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SUMMARY

 

MHC class I-peptide tetrameric complexes (‘tetramers’) have revolutionized the study of antiviral CD8

 

+

 

T cell responses. They allow accurate quantification of immune responses 

 

ex vivo

 

 independent of func-
tion, with high levels of sensitivity. They have revealed unexpectedly large frequencies of ‘memory’ T
cell responses against viruses such as cytomegalovirus (CMV) and Epstein–Barr virus (EBV), and pro-
vided information about their phenotypic and functional variation. However, such studies have gener-
ally concentrated on limited numbers of individuals analysed in detail. To allow larger population-based
studies, we devised a method for tetramer analysis using 50–100 microlitre blood volumes in a 96-well
plate format. We adapted this method to study the effect of age on responses in a cohort of nearly 600
individuals to an immunodominant HLA-A2 restricted response to CMV pp65 (NLVPMVATV). We
observed the phenomenon of steady ‘memory inflation’ with age, similar to recently observed longitu-
dinal data from murine studies. These data show that tetramers can be used as population screening
tools and could be used to study age-related, geographical or seasonal effects in a number of other viral
infections.
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INTRODUCTION

 

CD8

 

+

 

 T cell responses play a major role in the control of a number
of intracellular pathogens. In murine systems there is data from
studies of viruses such as LCMV, MCMV, influenza and patho-
gens such as Listeria [1]. In man, persistent virus infections such
as human immunodeficiency virus (HIV), hepatitis C virus
(HCV), Epstein–Barr virus (EBV) and cytomegalovirus (CMV)
have all been associated with an important role for CD8

 

+

 

 T cells
[2,3]. There has recently been an explosion of data in this area
since the advent of new technologies designed to study responses

 

ex vivo

 

. Two of these, ELISpot, which allows analysis of inter-
feron-gamma producing, antigen-specific cells, and tetramer anal-
ysis, have proved particularly useful in human studies [4,5].
Tetramers were developed 7 years ago and since then have been
used in a wide variety of analyses of dynamics, magnitude and
phenotype of antiviral T cell responses [3,6]. While in principle
tetramers provide ideal tools for large-scale studies, in practice
these are often limited by the perceived requirement for large cell
numbers for cell preparation, cryopreservation and tissue-typing.

Thus most studies have concentrated on analysis of limited num-
bers of patients [7,8], providing great detail, often on longitudinal
samples. However, because very low cell numbers can be used on
flow cytometer-based assays for both tetramer studies and tissue-
typing, these problems could be bypassed readily for large-scale
studies.

Such issues are of particular relevance in studies of T cell
responses to common viruses. One such example is CMV, a beta-
herpesvirus which infects the majority of the world’s population.
While acute infection is often asymptomatic in adults, it can cause
significant disease in the fetus. The virus sets up long-term persis-
tence and reactivation can produce severe disease in those immu-
nosuppressed through HIV or after transplantation. CMV
possesses a range of immune evasion strategies, many of which
are designed to evade CD8

 

+

 

 T cell responses, and many studies
have shown strong CD8

 

+

 

 T cell ‘memory’ responses during long-
term clinical latency [9–11]. It is likely that such responses are
maintained through exposure to viral antigens during continuous
reactivation. In a murine model of CMV (MCMV), CD8

 

+

 

 T cell
responses to two major epitopes showed slow and continuous
expansion over time (with evidence of re-exposure to viral pep-
tides in lymphoid tissue), a process termed ‘memory inflation’
[12,13]. Long-term longitudinal studies in man are not feasible,
but to address the issue we used a population-based approach to
study  the  effect  of  age  on  CMV  responses.  Although  large
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CMV-specific responses in the elderly have been noted previ-
ously, the overall relationship with age across a wide range has not
been well-defined [14,15]. Therefore, to test the applicability of
tetramers in a population-based setting and to analyse whether
‘memory inflation’ occurs with human CMV infection, we per-
formed a large cross-sectional study.

 

METHODS

 

We performed a cross-sectional analysis of HCMV-specific
CD8

 

+

 

 T cell responses in a random selection of 581 anony-
mous ethyline diamine tetra-acetic acid (EDTA) blood sam-
ples sent to a district general hospital. Ethical approval was
obtained for the study from the local review board (COREC).
During the period of study, no samples tested CMV IgM posi-
tive, indicative of acute disease within the study population.
Samples of volume 50 

 

u

 

l were screened for the presence of
HLA-A2 using a FITC-conjugated monoclonal antibody (One
Lambda Inc., Canoga Park, CA, USA), followed by lysis using
FACSlyse (BD Pharmingen, San Jose, CA, USA) according to
the manufacturers’ instructions. Samples were then analysed
directly by flow cytometric analysis (FACScan, BD Pharmin-
gen). A total of 275 HLA-A2-positive samples were then tested
for CD8

 

+

 

 T cell responses against an immunodominant epitope
in HCMV tegument pp65 (NLVPMVATV) [9], using a combi-
nation of staining with an HLA-A2 peptide tetramer (37

 

∞

 

C,
20 min produced as described previously [11,16]) followed by
anti-CD8-PerCP (BD Pharmingen) for 20 min at 4

 

∞

 

C; 50 

 

m

 

l
samples were analysed using previously titrated quantities of
tetramer and antibody in a 96-well plate format. Samples were
lysed as above, and resuspended in 200 

 

m

 

l PBS/1% formalde-
hyde. Analysis was performed using CellQuest software and

the percentage of CD8

 

+

 

 T cells staining with the tetramer was
determined. A subset of the HLA-A2 positive samples were
tested for CMV IgG using a commercial Latex assay (BD,
Pharmingen).

 

RESULTS

 

The technique of tetramer staining 50 

 

m

 

l samples in a 96-well plate
format provided good quality staining (Fig. 1a). Analysis of HLA-
A2 negative samples from healthy donors was used to provide a
stringent cut-off for detection of 0·05% of CD8s (data not shown).
Use of samples of volumes lower than 50 

 

m

 

l did not provide suf-
ficiently large cell populations after washing and lysis for reliable
tetramer analysis.

We also performed analyses to determine whether storage of
blood (which may be an inevitable part of the collection process
in such population-based studies) affected the tetramer staining
(Fig. 1b). We found that storage of EDTA blood at room temper-
ature over a period of 1 week had little effect on the frequency of
tetramer positive cells detected. Storage for longer periods or
storage at either 4

 

∞

 

C or at 37

 

∞

 

C led to significant decreases in the
staining detected (data not shown).

Having established the quality of the staining protocols we
next analysed the frequency of tetramer positive cells in the CD8

 

+

 

T cell compartment as a function of age. A strong association with
age was shown (Table 1, Fig. 2). The frequency of those staining
positive with tetramer showed age dependence, as expected,
given the rising frequency of CMV seropositivity with age in west-
ern populations [17]. However, a striking increase was also seen in
the proportion of any individual’s CD8

 

+

 

 T cells which were
responsive to this particular epitope. This rose continuously with
age, in a linear fashion. The proportion of CD8

 

+

 

 T cells did not

100 101 102 103 10410
0

10
1

10
2

10
3

10
4

CD8 PERCP

100 101 102 103 104

CD8 PERCP

<0·05%

No. 3 CMY Tet CD8·019-46

te
t P

E

100 101 102 103 104

10
0

10
1

10
2

10
3

10
4

CD8 PERCP

te
t P

E

100 101 102 103 104

10
0

10
1

10
2

10
3

10
4

CD8 PERCP

te
t P

E

100 101 102 103 104

10
0

10
1

10
2

10
3

10
4

CD8 PERCP

te
t P

E

100 101 102 103 104

10
0

10
1

10
2

10
3

10
4

CD8 PERCP

te
t P

E

10
0

10
1

10
2

10
3

10
4

te
t P

E

1·95%

CMY Tet CD8·026-54

0·25%

HK Tet CD8 (day 0)·002

0

(a)

0·29%

HK Tet CD8 (RT)·001

0·21%

HK Tet CD8 (RT, day 4)·002

0·24%

HK Tet CD8 (RT, day 7)·002

1 4 7

Day

(b)

 

Fig. 1.

 

Tetramer staining for population studies. (a) Examples of staining
from HLA-A2-positive subjects. The FACS plots are gated upon live lym-
phocyte populations from two donors, one negative (left) and one positive
(right), for CMV responses. Proportions of positive CD8

 

+

 

 lymphocytes are
shown in the upper right quadrant. (b) Effect of storage on tetramer
staining. Samples were taken into EDTA and stored at room temperature.
On day 0 and after 1, 4 and 7 days the blood was stained for CMV
tetramer-positive cells as described in Methods. The proportions of posi-
tive lymphocytes are shown in the upper right quadrants. A day 10 sample
showed much weaker staining intensity and lower frequency (0·14%) of
positive cells.
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change significantly over time, and the proportion of tetramer-
positive cells among live lymphocytes showed a similar gradual
increase (Table 1).

 

DISCUSSION

 

We examined whether tetramers could be used in a large-scale
study, and found that rapid high quality staining of large numbers
of samples can be achieved. We focused on an HLA-A2 restricted
response, as this is common, and HLA A2 status assessed readily
with fluorescently labelled monoclonal antibodies and FACS anal-
ysis. In theory it would be possible to include the HLA-A2 typing
step with the tetramer staining and therefore save further time and
minimizing blood usage, although this would also increase the use
of tetramer on mismatched samples. It is also possible to perform
typing of multiple other alleles using similar monoclonal reagents,
so in future such studies need not be restricted to A2. Given the
small amounts of blood required, it would be possible to perform
similar studies using only a fingerprick sample.

Using this technique we have demonstrated a continuous
accumulation of pp65 specific T cells over a range of ages. This
effect is similar to that seen in murine systems, where responses to
two peptides studied increased gradually with age (‘memory infla-
tion’) [12,13]. The rate of increase shown here, however, is very
slow and on average doubles over several decades, so it is unlikely
that such an effect would be seen clearly in even long-term lon-
gitudinal follow-up studies in man. In a subset of patients, we
analysed the relationship between CMV seropositivity and tet-
ramer positivity. We found that of 44 seropositive HLA-A2 pos-
itive patients, 34 had detectable tetramer clouds using the single
pp65 tetramer (77%). For the remaining tetramer negative indi-
viduals it will be of interest in future studies to identify whether
such people have large responses restricted by another HLA
allele or directed at another gene product.

The most likely explanation for the accumulation seen is that
HCMV infection, while apparently latent, undergoes reactivation
continuously at a subclinical level [17]. Again, data from the
murine model (MCMV) suggests strongly that viral genes are
expressed [18–20]. This may not be true for all genes, so it will be
of interest in future studies to analyse peptides derived from a
variety of gene products with different expression profiles in
latency. It is predicted that only a limited number of these might
induce ‘inflationary’ responses. Studies of other infections will be
of great interest, as to date most show either an apparent plateau
(e.g. EBV [21,22]) or a decline to very low levels (e.g. influenza)
[3,23]. Infections by other members of the herpesvirus family
(herpes zoster, herpes simplex, HHV6 and EBV), which form

complex, long-term relationships with their host, will be of par-
ticular interest.

The role of the tetramer positive cells 

 

in vivo

 

 is not entirely
clear in relation to control of the virus. Because viral replication is
not usually detected in blood, it is difficult to relate the size of the
population to the viral load. It is possible that it relates to a grad-
ually increasing but still undetectable viral load, or even to an
oscillating low load [24]. This low-level tissue-based load is diffi-
cult to study in man, but as it is clear that the murine model
reflects the human infection in this respect, future studies of
MCMV over time might shed light on this issue.

The large CMV-specific populations which have been identi-
fied in the elderly have presumably been accumulating in these
individuals over many decades. There is evidence that the pres-
ence of CMV may have a strong influence on the overall compo-
sition of the immune system in the elderly [14,15]. This study
would suggest that any effect of CMV-driven expansion would be
gradual, rather than a specific effect on the elderly.

Overall, the study shows a new potential use of tetramers
which to date have been used only in studies of relatively limited

 

Table 1.

 

Overall analysis of CD8

 

+

 

 T cell responses to CMV by age: 583 subjects were analysed initially, of whom 277 were A2-positive (47·5%). Of these 
98/277 (35·4%) were tetramer-positive (i.e. tetramer/CD8 

 

>

 

 0·05%). The frequencies of those staining positive for CMV responses and of CD8

 

+

 

, Total 
Tet% and Tet/CD8

 

+

 

 are displayed according to age group
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Fig. 2.

 

CMV-specific T cell populations as a function of age. Mean fre-
quencies of tetramer positive cells as a fraction of total CD8

 

+

 

 cells in
individuals of different ages. Of 581 individuals screened, 275 were HLA-
A2-positive. Only tetramer positive samples are included in the analysis
(mean 

 

±

 

 s.e.m. displayed in 10-year age groups). Staining using matched
controls established a threshold of detection of 0·05%. Frequencies of
those HLA-A2-positive individuals scoring tetramer-positive in each 10-
year age group are shown in Table 1 

 

-

 

 the highest and lowest 10-year age
groups are not included due to lack of positive samples. The correlations
shown are for the 10-year age groups included. Values for breakdown by
individual year age groups showed 
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numbers of individuals. Use of such reagents in a whole blood-
based, 96-well plate format for rapid processing could take them
closer to clinical applications, where such tests have so far
remained very much research tools. Because the samples may be
stored under appropriate conditions and batched, this could in
future be an efficient way of performing studies of T cell-based
immunity in a range of settings including treatment or vaccination
of viral infections [25] or tumours [26] and transplantation [16,27].
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