOXP3− T cells. (F) MFI of IL-15Rβ expression on
CD4+,FOXP3 in young and elderly individuals. P values were obtained by the Mann-Whitney
U test.
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Fig. 3.
Comparing the capacity of CD4+,CD25bright T cells in suppressing the proliferation and
cytokine production of CD4+,CD25− T cells between young and elderly humans. PBMCs from
young and elderly individuals were stained with Abs to CD4 and CD25 and sorted into
CD4+,CD25bright (R1 in Fig. 1A, Treg) and CD4+,CD25− (R4 in Fig. 1A, Target) T cells. (A)
In some experiment, the latter cells were stained with CFSE and mixed with
CD4+,CD25bright T cells at various ratios as indicated in the figure and incubated for 7 days in
the presence of anti-CD3 and -CD28 Abs. Proliferating target cells were identified based on
CFSE staining using flow cytometry. Numbers on histograms indicate the frequency of
proliferating target cells. Representative data from a healthy elderly individual. (B)
Proliferation inhibitory index was calculated as described in methods. Circles and error bars
indicate the mean and standard deviation (SD), respectively. (C–D) Sorted CD4+,CD25bright

and CD4+,CD25− T cells were co-cultured for 7 days at various ratios in the presence of anti-
CD3 and CD28 Abs. Cytokine levels in tissue culture supernatant were measured using a
multiplex cytokine assay kit. (C) Inhibitory index for cytokine production was calculated as
described in methods. (D) IL-10 levels (pg/ml) in tissue culture supernatant. Bars and error
bars indicate the mean and SEM, respectively. P values were obtained by the Mann-Whitney
U test.
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Fig 4.
Measuring CTLA-4 and Fas expression by CD4+,FOXP3+ T cells as well as apoptosis of
CD4+,CD25bright and CD25− T cells in young and elderly humans. (A – D) PBMCs from young
(n = 15) and elderly (n = 15) individuals were stained with Abs to CD4, followed by
permeabilization and staining with Abs to FOXP3, CTLA-4, Fas or isotype Ab. Representative
histograms showing the expression of CTLA-4 (A) and Fas (C) by CD4+,FOXP3− and
FOXP3+ T cells. MFI of CTLA-4 (B) and Fas (D) expression by CD4+,FOXP3+ T cells. (E)
PBMCs from young (n = 8) and elderly (n = 9) individuals were stained with Abs to CD4 and
CD25 and sorted into CD4+,CD25bright (Treg) and CD4+,CD25− T (Target) cells. The latter
cells were stained with CFSE and incubated for 7 days with CD4+,CD25bright T cells at 1:1
ratio in the presence of anti-CD3/-CD28 Abs. The frequency of live Treg and target cells was
measured using annexin V staining after incubation. P values were obtained by the Mann-
Whitney U test.
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Fig. 5.
Chemokine receptor expression on CD4+,FOXP3+ T cells in young and elderly humans.
PBMCs from young (n = 15) and elderly (n = 15) individuals were stained with Abs to CD4,
CCR7, CCR4, CCR5, CXCR3 or isotype Abs, followed by permeabilization and staining with
Abs to FOXP3. MFI of CCR7, CCR4, CCR5 and CXCR3 expression on CD4+,FOXP3+ T
cells was calculated. P values were obtained by the Mann-Whitney U test.
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Fig. 6.
A conceptual model showing the potential role for FOXP3+ Treg in interfering IL-10
production from CD4+,CD25− T cells in the elderly that leads to increased morbidity and
mortality of sepsis.
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