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CD8� T cells are critical for the control of many persistent viral infections, such as human immunodefi-
ciency virus, hepatitis C virus, Epstein-Barr virus, and cytomegalovirus (CMV). In most infections, large
CD8�-T-cell populations are induced early but then contract and are maintained thereafter at lower levels. In
contrast, CD8� T cells specific for murine CMV (MCMV) have been shown to gradually accumulate after
resolution of primary infection. This unique behavior is restricted to certain epitopes, including an immuno-
dominant epitope derived from the immediate-early 1 (IE1) gene product. To explore the mechanism behind
this further, we measured CD8�-T-cell-mediated immunity induced by recombinant MCMV-expressing
epitopes derived from influenza A virus or lymphocytic choriomeningitis virus placed under the control of an
IE promoter. We observed that virus-specific CD8�-T-cell populations were induced and that these expanded
gradually over time. Importantly, these CD8� T cells provided long-term protection against challenge without
boosting. These results demonstrate a unique pattern of accumulating T cells, which provide long-lasting
immune protection, that is independent of the initial immunodominance of the epitope and indicates the
potential of T-cell-inducing vaccines based on persistent vectors.

CD8� T lymphocytes play a critical role in the control of
persistent infections such as human immunodeficiency virus,
hepatitis C virus, Epstein-Barr virus, and cytomegalovirus
(CMV). Defining the nature of CD8� T cells mediating im-
munological protection and the rules governing the mainte-
nance of these cells is crucial not only for our understanding of
the pathogenesis of such infections but also for the design of
T-cell-based vaccines. It is clear that memory T-cell popula-
tions may persist in the absence of antigen or further triggering
of their T-cell receptors (1, 41, 49). However, it is also clear
that the biology of the inducing pathogen can strongly influ-
ence the magnitude and the quality of the resulting T-cell
populations. Recent studies with major histocompatibility
complex (MHC) class I peptide tetrameric complexes (tetram-
ers) have revealed that human CD8�-T-cell populations spe-
cific for different pathogens may show considerable heteroge-
neity in phenotype (3). In murine models it has been shown
that the recirculation pattern, the activation status, and ulti-
mately the protective capacity of memory T cells may also be

influenced by the nature of the primary infection (5, 10, 36, 60,
63). We examined in detail the unique T-cell responses in-
duced by murine CMV (MCMV) infection and explored the
protective capacity of CD8� T cells generated in response to
these pathogens.

MCMV has been used for decades as an animal model for
analyzing the biology and immunology of human herpesvirus
infections in general and human CMV (HCMV) in particular.
Similar to its human counterpart, MCMV is not eliminated by
the host, and persistent, lifelong, and usually latent infection
is established (40). Primary infection and maintenance of
MCMV latency are under immune control and CD8� T cells
have been shown to be most crucial (45). Holtappels et al. have
shown that, after MCMV infection of irradiated bone marrow
transplant recipients, CD8� T cells with an effector memory
phenotype accumulate in the lung (24, 25). We have extended
these findings by a detailed longitudinal analysis of the pheno-
type and function of MCMV-specific CD8� T cells demon-
strating persistent accumulation of effector memory cells in
several organs (29). These cells appear to encounter antigen in
lymph nodes and undergo continuous activation and prolifer-
ation over many months.

The accumulation of virus-specific T cells was not uniform
across all epitopes. Two epitopes, both of which were immu-
nodominant during acute infection (derived from the immedi-
ate-early 1 [IE1/pp89] and m164 gene product) attracted “in-
flationary” responses, whereas three others were associated
with stable, low-level memory responses (25, 29). In these
experiments it was not possible to dissect whether the differ-
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ences between epitopes related to their initial immunodomi-
nance or to other important aspects of CMV biology. Both
human and murine CMVs possess a range of mechanisms to
downregulate antigen presentation, but the genes concerned
are not expressed immediately upon infection. Presentation of
peptides from IE1/pp89 and m164 appear to escape these class
I presentation interference effects (11, 21–23). Thus, during
reactivation of the virus throughout latency, it is postulated
that such peptides may be presented to CD8� T cells, leading
to continued proliferation and maintained effector function.

Here we evaluated this issue in more detail by using recom-
binant MCMVs expressing foreign viral epitopes derived from
influenza A virus nucleoprotein (NP366-374) or lymphocytic
choriomeningitis virus (LCMV) glycoprotein (GP33-41).
These epitopes were C terminally fused to the IE2 gene. We
tested the hypothesis that such viruses would prime epitope-
specific responses which would expand during latency, regard-
less of their initial immunodominance and regardless of the
mouse strain used. In addition, we examined the protective
capacity of these populations in challenge experiments. The
data provide important insight into the biology of host-CMV
interactions and provide a novel perspective in the search for
T-cell-based vaccines.

MATERIALS AND METHODS

Mice and animal experiments. Mice were purchased from the Biomedical
Services Unit, John Radcliffe Hospital, Oxford, United Kingdom, and from the
Institute for Laboratory Animals, University of Zürich, Zürich, Switzerland.
Animals were bred under specific-pathogen-free conditions and housed in a
controlled conventional unit during the experiment. All animal experiments were
performed with age-matched female BALB/c and C57BL/6 mice with permission
of the home office according to the Animals (Scientific Procedures) Act 1986
(United Kingdom) or according to Swiss and Zürich law for the protection of
animals, requiring the use of minimal numbers of animals. Mice were infected
with a volume of 200 �l of virus in phosphate-buffered saline (PBS) either
intravenously (i.v.; MCMV, LCMV, and vaccinia virus [VV]) or intraperitoneally
(i.p.; VV) and with 20 �l of virus in PBS intranasally (i.n.; influenza virus). For
i.n. influenza virus infection, a short period (�1 min) of ether anesthesia was
applied. For subcutaneous immunization with peptide, 200 �g of peptide was
solubilized in 100 �l of PBS and then emulsified in 100 �l of complete Freund
adjuvant (CFA). For cytometry, a 50-�l blood sample was taken from the tail
vein.

Viruses. Bacterial artificial chromosome (BAC)-derived MCMV MW97.01
has previously been shown to be biologically equivalent to MCMV Smith strain
ATCC VR-194 (recently assigned the new accession no. VR-1399) and is re-
ferred to here as MCMV (56). Recombinant VV expressing IE1/pp89 (Vac89)
(27) was provided by U. H. Koszinowski, Department of Virology, Max von
Pettenkofer Institute, Munich, Germany. MCMV was grown on mouse embry-
onic fibroblasts (MEF) and purified by sucrose cushion centrifugation according
to established protocols (9). MCMV titers of virus stocks and organ homoge-
nates were determined by virus plaque assays on MEF as described previously (9)
by using centrifugal enhancement of infectivity. Influenza A virus H17 was
provided by Keith Gould, Imperial College, London, United Kingdom. VV
expressing the NP of influenza virus (VacNP) was provided by A. Townsend,
Weatherall Institute of Molecular Medicine, Oxford, United Kingdom, and VV
expressing the GP of LCMV (VacGP) by B. Moss, Laboratory of Viral Diseases,
National Institutes of Health, Bethesda, Md. (18, 51). Recombinant VV were
grown and plaqued on thimidine kinase-deficient (TK�) cells. Diluted and son-
icated lysates of VV-infected TK� cells were used for infection.

The ovary protection assay was performed as described previously (8). Briefly,
mice previously infected or immunized as indicated in the text were challenged
with 106 to 107 PFU of recombinant VV i.p. Four days later, ovaries were
homogenized and the VV titer was measured by virus plaque assay on TK� cells.
Titers are expressed as the log10(PFU of VV/organ). The detection limit was 10
to 40 PFU of VV/ovary in all assays. The level of protection is given as the
percentage of virus titer reduction in the respective experimental group com-

pared to age-matched naive mice or mice infected or immunized with an unre-
lated virus and/or antigen.

Generation of recombinant MCMVs. Recombinant MCMV with a C-terminal
fusion of the LCMV-derived GP33-41 or the influenza virus-derived NP366-374
peptides (see below) to the nonessential ie2 gene of MCMV were generated by
using a new mutagenesis procedure for the MCMV genome cloned as a BAC
(pSM3fr) in Escherichia coli (57). It was shown that virus reconstituted from the
BAC genome pSM3fr shows wild-type-like properties in vitro and in vivo (56).
For the generation of the recombinant viruses MCMV-GP and MCMV-NP, two
linear DNA fragments containing a kanamycin resistance gene, with homologies
of about 40 nucleotides to the up- and downstream sequences of the stop codon
of the ie2 gene and the GP33-41 or NP366-374 sequence, respectively, were
generated by PCR. To generate the fragment containing the GP33-42 sequence
(and an additional six flanking nucleotides on each side), the contiguous primers
ie2-LCMV-5 (5�-GAACCACGGGTTCTTTCTCTTGACCAGAGACCTGGT
GACCGTCAGGAAGAAGATTCAGGGTATCAAGGCTGTCTACAAT
TTTGCCACCTGTGGGATATGACGATTTATTCAACAAAGCCACG-3�)
(GP33-41, underlined) and ie2-Kn-3 (5�-CTGTCCGATGAATAAAACCTCTT
TATTTATTGATTAAAAACCATGACATACCTCGTGTCCTCGCCAGTGT
TACAACCAATTAACC-3�) and the template plasmid pACYC177 (NEB) were
used for PCR. To generate the fragment containing the NP366-374 sequence
(and additional six flanking nucleotides on each side), the contiguous primers
ie2-Flu-5 (5�-GAACCACGGGTTCTTTCTCTTGACCAGAGACCTGGTGAC
CGTCAGGAAGAAGATTCAGCAAATTGCTTCAAATGAAAACATGGAT
GCTATGGAATCATGACGATTTATTCAACAAAGCCACG-3�) (NP366-
374, underlined) and ie2-Kn-3 (see above) and plasmid pACYC177 were used
for PCR. The fragment was then transformed into DH10B for mutagenesis of the
MCMV-BAC pSM3fr, which contains the whole MCMV genome (strain Smith).
Mutagenesis was performed according to a recently published protocol that uses
homologous recombination mediated by the recombination functions red��
from bacteriophage � (55). Correct fusion of the epitope sequences to the C
terminus of the ie2 gene within the viral genomes was confirmed by restriction
pattern analysis of the recombinant MCMV BAC with NsiI and by additional
sequencing of the ie2-epitope fusion (data not shown). Expression of the IE2-
epitope fusion was also confirmed by Western blot analysis with an IE2-specific
mouse antiserum that was generously provided by Martin Messerle, University of
Halle-Wittenburg (Fig. 2A) (38).

Peptides and tetramers. The following peptides defining MCMV-, LCMV-,
and influenza virus-derived cytotoxic-T-lymphocyte (CTL) epitopes were used:
MCMV-IE1 (m123/pp89; pp89, H-2Ld restricted, YPHFMPTNL) (47), LCMV-
GP (GP33-41, KAVYNFATC, H-2Db restricted) (44) or GP34-41, (AVYNF
ATC, H-2Kb restricted) (26), and influenza virus NP (NP366-374,
ASNEMNDAM, H-2Db restricted) (51). Peptides were synthesized at a purity of
	70% (Research Genetics, Huntsville, Ala.), diluted, and used at the indicated
concentrations.

The tetramers used in the present study were produced as described previously
(2). Briefly, recombinant H-2Ld, H-2Db, and H-2Kb heavy chains were expressed
in E. coli (BL21), purified from inclusion bodies, biotinylated enzymatically, and
refolded with human �2-microglobulin and the appropriate peptide. Plasmids
encoding for the different MHC class I heavy chains were generously provided by
Awen Gallimore (Oxford University, Oxford, United Kingdom) and John D.
Altman (Stanford University, Stanford, Calif.). Refolded complexes were puri-
fied by high-pressure liquid chromatography and tetramerized by using phyco-
erythrin-labeled extravidin (Sigma-Aldrich, Poole, United Kingdom) at a molar
ratio of 4:1. The specificity and sensitivity of the tetramers was regularly tested
on CTL lines restimulated with the appropriate peptide.

Assessment of IFN-�-secreting peptide-specific CD8�-T-lymphocyte frequen-
cies. Frequencies of gamma interferon (IFN-
)-producing peptide-specific T
cells in the spleen were quantified by intracellular cytokine staining (ICS) after
stimulation with peptide according to the protocols of the supplier of reagents
(Becton Dickinson, San Jose, Calif. [BD]). After 6 h of peptide stimulation (at
10�6 M), spleen cells were stained with allophycocyanin- or PerCP-labeled rat
anti-mouse CD8 (clone 53-6.7), fixed, permeabilized, and then stained with
fluorescein isothiocyanate (FITC)-labeled rat anti-mouse IFN-
 (clone XMG1.2)
or with an FITC-labeled rat immunoglobulin G1 (IgG1) isotype control anti-
body. Samples were analyzed with a FACSCalibur (BD) by using CellQuest
software. Gates were set according to the isotype control, and frequencies are
given as the percentage of IFN-
-secreting cells of total CD8� T cells. Back-
ground staining for IFN-
 was �0.05% of CD8� T cells after stimulation with
irrelevant peptides and after stimulation of cells from naive mice.

Within the region of LCMV-GP, which is shared between MCMV-GP,
VacGP, and the peptide GP33-41 (33KAVYNFATC41) used for immunization,
two differentially restricted CD8�-T-cell epitopes exist in the H-2b haplotype:
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H-2Db-restricted GP33-41 and H-2Kb-restricted GP34-41 (26, 44). After in vitro
stimulation with KAVYNFATC, specific CD8� T cells with either MHC restric-
tion produce IFN-
; thus, these percentages are the sum of GP33- and GP34-
specific cells.

Ex vivo detection and phenotypic characterization of antigen-specific T cells
with MHC class I tetramer and flow cytometry. A total of 50 �l of peripheral
murine blood or 106 murine spleen cells was prepared in cold PBS containing 2%
fetal calf serum, 0.2% NaN3, and 10 mM EDTA. Cells were stained for 20 min
at 37°C with the respective tetramer. Other surface markers were then quantified
by staining for 30 min at 4°C with the following monoclonal antibodies (pur-
chased from BD): allophycocyanin- or PerCP-labeled rat anti-mouse CD8 (clone
53-6.7), PerCP- or FITC-labeled rat anti-mouse CD45R/B220 (clone RA3-6B2),
FITC-labeled rat anti-mouse CD18 (clone C71/16), FITC-labeled rat anti-mouse
CD431B11 (clone 1B11), FITC-labeled rat anti-mouse CD44 (PgP-1, clone IM7),
and allophycocyanin- or FITC-labeled rat anti-mouse CD62L (MEL-14). FITC-
labeled hamster anti-mouse CD69 (clone H1.2F3) was purchased from Serotec,
Ltd., Oxford, United Kingdom. FITC-labeled rat IgG2a (BD) and hamster IgG
(Serotec) isotype controls were used for gate settings. Analysis was performed as
described above.

Assessement of MCMV-specific cytotoxic activity in vitro. CTL activity of
spleen cells was determined by 51Cr-release assay as described previously (18).
Effector spleen cells were restimulated for 5 days in vitro with peptide-pulsed
(10�6 M) and gamma-irradiated (25 Gy) spleen cells. Serial dilutions of bulk
cultures were incubated for 5 h with 51Cr-labeled and peptide-pulsed (10�6 M)
EL4 target cells (H-2b), and the supernatant was assayed for released 51Cr.
Spontaneous 51Cr-release and unspecific lysis of target cells pulsed with irrele-
vant peptides was �15% in all assays.

Calculation of correlation between frequencies of epitope-specific CD8� T
cells, level of protection, and time after priming. Mice were primed with the
indicated viruses and the frequency of epitope-specific CD8� T cells was mea-
sured in the blood 0 to 3 days before challenge with recombinant VV. Four days
after challenge the VV titers were determined in the ovaries of immunized and
naive age-matched mice. The level of protection was calculated by subtracting
the log10PFU of VV titer of the immunized mice from the mean log10PFU of VV
titer of the naive group of mice. The frequency of epitope-specific CD8� T cells
before challenge was then correlated with the level of protection and the time
since priming. In addition, the level of protection was correlated with the time
since priming. Correlations were calculated by using Spearman’s rank correlation
on a logarithmic scale. The numbers of animals included into the calculations are
indicated in Table 2.

RESULTS

Accumulation of IE1/pp89-specific CD8� T cells and asso-
ciation with protection against in vivo challenge. To evaluate
the accumulation of MCMV-induced CD8� T cells and its
relationship to the size of the initial response, BALB/c mice
were infected i.v. with a low dose (103 PFU) or a high dose (106

PFU) of MCMV. We then measured the frequency of CD8� T
cells specific for a dominant H-2Ld-restricted epitope derived
from IE1 (IE1/pp89) in blood and spleen by staining cells with
tetramers, and we characterized the phenotype and function of
these cells longitudinally.

Previously, we have demonstrated that functional pp89-spe-
cific CD8� T cells accumulate continuously after high-dose
MCMV infection, reaching up to 20% of all CD8� T cells (29)
(Fig. 1A). This accumulation of memory T cells over time is
not dependent on a large initial CD8�-T-cell expansion, since
it was also evident after low-dose MCMV infection (Fig. 1A
and Table 1). In this instance, a much lower initial peak of
specific CD8� T cells was generated, but subsequent accumu-
lation during latency nevertheless was observed. Between 75
and 85% of these accumulating pp89-specific CD8� T cells
remained CD62Llo after both high- and low-dose infections in
blood and spleen, a finding that is characteristic for effector
memory cells. More than 90% of pp89-specific cells were im-
mediately functional, as assessed by ICS (data not shown). The

kinetics of accumulation in the blood closely reflect the total
number of cells within the spleen (Table 1), with results similar
to our previous observation demonstrating the accumulation of
pp89-specific T cells also in the liver, lung, salivary gland, and
lymph node (29).

To test the in vivo protective capacity of pp89-specific CD8�

T cells, mice were challenged at various time points after
MCMV infection with pp89-expressing Vac89 (usually 107

PFU) and, 4 days later, the VV titers were determined in the
ovaries. Challenge with recombinant VV has been widely used
to test the level of T-cell-mediated protective immunity in vivo
(4, 5, 8, 28, 34, 60). The stringency of the assay varies with the
genetic background of the respective recombinant VV, with
the dose of VV challenge, and with the time interval between
challenge and analysis.

Mice were completely protected against Vac89 challenge
from day 10 until day 272 after infection with a high dose of
MCMV (106 PFU, Fig. 1B). We observed no protection after
challenge with an unrelated VV at any time point after prim-
ing, indicating that protection was pp89 specific and was not
significantly influenced by natural or heterologous immunity
(not shown). After infection with a low dose of 103 PFU

FIG. 1. Protective immunity mediated by pp89-specific CD8� T
cells is dependent on the dose of infection and the timing of challenge.
BALB/c mice were infected i.v. with 106 ({) and 103 (}) PFU of
MCMV or were left naive (E) as a negative control. (A) Thereafter,
the pp89-specific CD8�-T-cell response was measured longitudinally
in the blood. The percentage of CD8� T cells staining with pp89
tetramer is plotted over time. Each line represents the mean of four to
eight mice per experimental group. Error bars indicate the standard
deviation (SD) within experimental groups. (B) At the indicated time
points after MCMV infection, mice were challenged with Vac89 i.p.,
and the VV titers were measured in the ovaries 4 days later. Titers are
given as the log10(PFU of Vac89/ovaries). The detection limit and the
SD are indicated. Each line represents the mean of four or five mice
per experimental group. The results from one of two similar experi-
ments are shown; the second experiment was finished by day 120 after
priming. To measure the expansion of specific T cells after challenge,
the frequency of pp89-specific CD8� T cells was determined by tet-
ramer staining before and 4 days after challenge with Vac89 in the
spleen at indicated time points after MCMV infection (Fig. 1C, blood,
liver, and ovaries [data not shown]). The percentage of CD8� T cells
staining with pp89 tetramer is plotted over time. Each line represents
the mean of three to four mice per experimental group. Error bars
indicate the SD within experimental groups.
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MCMV, no significant protection was observed until day 20.
Protection then increased until day 75 (when VV titer were
99% lower than in naive animals), and this level of protection
was maintained until day 177. Using a lower dose of VV for
challenge (106 PFU), four of four mice were completely pro-
tected against challenge on day 242 (Fig. 1B). Overall, for mice
primed with 103 PFU of MCMV, the level of protection against
challenge increased gradually over time after MCMV-infection
and thus correlated with increasing frequencies of pp89-spe-
cific T cells (Table 2).

Protective capacity was associated with a marked expansion
of pp89-specific CD8� T cells in vivo after VV infection. These
expansions were antigen specific, they occurred in spleen (Fig.
1C), blood, liver, lymph node, and ovaries (data not shown),
and they showed a positive correlation with the in vivo protec-
tive capacity. Interestingly, the magnitude of the expansion
seemed to correlate with the time after MCMV infection (Fig.
1C).

CD8�-T-cell induction by recombinant MCMVs. To test the
potential of MCMV to induce CD8�-T-cell responses against
recombinant IE-expressed epitopes and to evaluate whether
memory inflation would also occur in a different genetic back-
ground of the host, we generated two different recombinant
viruses encoding two H-2Db-restricted murine CD8�-T-cell
epitopes. They were derived from influenza A virus nucleo-
protein (NP366-374, MCMV-NP) and from LCMV glycopro-
tein (GP33-41, MCMV-GP) and included two additional N-
and C-terminal flanking amino acids. Recombinant epitopes
were introduced into MCMV-IE2, which is dispensable for in
vitro and in vivo viral replication and is expressed before MHC
class I interference by MCMV becomes operational during the
early (E) phase of viral replication (22, 40). In addition, IE2-
transcripts have been found during MCMV latency (17).

MEF infected with MCMV-NP and MCMV-GP expressed
IE2 similar to wild-type virus (MCMV-wt), when transcription
and translation of viral IE proteins were synchronized with
metabolic inhibitors. As expected, the IE2 protein of the re-
combinant viruses was slightly larger than of MCMV-wt due to
the inserts (Fig. 2A). Replication kinetics and cell and tissue
tropism of recombinant viruses was comparable to MCMV-wt
in vitro and in vivo (not shown).

Ten days after infection of C57BL/6 mice with 2 � 106 PFU
of MCMV-NP or MCMV-GP, ex vivo cytotoxic activity was not
detectable by 51Cr-release assay (not shown) and tetramer

staining was at or below the limit of detection (�0.15% tet-
ramer positive cells of CD8� T cells; Fig. 2C, ex vivo). After 5
to 7 days of in vitro restimulation, cytotoxicity specific for
recombinant epitopes and staining with the respective tetramer
were strongly positive (Fig. 2B and C, restim.). These results
demonstrate that priming of CD8� T cells specific for recom-
binant epitopes expressed in MCMV-IE2 did occur early after
infection, but the responses induced were initially of low mag-
nitude.

Slow accumulation of NP-specific CD8� T cells after infec-
tion with MCMV-NP and correlation with protective immu-
nity. We next analyzed NP-specific CD8� T cells emerging
over time after infection with influenza virus or MCMV-NP
(13). We used several phenotypic markers to analyze activation
status and presumptive recirculation pattern of NP-specific
CD8� T cells. In particular, CD62L expression was used to
differentiate between “central” (i.e., lymphoid organ homing)
memory CD8� T cells (CD62Lhi) and effector (i.e., nonlym-
phoid organ homing) memory cells (CD62Llo) (29, 36, 42, 48).
We compared the responses generated after persistent infec-
tion with recombinant MCMV with those elicited by the same

TABLE 1. Total number of epitope-specific CD8� T cells per spleen at different time points after infection with MCMV or influenza virus or
after immunization with peptide GP33a

Time postinfection
(days)

Total no. of epitope-specific CD8� T cells/spleen (104) � SD with epitope:

IE1/pp89 (PFU) NP366 GP33

MCMV (106) MCMV (103) MCMV-NP Influenza virus MCMV-GP GP33�CFA

8–11 56.8 � 20 2.4 � 0.3 2.5 � 1.1 55.8 � 28.5 1.1 � 0.5 25.1 � 9.7
18–22 31.3 � 8.7 2.9 � 0.8 2.9 � 1.6 20.3 � 10 2.0 � 0.7
35–45 26.5 � 14.4 7.9 � 2.8 6.9 � 3.7 4.8 � 0.9 10.4 � 3.7 18.7 � 6.4

100–160 59 � 13.1 24.5 � 6.9 12.7 � 4.8 5.2 � 2.2 15.5 � 6.3 10.9 � 2.6
250–350 115 � 28 45.8 � 22 9.2 � 5.3 3.9 � 0.5

a Mice were infected or immunized with the indicated virus or antigen. At different time points thereafter the total numbers of epitope-specific CD8� T cells per
spleen were measured by fluorescence-activated cell sorting by using tetramer staining (IE1/pp 89 and NP366) or ICS (GP33). Mean numbers � the SD are given for
4 to 12 mice per group. Data from one to three experiments with the same antigen or virus were pooled for calculation. Values of 106 and 103 indicate the virus dose
in PFU used for infection.

TABLE 2. Correlation between the frequency of epitope-specific
CD8� T cells, the level of protection measured by VV challenge,

and the time after priming with MCMV-wt,
MCMV-NP, or influenza virusa

Priming
(PFU) n

Spearman rank correlation of factor vs factor

Frequency of
specific cells vs

time after
priming (P)

Frequency of
specific cells vs

level of pro-
tection (P)

Time after
priming vs

level of pro-
tection (P)

MCMV (103) 40 0.841 (�0.001) 0.521 (0.001) 0.483 (0.002)
MCMV-NP 23 0.702 (�0.001) 0.507 (0.014) 0.513 (0.012)
Influenza virus 23 �0.882 (�0.001) 0.760 (�0.001) �0.736 (�0.001)

Overall 86 0.566 (�0.001)

a Mice were primed with the indicated virus, and the frequency of epitope-
specific CD8� T cells was monitored in the blood by tetramer staining. Frequen-
cies used for calculation were measured 0 to 3 days before challenge. At 4 days
after challenge, the VV titers were measured in the ovaries. The level of pro-
tection was calculated as described in Materials and Methods to correct for
variation between different challenge experiments. Numbers indicate the corre-
lation coefficients that were calculated with the Spearman’s rank correlation
using logarithmic scales for all variables. Two-tailed P values for each correlation
are indicated in parentheses. Data from one to three experiments per virus and
time point were included in the analysis.
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epitope after natural, acute, and transient influenza virus in-
fections.

After influenza virus infection, NP-specific CD8� T cells
rapidly expanded, reaching a peak of 4 to 5% of CD8� T cells
after 8 to 10 days in the blood (Fig. 3A and 4A) and a total
number of (5.6 � 2.8) � 105 cells per spleen (Table 1). More
than 95% of the cells were CD18 and CD44 positive but
CD62Llo, and 75 to 85% produced IFN-
 ex vivo (Fig. 3C, ICS,
CD18, and CD44 [not shown]). Early after i.n. influenza virus
infection, NP-specific cells in the spleen were mostly low in
expression of CD69 but high in expression of CD431B11 (Fig.
3B), which is compatible with recent activation, although the
exact pattern of CD431B11 expression may potentially differ
between mouse strains or infectious models (19, 37).

Thereafter, NP-specific CD8�-T-cell populations contracted
by 90 to 95% and were maintained at a stable memory level of
0.5% of CD8� T cells in the blood and (3.9 to 5.2 [�2.2]) � 104

NP-specific cells per spleen (Table 1). As demonstrated previ-
ously, within a year after influenza virus infection a substantial
proportion of NP-specific CD8� T cells (40 to 60%) regained

expression of CD62L, a finding typical for resting or central
memory cells (Fig. 3C, day 220) (52).

After infection with recombinant MCMV-NP, a completely
different pattern of CD8�-T-cell expansion emerged. Up until
day 20, the frequency of NP-specific CD8� T cells was gener-
ally below or just at the limit of detection by tetramer or ICS,
reaching (2.5 to 2.9 [�1.6]) � 104 NP-specific cells per spleen
(Table 1 and Fig. 3A and 4A [ICS not shown]). If NP-specific
cells were measurable by tetramer staining early after MCMV
infection (and not below the limit of detection), they expressed
high levels of CD18 and CD44 but they were consistently low
in CD69, CD431B11, and CD62L, suggesting previous contact
with antigen but a lower level of activation than after influenza
virus infection (not shown and Fig. 3B and C).

Slowly but steadily, the frequencies of NP-specific T cells
increased over time, reaching a level of 1.5% of CD8� T cells
by day 120 ([12.7 � 4.8] � 104 cells/spleen). Thereafter, we
observed no further increase but rather fluctuating T-cell fre-
quencies ranging between 0.7 and 1.8% ([9.15 � 5.3] � 104

cells/spleen). In the memory phase, 85 to 90% of NP-specific
CD8� T cells maintained a CD62Llo effector memory pheno-
type (Fig. 3C, day 220) and produced IFN-
 ex vivo (ICS
results not shown).

FIG. 2. Efficient induction of specific CD8� T cells after infection
with recombinant MCMV. (A) Western blot analysis of expression of
recombinant proteins from viruses in vitro. MEF were infected with
wild-type (wt) MCMV, with MCMV-NP (NP), with MCMV-GP (GP)
or, as a negative control, with a mutant MCMV lacking expression of
IE2 (ie2). To make IE2 expression detectable, protein transcription
and translation were synchronized by the treatment of cells with cy-
cloheximide for the first 3 h of infection and with actinomycin D 4 to
7 h postinfection. Protein expression was detected 7 h postinfection by
using a mouse antiserum specific for IE2. The appropriate IE2 bands
are marked on the figure. The NP-IE2 and GP-IE2 fusion proteins
show a slightly higher molecular weight due to the additional NP and
GP epitopes, respectively. (B) C57BL/6 mice were infected with 2 �
106 PFU of MCMV-GP (left panel) or MCMV-NP (right panel). At 10
days after infection, splenocytes were harvested, restimulated for 5
days in vitro, and then tested in a 5-h 51Cr-release assay on target cells
pulsed with GP33 (Œ), NP366 (■ ), or an irrelevant peptide (E). Each
line represents an individual mouse. The results for one of four exper-
iments are shown. (C) NP tetramer staining of spleen cells from a
mouse infected 10 days previously with MCMV-NP. The upper panel
shows an ex vivo tetramer staining. For the lower panel, splenocytes
from the same mouse were restimulated for 7 days in vitro with NP366-
pulsed naive spleen cells. The numbers indicate the percentage of
NP-specific cells of CD8� T cells. Panels are gated on live lymphocytes
without B cells. The results for one of seven mice are shown.

FIG. 3. Phenotypic characterization of NP-specific CD8� T cells
after infection with MCMV-NP or influenza. C57BL/6 mice were in-
fected i.v. with 2 � 106 PFU of MCMV-NP or i.n. with 100 hemag-
glutination units of influenza virus. Spleen cells were harvested at the
indicated time points and then stained with NP tetramer (NP-tet),
anti-CD8, or anti-B220 and with anti-CD62L. Panels are gated on live
lymphocytes without B cells (A) or on live CD8� lymphocytes (B). The
numbers indicate the percentages of NP-specific cells among CD8� T
cells (A) or the percentages of NP-specific CD8� T cells expressing
CD431B11 (B) or CD62L (C). The results of one of three similar ex-
periments are shown.
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To compare the level of protection generated after infection
with influenza virus with that generated after MCMV-NP in-
fection, mice were challenged at different time points with 5 �
106 PFU VacNP i.p. Four days later, we measured the VacNP
titer in the ovaries. These three viruses only share one CTL
epitope (NP366-374).

As expected from the frequency of functional NP-specific T
cells, mice were highly protected against VacNP challenge
during the first 50 days after influenza virus infection (Fig. 4B).
Thereafter, protection was partially and gradually lost in par-
allel to the loss of NP-specific memory cells resulting, as ex-
pected, in a negative correlation between the time after influ-
enza virus infection (priming) and the level of protection: c �
�0.736, where c is the correlation coefficient (P � 0.001 [Table
2]). However, on average, VacNP titers were still 96% reduced
compared to naive mice 430 days after influenza virus infec-
tion.

In contrast, over the first 35 days mice infected with MCMV-
NP were not protected against VacNP challenge. Only by day
50, when NP-specific CD8� T cells had accumulated suffi-
ciently, was a significant level of protection (99.97%) reached,
a level comparable to that of mice infected with influenza virus
(Fig. 4B). A high level of protection was maintained thereafter,
correlating roughly with the frequency of NP-specific CD8� T
cells (c � 0.507, P � 0.014), although there was considerable
variation between individual mice late after priming. Never-
theless, the level of protection was positively correlated with
the time since priming with MCMV-NP (c � 0.513, P � 0.012;
Table 2).

Protective CD8�-T-cell-mediated immunity after infection
with MCMV-GP. We used the same system to analyze immu-
nity generated against a second antigen, in this case derived
from LCMV. We compared the GP-specific CD8�-T-cell re-
sponse after infection with MCMV-GP, after infection with
VV recombinant for LCMV-GP (VacGP), and after immuni-
zation with GP33-41 peptide emulsified in CFA (Fig. 5A). The
response generated by VacGP was maximal on day 6 and then
dropped to a stable memory level of 0.4% of CD8� T cells.
After immunization with GP33 in CFA, GP-specific T cells
expanded to 1.9% within 10 days and were then maintained at
a nearly constant level for 120 days, reflecting the granuloma-
tous inflammation and delayed antigen release provoked by
CFA. However, the total numbers of GP-specific cells per
spleen dropped from (25 � 9.7) � 104 on day 10 to (10.9 � 2.6)
� 104 on day 120 (Table 1). In contrast, after infection with
MCMV-GP, GP-specific CD8� T cells also showed the pattern
of “memory inflation” as demonstrated previously for NP-
specific T cells after infection with MCMV-NP. By day 120, ca.
1.3% of CD8� T cells were GP specific in the spleen. Overall,
the total number of GP-specific cells per spleen increased from
(1.1 � 0.5) � 104 on day 10 to (15.5 � 2.3) � 104 on day 120
(Table 1).

Mice infected previously with MCMV-GP or immunized
with GP33�CFA were then challenged with VacGP, and the
VV titer was measured in the ovaries. GP33�CFA induced par-
tial protection from 10 day until day 65 of ca. 99% compared
to naive mice. By day 250 however, protection was lost com-
pletely (Fig. 5B, upper panel). In contrast, protection generat-
ed by infection with MCMV-GP developed more slowly within
40 days (99.7%) but was then maintained with considerable
variation between individual mice (Fig. 5B, lower panel).

DISCUSSION

In this study we have demonstrated that the pattern of slowly
accumulating CD8�-T-cell responses after CMV infection is
not restricted to certain T-cell epitopes or to a particular strain
of inbred mice. It can occur in immunodominant and in sub-
dominant epitopes independently of the dose of infection and
even T cells specific for recombinant epitopes accumulate over
time. These T cells are of the effector memory phenotype and
provide, as they accumulate, long-term protective immunity.
These findings have important implications for our under-
standing of the immunological long-term control of CMV in-
fection in mice and, potentially, humans. In addition, these
results provide a first proof of the principle for the use of per-

FIG. 4. Increasing protective CD8�-T-cell-mediated immunity af-
ter infection with MCMV-NP. C57BL/6 mice were infected with 2 �
106 PFU of MCMV-NP i.v. (■ ) or with 100 hemagglutination units of
influenza virus i.n. (�), or they were left naive (E) as a control. (A)
Thereafter, the NP-specific CD8�-T-cell response was measured lon-
gitudinally in the blood. The percentage of CD8� T cells staining with
NP tetramer is plotted over time. Each line represents the mean of
four to five mice per experimental group. Error bars indicate the SD
within experimental groups. (B) At indicated time points after infec-
tion with influenza virus (upper panel) or MCMV-NP (lower panel),
mice were challenged i.p. with VacNP, and the VV titers were mea-
sured in the ovaries 4 days later. Titers are given as the log10(PFU of
VacNP/ovaries). The detection limit and the SD are indicated. Each
line represents the mean of four or five mice per experimental group.
The experiment was repeated with comparable results.
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sisting vectors to maintain or even increase protective CD8�-
T-cell responses without external antigen reexposure.

Efficient induction of protective CD8�-T-cell responses by
cross-priming with nonreplicating antigens has proven to be a
difficult task to achieve despite constant refinement of vectors
and immunization protocols and despite recent improvements
in our understanding of how innate immune mechanisms di-
rect and enhance the adaptive immune response (7). It is even
more challenging to develop practical immunization regimes
capable of maintaining T-cell-mediated protection over pro-
longed periods of time, and it has been suggested that persis-
tent antigen is required (5, 34). Our results support and extend
these findings: CD8�-T-cell-mediated protection against chal-

lenge with recombinant VV decreased late after infection with
live influenza virus correlating with the loss of effector memory
cells. This was despite a very potent primary CD8�-T-cell
response, which was quantitatively at least 20-fold higher than
after infection with MCMV-NP (NP-specific CD8� T cells/
spleen on day 8: 5.6 � 105 versus 2.5 � 104). Similarly, pro-
tective immunity was lost late after priming with the synthetic
GP33 peptide, despite the use of a very potent adjuvant, in-
ducing inflammation and slow antigen release (15). In addi-
tion, protection against challenge with LCMV is known to
decrease rapidly 80 days after priming with recombinant VV
expressing LCMV-GP (5, 34). These different priming condi-
tions, although very efficient initially, share the feature of tran-
sient antigen delivery to CD8� T cells. Conversely, protective
immunity was weak initially but improved over time after prim-
ing with recombinant MCMV. The acquisition of protection
was associated with the emergence of epitope-specific effector
memory T cells.

The cells generated by MCMV infection have the charac-
teristics of “effector” memory T cells, possessing rapid effector
function ex vivo and more importantly, providing protection in
vivo. The phenotype shown is probably similar to the “mature”
memory phenotype associated with HCMV-specific T-cell pop-
ulations in humans (3, 16, 30). These cells remain low in
CD62L and may therefore effectively patrol and protect non-
lymphoid organs. Indeed, in addition to accumulation in blood
and spleen as demonstrated here, the accumulation of memory
T cells in other organs (liver, salivary gland, lung, ovary, etc.)
has been demonstrated in BALB/c mice (24, 25, 29). Similarly,
after rechallenge with recombinant VVs, very striking expan-
sions of virus specific CD8� T cells occur rapidly in the spleen
and in the liver (up to 40% of infiltrating CD8� T cells [data
not shown]), as well as clearly protecting the ovary. It has been
demonstrated that the protective capacity of an anti-Listeria
response induced by vaccination is strongly linked to the
CD62L expression and thus recruitment and redistribution
characteristics of CD8� T cells (36). Recent data has, however,
suggested that in other situations the protective capacity of
central memory T cells generated from TCR-transgenic mice is
even more significant compared to effector memory cells, and
this has been linked to an increased proliferative capacity of
central memory cells (60). Although the CD8�-T-cell popula-
tions after MCMV infection (pp89, NP, and GP specific) were
not pure, they are largely effector memory (	75%) and nev-
ertheless did show strong protective capacity and massive ex-
pansion upon challenge (Fig. 1C), suggesting that these exper-
iments may strongly depend on the exact nature of the priming
and its duration and on the exact nature of the challenge.

The cells induced by MCMV, which expand during latency,
retain effector function in the long term, as judged by IFN-

production measured by ICS or ELISPOT (24, 25, 29; data not
shown). This is true even after initial MCMV-infection during
immunosuppression for bone marrow transplantation (24).
However, a significant variability in the protective capacity of
MCMV-primed cells was noted which was more pronounced
than after influenza virus infection. Further functional analysis
may be required to identify any specific cellular defects which
might account for a lack of protection despite increased fre-
quencies. Nevertheless, there was a reasonable correlation be-

FIG. 5. Increasing protective CD8�-T-cell-mediated immunity af-
ter infection with MCMV-GP. C57BL/6 mice were infected i.v. with
2 � 106 PFU of MCMV-GP (Œ) or i.v. with 5 � 106 of PFU VacGP (‚)
or were immunized s.c. with the peptide GP33 and CFA (}), or they
were left naive (E) as a control. (A) Thereafter, the GP-specific CD8�-
T-cell response was measured longitudinally in the spleen by ICS. The
percentage of CD8� T cells staining for intracellular IFN-
 after stim-
ulation with GP33-41 is plotted over time. Each line represents the
mean of three to four mice per experimental group. Error bars indicate
the SD within experimental groups. (B) At indicated time points after
immunization with GP33�CFA (upper panel) or after infection with
MCMV-GP (lower panel), mice were challenged i.p. with VacGP, and
the VV titers were measured in the ovaries 4 days later. Titers are
given as the log10(PFU of VacGP/ovaries). The detection limit was 1.6,
and the SD is indicated. Each line represents the mean of four to five
mice per experimental group.
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tween the precence of a MCMV-induced population of T cells
and protection against challenge (Table 2).

Although formal experimental proof is lacking, a reasonable
explanation for this unique pattern of accumulating CD8� T
cells mediating long-term protection is persistent or repetitive
exposure to antigen. This idea is supported by recent virologic
studies in MCMV: transcription of IE1 and, somewhat less
frequently, of IE2 (where the recombinant epitopes were in-
serted) occurs randomly during MCMV latency, and the fre-
quency of these events seems to be dependent on the amount
of latent MCMV genomes (17, 35, 46). These are the first steps
of any reactivation event of MCMV. Whether or not the re-
activation proceeds further to transcription of early and late
genes is likely to be under additional control mechanisms and
does usually not occur. CD8� T cells have been shown to be
most crucial to maintaining MCMV latency (45). Therefore,
CD8� T cells specific for IE1- and IE2-derived epitopes will
encounter their cognate antigen repetitively during MCMV
latency, leading to endogenous boosting.

Moreover, MCMV-dependent MHC class I downregulation
is not yet operational during the IE phase of viral reactivation
attempts contributing to efficient presentation of these epi-
topes (22). Interestingly, similar accumulations of CD8� T
cells specific for an epitope derived from m164 were found,
although m164 is not expressed under the control of an IE
promoter (23, 25, 29). It is possible that recombinant epitopes
inserted in this and potentially other genes may show similar
patterns of immunogenicity.

There are several possible explanations why accumulation of
IE1/pp89-specific cells in BALB/c mice was more pronounced
than accumulation of NP- or GP-specific cells in C57BL/6.
First, differences between these strains of mice particularly
concerning natural killer cell activity could contribute to a
reduced amount of latent MCMV genomes after primary in-
fection and to enhanced control of MCMV latency by natural
killer cells in C57BL/6 (14, 46). Second, the processing of the
natural epitope (IE1/pp89), which has been selected during
long-lasting coevolution of virus and host is probably more
efficient than the processing of recombinant epitopes. Third,
Grzimek et al. have shown that the frequency of reactivation
events is higher for IE1 than for IE2 in the lungs of latently
infected mice (17).

Clearly, we have not used specifically developed vaccine
vectors, adjuvants, or sophisticated immunization regimes in
our control groups, which would certainly improve the effi-
ciency of CD8�-T-cell induction. Nevertheless, we used the
original pathogen (influenza) in a major part of the present
study, and most modern vaccines are still less efficient at in-
ducing immune responses than the natural pathogens (6).
However, we have not selected the recombinant MCMV for
high expression of recombinant epitopes in vivo, for their op-
timal processing, or for the expression of additional immuno-
stimulatory effects, and we have used a similar straightforward
immunization protocol for priming with recombinant MCMV.
In addition, our recombinant viruses still express the whole
“machinery” of immune deviation and subversion, particularly
concerning MHC class I function (20, 22). It seems quite likely
that deletion of some of these genes will lead to an attenuated
viral phenotype and might even increase their immunogenicity.
As a relevant example, deletion of m152, which is responsible

for retention of MHC class I peptide complexes in the cis-
Golgi compartment, led to drastically improved MCMV con-
trol by CD8� T cells in vivo (33). It will therefore be important
to demonstrate whether attenuated MCMVs retain the char-
acteristics of protective memory T-cell accumulation described
in the present study.

In relation to humans, recent studies have shown that very
large numbers of functional HCMV-specific CD8� T cells are
present in seropositive individuals long after resolution of the
primary infection (16, 30, 53, 58, 61). Indeed, such responses in
the elderly may comprise a significant proportion of the total
lymphocyte pool (43, 59). In addition, certain activation mark-
ers such as CD69 are overrepresented in HCMV-specific
CD8� T cells, suggesting recent activation by antigen (12).
However, since primary infection is usually clinically silent, we
know little about the longitudinal evolution of these massive
HCMV-specific CD8�-T-cell pools over time. Large-scale
studies are needed to evaluate to what extent the principle of
“memory inflation” in mice also applies to certain HCMV-
specific T-cell responses in humans. However, some indica-
tions of possible, memory inflation from small-scale cross-sec-
tional studies already exist (31).

The most likely explanation for these massive HCMV-spe-
cific T-cell populations in healthy seropositive individuals is
that HCMV, like MCMV, constantly initiates reactivation dur-
ing clinically latent infection (17, 35). This leads to a repetitive
(or possibly constant) triggering of HCMV-specific memory T
cells, which both prevents reactivation and leads to the accu-
mulation of T cells over time. Whether memory inflation is
needed to maintain virologic control or whether a stable level
of memory T cells would perform the same function remains
speculative. Understanding this requires very detailed analysis
of the extremely low viral load of MCMV or HCMV and its
distribution over time.

The pattern of CD8�-T-cell responses demonstrated here is
unique. To exploit this type of immune response for the de-
velopment of a safe vaccine, such a vector would have to be
engineered to allow latent infection with regulated recombi-
nant protein expression without the possibility of productive
reactivation. Herpesvirus-based vaccines already exist in the
form of vaccines directed against varicella-zoster virus (50, 54),
and in that case the benefits and the risks of reactivation need
to be carefully balanced (32, 39). Whether we will be able to
harness the biology of these viruses to generate safe, successful
recombinant vaccines for complex infectious diseases such as
human immunodeficiency virus, hepatitis C virus, tuberculosis,
and malaria, as well as for tumors such as melanoma, is a
challenge for the future (62). In addition, it will be important
to establish, in careful long-term experiments, whether any of
the current DNA-based regimes possess the potential to re-
cruit antiviral effector cells over extended periods of time. On
the basis of the evidence presented here, we feel, however, that
for T-cell-based approaches, attenuated but persistent vectors
such as recombinant herpesviruses should be seriously evalu-
ated.
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