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In spite of the present belief that latent cytomegalovirus (CMV) infection drives CD8� T-cell differentiation
and induces premature immune senescence, no systematic studies have so far been performed to compare
phenotypical and functional changes in the CD8� T-cell repertoire in CMV-infected and noninfected persons
of different age groups. In the present study, number, cytokine production, and growth potential of naı̈ve
(CD45RA� CD28�), memory (CD45RA� CD28�), and effector (CD45RA� CD28� or CD45RA� CD28�) CD8�

T cells were analyzed in young, middle-aged, and elderly clinically healthy persons with a positive or negative
CMV antibody serology. Numbers and functional properties of CMVpp65495-503-specific CD8� T cells were also
studied. We demonstrate that aging as well as CMV infection lead to a decrease in the size of the naı̈ve CD8�

T-cell pool but to an increase in the number of CD8� effector T cells, which produce gamma interferon but lack
substantial growth potential. The size of the CD8� memory T-cell population, which grows well and produces
interleukin-2 (IL-2) and IL-4, also increases with aging, but this increase is missing in CMV carriers. Life-long
latent CMV infection seems thus to diminish the size of the naı̈ve and the early memory T-cell pool and to drive
a Th1 polarization within the immune system. This can lead to a reduced diversity of CD8 responses and to
chronic inflammatory processes which may be the basis of severe health problems in elderly persons.

Depending on the geographic area, 60 to 100% of the adult
population is infected by cytomegalovirus (CMV), a betaher-
pesvirus. In immunosuppressed persons, such as patients with
human immunodeficiency virus type 1 infection or children
following bone marrow transplantation, CMV infection may
cause life-threatening diseases of a variety of different organs,
such as the lung, the retina, the liver, and the central nervous
system (6, 7, 15, 20). In immunocompetent persons, CMV
infection remains mostly unnoticed, as it causes no or few
relatively nonspecific symptoms. This lack of clinical manifes-
tation is due to the fact that CMV-specific CD8� T cells, many
of which have specificity for the immediate-early protein IE-1
and the structural protein pp65, are capable of controlling the
virus by preventing its replication and by killing virus-infected
cells (1, 31, 36, 37). This mostly long-lasting attempt of the
immune system to defend a host from spreading of CMV leads
to characteristic changes in the CD8� T-cell repertoire, the
most striking one being the accumulation of CD8� effector T
cells with a CD28� phenotype (12, 18). CD28� CMV-specific
T cells may either have a CD45RA� or a CD45RA� pheno-
type (37). CMV-specific CD8� effector T cells have also been

shown to occur as large expanded clones which may dominate
the repertoire (16, 18).

Whether the seemingly preferential expansion of CMV-spe-
cific clones reduces the space still available for CD8� T cells of
other specificities is not yet fully understood. However, a re-
cent publication demonstrated that the humoral immune re-
sponse to influenza vaccination is reduced in CMV carriers
(35). The effect was observed in all age groups but was most
pronounced in elderly persons. This finding may indicate that
life-long CMV infection may restrict immunological diversity
and compromise immune responsiveness in old age. Indeed,
changes in the CD8� T-cell repertoire reminiscent of those
observed in persons with CMV infection have been frequently
described in elderly persons but have mostly been interpreted
as a consequence of old age per se and not linked with CMV
infection (8, 13, 14, 32, 39). Two of these studies have addi-
tionally shown that accumulation of CD28� effector T cells is
characteristically linked to a decreased humoral immune re-
sponse to influenza vaccination in elderly persons (13, 32).

In spite of the strong circumstantial evidence that CMV may
be a dominant factor to drive CD8� T-cell differentiation and
hereby induce premature immune senescence (29), practically
no systematic studies have so far been performed to compare
phenotypical and functional changes in the CD8 T-cell reper-
toire in CMV-infected and noninfected persons of different
age groups (25). The present study for the first time demon-
strates that aging per se leads to characteristic changes in the
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T-cell repertoire, some of which may be accelerated but others
of which may be prevented by life-long latent CMV infection.

MATERIALS AND METHODS

Volunteers. Blood was obtained from 74 apparently healthy persons (age 22 to
91 years, mean � standard error of the mean [SEM], 56 � 9 years; 33 males and
41 females). All participants gave their written informed consent, and the study
was approved of by the local ethical committee. All subjects were in good clinical
condition, not suffering from any severe acute or chronic illness, nor taking any
medication to interfere with immune function. HLA typing was routinely per-
formed. Serum CMV antibody (immunoglobulin G) titers were determined by
enzyme-linked immunosorbent assay (Enzygnost [R] anti-CMV/immunoglobulin
G; Dade Behring, Vienna, Austria), according to the specifications given by the
manufacturer. On the basis of age and CMV antibody positivity, six subcohorts
were formed: young persons (�35 years) with latent CMV infection (n � 8; age,
28 � 1 years [range, 24 to 34 years]; CMV antibody titer geometric mean [GM],
11,145 [range, 2,300 to 42,000]) or without latent CMV infection (n � 11; age, 27
� 1 years [range, 22 to 32 years]; no detectable CMV antibodies); middle-aged
persons (35 to 60 years) with (n � 7; age, 47 � 3 years [range, 38 to 56 years];
CMV antibody titer GM, 4,690 [range, 1,900 to 12,000]) or without (n � 9; age,
47 � 2 years [range, 38 to 56 years]; no detectable CMV antibodies) latent CMV
infection; and elderly persons (�65 years) with (n � 27; age, 71 � 1 years [range,
0 to 85 years]; CMV antibody titer GM, 19,861 [range, 9,500 to 57,000]) or
without (n � 12; age, 75 � 3 years [range, 62 to 91 years]; no detectable CMV
antibodies) latent CMV infection.

PBMC. Peripheral blood mononuclear cells (PBMC) were obtained by density
gradient centrifugation (Ficoll-Hypaque; Amersham Biosciences, Uppsala, Swe-
den) from freshly drawn venous blood. After washing, PBMC were resuspended
in RPMI 1640 (BioWhittaker, Verviers, Belgium) supplemented with 10% fetal
calf serum and 1% penicillin-streptomycin (Gibco, Invitrogen Corporation, Pais-
ley, United Kingdom).

Cell surface staining. For cell surface staining, 2 � 106 PBMC were incubated
with monoclonal antibodies specific for CD8, CD45RA, CD45RO, CD28, CD25,
and CD62 ligand (CD62L) and labeled with fluorescein isothiocyanate (FITC),
phycoerythrin (PE), peridinin chlorophyll protein (PerCP), or allophycocyanin
(APC) (all antibodies were purchased from BD Pharmingen, San Jose, Calif.) for
30 min at 4°C. Subsequently, cells were washed twice with phosphate-buffered
saline (PBS) and measured by four-color flow cytometry.

Analysis of CMV-specific cells was performed in HLA-A2-positive donors. As
CMVpp65495-503 tetramer binding cells had in pilot studies never been found in
CMV Ab-negative donors, the analyses were only performed in CMV Ab-posi-
tive donors (young n � 8, middle-aged n � 6, elderly n � 18). A total of 3 � 106

PBMC were incubated with CMVpp65495-503 tetramer (NLVPMVATV) PE
labeled (Proimmune, Oxford, United Kingdom) in combination with the mono-
clonal antibodies described above for 30 min at 4°C. Cells were washed, and the
intensity of the bound fluorescent labels was measured using four-color flow
cytometry. All analyses were performed using a FACSCalibur flow cytometer
utilizing CELLQuest software (BD Pharmingen).

Intracellular staining. (i) Cytokines. A total of 5 � 106 PBMC from young,
middle-aged, and elderly persons were incubated with 30 ng of phorbol myristate
acetate (PMA)/ml and 5 �g of ionomycin/ml in the presence of 10 �g of brefeldin
A/ml for 4 h at 37°C. After washing with PBS, stimulated PBMC were resus-
pended in PBS and incubated with either CMVpp65495-503 tetramer-PE in com-
bination with anti-CD8–PerCP (in HLA-A2-positive donors) or, alternatively,
with anti-CD8–PerCP in combination with CD45RA-FITC and CD28-APC for
30 min at 4°C. Following two washing steps, cells were resuspended in Cytofix-
Cytoperm (BD Pharmingen) according to specifications given by the manufac-
turer. Cells were again washed twice and resuspended in perm-wash buffer (BD
Pharmingen). Anti-gamma interferon (IFN-	) and anti-interleukin-2 (IL-2),
FITC or PE labeled, and anti-IL-4, APC or PE labeled (BD Pharmingen), were
added to the cells and incubated for 30 min at 4°C. Intracellular cytokines were
also analyzed by four-color flow cytometry. All analyses were performed using a
FACSCalibur flow cytometer utilizing CELLQuest software (BD Pharmingen).

(ii) Perforin. Perforin expression was assessed by intracellular staining using
the Cytofix-Cytoperm kit according to the specifications given by the manufac-
turer (BD Pharmingen). Five microliters of FITC-conjugated antiperforin anti-
body (BD Pharmingen) was added to permeabilized unstimulated PBMC and
incubated for 30 min at 4°C. Cells were washed twice with cytowash buffer (BD
Pharmingen) and once with PBS. Perforin detection was performed by flow
cytometry.

Purification of CD8 T-cell subpopulations and antigenic stimulation. Naı̈ve/
early memory cells as well as effector cells were isolated from two young and two

elderly CMV-positive donors. The naı̈ve/early memory CD8� T-cell population
was defined by the expression of CD28. Two types of effector T cells were
purified: CD28� CD45RO� and CD28� CD45RO� cells. CD8� cells were
preisolated using a magnetic-activated cell sorter (MACS) multisort kit (Miltenyi
Biotec, Bergisch Gladbach, Germany) and subsequently stained with anti-CD28–
APC antibody for 20 min at 4°C. After washing, anti-APC beads (Miltenyi
Biotec) were added according to the manufacturer’s instructions, and CD28�

cells were isolated from the CD28� cells by using a MACS separation column
(Miltenyi Biotec). CD45RO� cells were purified from CD28� cells by positive
selection using anti-CD45RO beads (Miltenyi Biotec). The purity of each sub-
population was determined by fluorescence-activated cell sorter analysis and was
more than 98%. The three subpopulations were stimulated with CMVpp65495-503

peptide (NLVPMVATV) in the presence of IL-2 (20 ng/ml) for 1 week. The
three resulting CD8� T-cell populations were analyzed for the frequency of
CMV tetramer binding cells as well as for the expression of CD8, CD28, and
CD45RA.

Statistical analysis. SPSS for Windows version 11.5 (SPSS Inc., Chicago, Ill.)
was used for statistical analysis. Comparisons between young, middle-aged, and
elderly persons with and without CMV antibody serology were done by analysis
of variance followed by post hoc multiple comparisons. Pearson’s linear regres-
sion analysis was performed. P values of less than 0.05 were considered statisti-
cally significant. Data are presented as means � SEM.

RESULTS

Age and CMV infection induce a decrease in naı̈ve but an
increase in effector CD8� T-cell numbers. To determine the
influence of CMV infection on the expression of CD28 and
CD45RA within the CD8� T-cell pool, PBMC from young,
middle-aged, and elderly CMV-seronegative and -seropositive
persons were analyzed by flow cytometry. After gating CD8��

T cells, four subpopulations were identified according to the
expression of CD28 and CD45RA. CD45RA� CD28� cells
were classified as naı̈ve, CD45RA� CD28� cells were classified
as memory, and CD28� cells were classified as effector T cells.
Within the effector T-cell group, two subpopulations were
identified: CD45RA� CD28� and CD45RA� CD28� cells.
The size of each population was studied in CMV-negative and
CMV-positive persons of each age group (Fig. 1). Age as well
as latent CMV infection affected the size of the different CD8�

subpopulations. In the absence of latent CMV infection, the
size of the naı̈ve CD8 T-cell pool was unchanged in the middle-
aged group but significantly reduced in elderly persons. Latent
CMV infection led to a decrease in the number of naı̈ve T cells
in each age group compared with uninfected age-matched con-
trols, but the size of the naı̈ve T-cell pool was most severely
reduced in elderly persons with latent CMV infection.

The number of CD45RA� CD28� memory CD8� T cells
increased with age in the absence of latent CMV infection, but
this increase was not observed in elderly CMV carriers.

In contrast, the numbers of CD28� effector cells increased
with age as well as with latent CMV infection, leading to
highest effector cell numbers in CMV-infected elderly persons.
It was of interest that CMV-infected persons of each age group
had increased numbers of CD45RA� effector T cells com-
pared to uninfected age-matched controls, while CD45RA�

effector cells mostly accumulated in CMV-infected elderly per-
sons.

Cytokine production by CD8� T cells is affected by CMV
infection. In order to analyze whether the CMV status of
young, middle-aged, and elderly donors influenced the cyto-
kine production profile of total unpurified CD8 cells, IL-2,
IL-4, and IFN-	 production were analyzed in response to stim-
ulation with PMA-ionomycin (Fig. 2). Aging per se led to an
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FIG. 1. Aging and CMV infection affect the differentiation of CD8� T cells. Four CD8� T-cell subpopulations were defined according to the
expression of CD45RA and CD28 within gated CD8�� T cells. (A) The distribution of these subpopulations is demonstrated by showing the
example of two young, two middle-aged, and two elderly persons, one without and one with latent CMV infection in each age group. (B) Dis-
tribution of naı̈ve (I), memory (II), effector CD45RA� (III), and effector CD45RA� (IV) CD8 T cells in the different cohorts. �, CMV antibody
(Ab) negative; o, CMV Ab positive. Data are presented as the mean � SEM, and statistical comparisons between the groups were performed.
Significant differences are indicated as follows: *, CMV Ab– versus CMV Ab� persons within each age group; †, young versus elderly; #,
middle-aged versus elderly within persons of one CMV Ab status.
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increase in the production of all three cytokines upon nonspe-
cific stimulation, as the numbers of IL-2-, IL-4-, and IFN-	-
producing cells were increased in elderly persons in the ab-
sence of latent CMV infection (Fig. 2A). The age-related
increase in the production of IL-2 and IL-4 was, however, not
observed in persons with a positive CMV antibody serology,
leading to a pronounced difference in the production profile of
these two cytokines between elderly persons with and those
without latent CMV infection. In contrast, the age-related
increase in the production of IFN-	 was not abolished by CMV
infection. IFN-	 production was even higher in middle-aged
and elderly persons with a positive CMV antibody serology
than in uninfected age-matched controls. In order to define
whether the observed changes in the cytokine production pro-
files were due to the various sizes of the different CD8 T-cell
subsets in the six study groups, IL-2-, IL-4-, and IFN-	-pro-
ducing cells were gated and analyzed for their expression of
CD28 and CD45RA. They were correspondingly classified as

naı̈ve, memory, or effector cells, as demonstrated in Fig. 1A.
Figure 2B shows that IL-2 was mostly produced by CD28�

naı̈ve and memory T cells in all age groups, while IL-4 was
almost exclusively produced by CD28� memory T cells. In-
creased IL-2 and IL-4 production in uninfected elderly persons
may thus be due to increased memory cell numbers, while
decreased IL-2 and IL-4 production by elderly persons with
CMV infections could be the result of the smaller size of the
CD45RA� CD28� population and the low naı̈ve T-cell count
observed in this cohort. IFN-	 was produced by antigen-expe-
rienced CD28� as well as CD28� cells. The increase in mem-
ory and effector CD8� T cells observed with age and CMV
infection may therefore explain the increased production of
this cytokine by the total CD8� T-cell population.

Elderly persons have a CD25-expressing IL-2-, IL-4-produc-
ing memory T-cell subpopulation, the size of which decreases
in the presence of latent CMV infection. We analyzed whether
the pronounced difference in the production of IL-2 and IL-4

FIG. 2. Aging and CMV infection lead to an imbalance in the cytokine production profile of the total unpurified CD8� T-cell population. The
production of IL-2, IL-4, and IFN-	 in response to stimulation with PMA-ionomycin was studied. (A) Cytokine production profile of the total gated
CD8� T-cell population in CMV antibody (Ab)-negative and -positive persons of different age groups. Statistical comparisons between the groups
were done, and the results are presented as means � SEM. Significant differences are shown as follows: *, CMV Ab– versus CMV Ab� persons
within each age group; †, young versus elderly; #, middle-aged versus elderly within persons of one CMV Ab status. (B) The example of two young,
two middle-aged, and two elderly persons is shown, one without and one with latent CMV infection in each age group. CD8 cells producing either
IL-2, IL-4, or IFN-	 were gated and analyzed for their expression of CD45RA and CD28.

3678 ALMANZAR ET AL. J. VIROL.



observed between CD8� T cells from elderly persons with and
without latent CMV infection might be due to the specific
decrease in the number of IL-2- and IL-4-producing CD8�

CD28� memory T cells in elderly persons with CMV infection.
An IL-2- IL-4-producing CD8� T-cell population, which char-
acteristically occurs in 30% of the elderly but not in young
persons, has recently been characterized by our laboratory
(33). The occurrence of this specific CD8� T-cell population is
associated with a good humoral immune response in old age.
Although it does not appear to have a regulatory function, it
constitutively expresses CD25 and can be easily identified. We
therefore analyzed the frequency of CD25� cells within the
CD8� population in our study groups. In agreement with our
previous results (33), we demonstrated the occurrence of a
CD25�-expressing CD28� CD45RA� subpopulation of sub-
stantial size in elderly persons without CMV infection (Fig. 3).
The size of this population was significantly reduced in elderly
persons with CMV infection, suggesting that the low IL-2 and
IL-4 production capacity of the total CD8� T-cell population
of CMV-infected elderly persons (Fig. 2) may be due to the
partial loss of a physiologically occurring age-related T-cell
subset with specific stimulatory properties. These changes
seem to start in mid-life, as a minor (not significant) decrease
in the number of CD25� CD8� T cells was also observed in

CMV-infected persons in the middle-aged group compared
with noninfected age-matched controls.

CMVpp65495-503 tetramer binding CD8� T cells have an
effector cell phenotype. The frequency and the phenotype of
CMVpp65495-503 tetramer CD8� T cells were studied in young,
middle-aged, and elderly HLA-A2-positive donors (Fig. 4).
None of the CMV-seronegative HLA-A2-positive donors of
any age group had CD8� cells that bound the CMVpp65495-503

tetramer (Fig. 4A). In contrast, CMV-seropositive donors had
CD8� T cells that specifically recognized the pp65495-503

(NLVPMVATV) peptide (Fig. 4A). CMVpp65495-503 tetramer
binding cells were analyzed for their expression of CD45RA
and CD28 (Fig. 4B). In all three age groups, CMV pp65495-503

tetramer binding CD8 T cells could be found in the CD28�

CD45RA� memory as well as in the CD28� CD45RA� and
the CD28� CD45RA� effector subpopulations. Interestingly,
the relative distribution of tetramer binding cells in the differ-
ent subpopulations varied among the age groups. While in the
young group the majority of tetramer binding cells had a
CD28� CD45RA� phenotype (60.0 � 4.4% [mean � SEM]; n
� 8), tetramer binding cells most frequently had a CD28�

CD45RA� phenotype in the middle-aged group (46.1 � 6.1%;
n � 6). This preferential occurrence of CD28� CD45RA�

tetramer binding cells was even more pronounced in the el-

FIG. 3. (A) A CD25�CD8� T-cell subpopulation of substantial size is found within the CD45RA� CD28� memory population in elderly
persons without CMV infection. This population is decreased in size in elderly persons with latent CMV infection as well as in younger age groups.
A representative example of CD25-expressing cells (black dots) superimposed on a double staining of CD45RA and CD28 in gated CD8� cells
(gray dots) in the different study groups is shown. (B) The frequency of CD25-expressing cells in CD8� T cells is shown in young, middle-aged,
and in elderly persons with (o) and without (�) latent CMV infection. Bars represent means � SEM. Significant differences are indicated as
follows: *, CMV antibody-negative (Ab�) versus CMV Ab� persons; †, young versus elderly; #, middle-aged versus elderly persons without latent
CMV infection.
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derly population (64.5 � 6.9%; n � 18). The size of the CD28�

tetramer binding population also tended to increase with age.
In all age groups, CMVpp65495-503 tetramer binding cells were
CD25�, mostly CD62L�, and expressed perforin (Fig. 4C).
Upon stimulation with PMA and ionomycin, CMVpp65495-503

tetramer binding cells produced IFN-	 but very little IL-2 and
no IL-4.

Following antigenic stimulation, CMVpp65495-503-specific
CD28� T cells have a significantly higher growth potential
than their CD28� counterparts. In order to analyze the growth
potential of CMVpp65495-503 tetramer binding CD8� T cells of
different phenotypes and from persons of different age groups,
we purified three CD8� T-cell subpopulations from two young
and two elderly CMV antibody-positive donors: CD28� cells,
CD28� CD45RA� cells, and CD28� CD45RA� cells. These
cells were then put into culture and stimulated with the

CMVpp65495-503 peptide in the presence of IL-2. After 1 week
of culture, the proliferation of peptide-specific cells from the
different subpopulations was monitored by analyzing the fre-
quency of tetramer binding cells. Figure 5 demonstrates that
although the initial percentages of tetramer binding cells had
been by far higher in the CD28� subpopulations than in the
CD28� population, the proliferation of peptide-specific cells in
response to antigenic stimulation was much more pronounced
in the CD28� than in the CD28� subsets. While a more-than-
15-fold increase (young, from 0.3 to 8.4%; elderly, from 0.4 to
6.3%) in the percentage of CMVpp65495-503 tetramer binding
CD8� T cells was observed in the CD28� population, only
unsubstantial proliferation of peptide-specific cells occurred in
the CD28� CD45RA� population. There was practically no
growth of peptide-specific cells in the CD28� CD45RA� sub-
set. The relatively few peptide-specific cells which could be

FIG. 4. CMVpp65495-503-specific CD8� T cells have an effector phenotype and produce IFN-	. (A) Representative example of CMVpp65495-503
tetramer binding CD8� T cells in a CMV antibody (Ab)-negative donor and in one young, one middle-aged, and one elderly person with a positive
CMV Ab serology. (B) CD28 CD45RA double staining of CMVpp65495-503 tetramer binding cells within the CD8� gate. A typical example of one
young, one middle-aged, and one elderly person is shown. Figures in the diagram represent the percentage of cells of each phenotype within the
total CMVpp65495-503 tetramer binding population, which was considered 100%. (C) Representative example showing the expression of CD25,
CD62L, and perforin as well as the production of IL-2, IL-4, and IFN-	 in CMVpp65495-503 tetramer binding cells within the CD8� gate. Cytokines
were analyzed following stimulation with PMA and ionomycin. The diagram represents the staining of cells from one elderly person with a positive
CMV Ab serology. Similar results were obtained in all other HLA-A2-positive donors with a positive CMV Ab serology from the three age groups.
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captured from the CD28� CD45RA� T-cell population fol-
lowing antigenic stimulation did not reexpress CD28 following
culture (Fig. 5) but reconverted to a CD45RO phenotype (data
not shown).

DISCUSSION

Our results demonstrate that long-term latent CMV infec-
tion leads to pronounced changes in the CD8 T-cell repertoire.
In agreement with previous publications (1, 18), we have
shown that CMV is accompanied by a dramatic accumulation
of CD28� effector cytotoxic T lymphocytes. This is a charac-
teristic feature of all age groups but is most pronounced in
elderly persons. Although we cannot presently provide data on
absolute cell counts and the exact time point of primary infec-
tion in these persons is not known, it seems likely that elderly
persons have been infected for many years. Time may thus play
a critical role in determining the amount of effector cell accu-
mulation.

It is of interest that CD28� effector T cells in general and

CMVpp65495-503 tetramer binding cells in particular frequently
have a CD45RA� phenotype in elderly persons with latent
CMV infections, while corresponding cells from younger per-
sons are mostly CD28� CD45RA�. CD28� CD45RA� T cells
have been reported to represent truly senescent cells, as they
resemble CD8 T cells that are driven to the end stage of
replicative senescence in cell cultures in response to repeated
rounds of antigen-driven proliferation (8, 30). CD57 expres-
sion has also been shown to be closely associated with prolif-
erative senescence and might be a helpful parameter in future
studies (5). It has also been suggested that CD45RA� CD28�

cells have a reduced proliferation and IFN-	 secretion com-
pared with their CD28� CD45RA� counterparts (27, 38). In
agreement with this concept, our results showed that CD28�

CD45RA� CMV-specific cells failed to proliferate in vitro in
response to antigenic stimulation, even in the presence of IL-2
(Fig. 5). CMV-specific cells with a CD28� CD45RA� pheno-
type had a slightly better, but still very moderate, growth po-
tential in vitro, while cells capable of substantial clonal prop-
agation in response to stimulation with CMV peptide had a

FIG. 5. Following antigenic stimulation, CMVpp65495-503-specific CD28� CD8� T cells have a more pronounced growth potential than their
CD28� counterparts. CD28�, CD28� CD45RA�, and CD28� CD45RA� T cells were isolated, as described in Materials and Methods, and
stimulated with CMVpp65495-503 (NLVPMVATV) (2 �g/ml) in the presence of IL-2 (20 ng/ml) for 1 week. Stainings of unpurified cells before
subset isolation are shown in the middle of the graph (box): CD28 and CD45RA expression levels in gated CD8 cells as well as in cells gated on
the CMVpp65495-503 tetramer binding population are shown. The percentages of cells within each subpopulation that were tetramer positive before
in vitro culture are shown outside the box under the heading Pre. Tetramer binding cells in the three subpopulations following 1 week’s culture
in the presence of CMVpp65495-503 peptide and IL-2 are also shown outside the box. The fold increase in the percentage of peptide-specific cells
is indicated for each culture. AS, antigenic stimulation. The experiment was performed in cells from two young and two elderly CMV antibody-
positive persons. The graph shows a characteristic example of one young and one elderly person.
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CD45RA� CD28� memory phenotype in young as well as in
elderly persons. Although failure to proliferate in vitro need
not necessarily reflect a general inability to proliferate in vivo,
our data suggest that the initially relatively small CD45RA�

CD28� CMV-specific T-cell population seems to be the most
important one for the generation of CMV-specific T-cell
clones. The facts that the size of this population tends to
increase with age and its function is unaffected by aging (Fig. 4
and 5) are in good agreement with the clinical observation that
CMV is not reactivated in elderly persons in spite of the fre-
quency and severity of other infections, such as influenza, in
old age (10). Staining of markers such as CD27 might have
provided additional insight into the exact phenotype of CMV-
specific cells, as some memory cells may fail to express CD27
and may still be CD28� CD45RA�.

Elderly persons thus seem to be well protected against symp-
tomatic CMV disease. Long-term latent CMV infection may,
however, cause other health problems in old age. Firstly, CMV
infection accelerates the reduction in the naı̈ve T-cell pool,
which characteristically occurs following thymic involution (2,
11). The extremely low number of CD8� naı̈ve T cells in
CMV-infected elderly persons (�15% of CD8� cells [Fig. 1])
may lead to difficulties in the immunological response to neo-
antigens in old age. This possibility is supported by the recent
observation that vaccination with live yellow fever vaccine led
to severe systemic illness in elderly persons (19, 21, 22).

Secondly, latent CMV infection seems to reduce the number
of IL-2- and IL-4-producing CD8� memory T cells in old age
(Fig. 2 and 3). These cells, which have recently been first
described by our laboratory, specifically occur in healthy el-
derly persons with a good humoral immune response and seem
to represent a reservoir of diversity in the absence of naı̈ve T
cells (33). It seems likely that the strong immunostimulatory
effect of CMV leads to the preferential expansion of CMV-
specific CD8 T-cell clones through which cells of other speci-
ficities may be destined to perish.

Chronic CMV infection may affect health in old age in yet
another way. CMV-specific CD8� T cells produce IFN-	 but
no IL-4 and very little IL-2 (Fig. 4). The extensive accumula-
tion of these cells in CMV-infected elderly persons leads to an
increase in the IFN-	 production of the total CD8� T-cell
population (Fig. 2) and consequently to an increase in the
whole-body load of IFN-	, as indicated by high neopterin se-
rum concentrations during CMV infection (17). A high type 1
combined with a low type 2 cytokine production (Fig. 2) can
change the cytokine microenvironment in lymphatic tissues
and trigger ubiquitous inflammatory processes in elderly per-
sons (9). Type 2 cytokines act on B cells to induce activation
and differentiation, whereas low type 2 cytokine production is
likely to hamper B-cell propagation and antibody production
following immunization in the elderly. Proinflammatory cyto-
kines are now believed to exacerbate the functional pathology
and disease course of age-related disorders such as Alzhei-
mer’s disease and atherosclerosis (23, 24, 34). IFN-	 triggers
the production of the Alzheimer 
-amyloid in combination
with tumor necrosis factor alpha in human neural and extran-
eural cells (3) and increases the production of oxygen radicals
by microglial cells. Tumor necrosis factor alpha can also in-
crease the toxicity of 
-amyloid (4) as well as stimulate smooth
muscle cell proliferation, a key event in the development of

atherosclerosis. As CMV is postulated to reside in endothelial
cells during latency and has been detected in atherosclerotic
plaques (26), the latter mechanism may be of particular rele-
vance in elderly persons with chronic CMV infections.

In conclusion, our data illustrate that long-term latent CMV
infection leads to characteristic changes in the CD8� T-cell
repertoire which may drive a Th1 polarization within the im-
mune system. This can have detrimental consequences, which
could be prevented right from the beginning by early vaccina-
tion against CMV. Immunization strategies against CMV are
being discussed (28) but have so far not been considered worth
further development. This view could be changed by a greater
awareness that the prevention of CMV may slow down immu-
nological aging and the development of conditions closely
linked to inflammatory processes in old age.
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