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Aging of the CD4 T Cell Compartment
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Abstract: Higher morbidity and mortality following infections, particularly influenza, is observed in the elderly popula-
tion. Because of this, people over 65 years old are often targeted for preventive immunization. Many vaccines, however,
are not as effective in generating protective antibodies in older individuals. CD4" T cells, through their B cell helper func-
tions, play a central role in the humoral response. Aging has deleterious effects on the immune system,and understanding
how aging impairs CD4" T cell functions is of critical importance to design new immunization and treatment strategies
targeted to the elderly population. In this paper, we review some of the qualitative and quantitative changes in the CD4" T
cell compartment that arise with aging. We also summarize the age-related intrinsic defects that impact naive, memory

and regulatory CD4" T cell functions.
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INTRODUCTION

The mean age of the population is increasing worldwide.
In the United States, the proportion of people over 65 years
old went from 12.4% in 2000 to 12.9% in 2009 and is ex-
pected to reach 19% by 2030 [1]. This population is much
more susceptible to infections, particularly influenza and
bacterial pneumonia, which also results in higher morbidity
and mortality in the elderly[2-4]. Because of their higher
susceptibility to infection, the elderly are often targeted for
vaccination. But this is problematic since the efficacy of
vaccines for influenza or Streptococcus pneumonia, for ex-
ample, is greatly reduced in people over 65 years of age
[5,6]. Similarly, old mice show a decreased antibody re-
sponse following vaccination for a variety of antigens [7,8].
This poor response to immunization, as well as the increased
susceptibility to infections in the elderly, reflects the decline
in the immune system functions with aging. Since immun-
ization remains the favored method to protect people against
influenza and pneumonia, finding ways to improve the im-
mune response of the elderly to vaccines is an important
social health goal. To do so, research efforts have been put
forward to determine how aging impacts the immune system
and how these defects can be overcome.

The decreased antibody response in the elderly has been
associated with reduced germinal center formation, somatic
hypermutations and high affinity antibody production [9,10].
Although defects in the B cell compartment can partly ac-
count for these defects (see Dunn-Walters and Blomberg
article of this issue), impairment of CD4" T cell functions
with age most certainly plays an important role in the re-
duced humoral response seen in older individuals. Indeed,
through their B cell helper functions, CD4" T cells play a
major role in the immune response, and it is now well recog-
nize that CD4" T cells are absolutely required for germinal

*Address correspondence to this author at Trudeau Institute, 154 Algonquin
ave, Saranac Lake, NY, 12983, USA. Tel: 518-891-3080;
Fax: 518-891-5126; E-mail: Ihaynes@trudeauinstitute.org

1876-326X/12

center formation and high affinity antibody production by B
cells [11]. Any changes that modify how CD4" T cells inter-
act with other cells, are activated or differentiate into effec-
tors could have a major impact on the humoral response and
hence, on the efficacy of vaccination. This review thus fo-
cuses on the changes arising in the CD4" T cell compartment
with aging.

The dwindling of the CD4" T cell population is an im-
portant characteristic of aging. The declining CD4" T cell
population also progressively switches from a mostly naive
to a mainly memory phenotype, with an increased proportion
of cells expressing a regulatory phenotype. In the first part of
this review, we summarize these age-associated qualitative
and quantitative changes and their possible causes, and brief-
ly discuss their consequences. We dedicate the second part
of this review to the intrinsic defects acquired by CD4" T
cells with aging. Interestingly, CD4" T cells do not neces-
sarily acquire the same defects whether these cells express a
naive, memory or regulatory phenotype.We therefore sepa-
rately describe the intrinsic defects acquired by naive,
memory and regulatory CD4" T cells.

AGE-ASSOCIATED QUANTITATIVE AND QUALI-
TATIVE CHANGES IN THE CD4" T CELL COM-
PARTMENT

The observation that older people and animals have de-
fective immune responses has been known and investigated
for some time. Early studies demonstrated, using limiting
dilution assays, that older animals had fewer responding
cells [12]. Further characterization of the modifications in
the composition of the CD4" T cell compartment revealed a
shift in the ratio of cells expressing naive and memory phe-
notype.

Whereas the CD4" T cell pool in young individuals is
mainly composed of naive cells, the proportion of memory
cells increases with age in both mice and humans [13-15].
This shift is thought to mainly result from thymic involution,
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which is the shrinking in size and function of the thymus that
leads to the reduced output of new naive T cells toward the
periphery [16]. Measurement of T-cell receptor excision
circle molecules (TREC) expression has been shown to be a
reliable marker to assess thymus function [17]. By assessing
TREC expression on human peripheral blood mononuclear
cells, Sempowski and co-workers showed that the number of
naive T cells drops by 3 orders of magnitude over an 80 year
lifespan [18]. In mice, the thymus reduces its production of
naive T cells from 2x10° cells per day in 1 month-old mice
to 10° cells per day in 6 month-old mice [19]. These results
therefore clearly demonstrate the profound impact of thymus
involution on the reduction of naive CD4" T cells in the
periphery with age.

Even though the thymus output of new T cells lessens
with aging, the proportion of naive CD4" T cells in the pe-
riphery does not decrease accordingly and the total CD4" T
cell pool remains stable for some time before declining. This
implies that thymus-independent homeostatic mechanisms
occur in the periphery to maintain the CD4" T cell pool (re-
viewed in [20]).The homeostatic regulation of naive and
memory T cells differs greatly. Indeed, various studies using
labeling with the thymidine analog bromodeoxyuridine
(BrdU) or injections of fluoresceinisothiocyanate (FITC) into
the thymus revealed that naive CD4" T cells scarcely, if ever,
proliferate in the periphery, whereas memory CD4" T cell
turnover regularly [21,22]. Under lymphopenic conditions,
however, naive CD4" T cells do proliferate in a IL-7/self-
peptide MHC-dependent mechanism [23]. During this so-
called lymphopenia-induced proliferation (LIP), naive CD4"
T cells irreversibly acquire a memory-like phenotype [23].
Considering the diminished thymic output and slow decrease
in total T cells in aging, one could argue that the aged envi-
ronment is somewhat lymphopenic and promotes LIP. In this
context, even though new naive T cells exit the thymus in
old individuals, some could be induced to proliferate and
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acquire a memory phenotype instead of remaining naive.
This would then contribute to the higher proportion of
memory cells seen in the aged T cell pool. Supporting this
hypothesis is the demonstration by Timm and collaborators
that the aged microenvironment promotes a memory-
enriched population when CD4" depleted aged mice are
reconstituted with naive CD4" T cells [24]. Noteworthy,
homeostatic proliferation of naive CD4" T cells has been
reported in humans [25,26] without loss of the naive pheno-
type, suggesting that the homeostasis of naive CD4" T cells
differs between human and mice.

Finally, growing evidence demonstrates that the number
and proportion of regulatory CD4* T cells, defined as
forkhead box p3(Foxp3)'CD4"increases with age in both
mice and humans [27-32], although some studies report no
differences in the frequency of that population between
young and aged individuals [33]. Regulatory CD4" T cells
modulate the immune response through the production of
various cytokines such as IL-4, IL-10 and TGF-B, and by
inhibiting T cell functions (reviewed in [34]). An increase in
the frequency and number of regulatory T cells with aging
would likely contribute to the impaired immunity observed
in the elderly. Multiple examples are found in the literature
supporting this idea, including a recent study which demon-
strated that the higher frequency of regulatory T cells in aged
mice was associated with the reactivation of chronic
Leishmania major infections [29].

The reduction of naive T cell output from the thymus, the
increase in memory T cells from multiple antigenic encoun-
ters and homeostatic proliferation, as well as the increase in
regulatory T cells, are profound qualitative and quantitative
changes that occur with age (Fig. 1). As a consequence, there
are fewer naive T cells in the periphery to respond to newly
encountered antigens, and more regulatory T cells to inhibit
T cell functions, which likely lead to the delayed and de-
creased response in the elderly. In addition to these global
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Fig. (1). In young age (left panel), the thymus generates a large number of naive CD4" T cells every day. These cells reach the periphery
where they form the majority of the CD4" T cell pool, with fewer memory and regulatory CD4" T cells. In old age (right panel), thymic
involution leads to a much reduced output of naive CD4" T cells and a relatively increased output of regulatory T cells. Very few naive CD4"
T cells therefore reach the periphery where memory CD4" T cells, generated through antigen encounters throughout life and other factors

(see text), accumulate.
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changes in the CD4" T cell pool with age, CD4" T cells also
develop intrinsic defects that impair their functions, and
therefore impact on the immune response of older individu-
als. These intrinsic defects will be reviewed in the next sec-
tions.

AGE-ASSOCIATED INTRINSIC DEFECTS IN CD4" T
CELL FUNCTIONS

Naive CD4" T Cells

Naive CD4" T cells respond to newly encountered anti-
gens and, once activated, provide help to cognate B cells. As
mentioned in the introduction, these interactions were shown
to be essential to germinal center formation and high affinity
antibody generation [11]. Our group has therefore been in-
terested in studying how aging affects the cognate functions
of CD4" T cells. In order to study the impact of age on the
CD4" T cells without the putative impact of age on the envi-
ronment, we took advantage of an adoptive transfer model in
which we transferred identical numbers of naive TCR trans-
genic CD4" T cells from young or aged donor mice into
young CD4" deficient hosts. In this model, the only help
provided to B cells comes from the transferred cells since the
hosts do not have any endogenous CD4" T cells. Following
immunization, mice that received aged CD4" T cells had a 3
log decrease in antigen-specific antibody response compared
to mice that received young CD4" T cells [35]. This corre-
sponded with very low germinal center formation, thus sup-
porting a major impact of age on intrinsic CD4" helper func-
tions.

But how does aging affect naive CD4" T cells? As men-
tioned previously, the reduction in the number of naive CD4*
T cells in the periphery is not as dramatic as the reduction of
the thymic output of new naive cells with age [20]. Since
naive CD4" T cells do not undergo homeostatic proliferation
in the periphery [21, 22], they would have to have a longer
lifespan to compensate for the reduced input from the thy-
mus. Tsukamoto and collaborators recently showed that the
longevity of naive CD4" T cells in the periphery was in fact
increased in older mice [36]. The increased lifespan of the
naive T cells correlated with a decreased expression of Bim,
a pro-apoptotic molecule of the Bcl family. Using bone mar-
row chimeras of Bim™ and Bim™, they showed that the
reduced expression of Bim by naive CD4" T cells in old
mice accounted for that increased longevity [37]. We have
hypothesized that the aging of the cells themselves likely
provokes intrinsic defects in the “old” naive CD4" T cells
[38]. If this were true, then newly generated naive CD4" T
cells in an old mouse would not show the defects associated
with age. To address this question, we used two different
approaches to promote the release of new naive CD4" T cells
in aged mice: 1) we depleted the CD4" T cells from young or
aged mice using an anti-CD4 antibody; 2) we transferred
bone marrow from young or aged mice into irradiated young
or aged hosts. We then allowed the mice to reconstitute their
CD4" T cell pool and determined whether or not the new
naive CD4" T cells still showed functional defects by meas-
uring their ability to proliferate in response to antigen or to
produce cytokines ex vivo. In these experiments, naive CD4"
T cells that have spent a short period of time in the periphery
proliferated and produced IL-2 as efficiently whether they
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originated from young or aged mice [39]. These results
strongly support that longer longevity promotes functional
defects in aged individuals.

The fact that naive CD4" T cells from older individuals
have limited proliferative capacity and reduced IL-2 produc-
tion in both mice and humans were amongst the first age-
associated defects identified [40]. It was also shown that this
defective IL-2 production is in fact the cause of the dimin-
ished proliferation observed in the aged cultures. Indeed, IL-
2 is an essential T cell growth factor mainly produced by
activated CD4" T cells [41], and exogenous addition of IL-2
restored the proliferation of aged cells in culture to levels
equivalent to those of young CD4" T cells [42,43]. Similarly,
the reduced proliferation of peripheral blood mononuclear
cells from elderly subjects stimulated in vitro correlated with
the proportion of naive CD4" T cells present in the cultures
as well as the amount of IL-2 produced [44].

Major defects in intracellular signaling of T cells develop
with aging. These defects, which were recently reviewed
[45], likely contribute to the various functional impairments
observed in naive CD4" T cells. For example, defective im-
munological synapse formation, an essential event of naive
CD4" T cell activation and cognate helper functions, was
observed in aged CD4" T cells [46,47]. Moreover, TCR
signaling is also weakened with aging. It was indeed shown
that ZAP-70 activation in response to CD3-TCR stimulation
is reduced in naive CD4" T cells from elderly humans and
leads to decreased tyrosine phosphorylation of the Z-chains
[48]. In fact, the impaired ZAP-70 activation with aging is
independent of the CD4" phenotype and occurs in memory
as well as naive CD4" T cells [48]. Downstream events of
ZAP-70 activation include cytoskeleton remodeling, an im-
portant aspect of multiple essential functions of T cells such
as cell migration, cytokine secretion, receptor endocytosis
and many more. Impairment in multiple steps of the signal-
ing pathways associated to the cytoskeleton arises with age
and therefore compromises those important cellular func-
tions (reviewed in [49]). Another downstream event of TCR
signaling, Raf-1 activation, is reduced in aged naive CD4" T
cells compared to young CD4" T cells [50]. This decrease
likely contributes to the reduced production of IL-2 by CD4"
T cells from old mice as Raf-1 activates the ERK/MAPK
pathway that leads to IL-2 transcription. Additionally, the
activation of the transcription factors NF-AT and AP-1,
which are implicated in IL-2 transcription, is also decreased
with age [51,52].

Death by apoptosis is an important control mechanism
used to prevent autoimmune diseases and other immune
disorders by eliminating autoreactive T cells during positive
selection in the thymus and superfluous effector T cells at
the end of an immune response. There are two major path-
ways of apoptosis: one receptor-mediated pathway through
CD95 (Fas) or tumor-necrosis factor receptor (TNFR), for
example; and one mitochondrial pathway controlled by
members of the Bcl-2 family (reviewed in [53]). Any change
in the balance of the pro- and anti-apoptotic signals modifies
the susceptibility of the cells to apoptosis and therefore has
an important impact in the control of the immune response.
Changes in the expression of proteins involved in both the
receptor- and mitochondrial-mediated pathways have been
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reported in aging. Compared to naive CD4" T cells of young
people, naive CD4" T cells from aged humans have an in-
creased expression of the pro-apoptotic TNFRI, TNFR-
associated death domain protein (TRADD), Fas, Fas ligand
and bax along with a decreased expression of the anti-
apoptotic TNFRII, TNFR-associated factor 2 (TRAF-2) and
Bcl-2 at both the protein and mRNA levels [54,55]. These
modifications render old naive CD4" T cells more suscepti-
ble to TNF- and Fas-induced cell death, which putatively
contribute to the reduced proliferation of these cells.

Finally, once activated, CD4" T cells become effector
cells that produce different arrays of cytokines according to
the helper subset they differentiate into. For example, T
helper 1 (Th1) cells mainly secrete IL-2 and IFN-y, whereas
Th2 cells produce IL-4, IL-5 and IL-10 [56]. The poor ca-
pacity of aged CD4" T cells to produce IL-2 impairs their
ability to fully differentiate to Th1/Th2 effectors [42,57].
The defect in effector differentiation by aged CD4" T cells
could be fully restored by the exogenous addition of 1L-2. Ex
vivo stimulation of purified CD4" T cells from the peripheral
blood of young and aged individuals showed that there was
an increased proportion of cells able to produce IFNy in the
elderly subjects compared to the young [58]. The authors
concluded that CD4" T cells from the elderly preferentially
commit to the Thl subset comparatively to the Th2 subset.
Work performed in our lab [59], and others [60-62], showed
that aged CD4" T cells readily differentiate into the Th17
subset, a subset more recently identified by the capacity of
those cells to generate cytokines of the IL-17 family. This
imbalance toward this Th1l7 polarization is thought to ac-
count for the general pro-inflammatory state and autoim-
mune response in the elderly [61,63].

Knowing what are the defects acquired by naive CD4" T
cells with aging (summarized in Table 1) will certainly help
to develop better vaccines destined to the elderly population.

Memory CD4" T cells
The establishment of an efficient memory immune re-

Lefebvre and Haynes

sponse is essential to ensure faster clearance of recurring
infections. Once a memory response is generated, it can last
for a lifetime [64]. After naive CD4" T cells encounter their
cognate antigens, they proliferate and acquire an effector
phenotype. Following antigen clearance, most of those effec-
tor cells die and only a small proportion of antigen specific
memory CD4" T cells remains [65]. Despite the critical im-
portance of memory CD4" T cells in the immune response,
very little is known on the impact of aging on these cells.
Kang and co-workers monitored the immune response of
elderly subjects three months post-influenza immunization
and observed that these people mounted a good initial
memory response but the memory cells were not maintained
[66]. This putatively resulted from lower circulating IL-7
concentration, which was impeding memory cell homeosta-
sis.Work performed using young and aged TCR transgenic
mice has shown that naive CD4" T cells from aged mice
generate fewer memory cells, both in vitro and in vivo, when
compared to naive CD4" T cells from young mice [67]. This
was attributed to increased cell death following stimulation
of aged CD4" T cells compared to young CD4" T cells [67].
It has been proposed that the strength and duration of the
TCR signal at the time of antigen encounter by naive CD4" T
cells contribute to the development of memory cells (re-
viewed in [68]). As mentioned earlier, TCR signaling is
impaired in aged CD4" T cells, which may contribute to the
impaired transition to memory [45].

Aside from this defect in generating memory in aged
individuals, intrinsic functional defects in the memory CD4"
T cell compartment with aging have also been demonstrated
in different models. In a first model, we transferred Thl or
Th2 effectors that had been generated from antigen-specific
CD4" T cells isolated from young or aged mice into young
hosts and allowed them to rest for a month to generate
memory cells [69,70]. The memory cells that were generated
from aged mice showed reduced proliferation and cytokine
production (IL-2 for Thl, IL-4 and IL-5 for Th2) [69,70]
upon restimulation compared to the memory cells that were
generated from young mice. Moreover, memory cells gener-

Table 1.  Intrinsic Defects Acquired by Naive and Memory CD4" T Cells with Aging
Defects Naive CD4" T cells Memory CD4* T cells
Impaired helper functions Yes Yes
Increased longevity (reduced Bim expression) Yes Not determined
Reduced cytokine production Yes Yes
Reduced proliferation Yes Yes
Impaired immunological synapse formation Yes Yes
Impaired intracellular signaling Yes Yes
Increased susceptibility to apoptosis Yes Yes
Preferential differentiation to Th17 compared to Th1/Th2 effector subsets Yes Not determined
Increased expression of inhibitory receptors (ICOS, CTLA-4, PD-1) No Yes
Increased proportion of hyporesponsive cells (pgp*) No Yes

These defects refer to newly generated memory cells in an old mouse. Memory CD4" T cells generated in a young mouse function well in old age (see text in the Memory CD4" T

cells section).
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ated from aged mice also had poor cognate helper functions
compared to memory cells generated from young mice. In-
deed, mice that have received memory cells from aged mice
developed approximately 10 times fewer germinal center B
cells (PNA""CD38'°") and over 2 logs fewer hapten-specific
IgG1 in response to immunization than mice that have re-
ceived memory cells from young mice [70]. Similar results
were obtained in another model in which a polyclonal
memory CD4" T cell population was generated in vivo by
immunizing mice with maleylatedovalbumin in complete
Freund’s adjuvant and allowing them to rest for 7, 28 or 45
days [67]. In this model, the cells harvested from the drain-
ing lymph node of aged mice produced less IFNy after ex
vivo restimulation than the cells from the draining lymph
nodes of young mice. The cognate helper functions of the
aged memory cells, however, were not evaluated in this
study. Interestingly, memory cells generated from young
effector CD4" T cells are perfectly functional even 12 month
post-adoptive transfer and provide strong help to B cells
[69]. Taken together, these results suggest that in older indi-
viduals, memory cells would display divergent functional
capacity depending on when they were generated. In depth
analysis of the progression of memory CD4" T cells isolated
from young (2-6 months old) and aged (>20 months old)
C57BL/6 into the cell cycle following aCD3 (+aCD28)
antibody stimulation supports this idea [71]. Indeed, even
though total memory CD4™ T cells isolated from aged mice
showed significantly lower proliferation than memory cells
from young mice,an important proportion of those memory
cells progressed normally into the post-G, stages of the cell-
cycle. Since some memory cells function normally in old
mice, while others exhibit functional defects, this suggests
that memory cells in aged individuals are quite heterogene-
ous.

Changes in the phenotype of memory CD4" T cells that
potentially impact their functions arise with aging. For ex-
ample, several groups have reported the increased expression
of inhibitory receptors in aged mice including inducible co-
stimulatory molecule (ICOS), programmed death (PD)-1 and
cytotoxic T-lymphocyte-associated protein (CTLA)-4 on
memory and regulatory T cells [72-74]. Additionally, a high-
er proportion of cells within the memory and regulatory T
cell pool express ICOS, PD-1 and CTLA-4 in older individ-
uals [72]. Whether this increased expression of inhibitory
receptors has a functional impact on aged memory cells,
however, is still object of debate. On one side, PD-1CD4" T
cells from old mice proliferated more extensively in response
to aCD3 antibody than the PD-1"CD4" T cells from the same
mice [73,74]. On the other hand, treatment of aged PD-1"
CD4" T cells with antibodies directed against PD-1 or its
ligands PD-L1 and PD-L2 in vitro did not restore their pro-
liferative capacity or modify their cytokine production [74].
To provide inhibitory signals, PD-1 likely has to interact
with either PD-L1 or PD-L2, expression of which was shown
to be increased in different type of dendritic cells with age
[74]. Using the different blocking antibodies in a more com-
plex system implicating the interaction of PD-1 with its
ligands might provide further insights in the role of the in-
creased expression of these molecules with aging. The in-
creased expression of PD-L1 and PD-L2 on dendritic cells
and other immune cells with aging suggests that the aging
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environment also provides negative signals that might im-
pact the immune functions of memory CD4" T cells. In line
with this hypothesis, Mittler and Lee observed that the clonal
expansion of young memory CD4" T cells was reduced fol-
lowing re-stimulation when those cells were adoptively
transferred into aged hosts compared to young hosts [75].
When these adoptively transferred cells were isolated from
their hosts and re-stimulated in vitro, however, no defect in
proliferation was observed. This suggests that the aged mi-
croenvironment may indeed impair memory T cells that
would otherwise function normally.

The expression and/or activity of the multidrug trans-
porter p-glycoprotein (pgp) encoded by the mdrl gene was
also shown to be increased on aged CD4" T cells [76-78],
although a decreased activity or expression of the protein
with age was also reported [79, 80]. The precise role of pgp
in lymphocyte functions is still not well understood, but
work using mdrla™ mice showed that it was not required for
proliferation, cytokine secretion or cytotoxic functions [81].
CD4" T cells expressing high levels of pgp were shown to be
mostly of the memory (CD44"%") phenotype [78]. The pgp*
cells also correspond to memory cells with reduced calcium
mobilization [82], IL-2-induced IL-4 release and prolifera-
tion [83]. The recruitment of the adaptor protein linker for
activation of T cells (LAT) and the protein kinase (PK) C8 to
the immunological synapse was also reduced when these
pgp” memory CD4" T cells were incubated ex vivo with live
anti-CD3e hybridoma (2C11) [84]. This defect in immuno-
logical synapse formation is not exclusive to the pgp” subset
and pgp°" aged memory CD4" T cells showed a similar
defect compared to young memory CD4" T cells [84]. More-
over, F-actin accumulation to the immunological synapse
was slightly reduced in the aged compared to the young
memory CD4" T cells [84]. Additionally, much like naive
CD4" T cells, memory CD4" T cells were shown to have
decreased ZAP-70 activation (reduced Z-chain phosphoryla-
tion) in response to TCR/CD3 stimulation [48]. Taken to-
gether, these studies suggest that the impaired response of
memory CD4" T cells with aging results from a combination
of factors that include the accumulation of hyporesponsive
(pgp” cells) as well as the development of intracellular sig-
naling defects and altered immunological synapse formation.

Finally, the susceptibility of memory CD4" T cells to
programmed cell death is modified with aging. As described
earlier for naive CD4" T cells, aged human memory CD4* T
cells have increased susceptibility to both Fas- and TNF-
mediated apoptosis [54,55]. This increased susceptibility to
apoptosis might explain the reduced establishment of a sus-
tained memory response in aged individuals [66].

Although many of the defects acquired by memory CD4"
T cells with age are similar to those acquired by naive CD4"
T cells (reduced proliferation and cytokine production, re-
duced helper functions, impaired intracellular signaling and
immunological synapse formation and increased susceptibil-
ity to apoptosis); some age-associated changes are specific to
CD4" T cells of the memory phenotype (increased expres-
sion of inhibitory molecules and increased proportion of
hyporesponsive cells). These changes are summarized in
Table 1. More work is however needed to further character-
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ize these defects and understand their impact on memory
CD4" T cells activation in aged individuals.

Regulatory CD4" T cells

Regulatory CD4'T cells play a major role in controlling
immune responses: they help to prevent autoimmunity by
tempering T cell responses and promote immune tolerance
(reviewed in [85]). Because of their ability to inhibit or re-
duce effector T cell functions (through direct interaction or
cytokine secretion), the regulatory T cell response has to be
precisely balanced to maintain protective immunity against
infection while tolerating non-pathogenic antigens. Changes
occurring in the regulatory CD4" T cell compartment with
aging could therefore negatively impact multiple aspects of
the immune response. As mentioned in the first section, the
proportion of regulatory CD4" T cells is generally consid-
ered to increase with age. Reports using various animal
models demonstrated that this increase in regulatory T cells
with aging correlates with impairment of the immune re-
sponse. For example, old Balb/c mice were shown to have
increased frequencies of regulatory T cells in both their
spleen and lymph nodes, which was associated with a de-
creased ability to reject the tumor cell line BM-185 [27].
Similarly, aged C57BL/6 mice also had a higher frequency
of Foxp3'CD4" T cells that correlated with the spontaneous
reactivation of a chronic infection with Leishmania major
[29]. In both cases, the elimination of the regulatory T cells
using an aCD25 antibody improved the immune function of
the aged animals that were then able to reject the tumor cells
[27], or had reduced disease severity following Leishmania
major infection [29]. Noteworthy, some of these inhibitory
effects of regulatory T cells in aged mice are mediated
through the impairment of optimal antigen presentation by
dendritic cells. The increase in Foxp3® CD4" T cells was
indeed associated with reduced expression of co-stimulatory
molecules by lymph node dendritic cells, and inactivation of
regulatory T cells using an aCD25 antibody restored CD40
and CD86 expression to levels similar to those of young
mice [30].

To our knowledge, only one study directly attempted to
correlate the increased number of regulatory T cells in aging
with disease occurrence in humans [31]. Since neurodegen-
erative disorders are most prevalent in the elderly popula-
tion, Rosenkranz and collaborators hypothesized that the
increased proportion of regulatory T cells in aging caused
Alzheimer and Parkinson diseases. Although they confirmed
that older people (51-87 years old) had an increased frequen-
cy and number of Foxp3"CD4" T cells compared to young
people (23-40 years old), they found no differences between
the diseased and healthy groups [31]. These findings howev-
er do not rule out that the increased proportion of regulatory
T cells in aging is a contributing factor, amongst others, to
disease establishment. Further studies directly addressing
these questions are needed to definitely correlate diseases in
aging humans with regulatory T cell frequency and/or func-
tion.

Aside from the number of regulatory T cells, changes in
the function of these cells could also impact disease preva-
lence, outcome or gravity. For exemple, regulatory T cells
isolated from patients during the acute phase of toxic epi-
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dermal necrolysis showed important defects in their ability to
inhibit CD4"CD25" T cell proliferation in vitro as measured
by [*H]thymidine incorporation [86]. In some autoimmune
diseases such as psoriatic arthritis and systemic lupus
erythematosus, low levels of circulating regulatory T cells
were associated with increased disease activity or poor prog-
nosis (reviewed in [87]). Changes in regulatory T cell func-
tions combined with the increased frequency of these cells in
aging could therefore greatly affect the immune response of
older individuals. Whether aging correlates with modifica-
tions in regulatory T cell functions has however been subject
of debate. The principal way to assess regulatory T cell func-
tions in vitro has been to study their ability to inhibit
CD4'CD25 T cell proliferation, which was shown to depend
on the inhibition of IL-2 production [88] and to require cell-
cell contacts [89]. While it was reported that the capacity of
regulatory T cells to inhibit CD4"CD25" proliferation was
reduced with aging [89], others showed that it was increased
[31] or unchanged [28,33,90]. Different results were howev-
er obtained when other regulatory functions were assessed.
In two of the studies reporting no change in the faculty of old
regulatory T cells to inhibit the proliferation of CD4'CD25
compared to young regulatory T cell, the old CD4°'CD25" T
cells had an increased ability to inhibit 1L-2 [28] or IL-10
[33] liberation by these cells, and reduced capacity to inhibit
the T cell-mediated delayed-type hypersensitivity (DTH) res-
ponse in vivo [28]. Taken together, these results suggest that
regulatory T cell functions are altered with aging. The nature
of those alterations, however, depends on the immunological
context in which the regulatory T cell functions are evaluat-
ed.

Multiple factors could explain the apparent discrepancy
in the impact of age on regulatory T cell functions. First,
differences in the stimuli used (phytohaemagglutinin, aCD3,
aCD3+aCD28, alloantigen) might contribute to the con-
trasting results obtained since the target cells likely respond
differently to those stimuli. Interestingly, Kozlowska and
collaborators showed that the ability of old regulatory T cells
to inhibit lymph node T cell proliferation differed whether
those target cells were from an old (~5% inhibition) or a
young mouse (~25% inhibition) [32]. They thus suggested
that the responsiveness of the target cells to the inhibitory
signals rather than the regulatory T cell themselves changed
with age. It was indeed demonstrated that CD4°'CD25 T
cells from old mice were hyporesponsive [91,92]. In addition
to the target cell responses that potentially varies according
to the stimulus used, alterations in the regulatory T cell rep-
ertoire in old mice, as measured by their V usage, also sug-
gest that they would respond differently to various antigens
[28].

Second, differences in the criteria used to define and sort
regulatory T cells for the functional assays most certainly
impacted the result obtained. When first described, regulato-
ry T cells were identified as CD4" T cells expressing high
levels of CD25 [93,94]. The definition of “high” is however
somewhat suggestive and divergences in gating strategies
could lead to the identification of populations with different
functional results. Moreover, since activated CD4" T cells
also up-regulate CD25, the sorted cells most likely include
non-regulatory T cells. The identification of the transcription
factor Foxp3 as an additional marker for regulatory T cells
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has become a helpful tool to study regulatory T cell func-
tions in immunity [95-97]. This marker also allowed the
discrimination of two distinct regulatory CD4" T cells sub-
sets that were CD25 and CD25" as well as a CD8" subset
[97]. The need to stain intracellularly to detect Foxp3, how-
ever, prevents the use of this marker to sort cells. The devel-
opment of mice expressing a Foxp3-GFP [98], as well as the
identification of other surface markers specific for regulatory
T cells such as GARP [99] should help to clearly determine
how age impact regulatory T cell functions.

Finally, the phenotype of the regulatory T cells changes
with age and regulatory T cells from old mice might [100] or
might not [28] express high levels of CD44, which is typical
of the memory phenotype. As we discussed earlier, the im-
pact of aging on naive and memory CD4* T cells is not nec-
essarily similar. Moreover, naive and memory cells do not
respond the same way to similar challenges. The comparison
of regulatory T cell functions between young and aged indi-
viduals without accounting for these phenotypic, and pre-
sumably functional, changes would certainly provide an
inaccurate picture of the impact of aging on regulatory T
cell.

CONCLUSION

Changes in the CD4" T cell compartment due to aging
result in reduced responses to vaccination and infection.
These changes impact both the naive and memory CD4" T
cell compartments and are due to both T cell intrinsic and
extrinsic factors. Importantly, understanding the multiple
changes that occur in the immune system with aging is chal-
lenging but is of major importance to design better vaccines
or treatment aimed for the elderly.
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