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Abstract Primary human cytomegalovirus (HCMV)
infection of an immunocompetent individual leads to the
generation of a robust CD4+ and CD8+ T cell response
which subsequently controls viral replication. HCMV is
never cleared from the host and enters into latency with
periodic reactivation and viral replication, which is con-
trolled by reactivation of the memory T cells. In this article,
we discuss the magnitude, phenotype and clonality of the T
cell response following primary HCMV infection, the
selection of responding T cells into the long-term memory
pool and maintenance of this memory T cell population in
the face of a latent/persistent infection. The article also con-
siders the eVect that this long-term surveillance of HCMV
has on the T cell memory phenotype, their diVerentiation,
function and the associated concepts of T cell memory
inXation and immunosenescence.
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Introduction

The general course of a primary T cell response to a virus
infection can be summarized thus: the naïve virus-speciWc
T cells encounter viral antigens presented by activated den-
dritic cells (DC) that have migrated from peripheral sites
where these professional antigen presenting cells have
phagocytosed virus infected cells or cell fragments into

local draining lymph nodes in order to present antigen to
naïve T cells. The virus-speciWc T cells subsequently
undergo an extensive clonal expansion (which may exceed
a 1,000-fold). Following this extensive T cell proliferation
and activation of eVector functions (such as cytokine pro-
duction and expression of cytotoxic granules), the eVector
CD8+ T cells leave the lymphoid tissue and migrate to sites
of viral infection via chemotactic gradients (detected by
surface expression of e.g. CxCR3 and/or CCR5 receptors)
in combination with local changes in adhesion molecule
expression on blood vessel endothelium. Following this,
primary T cell activation cells are selected to become mem-
ory cells, the expanded virus-speciWc T cells undergo a con-
traction phase, in which, more than 90% of the cells are lost
and the remaining cells constitute a memory T cell pool. A
number of factors have been suggested that may determine
selection of T cells from the initial expanded population
into the long-term memory pool, including expression of
receptors for the IL-2 cytokine family (in particular, the
Interleukin-7 receptor IL7-R), TNF family receptors, perfo-
rin and IFN� as well as the upregulation of anti-apoptotic
factors, (reviewed in [1, 2]).

Our understanding of the T cell responses following
primary HCMV infection is far less detailed than our
knowledge of the memory T cell response that we can
observe in long-term virus carriers. In fact, all of the tools
that we have to investigate the primary response to infec-
tion were derived from initial studies of the memory T
cells in seropositive long-term virus carriers. This being
the case, this article will start with a description of the
speciWcities, phenotype and function of memory T cells
before discussing what we currently know about the devel-
opment and selection of these cells following primary
infection. The article also examines the relationship
between memory T cell phenotype and function and the
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concepts of virus-driven memory inXation and the poten-
tial for immunosenescence.

The memory CD8+ and CD4+ T cell response to HCMV 
in long-term virus carriage

CD8+ T cells speciWc for HCMV were Wrst described
around 25 years ago, cultured by stimulation with HCMV
infected Wbroblasts and shown to be cytotoxic [3]. Both the
immediate early (IE) protein (UL123) [4] and the pp65 teg-
ument protein (UL83) [5] were identiWed as important tar-
gets for the CD8+ T cell response. Extensive peptide
epitope mapping of both the pp65 and IE proteins has been
undertaken by many groups and as such, a detailed map of
the minimal peptides and their HLA restrictions has been
published, in addition, many of the epitopes have been con-
structed as MHC Class I tetramers or multimers some of
which are commercially available (reviewed in [6]). Most
individuals exhibit signiWcant pp65 responses and these
were shown to be signiWcantly larger than other detectable
responses to pp150, gB and gH, pp50 and pp28 [7], leading
to suggestions that pp65 was the immunodominant antigen
for the HCMV-speciWc CD8+ T cells.

With the advent of eYcient methods to construct pools
of multiple overlapping peptides which span whole proteins
and advances in detecting and enumerating response by
intracellular cytokine production (e.g. IFN�) and Xowcy-
tometry [8, 9], our understanding of the breadth of T cell
responses to the proteins encoded by HCMV has been fur-
ther advanced. A signiWcant recent study has looked at
IFN� responses to 213 predicted HCMV encoded open
reading frames (ORFs) using around 13,687 peptides of 15
amino acids in length, which overlapped by ten amino acids
in a panel of 33 seropositive donors with disparate MHC
Class I types [10]. One hundred and Wfty-one ORF’s were
shown to elicit a CD4+ or CD8+ T cell response in at least
one donor. Three ORF’s were recognised by more than half
of the cohort, UL48, UL83 (pp65), and UL123 (IE). Indi-
viduals made CD8+ T cell responses to a median of eight
ORFS. It has been suggested that the size of IE and pp65
responses may be a result of apoptosis of virus infected
cells, which generates antigen for cross-presentation with
proteins from the entry virion (pp65) and IE proteins being
most abundant very early postinfection [11]. Cross-presen-
tation of pp65 derived from internalised apoptosing Wbro-
blasts has been demonstrated in vitro [12, 13].

The size of the T cell response to HCMV is signiWcant
with an average of 10% of CD8+ memory T cells being
directed against the virus [10]. In addition, the immune
response to a given HCMV peptide in a latently infected
individual is characteristically highly focussed, being com-
posed of very few CD8+ T cell clones, which have

expanded massively [14, 15]. In elderly individuals, oli-
goclonal expansions are more pronounced, with up to 23%
of CD8+ memory cells directed against a single HCMV
epitope [16]. It has been suggested that clonal expansions
may be a result of repeated exposure to antigen during reac-
tivation, perhaps explaining the frequency of HCMV-spe-
ciWc cells in the elderly.

In healthy long-term carriers of HCMV, pp65-speciWc
CD8+ T cells are present in both the CD45RA+ and
CD45RO+ populations [15, 17–19]. The same T cell clone
can be found expressing either isoform of the CD45 mole-
cule suggesting a common origin [17]. CD45RA+ memory
cells have been termed “revertant” memory cells to denote
their return to the CD45RA+ status of a naïve CD8+ T cell
and are also referred to as TEMRA (discussed in detail later
in this article).

The protective nature of the large CD8+ T cell response
to HCMV infection is inferred by a number of studies. In
human bone marrow transplantation, patients who have
received adoptive transfer of ex vivo expanded HCMV-
speciWc T cells were protected from both primary infection
and reactivating virus [20–22]. As few as 1 £ 106 HCMV-
speciWc T cells per litre was shown to be suYcient to pro-
tect from disease [23]. CD4+ T cells may however be criti-
cal in the reconstitution of immunity in humans [24]. In the
murine model, MCMV, IE-speciWc CD8+ T cells protected
mice from a lethal challenge dose of virus without CD4+ T
cell help, both in acute infection [25] and following bone
marrow transplantation with simultaneous MCMV infec-
tion [26]. In an MCMV model of virus reactivation in B
cell deWcient mice, a hierarchy of importance of cellular
response exists (CD8+ T cells, NK cells, CD4 T cells).
Depletion of CD8+ T cells alone increases frequency of
recurrent infection but deletion of all three populations
leads to uncontrolled reactivation and dissemination [27].

HCMV-infected cells express lower levels of surface
MHC Class I molecules [28] due to the action of a number
of HCMV immune evasion proteins. US2 [29] and US11
[30, 31] dislocate MHC class I heavy chains from the endo-
plasmic reticulum to the cytosol, where they are degraded
by the proteasome. US3 causes MHC Class I peptide com-
plexes to be retained in the ER [32] and US6 prevents the
translocation of peptides into the ER by interaction with the
cytosolic face of TAP [33, 34]. However, even in the pres-
ence of these mechanisms to interfere with antigen presenta-
tion, it is clear from the analysis of long-term virus carriers
that a robust CD8+ T cell responses was mounted to virus
infection. The in vivo signiWcance of these genes is
unknown, in the murine model deletion of multiple genes
that downregulate MHC Class I had little eVect on viral per-
sistence [35]. It seems likely that they may exist to provide a
window of opportunity for replication to occur undetected
by CD8+ T cells following reactivation from latency. When
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Wbroblasts infected with HCMV lacking US2-11 were used
to stimulate CD8+ T cells, IFN� responses in up to tenfold
more responding cells were detected [36]. This suggested
that evasion may operate at the level of recognition rather
than priming as has been suggested for MCMV [37].

Viral evasion of antigen processing may have implica-
tions for studies of CD8+ T cell speciWcity and function in
vitro. There is a discrepancy between the frequency of IE-
speciWc CD8+ T cells detected using speciWc peptides and
HCMV infected Wbroblast stimulators whilst frequencies of
pp65-speciWc cells are comparable [38]. This may reXect
the need for IE proteins to be synthesised before presenta-
tion at a time when viral proteins that disrupt antigen pro-
cessing and presentation are operating. However, a
signiWcant amount of pp65 is present in the tegument of the
incoming virion and may be presented without interference.
Alternatively, disruption of presentation may occur at
diVerent eYciencies for diVerent proteins. Deletion of US2-
11 enhanced recognition of IE peptides from very low
backgrounds in a way not seen for pp65, suggesting a selec-
tive eVect of these genes on IE [36]. In support of a diVer-
ential eVect of US2-11 on IE and pp65 was a recent study,
in which, pp65 was shown to be presented in infected cells
when IE presentation was inhibited. This mechanism
depended on proteosomal activity and could account for the
discrepancy in responses detected to IE in infected cells
[39].

Peptides used experimentally for T cell detection would
not be subject to interference in their processing. However,
interestingly a study using infected Wbroblasts to stimulate
CD8+ recall responses demonstrated that most detectable
responses were directed to IE or E proteins [40] and CD8+
responses to IE proteins have been suggested to be two- to
four-fold higher than for other classes of gene if epitope
selection were random [10] suggesting responses in vivo
are successfully mounted.

Evidence of the importance of CD4+ T cells for control
of HCMV infection is provided in studies of renal trans-
plant patients undergoing a primary infection (natural pri-
mary infections have not been studied). IFN�-producing
CD4+ cells precede the emergence of the CD8+ T cell
response only in those with asymptomatic infection but
their emergence is delayed where disease develops [41]. In
patients undergoing bone marrow transplantation, whilst
CD8+ T cell infusion was able to protect from disease, their
maintenance was dependent on the presence of HCMV-
speciWc CD4+ cells [22, 24]. This suggests that support
provided by CD4+ helper T cells is essential for eVective
CD8+ T cell responses. In support of this, using the MCMV
model, CD4+ T cell depletion only had a minimal eVect on
the control of acute infection, whilst depletion of both T
cell subsets lead to signiWcant disease [26]. Likewise, it
should be noted that in a model of acute MCMV infection,

the protective eVect of adoptive CD8+ T cell transfer was
not dependent on the presence of CD4+ T cells [42].

Analysis of the CD4+ T cell responses to HCMV has
lagged behind that of the CD8+ T cell response, in part,
because MHC Class II tetramers have proven much more
diYcult to produce, however, antigen-speciWc cells have
been identiWed by intracellular cytokine production. pp65
and IE-speciWc T cells as well as other speciWcities have
been demonstrated [43–45]. Individual epitopes have been
identiWed in pp65, IE, gB and gH [43, 46, 47] and others
[6]. CD4+ T cells often respond to the same ORFs as CD8+
T cells, individuals respond to a median of 12 ORFs. Five
ORFs [UL55, UL83 (pp65), UL86, UL99, and UL122/123
(IE)] were recognized by more than half the long-term car-
riers tested. Typically, 10% of the CD4+ T cell memory
pool are speciWc for HCMV [10].

As has already been described for the CD8+ T cell
response in long-term virus carriers, oligoclonal expansions
are marked and the same clones are present in both
CD45RO+ and CD45RA+ pools with some cells also lack-
ing CD28 expression [48]. Most HCMV-speciWc CD4+ T
cells secrete IFN� on stimulation but may also secrete
TNF� and IL-2 [49, 50]. In addition, direct cytotoxicity has
been observed [48] and a subpopulation of CD4+ cells that
increase in frequency following primary infection express
granzyme B suggesting they may possess this capacity
[51].

HCMV evades the CD4+ T cell response by disrupting
the up-regulation of MHC Class II molecules that is
induced by IFN� signalling. This is achieved by modulation
of the expression of Janus kinase 1 (JAK1) and repression
of Class II transactivator (CIITA) mRNA. In addition, US2
can direct HLA-DR� and HLA-DM� to the cytosol where
they are degraded [52].

The phenotype of HCMV-speciWc CD8+ T cells 
in long-term memory

In many healthy long-term carriers, both the CD8+ and
CD4+ memory pools speciWc for HCMV contain large
numbers of CD45RA+ re-expressing “revertant” memory
cells (T eVector memory CD45RA cells, TEMRA) many of
which lack the chemokine receptor CCR7 and the costimu-
latory receptors CD27 and CD28. It is of note that the num-
ber of CD45RA+ CD27¡ cells in the CD8+ pool directly
correlates with HCMV infection but not with EBV or VZV
[53]. At present no diVerence in the phenotype of CD8+ T
cells responding to diVerent epitopes has been consistently
documented [15].

In healthy long-term carriers, the vast majority of
CD45RA+, revertant memory cells also lack CD28 and
CCR7 but are heterogeneous for expression of CD62L and
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the costimulatory molecule CD27 [18]. Other studies have
also demonstrated overlapping populations of CD45RA+
cells lacking combinations of CD28, CD27 and CCR7, and
often expressing CD57 [19, 54–58]. In addition, CD8+
CD45RA+ cells often express CD56 [59], CD244 [60] and
KLRG1 [61, 62]. The expression of the inhibitory receptor
CD85j is increased on CD8+ T cells in parallel with aging
or HCMV positivity and is often expressed in combination
with CD57 and where CD28 expression is lacking [63, 64].

In a comprehensive study of CD8+ T cell responses spe-
ciWc for HCMV, EBV, HIV and HCV [56], it was sug-
gested that virus-speciWc CD8+ cells underwent a linear
diVerentiation programme in which, CD45RA+ CD28+
CD27+ CCR7+ naïve cells became CD45RO+ following
activation and sequentially lost expression of CCR7, CD28
and CD27. It was suggested that the phenotypes that pre-
dominate for each virus represented an accumulation at
diVerent points along the pathway, with HCMV-speciWc
cells being predominantly of the late diVerentiation pheno-
type when CD45RA is reacquired. Loss of CD28 and CD27
also occurs when HCMV seropositive patients receive
HCMV positive stem cell transplants with the reconstituted
HCMV-speciWc CD8+ T cell population being relatively
enriched for CD28¡ and CD27¡ cells compared to the
donor [65]. HCMV-positive transplant patients who
received an HCMV-positive organ also showed a decrease
in CD27+ cells and increase in CD45RA+ cells as a per-
centage of their CD8+ T cell pool a year after transplanta-
tion, perhaps as a result of just HCMV antigen exposure,
although it must be noted that these patients were immuno-
suppressed [66].

In addition to surface phenotype analysis, diVerences in
cytokine proWles and the cytotoxicity of CD8+ memory sub-
sets have been described. CD45RO+ cells produce a range
of cytokines (IL-2, IL-4, IFN� and TNF-�) and are not
directly cytotoxic but on re-stimulation produce cytotoxic
progeny. CD45RA+ CD27¡ cells (which largely overlap
with CD45RA+ CD28¡ and CD45RA+ CCR7¡ popula-
tions) have features of eVector cells but are resting, lacking
the activation markers CD38, Ki67, CD69 and HLA-DR
found on CD45RO+ eVector cells during an acute response.
They express high levels of FAS-L mRNA and the cytotoxic
molecules perforin and granzyme B, and are cytotoxic with-
out re-stimulation. CD45RA+ cells were shown to be reliant
on exogenous growth factors like IL-2 and IL-15 and to pro-
duce only IFN� and TNF-�, not IL-2 or IL-4 [67]. A study of
rhesus CMV using the CD107a assay for degranulation
showed that CD8+ T cells that degranulated but did not pro-
duce cytokines were mainly CD45RA+ CD28¡ [68].

Murine CD8+ responses to MCMV are a mixture of TCM

and TEM, which are separated by CD62L high and low
expression, respectively. The TEM phenotype also
expressed low levels of CD27 and CD28 but those com-

pletely lacking CD28 do not develop. The regulation of
CD28 expression on murine and human T cells is distinct;
in mice, CD28 expression is maintained for life but its
expression on human (and non-human primate) T cells is
less stable [69]. CD8+ CD28¡ T cells are therefore not
only found in HCMV infection. Although all T cells in the
human newborn express CD28 [70, 71] CD28¡ T cells
(especially CD8+) accumulate in both the aged [70–73] and
in various chronic viral infections [56, 74–76].

The generation of T cell responses following primary 
infection

Primary HCMV infections in otherwise healthy individuals
are diYcult to identify and this is reXected in the small
number of published studies on the T cell immune response
early postinfection [18, 77]. Given these diYculties, a num-
ber of studies have examined the response in cohorts that
are highly likely to contract primary HCMV infection,
either following kidney transplantation from a seropositive
donor into a seronegative recipient [41, 78] or following
congenital infection [79] or in early childhood in areas with
a high HCMV seroprevalence [80].

Taking all the studies together there is a consensus that
HCMV CD8+ T cells generated early postinfection express
perforin and granzymes and can be shown to have direct ex
vivo cytotoxicity. The cells express CD45RO but have lost
expression of CCR7 and CD62L. At this early time point,
there is no IL7R� expression and this molecule is not
expressed until much later on memory T cells in agreement
with another study [81]. These Wndings are in contrast to a
number of mouse models, which suggest that its expression
is required for selection [82, 83]. All the studies describe
the loss of surface expression of both CD27 and CD28 mol-
ecules, however, the kinetics of this appear to be slower in
the kidney transplantation patients as compared to the other
cohorts. The appearance of CD45RA+ CD27¡/CD28¡
positive HCMV-speciWc T cells following primary infec-
tion as T cells are selected into memory is also a notable
observation in all the studies [18, 41, 77, 79, 80].

We were able to follow the evolution of the memory
response to two diVerent pp65 epitopes in a small number
of otherwise normal health people who acquired natural
HCMV infection, Fig. 1 summarizes the key Wndings. In
these patients, the HCMV DNAemia in plasma peaked 2–
3 weeks postinfection and reduced to background levels
within 4–5 weeks following the onset of symptoms. Peak
HCMV-speciWc T cell levels of 10–20% were measured
during primary infection to a single pp65 peptide and as
such, it was concluded that the total HCMV-speciWc T cell
frequency in peripheral blood during primary infection is
likely to be very large indeed [77].
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In long-term seropositive virus carriers, CD8+ T cell
responses to both IE and pp65 antigens are often highly
focused with T cells utilizing few or just a single TcR V�
family and the sequence diversity within these families of T
cell clones is often highly conserved [84]. This may be
because the primary T cell response becomes focused with
diVerential selection of certain clones into the memory T
cell pool (in contrast to the random, non-selective retention
of the broad repertoire of the primary response reported in a
number of model murine virus infection systems [85–88])
or because long-term carriage of the virus with periodic
reactivation could lead to a progressive focusing of T cell
response with time.

In the small number of donors, where we have been able
to follow the generation of the primary T cell response and
the subsequent selection into long-term memory, the initial
CD8+ T cell repertoire is very diverse but rapidly focuses
as certain families of responding T cells become undetect-
able. The cells that are selected into the memory pool were
a subset of the initial responding CD8+ T cell population. A
somewhat surprising observation was that focusing onto
particular TcR usage occurred during the resolution of

primary infection and much more rapid than expected, as
such it is not long-term carriage and reactivation of the
virus that drives clonal focusing. The dominant virus-spe-
ciWc clonotypes found in long-term memory often show
conservation of amino acid motifs in their TcR hypervari-
able regions between unrelated donors (public clonotypes),
whereas private clonotypes were generally subdominant.
This phenomenon is in agreement with a previous report in
HCMV carriers of public TcR usage by CD8+ T cells spe-
ciWc for the same peptide [89].

Do pp65-speciWc clones, which have public TcR usage,
have a functional advantage, such as a greater avidity for
the peptide MHC complex? Evidence from inXuenza-spe-
ciWc memory responses suggests that a dominant public
TcR V�17 was up to 10,000-fold more avid than subdomi-
nant clones [90]. Determination of the functional avidity of
clones early in the response and comparing them with
clones selected into memory, suggests that the clones that
are lost early had a 2–3 log lower functional avidity than
the dominant clones. HCMV pp65-speciWc CD8+ T cell
selection following primary HCMV infection may be based
on aYnity driving survival and favouring selection into the

Fig. 1 T cell response following primary infection selection of T cells
into memory and long-term maintenance. Following primary infection
large expansion of polyclonal, activated and directly cytotoxic T cells
are generated. Within a few weeks, the viral DNA load has been de-
creased and many clones of responding T cells have contracted in size
and disappeared. An oligoclonal population of cells is selected into
memory. Many cells re-express the CD45RA isoform and have perma-

nently lost CD28 and CD27 expression. These clones initially selected
into memory are very stable for years, probably decades and for life;
however, the size of the T cell population does increase with time
(memory inXation) and in the very elderly can become very large. New
T cell clonotypes can also arise with time, thus broadening the clono-
typic repertoire
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T cell memory pool. Early infection generates a diverse
virus-speciWc TcR repertoire, comprising clones with a
range of aYnities including cells with public TcR usage,
however, analysis at this level of detail has only been per-
formed in a single donor to date and a larger panel of con-
tracted clones is required to substantiate this message and
to deWnitively determine the mechanistic basis of clonal
focussing during primary HCMV infection. The events fol-
lowing primary HCMV infection selection into memory
and maintenance are summarized in Fig. 1.

What is the lineage relationship of CD45RA+ CD28¡ 
(revertant or TEMRA) T cells to the eVector cells 
generated during primary infection?

HCMV-speciWc CD8+ CD45RA+ CD28¡ T cells are
detectable from about 4 weeks postprimary HCMV infec-
tion. Are they a separate linage of memory cells distinct
from the cells detected during primary infection or are they
derived from the primary eVector cells? We have previ-
ously shown that the same TcR sequence initially detected
in CD45RO+ eVector cells is also utilized by CD45RA+
memory cells suggesting a common precursor [17].

Several additional lines of evidence suggest that
CD45RA+ cells derive from CD45RO+ precursors. The re-
expression of CD45RA has been shown to occur following
the activation of naïve CD8+ T cells to give CD45RO+
eVector cells [91]. Analysis of the loss of unstable chromo-
somes in CD45RA+ and CD45RO+ cells using mathemati-
cal modelling suggests that the observations were
consistent with CD45RO–CD45RA reversion [92]. In addi-
tion, experiments in a rat model have provided evidence
that CD45RO and CD45RA isoforms are interchangeable
[93, 94]. The gene expression proWles of CCR7¡ cells cor-
relate with CD28 and CD27 loss but not with CD45RA re-
expression such that, in fact, CD45RA/RO may be inter-
changeable [95].

The factors, which drive the development of CD8+
CD45RA+ CD28¡ T cells in HCMV infection are not well
understood. However, CD8+ CD45RO+ CCR7+ memory T
cells cultured with IL-7 or IL-15 in the absence of antigen
(TcR stimulation), produce a signiWcant number of
CD45RA+ progeny [96]. Culture with IL-15 has also been
shown to induce reversion of CD8+ CD45RO+ EBV-spe-
ciWc cells to CD45RA expression, but that this did not
occur with IL-2 or IL-7 [97].

CD45RA+ expression has been shown to be a function
of time since upon antigenic stimulation, CD8+ CD45RA+
T cell clones became CD45RO+ and then gradually reac-
quired CD45RA expression. This period was extended
when peptide-pulsed DCs were used as stimulators
compared to the use of anti CD3/CD28 or other APCs

suggesting that professional stimulation delayed CD45RA+
reacquisition [98].

A number of experimental observations support the
notion that CD28¡ T cells are derived from CD28+ T cells.
Allogeneic, phytohaemagglutinin or anti-CD3 stimulation
of CD8+ CD28+ T cells gives rise to a CD8+ CD28¡ T
cell population [71]; this was accelerated by the presence of
type I IFN [99]. Loss of CD28 has also been demonstrated
for cord blood cells cultured in IL-12 and IL-15 [100],
naïve cells maintained in IL-15 (reversed by IL-21) [101]
and CD8+ CD28+ cells propagated using soluble anti-CD3
antibody and IL-2 (reversed by IL-4) [102]. Taken together
these studies provide a strong indication that CD8+
CD45RA+ CD28¡ T cells develop in conditions of antigen
absence in a particular cytokine environment, although it is
unclear why this occurs to a greater extent during HCMV
infection compared to other chronic viral infections.

CD8+ CD45RA+ CD28¡ T cells are CCR7¡, however,
antigenic stimulation induces CCR7 re-expression [98];
this has also been demonstrated for HCMV-speciWc
CD45RA+ CCR7¡ CD27¡ T cells following HCMV anti-
gen re-stimulation [54]. The CCR7 upregulation has also
been shown to be functional for migration to CCL19 and
CCL21 [55].

What is the capacity of CD8+ CD45RA+ CD28¡ T cells 
to proliferate in response to antigen?

Whether CD8+ T cells that lack CD28 expression have a
defect in proliferation has been controversial and this is
critical to know, given the predominance of HCMV-spe-
ciWc CD45RA+ CD28¡ T cells in many individuals. Non-
speciWc stimulation using anti-CD3, anti-CD2, PHA or
PMA + ionomycin has shown CD28¡ T cells have a lesser
capacity for proliferation than CD28+ T cells [70, 103–
106]. However, this has not been replicated in other studies
using plate-bound anti-CD3 stimulation [107] or autolo-
gous PHA-stimulated blast cells as stimulators in HIV-
infected subjects [108]. CD28¡ and CD28+ CD8+ T cells
have also been shown to have a similar cloning eYciency,
however, greater numbers of progeny were derived from
CD28+ precursors [70].

A number of studies have suggested that CD8+
CD45RA+ CD28¡ T cells have a proliferation defect. This
has been shown using monocyte-derived DCs and combi-
nations of IL-7 and IL-15 [96] and non-speciWc anti-CD3
stimulation [97], anti CD3 and CD28 as well as HCMV
peptide stimulation [109] although these studies only fol-
lowed the cells for 3 days poststimulation.

In contrast, many other studies dispute that there is a
proliferation defect in this population; highly puriWed
CD8+ CD45RA+ CD28¡ CCR7¡ T cells have been
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shown to proliferate in response to HCMV peptide [18].
Proliferation of all HCMV tetramer-staining cells in long-
term carriers suggests that these revertant memory cells can
proliferate perfectly well [54]. EBV-speciWc CD8+
CD45RA+ T cells are also able to proliferate in response to
peptide stimulation and have longer telomeres and were
more resistant to apoptosis as compared to EBV-speciWc
central memory T cells [110] and CD8+ CD45RA+
CCR7¡ T cells respond to anti-CD3/CD28 [98] and anti-
CD2 stimulation (with a reliance on exogenous IL-2 or IL-
15) [67].

We have recently shown that the cloning eYciency of
CD8+ CD45RA+ CD28¡ T cells is not dissimilar to that of
HCMV-speciWc central memory CD8+ CD45RO+ T cells,
which are believed to be fully functional. CD8+ CD45RA+
CD28¡ T cells do require professional antigen presenta-
tion, as autologous Wbroblasts expressing HCMV peptides
are unable to activate these memory cells. We have investi-
gated the additional signals they need for activation and
proliferation. They exhibit transient re-expression of CD28
and early upregulation of the costimulatory molecules 4-
1BB and ICOS. However, only antibody blocking of 4-
1BBL limits proliferation of CD8+ CD28¡ T cells. Autolo-
gous Wbroblasts transfected with 4-1BBL are able to sup-
port antigen-driven proliferation of CD45RA+ CD28¡ T
cells whilst those expressing ICOSL or CD80 and CD86
(the ligands for CD28) do not. In agreement with others,
activated CD28¡ CD45RA+ T cells transiently re-express
the chemokine receptor CCR7 (lymph node homing) and in
addition, express CXCR3 and CCR5 (inXamed peripheral
tissue homing) later [111]. This is an intriguing observation

as it may endow a dual capacity to provide immediate eVec-
tor function and to migrate to draining lymph nodes
(Fig. 2). We concluded that HCMV-speciWc, CD45RA+
CD28¡ T cells are not terminally diVerentiated, able to
proliferate and acquire heightened eVector function follow-
ing restimulation. While these observations deWned an
important costimulation pathway, costimulation via other
molecules may also be important.

It has been demonstrated that whilst HCMV-speciWc
CD8+ CD28¡ T cells do not produce IL-2 and require its
provision for growth, transduction of these cells to express
CD28 restores their ability to produce IL-2, suYcient to
support their proliferation [112]. Therefore, it seems likely
CD8+ CD45RA+ CD28¡ T cells have strict activation
requirements that have only been provided in certain stud-
ies. This may be a requirement for a certain strength of sig-
nal, use of particular costimulatory pathway(s) and/or
reliance on provision of exogenous cytokines such as IL-2.
The inhibitory killer cell lectin-like receptor G1 (KLRG1)
has previously been suggested to identify CD8+ T cells
that have reduced proliferative response to polyclonal
stimulation [61]. However, we have noted in many donors,
a large proportion of the HCMV-speciWc cells express
KLRG1; an example in two separate donors is shown in
Fig. 3, where >95% of the multimer-positive CD8+ T cells
in PBMC expressed KLRG1+. Importantly, when stimu-
lated with peptide antigen, these KLRG1+ virus-speciWc
cells showed no apparent proliferation defect and this sug-
gests that appropriate costimulation may be able to “res-
cue” cells which otherwise exhibit reduced proliferation
(Fig. 3).

Fig. 2 CD45RA+ CD28¡ T cells use the 41BB–41BBL co-stimula-
tion pathway and display sequence of chemokine receptor expression
at their cell surface. Following contact with antigen CD45RA+
CD28¡ T cells rapidly up-regulate 41BB expression, which is required
to support their proliferation. These cells subsequently re-express

CCR7 and CD62L, which would allow for lymph node migration and
on continued proliferation, CCR7 expression is replaced by CxCR3
and CCR5 expression thus allowing homing to inXamitory cytokines
from the periphery, such as CCL19 and 21 MIPs, IP-10, RANTES, etc.
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T cell replicative history can be assessed by measuring
their telomere length. The loss of CD28 expression has
been associated with a reduction in telomerase activity
[113] and a study comparing telomere length concluded
that CD8+ CD28¡ T cells did indeed have shorter telo-
meres than CD8+ CD28+ T cells [114]. This may be mis-
leading since the CD8+ CD28+ T cell population contains
many naïve cells, which have not divided. An early study
showed that CD45RA+ cells had longer telomeres than
CD45RO+ cells [115], however, separating CD45RA+ T
cells, which lack CD27 expression (memory cells) showed
that their telomere length was similar to CD45RO+ mem-

ory cells [116, 117]. A recent study has suggested that
CD8+ CD28¡ T cells are able to upregulate telomerase
activity but that CD8+ CD28¡ CD27¡ T cells cannot
[118]. Both telomerase activity and proliferation by CD8+
CD28¡ CD27¡ T cells following anti-CD3 and APC stim-
ulation were restored almost to the level of other CD8+ T
cells on the addition of IL-2 or IL-15 [118].

Memory inXation and T cell immunosenescence

It is well established that the HCMV-speciWc memory
CD8+ T cell frequency is very large, however, it has been
noted that elderly HCMV seropositive donors often have
strikingly high HCMV-speciWc memory CD8+ T cells fre-
quencies [16]. These cells are often termed to be highly
diVerentiated as they do not express CD27 or CD28 but
many express CD57 and the inhibitory NK receptor CD85J
[63]. This phenomenon has been termed “memory inXa-
tion” and also observed to occur for MCMV-speciWc T
cells in mice [119, 120, 87, 121, 122].

The proportion of CD8+ CD45RA+ T cells that are anti-
gen experienced rather than naïve is much greater in elderly
subjects as compared to the young [123, 124], as might be
expected since they could be assumed on average to have
been exposed to a larger number of pathogens. These T
cells are apoptosis resistant [110] and have a slow rate of
disappearance [124].

Of concern is that these large expansions of HCMV-spe-
ciWc T cells may have become dysfunctional. A number of
studies have suggested that the proportion of HCMV-spe-
ciWc T cells (as measured by MHC Class I tetramer stains)
that are able to produce IFN� following peptide stimulation
is substantially reduced in the elderly [125, 126]. The data
presented, only uses a single HCMV derived peptide (HLA
A2 NLV-pp65) and as such, we do not know if this is a
more global phenomenon or something unusual to this par-
ticular peptide and the highly oligoclonal T cells that have
been selected to recognize the peptide. Function of these T
cells in this context is also solely measured as their ability
to produce IFN�, no assessment of other functional abili-
ties, such as cytotoxicity or proliferative capacity has yet
been determined. Given that IFN� assays are short-term
assays and that these types of T cells may require a particu-
lar restimulation environment, some caution should be
observed and further investigations are warranted before
the “dysfunction” in these T cells in the elderly is deWni-
tively demonstrated.

A number of investigators have implicated HCMV
infection and the size and phenotype of the T cell popula-
tion directed against the virus in immune dysfunction in the
elderly [127, 128]. HCMV seropositivity has been shown to
impair the immune response to a co-resident EBV infection

Fig. 3 The majority of HCMV pp65-speciWc T cells express the inhib-
itory receptor KLRG1, however, this does not prevent proliferation. T
cells from two separate donors stained with KLRG1 and either a pp65
HLA-A2 NLV MHC Class I multimer or pp65 peptide HLA-B7 TPR
(NLV and TPR represent the Wrst three amino acids of the full length
peptides NLVPMVATV and TPRVTGGGAM, respectively) MHC
Class I multimer (a and b). The Cloning eYciency of T cells from the
donor represented in a was determined by measuring the functional
frequency using limiting dilution analysis of each sorted subpopula-
tions of HCMV-speciWc CD8+ T cells, the absolute frequency of
HCMV-speciWc T cells in each subpopulation was determined by
HLA-A2 NLV MHC Class I multimers. c The cloning eYciency is ex-
pressed as the percentage of actual T cells that are functional 
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[123]. HCMV seropositivity or a high frequency of CD8+
CD28¡ T cells in elderly individuals has been correlated
with poor humoral responses to inXuenza vaccination [129–
131]. The mechanism for this has been suggested to be the
accumulation of oligoclonal expansions of HCMV-speciWc
T cells of the very diVerentiated phenotype (CD8+
CD45RA+ CD28¡ and most often CCR7¡, CD27¡)
might “Wll up” the CD8+ T cell pool, reducing the size of
the naïve pool and subsequently impairing the ability to
mount new responses [127, 128].

It has also been noted that the absolute number of
CD8+ T cells as well as the number and proportion of
diVerentiated CD45RA+ or CD28¡ T cells is increased in
HCMV seropositive versus seronegative elderly or young
individuals [132], so that, the absolute number of naïve
cells may not diVer dramatically although they are more
diluted.

HCMV has now been correlated with a decrease in life
expectancy. Longitudinal studies have identiWed an
immune risk phenotype (IRP), which includes HCMV sero-
positivity, a CD4:CD8 T cell ratio of <1, an increased pro-
portion of diVerentiated CD8+ T cells and clonal
expansions and elevated pro-inXammatory cytokines in
blood. This IRP reduces survival over the age of 80 [133–
135]. It should be noted that not all HCMV seropositive
individuals display the IRP and the reason for this is
unknown. There is currently no evidence that HCMV is
reactivated more often in elderly individuals. Other studies
have showed that the number of clones responding to the
NLVPMVATV pp65 epitope correlates with survival and
absence of the IRP in the elderly [136].

It therefore remains unclear that HCMV is the causative
agent of systemic immunosenescence and that in very eld-
erly subjects, the HCMV-speciWc T cell population may be
dysfunctional but it is clear that these are important ques-
tions to answer for the future.

It should be clear from this brief review that we have a
detailed knowledge of the frequency, speciWcity and pheno-
type of the T cells selected into memory following HCMV
infection. Our knowledge of the events determining this
selection is considerably less complete. We do not know
why HCMV is unusual (but not unique) in driving such a
large accumulation of CD45RA+ CD28¡ memory T cells
and it is still unclear, which if not all of the T cells, we can
actually measure in long-term HCMV carriers are eVective
at detecting and preventing viral dissemination. An under-
standing of the speciWcities and functional characteristics of
T cells that are best at detecting viral reactivation and pre-
venting dissemination is of the utmost importance, if we are
to deliver rational vaccine design or adoptive therapy
approaches to either prevent infection or suppress viral
reactivation. The information being derived from the Rhe-
sus Macaque models of cytomegalovirus infection and

immunity should oVer an additional approach to addressing
some of these questions.
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