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The importance of CD8 T cells for the control of cytomegalovirus (CMYV) infection has raised interest in the
identification of immunogenic viral proteins as candidates for vaccination and cytoimmunotherapy. The final
aim is to determine the viral “immunome” for any major histocompatibility complex class I molecule by
antigenicity screening of proteome-derived peptides. For human CMYV, there is a limitation to this approach:
the T cells used as responder cells for peptide screening are usually memory cells that have undergone in vivo
selection. On this basis, pUL83 (pp65) and pUL123 (IE1 or pp68 to -72) were classified as immunodominant
proteins. It is an open question whether this limited “memory immunome” really reflects the immunogenic
potential of the human CMYV proteome. Here we document an analogous focus of the memory repertoire on two
proteins of murine CMYV. Specifically, ca. 80% of all memory CD8 T cells in the spleen as well as in persisting
pulmonary infiltrates were found to be specific for the known IE1 peptide "**YPHFMPTNL'’® and for the
peptide >’ AGPPRYSRI**%, newly defined here, derived from open reading frame m164. Notably, CDS T-cell
lines of both specificities protected against acute infection upon adoptive transfer. In contrast, the natural
immune response to acute infection in draining lymph nodes and in the lungs indicated a somewhat broader
specificity repertoire. We conclude that the low number of antigenic peptides identified so far for CMVs reflects
a focused memory repertoire, and we predict that more antigenic peptides will be disclosed by analysis of the

acute immune response.

CDS8 T cells are the principal effector cells that resolve pro-
ductive cytomegalovirus (CMV) infection (46, 48, 50; for a
review, see reference 29). Specifically, control of human CMV
(hCMV) infection after bone marrow transplantation (BMT)
correlates with the reconstitution of CD8 T cells (51), and
clinical trials of a preemptive cytoimmunotherapy of hCMV
infection with CD8 T-cell clones gave promising results (63).
Likewise, in a murine model of interstitial pneumonia after
experimental BMT and infection with murine CMV (mCMV),
endogenously reconstituted CD8 T cells infiltrated the lungs,
confined the infection to inflammatory foci, and eventually
cleared the productive infection (18, 39). The protective ca-
pacity of the infiltrating CD8 T cells was demonstrated by two
complementary approaches: selective in vivo depletion of CD§
T cells during lymphohematopoietic reconstitution resulted in
lethal multiple-organ CMV disease (39, 40), whereas adoptive
transfer of pulmonary CD8 T cells (1, 39) and transfer of
antiviral CD8 T-cell lines of defined peptide specificities (19,
20) protected against productive infection and disease. In ad-
dition, by limiting viral spread during acute infection, antiviral
CDS8 T cells also limited the latent viral DNA load, resulting in
a reduced risk of virus recurrence (58). Furthermore, there is
evidence that CD8 T cells are involved in the maintenance of
latent mCMYV infection (17, 41).

Based on these findings and with the aims of developing a
vaccine and optimizing cytoimmunotherapy, there is interest in
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the antigenic peptides of hCMV that are presented by major
histocompatibility complex (MHC) class I molecules. It is a
goal of research to identify the complete HLA class I “immu-
nome” of hCMV, which is the list of all antigenic peptides
encoded by hCMV and presented by HLA class I molecules.
Realistically, a particular HLA molecule and a particular strain
of hCMYV should be used to start the program. One approach
for epitope mapping is to screen peptides selected from the
sequence-deduced viral proteome on the basis of computa-
tional prediction of MHC class I anchor residues (for a review,
see reference 42) in combination with the prediction of pro-
teasomal cleavage fragments (22, 23, 61). This strategy has
recently been successfully employed for the identification of
nine HLA-B27-restricted peptides of the bacterium Chlamydia
trachomatis (30). Another option is a high-throughput analysis
of overlapping peptides encompassing the entire proteome.
When applied to genes ULS83 and UL123 (iel) of h(CMV, new
antigenic peptides were identified (24, 25).

Cytofluorometric detection of intracellular gamma inter-
feron (IFN-v) induced in CD8 T cells upon stimulation with
the cognate peptide is the method favored by many, because
it simultaneously gives the phenotype and the frequency of
responding cells (24). However, it should be noted that an
enzyme-linked immunospot (ELISPOT) assay (19, 60) per-
formed with purified CD8 T cells gives the same information
and consumes a smaller absolute number of cells, which is
important for analysis of cells difficult to retrieve in large num-
bers from extralymphoid and extravascular sites of inflamma-
tion. It is also important to recall that relevant antigenic pep-
tides may be missed in cytokine-based screening assays. This
was recently documented for an mCMV pM84-derived peptide
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that was found only by a cytolytic assay after in vitro restimu-
lations (19, 21). Notably, protection-inducing immunogenicity
of pM84 had been predicted before by genetic immunization
with an M84 expression plasmid (37). Genetic immunization is
an unbiased approach to identify the immunome of a given
pathogen, but it is realistically applicable only to animal mod-
els.

Whatever method one prefers, we have to be aware of what
we measure. The antigenicity screening of hCMV peptides by
cytokine-based assays depends on the specificity repertoire of
the responder cells used in the assays; we can only find what
the responder cells can “see.” In the case of hCMV immunom-
ics, the responder cells are blood-derived memory cells from
healthy seropositive donors, because it is obviously difficult to
do the screenings with CD8 T cells from BMT recipients with
primary hCMYV infection and almost impossible to recruit vol-
unteers with an asymptomatic primary infection. As a conse-
quence, current knowledge is limited to the memory reper-
toire. Although hCMV encodes approximately 165 open
reading frames (ORFs) (5; Dolan et al., Abstr. 8th Int. CMV
Conf., 20 to 25 May 2001, Asilomar, Calif.; and A. J. Davison,
personal communication.), HLA class I-presented antigenic
peptides have so far been identified only for three proteins,
namely pULSS (gB), pULS83 (pp65), and pUL123 (iel, exon 4)
(for a review, see reference 44), with particularly high frequen-
cies of memory CD8 T cells directed against pULS83 peptides
(13, 66).

Here we document that the memory CDS8 T-cell response to
mCMV in the H-2¢ haplotype is likewise focused, namely on
peptides derived from ORFs m123 (encoding IE1, pp89) and
ml164, with very minor contributions made by CD8 T cells
specific for previously identified peptides from ORFs m04 (20),
MS83 (19), and M84 (21). Notably, analysis of the acute CD8
T-cell response to mCMYV indicates a somewhat broader spec-
ificity repertoire and predicts the existence of further antigenic
peptides.

MATERIALS AND METHODS

Induction and isolation of antiviral effector and memory CD8 T cells. Animal
experiments were approved by the Ethics Commission (permission no. 177-07/
991-35), according to German federal law. An immune response to mCMYV was
primed by subcutaneous (intraplantar) infection of female, 8- to 10-week-old
BALB/c (haplotype H-2?) mice at the left hind footpad with 10° or 10° PFU of
cell culture-propagated and sucrose gradient-purified mCMV strain Smith
(ATCC VR-194/1981) (32). In a control group, mice were likewise inoculated
with UV light (254 nm)-inactivated mCMYV (for details of the inactivation and
for efficacy control, see reference 47) equivalent to a dose of 10® PFU, referred
to as PEUYY.

(i) Acutely sensitized CD8 effector cells from lymph nodes. Lymphocytes were
isolated by standard techniques from pools of 4 to 12 draining popliteal lymph
nodes (PLN) at day 8 after intraplantar inoculation of immunocompetent mice
with 10° PFU or PFUYY of mCMYV, and CDS8 T cells were purified to >97%
purity by positive immunomagnetic cell sorting (MidiMACS separation unit and
kit; Miltenyi Biotec Systems, Bergisch-Gladbach, Germany), as described in
greater detail previously (1, 17). The ex vivo-isolated CD8 T cells were directly
used for the ELISPOT assay (see below).

(ii) Memory CD8 T cells derived from the spleen. At 3 to 6 months after
intraplantar infection of immunocompetent mice with 10° PFU of mCMV,
spleen cells were isolated (from a pool of at least three spleens), and erythrocytes
were depleted by standard methods. It should be noted that productive infection
of immunocompetent mice is resolved in all organs after 3 months (45). Un-
separated splenocytes were used as responder cells for the in vitro generation of
cytolytic T lymphocytes (CTLs) and CTL lines (CTLLs). CD8 T cells were
purified by positive immunomagnetic cell sorting (described above). For control
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of priming dependence, CD8 T cells were isolated accordingly from spleens of
uninfected, age-matched mice. The ex vivo-isolated CD8 T cells were directly
used for the ELISPOT assay (described below).

(iii) CD8 T cells isolated from pulmonary infiltrates. Interstitial CMV pneu-
monia (CMV-IP) was induced by intraplantar infection of BMT recipients with
10° PFU of mCMV. For hematoablative and immunosuppressive conditioning,
recipients were total-body gamma irradiated with a single dose of 6 Gy delivered
by a '¥7Cs gamma ray source. About 6 h after the irradiation, syngeneic BMT was
performed by intravenous application of 5 X 10° femoral and tibial bone marrow
cells derived from female BALB/c donors (18); the intraplantar infection fol-
lowed 2 h later. During acute and latent infection of the lungs, at 1 and at 3
months after BMT, respectively (39), pulmonary infiltrate mononuclear leuko-
cytes (pool derived from 25 lungs) were isolated by collagenase-DNase digestion
of lung parenchyma followed by Ficoll density gradient enrichment as described
in greater detail previously (18). CD8 T cells were purified by positive immuno-
magnetic cell sorting (described above) and were directly used in the ELISPOT
assay (described below).

IFN-y-based ELISPOT assays. The two versions of the ELISPOT assay used
herein were described in great detail and with all necessary controls in recent
reports (17, 19, 20). The overall frequency of CD8 T cells capable of responding
to a stimulus with secretion of IFN-y was determined by the CD3e-redirected
ELISPOT assay (17, 19). In essence, a polyclonal stimulation of CD8 T cells via
the signal-transducing CD3¢ molecule of the T-cell receptor (TCR)-CD3 com-
plex was achieved by using the anti-CD3e monoclonal antibody (MAb)-produc-
ing hybridoma 145-2C11 (33) as stimulator cells in the assay. For the detection
and quantification of peptide-specific CD8 T cells, the stimulator cells were
P815-B7 cells (2) (H-2¢ mastocytoma cells transfected with human B7-1/CD80
c¢DNA) that were pulsed for 2 h at 37°C with a saturating dose of synthetic
peptide, usually with a concentration of 10~ M. As we have shown previously,
frequencies determined by a peptide-specific ELISPOT assay remain constant
over a very wide range of peptide concentrations (19). In a novel application of
this method, stimulator cells were pulsed with naturally processed peptides
derived from infected cells and separated by high-performance liquid chroma-
tography (HPLC) (30-pl aliquots [described below]). Usually, responder cells
were seeded in graded numbers into nylon membrane-backed ELISPOT micro-
wells (three replicate cultures for each test) and were stimulated for ca. 16 h with
10° antigen-presenting stimulator cells. After this short-term cultivation, re-
sponder cells and stimulator cells were thoroughly washed off, IFN-y bound to
membrane-fixed anti-IFN-y MAb was labeled, and brown spots, representing
imprints of individual IFN-y-secreting effector cells, were counted under a zoom
stereomicroscope for the cell dilution that resulted in >10 (where appropriate)
and <100 spots. It should be noted that the stimulator cells did not secrete
IFN-vy. Photodocumentation was made with a digital camera.

Peptides. (i) Isolation of endogenously processed peptides from mCMYV-in-
fected cells. Peptides were acid extracted from infected cells by a method orig-
inally developed by the group of H.-G. Rammensee (for a review, see reference
42) and adapted by us essentially as described previously (20). In brief, fetal
fibroblasts were infected at a multiplicity of infection of 2, which corresponds to
0.1 PFU per cell under conditions of centrifugal enhancement of infectivity (32).
Cells were harvested by trypsinization in the late (L) phase of the viral replicative
cycle at 22 h postinfection, and acid extraction of peptides was performed with
trifluoroacetic acid. Peptides were separated by HPLC with a SuperPac Sephasil
C,g 5-pm reversed-phase column (Pharmacia). Elution was performed on a
linear acetonitrile gradient (20) at a flow rate of 0.8 ml per min. It should be
noted that the elution positions of peptides may differ by one or two fractions
between different HPLC runs under otherwise identical conditions. Experiments
in this report used two HPLC runs: in Fig. 2, data represent HPLC run 1, and in
Fig. 4 and 10, data represent HPLC run 2. Aliquots of the collected 0.8-ml
fractions were distributed into wells of microwell plates and lyophilized for
storage until used for the generation of short-term microculture CTLLs (60-.l
aliquots) for pulsing of target cells in the cytolytic assay (60-pl aliquots) and for
pulsing of stimulator cells in the ELISPOT assay (30-pl aliquots).

(ii) Synthetic peptides. Custom peptide synthesis in a 1-mg scale and with a
purity of >75% was performed by JERINI Bio Tools GmbH (Berlin, Germany).
Peptides were dissolved in 30% (vol/vol) acetonitrile in phosphate-buffered sa-
line at a concentration of 107> M. Further dilutions were made in culture
medium.

Antigenicity tests with CTLs. (i) Generation of short-term microculture
CTLLs. For the screening of peptides contained in HPLC fractions or of syn-
thetic peptides with MHC-binding motifs, short-term CTLLs were generated as
described in greater detail previously (20). In brief, 0.2-ml (96-well) microcul-
tures (in triplicates for each HPLC fraction or synthetic peptide) were set up with
2 X 10° unseparated memory spleen cells per culture. The peptides for stimu-
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lation were provided either by dissolving the lyophilized HPLC fraction (60-ul
aliquot) in 0.1 ml of clone medium or by adjusting the clone medium to the
indicated molar concentrations of synthetic peptide. After 1 week of cultivation,
half of each culture was restimulated with peptide and 5 X 10* gamma-irradiated
(20 Gy) unprimed spleen feeder cells. Cytolytic activity was assayed after the
third in vitro stimulation.

(ii) Generation of long-term CTLLs. The protocol for raising CTLL was
essentially that described previously (20), but with some modifications. Specifi-
cally, 1.5 X 107 unseparated memory spleen cells per culture were seeded into
24-well cultures in 1.5 ml of clone medium containing antigenic peptide at the
molar concentrations indicated (first in vitro restimulation). On day 4, 200 U of
recombinant human interleukin-2 (rhIL-2) was added in 0.5 ml of clone medium.
On day 8, the 2-ml cultures were split into two, and 1 ml of fresh clone medium
was added, containing 200 U of rhIL-2, antigenic peptide, and 8 X 10° P815-B7
stimulator cells gamma irradiated with 90 Gy (second in vitro restimulation). On
day 14, CTLs were counted, and 5 X 10* CTLs were seeded per well and
restimulated as outlined above (third in vitro restimulation). From here on,
further restimulations were accordingly performed every second or third week. It
should be noted that the use of P815-B7 stimulator cells greatly improved growth
and longevity of the CTLLs.

(iii) Cytolysis assays. Cytolytic activity of the CTLs was tested in a standard
4-h 3'Cr release assay performed with 10° target cells per assay culture. Data
represent percentages of specific lysis and are given either for three individual
cultures (applies only to Fig. 1A) or as the mean value for triplicate cultures.
Throughout, the target cells were P815 mastocytoma cells, expressing the MHC
class I molecules K9, DY, and LY. In the case of microculture CTLLs, half of the
CTL suspension of a microculture (0.1 ml) was added to a suspension (0.1 ml) of
target cells containing synthetic peptide at the molar concentrations indicated or
containing a lyophilized HPLC fraction (60-ul aliquot) dissolved in clone me-
dium. In the case of long-term CTLLs, effector cells and peptide-pulsed target
cells were incubated at an effector/target cell (E/T) ratio of 15.

In vivo antiviral function of CTLLs. The antiviral efficacy of CTLLs in an
infected host was tested by adoptive cell transfer as described previously (19, 50).
In brief, graded numbers of CTLs were transferred intravenously into gamma-
irradiated (6.5 Gy) and infected recipients. The conditions were chosen so as to
cause a lethal, multiple-organ CMV disease, unless the transferred cells control
the infection. At day 12 after cell transfer, virus titers were determined in tissue
homogenates from spleen, lungs, and liver by a plaque assay under conditions of
centrifugal enhancement of infectivity. The titers represent the amounts of in-
fectious virus per organ, and are expressed as PFU*, with the asterisk indicating
the ca. 20-fold enhancement of infectivity achieved by the centrifugation. For the
liver, the extent of tissue infection was visualized by immunohistochemical stain-
ing of the intranuclear IE1 protein pp89 of mCMYV precisely as described pre-
viously (15). In essence, the TE1 protein, which is present in nuclei of infected
cells throughout the viral replicative cycle and is concentrated during the L phase
in an intranuclear inclusion body, was stained black by the nickel-enhanced
avidin-biotin-peroxidase method with MAb CROMA 101 (kindly provided by
S. Jonjic, University of Rijeka, Rijeka, Croatia) serving for the specific detection
of IE1. A low-intensity counterstaining was performed for 5 s with hematoxylin.
Microphotographs were taken with a Zeiss research microscope (Axiophot; Carl
Zeiss Jena GmbH, Jena, Germany) with oil-immersion optics (plan-Neofluar;
Zeiss) for all magnifications. Diapositives were scanned for computed documen-
tation.

RESULTS

Identification of a novel antigenic peptide in mCMV ORF
m164. The first antigenic peptide identified for mCMYV was the
IE1 peptide '*YPHFMPTNL'”® presented by the MHC class
I molecule LY (47, 49). Since its discovery in 1989, this peptide
is generally cited as being the immunodominant antigenic pep-
tide of mCMYV in the H-2“ haplotype. It protects against le-
thal mCMYV disease (9), it has proven to be useful as a model
peptide for studying proteasomal processing (10, 28, 54, 55,
59), and it is the peptide for which immune evasion mecha-
nisms of mCMV, which prevent peptide presentation in the
early (E) phase of the viral replication cycle, were originally
shown to be operative (8). That its immunodominance is rel-
ative rather than absolute became evident from the analysis of
the acute CD8 T-cell response to mCMV in pulmonary infil-
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trates in a model of interstitial pneumonia after BMT (18).
While its contribution to the cytolytic activity in the infiltrates
was significant, a comparison with the total response predicted
the involvement of additional antigenic peptides presented in
the E and L phases. Evidence for the existence of antigenic
peptides in addition to the IE1 peptide was also given by
earlier work of Del Val et al. (8), and protection by CD8 T cells
in the L? gene deletion mutant BALB/c-H-2""? had indicated
the existence of peptides presented by the MHC class I mole-
cule K and/or D9 (1).

Accordingly, we have recently identified additional antigenic
peptides, namely E-phase m04/gp34 (26) peptide ***YGPSLY
RRF>! presented by DY (20), early-late M83/pp105 (36) pep-
tide 7" YPSKEPFNF’* presented by L (19), and E-phase
M84/p65 (36) peptide 2’ AYAGLFTPL?® presented by K¢
(21). However, frequency analyses revealed that these three
peptides represent subdominant peptides, which even collec-
tively cannot account for the difference between the IE1-spe-
cific response and the total response (17, 19). There were two
possibilities left: either the total response is made up of many
more still unidentified subdominant peptides, or a dominant
peptide was missed in all previous studies.

In an earlier mCMV immunome analysis, we had performed
an antigenicity screening for naturally processed peptides
present in HPLC fractions from lysates of mCMV-infected
fetal fibroblasts (20). Antigenicity was detected in a limited
number of fractions, with the known IE1 peptide eluting in
fractions 27 and 28. A prominent D%restricted activity was
found for fraction 22, and minor D% restricted activities eluted
in fractions 23 and 24. A subsequent viral genome-wide screen-
ing of synthetic D motif xGPxxxxx[L or I or F] (42) peptides
led to the identification of the m04 peptide ***YGPSLYRRF*>".
However, synthetic m04 peptide was then found to elute in
fraction 24 instead of in fraction 22. Thus, the fraction 22
peptide was not identified in that screening.

We have here made a second attempt to identify the missing
fraction 22 peptide (Fig. 1). The DY anchor motif peptides
(listed in Fig. 1B) were synthesized and used at the indicated
molar concentrations to establish short-term microculture
CTLLs from memory spleen cells, and cytolytic activity was
tested with target cells pulsed with the corresponding pep-
tides (Fig. 1A). This screening detected antigenic activity
for the genomic position 3996 (43) (GenBank accession no.
MCU68299 [complete genome of mCMYV, strain Smith]) pep-
tide YGPSLYRREF, which is the previously identified m04 pep-
tide (20), as well as for the genomic position C 222881 peptide
AGPPRYSRI, which is a peptide not identified previously. The
coding sequence maps to EcoRI fragment F within HindIII
fragment E of mCMYV, strain Smith (Fig. 1C), and the peptide
represents amino acids (aa) 257 to 265 within the 427 aa of the
deduced sequence of the ORF m164 protein (43).

We then raised short-term microculture CTLLs by stimulat-
ing memory spleen cells with aliquots of HPLC fractions con-
taining naturally processed peptides derived from mCMV-in-
fected cells (HPLC run 1), and the cytolytic activity of these
CTLLs was tested with target cells pulsed with another aliquot
of the corresponding HPLC fractions (Fig. 2A). In accordance
with the previous HPLC separation that had been performed
with a different cell extract (20), strong activities were found in
fractions 22 and 23. The same HPLC fraction-specific CTLLs
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25654  AGPIEIGLL M24 30
39675 GGPGSTLTL  M32 30
60,523  RGPRSRLPL  M45 30
61,521 VGPALGRGL  M45 33
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94,135  PGPGSRIPL  m59 31
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98,433 LGPDDLECL  M69 33
99,531  LGPLLRAHL M70 30 n217,934
104735 VGPVNVTTL  m74 32
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121,749 FGPYETKFL  Ms84 31
142431 DGPGLATNF M98 32
146973 PGPEFPFVL  M102 33 1
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172,415 GGPDGDDEI m119.1 27 257 265
174538 GGPDYVISL  m120 32 AGPPRYSRI
176,923 RGPTHDDVL  M121 31
180,868 LGPSGGFMI  m123Ex4 28
204,442 LGPTRPTII m145 32
213,100 IGPNRLDTI m154 33
215692 SGPFSARKI  m156 27
222,881 AGPPRYSRI  m164 32
224272 LGPTMLTLL  m165 31
224907 HGPYPLVSI  m166 27

FIG. 1. Identification of an antigenic peptide in ORF m164 of mCMV strain Smith. (A) A search for the D binding motif xGPxxxxx[L, I, F]
was performed for all ORFs of the full-length genomic sequence of mCMYV strain Smith (GenBank accession no. MCU68299), and the corre-
sponding synthetic nonapeptides were used at the indicated molar concentrations for the generation of short-term microculture CTLLs. Data rep-
resent the cytolytic activity of individual microcultures tested on P815 target cells that were pulsed with the corresponding peptides at the corres-
ponding concentrations. The genomic positions of the nonapeptide-coding sequences are given by the positions of the first nucleotides (n) according
to the listing by Rawlinson et al. (43). C, complementary strand. (B) List of nonameric D%binding motifs. ORFs of mCMV that are sequence
homologs of hCMV ORFs are indicated by capital M. Scores for D¢ binding strengths were provided by Stefan Stevanovic (Institute for Cell
Biology, Department of Immunology, University of Tuebingen, Tuebingen, Germany). (C) HindIII and EcoRI genetic map locations of ORF m164
peptide C 222881 2’ AGPPRYSRI** drawn to scale. Amino acid positions refer to the deduced protein sequence according to Rawlinson et al. (43).

were then tested for cytolytic activity against target cells pre-
senting the synthetic m164 peptide 2’ AGPPRYSRI*** (Fig.
2B). The only CTLLs that recognized the m164 peptide were
those raised with the naturally processed peptides contained in

fractions 22 and 23. Thus, the naturally processed m164 pep-
tide eluted in these two HPLC fractions. In conclusion, the
fraction 22 peptide is now identified, and fraction 23 contains
the same peptide.
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FIG. 2. HPLC retention of naturally processed ORF m164 peptide.
Naturally processed peptides derived from fetal fibroblasts in the L
phase of mCMYV replication were separated by HPLC (run 1). HPLC
fractions were used for repeated restimulation of memory spleen cells
to generate short-term microculture CTLLs. (A) Cytolytic assay of
HPLC fraction-specific CTLLs with P815 target cells that were pulsed
with the naturally processed peptides contained in the corresponding
HPLC fractions. (B) Cytolytic assay of HPLC fraction-specific CTLLs
with P815 target cells that were pulsed with 1077 M synthetic m164
peptide aa 257 to 265. Excess of synthetic peptide was washed off
before use of the target cells in the cytolytic assay. Bars represent mean
values of triplicate CTLL cultures. The dashed line indicates the back-
ground lysis of target cells that were not exposed to peptide.

Cytoimmunotherapy with an ORF mi164 peptide-specific
CTLL protects against CMV disease. For evaluation of the
relevance of this new peptide in antiviral protection in com-
parison to that of the IE1 peptide, long-term CTLLs specific
for the IE1 and the m164 peptide were generated in parallel,
and are here referred to as IE1-CTLL and m164-CTLL, re-
spectively.

(i) CTLL generation, cytolytic activity, and affinity to the
presented cognate peptide. CTLLs were raised from memory
spleen cells by restimulations with synthetic peptide at the
molar concentrations indicated (Fig. 3). As noted previously
for m04-CTLL (20) and for M84-CTLL (21), a range of pep-
tide concentrations must be tested for restimulation, because
peptide molarity can be suboptimal as well as supraoptimal for
CTLL generation. For IE1-CTLL, 10~'' M was suboptimal,
whereas lines of comparable cytolytic activity and affinity could
be generated by three restimulations with peptide concentra-
tions ranging from 10~% M to 10~'° M. Independent of the
restimulating peptide molarity, half-maximal lysis of target
cells required a peptide concentration of ca. 10~ % M for target
cell formation. In the case of m164-CTLL, a peptide concen-
tration of 107'° M was already suboptimal, and 107 M was
slightly supraoptimal for the generation of a line. Notably,
unlike with IE1-CTLL, the target peptide concentration re-
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quired for half-maximal lysis shifted to lower values (i.e., to
higher affinities) with decreasing concentrations of restimulat-
ing peptide. This finding indicates an affinity selection upon
restimulation of polyclonal m164 peptide-specific memory cells
and suggests a greater affinity heterogeneity of m164 than that
of IE1 peptide-specific memory CD8 T cells. Subsequent ex-
periments were performed with CTLLs raised with 10~ M of
the cognate peptide, because these lines are most equivalent
with respect to cytolytic activity and affinity. The predicted D¢
restriction of m164-CTLL was verified with the L-cell trans-
fectant L-D? (20) as a target cell (not shown).

(ii) IFN-y secretion by CTLLs in response to effector func-
tion triggering via TCR-a/ or CD3e. Cytokine secretion (here
IFN-v) is another relevant effector function of CTLs. In pre-
vious work (17, 19), we have already noted that not all cells of
a CTLL are in a metabolic state enabling them to respond to
a TCR-CD3 complex-mediated stimulus with IFN-vy secretion.
For the example of M84-CTLL, it was found that CTLs may be
deficient in responding to the cognate MHC-peptide complex,
while being capable of responding to a direct stimulation via
the signal-transducing CD3e molecule (19).

For IE1-CTLL and m164-CTLL, the proportions of cells
responding in IFN-y-based ELISPOT assays (Fig. 4) were
comparable, and there was no significant difference between
the CD3¢e-mediated and peptide-specific responses. Represen-
tative ELISPOT membranes for 100 cells seeded are docu-
mented in Fig. 4A, and triplicate data for all three cell numbers
seeded are plotted in Fig. 4B.

The two CTLLs were used as effector cells in an ELISPOT
assay performed with stimulator cells pulsed with HPLC frac-
tions from infected cell lysate (HPLC run 2) in order to local-
ize the elution of the respective naturally processed peptides
(Fig. 4C). The control panel using synthetic peptides for stim-
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FIG. 3. Generation of long-term CTLLs. Memory spleen cells were
restimulated with synthetic peptides IE1 (aa 168 to 176) and m164 (aa
257 to 265) at the indicated molar concentrations for the generation of
IE1-CTLL and m164-CTLL, respectively. After three rounds of re-
stimulation, a cytolytic assay was performed at an E/T cell ratio of 15
with P815 target cells that were pulsed with the indicated molar con-
centrations (abscissa) of the respective peptides. The target peptide
concentration for half-maximal lysis (background subtracted) is indi-
cated.
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ulation verified that each CTLL recognized only the cognate
peptide and not the heterologous peptide. IE1-CTLL identi-
fied the naturally processed IE1 peptide in fractions 27 and 28.
In accordance with Fig. 2B, m164-CTLL identified the natu-
rally processed m164 peptide in fractions 22 and 23. To make
the difference between the two approaches very clear, Fig. 2B
shows that a CTLL raised with naturally processed peptide
contained in fractions 22 and 23 recognized the synthetic m164
peptide, whereas here it is shown that a CTLL raised with the
synthetic m164 peptide recognized naturally processed peptide
present in fractions 22 and 23. Altogether, the fractions con-
taining the IE1 and m164 peptides are now unequivocally
identified as fractions 27/28 and 22/23, respectively.

(iii) Antiviral efficacy of CTLLs upon adoptive transfer.
According to all in vitro parameters tested (see above), IE1-
CTLL and m164-CTLL were functionally comparable, which
was a good basis for a comparison of antiviral function in vivo.
Here we have used again the long-established in vivo protec-
tion assay (46, 50, 58), which is based on the transfer of im-
mune cells into immunodeficient recipients under conditions
that cause a lethal multiple-organ CMV disease, unless the
transferred cells are efficient in controlling the infection. Both
IE1-CTLL and m164-CTLL were capable of controlling
mCMYV infection in spleen, lung, and liver (Fig. 5), with m164
CTLs being more efficient than IE1 CTLs in reducing virus
titers. The histopathological correlate of virus replication in
the absence of protective cells is documented for the liver by
immunohistological staining of IE1 protein in nuclei of in-
fected hepatocytes (Fig. 6). Figure 6A1 (corresponds to mouse
1 in Fig. 5) gives an overview showing many foci of infection in
liver parenchyma. Resolved to greater detail, Fig. 6A2 and A3
show IE1 protein in intranuclear inclusion bodies that are
characteristic of the L phase of the viral productive cycle.
Transfer of 10° IE1 CTLs (Fig. 6B; median mouse 3 in Fig. 5)
significantly reduced and transfer of 10° m164 CTLs (Fig. 6C,
median mouse 5 in Fig. 5) largely prevented virus replication as
well as histopathology.

ORF m164 and m123 peptides codominate the memory CD8
T-cell response. So far, the data have documented an antiviral
in vivo function of m164 peptide-specific CTL effector cells.
The prominence of m164 peptide-specific CD8 T cells in the
natural immune response to mCMYV depends on the efficacy of
in vivo priming, and this needed to be tested next.

The antigenicity screening shown in Fig. 2A had indicated
the existence of just two dominant specificities, namely the
already known IE1 peptide and the newly identified m164
peptide eluting in fractions 22 and 23. However, this limited
repertoire could result from differential efficacies in the in vitro
restimulation during CTLL generation, which might have
caused a loss of clones. We therefore used an ex vivo IFN-y-
based ELISPOT assay to determine the frequencies of IE1 and
m164 peptide-specific cells among CD8 T cells derived from
the spleen (Fig. 7). To serve as a reference for evaluating the
quantitative contribution of particular peptides to the memory
repertoire, the total frequency of CDS8 T cells capable of re-
sponding in the assay was determined by polyclonal triggering
via CD3¢ (see appendix in reference 19), a method that iden-
tifies presensitized cells.

As one could have predicted, spleens from unprimed 5-
month-old mice, kept specific pathogen free but not germ free,
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FIG. 4. Frequencies of IFN-y-secreting cells in CTLLs determined
by ELISPOT assays. Long-term CTLLs were generated by repeated
restimulations of memory spleen cells with the respective peptide at a
concentration of 107? M. (A) Photodocumentation of ELISPOT fil-
ters. One representative filter of triplicate assay cultures with 100 cells
seeded is shown. &, P815-B7 stimulator cells with no peptide added;
Cognate peptide, P815-B7 stimulator cells pulsed with the respective
peptide at a concentration of 10~® M; a«CD3, stimulation with 145-
2C11 hybridoma cells that produce anti-mouse CD3e MAb. (B) Data
of triplicate assay cultures for three cell numbers seeded. Solid circles,
stimulation with cognate peptide; open circles, stimulation with anti-
CD3e¢ hybridoma. (C) HPLC retention of naturally processed peptides
detected by IE1-CTLL and m164-CTLL. ELISPOT assays were per-
formed with 100 CTLL cells and with P815-B7 stimulator cells that
were pulsed with naturally processed peptides contained in HPLC
fractions (run 2). Control stimulations were done as described above.
Bars represent mean values of triplicate assay cultures.
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FIG. 5. In vivo antiviral function of CTLLs. Graded numbers of
CTLs were transferred intravenously into BALB/c recipients under
lethal conditions of infection (6.5 Gy of total-body gamma irradiation
followed by intraplantar infection with 10 PFU of mCMV). &, no
adoptive cell transfer. Virus titers in homogenates of spleen, lung, and
liver were determined on day 12 after infection. The virus plaque assay
was performed under conditions of centrifugal enhancement of infec-
tivity. Accordingly, titers of infectious virus are expressed as PFU™.
Dots represent virus titers in numbered individual mice. Asterisks at
the numerals mark individual mice for which the liver histopathology
is documented in Fig. 6. The median values are marked by horizontal
bars. The dotted line indicates the detection limit of the plaque assay.

contained a memory population of CD8 T cells responsive to
stimulation via CD3¢g (namely, 0.6% of all CD8 T cells), but no
CDS8 T cells specific for mCMV peptides IE1 and m164 (Fig.
7A). In contrast, in spleens of age-matched mice that had been
infected with mCMV at 2 months of age, the frequency of
CD3e-responsive cells was elevated to ca. 2%, and ca. 0.7% of
the cells (median values) were found to be specific for either of
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the two mCMYV peptides IE1 and m164 (Fig. 7B, top). For
each group, one of the triplicate ELISPOT filters was photo-
graphed to document a characteristic difference between the
IE1 and the m164 peptide-specific responses (Fig. 7B, bottom).
While polyclonal CD8 T-cell populations always comprise a
mixture of cells differing in IFN-y secretion, as reflected by
different spot sizes, it was our consistent observation from
many experiments that cells with high secretion of IFN-y are
more frequent in the m164 peptide-specific population. This
may indicate a higher proportion of clones with high-affinity
TCRs specific for the DY-presented m164 peptide as compared
to a higher proportion of clones with low-affinity TCRs specific
for the L-presented IE1 peptide. The more pronounced het-
erogeneity within the m164 peptide-specific population may
also explain the observation of affinity selection by restimula-
tions during the generation of m164-CTLL (Fig. 3).

In conclusion, the frequency analysis based on IFN-y secre-
tion of ex vivo-responding CD8 T cells and the screening of
naturally processed peptides based on cytolytic function of
short-term in vitro-propagated CTLLs gave concordant results.
The memory repertoire specific for mCMYV is dominated in a
quantitative sense by just two antigenic peptides, and the newly
identified m164 peptide is as immunodominant as the long-
known IE1 peptide.

Peptide specificity of CD8 T cells constituting the acute
immune response in draining lymph nodes. There are exam-
ples in the literature of a difference between the specificity
repertoires in the acute and memory CD8 T-cell responses to
viral infections (3; for a review, see reference 67). We there-
fore tested the contribution of the newly defined m164 peptide
to the acute immune response in the PLN that drains the site
of intraplantar local infection. An IFN-y-based ELISPOT as-
say was performed with purified CDS8 T cells isolated on day 8
after infection with 10° PFU of mCMV (Fig. 8A). In good
accordance with a likewise performed recent analysis (19), the
frequencies (median values) of CD3e-responsive cells and of
IE1 peptide-specific cells were ca. 8 and 0.8%, respectively.
The new information is that the frequency of m164 peptide-
specific cells was within the range measured for IE1. Thus,
both peptides contributed equally to the acute CDS8 T-cell re-
sponse. Notably, however, unlike during memory in the spleen
(Fig. 7B), the two frequencies did not add up to the frequency
of CD8 T cells responding to signaling via CD3e. In confirma-
tion of previous data (19), the overall response was signifi-
cantly diminished when viral replication was abolished by UV
inactivation of the virions (Fig. 8B), and IE1 peptide-specific
CDS8 T cells were then not activated. CD8 T cells specific for
the m164 peptide were not activated either, which indicated
that priming with m164 peptide too depends on effective viral
replication at the site of infection.

Peptide specificity of CD8 T cells recruited to an extralym-
phoid site of viral pathogenesis. In a murine model of CMV-IP
after experimental BMT, CD8 T cells are specifically recruited
to the infected lungs and confine tissue infection to inflamma-
tory foci (1, 18, 39). After resolution of the productive infec-
tion, memory CDS8 T cells persist in the interstitium during the
latent state of the infection (39). A previous study comparing
the peptide specificities of CD8 T cells in acute and persisting
pulmonary infiltrates has shown that IE1-specific CD8 T cells
are enriched during latency and belong to a CD44" CD62L"°
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FIG. 6. Clearance of infection in the liver by cytoimmunotherapy with CTLLs. Immunohistochemical analysis specific for the intranuclear IE1
protein pp89 of mMCMYV (black staining) was performed on liver sections from mice for which virus titers are documented in Fig. 5 (see numerals
marked by an asterisk). (Al to A3) Infection of liver parenchyma in the absence of protective CTLs. Panel Al gives an overview at low
magnification. The arrow points to a site that is resolved to greater detail in panels A2 and A3, highlighting intranuclear inclusion bodies in infected
hepatocytes. These so-called “owl’s eyes” are characteristic of the L phase of the productive cycle. (B and C) Protection mediated by adoptive
transfer of 10° cells of IE1-CTLL and m164-CTLL, respectively. Light counterstaining was performed with hematoxylin. Bars, 50 wm.

population, whereas the frequency of M83 peptide-specific
CDS8 T cells remains unchanged between acute and latent
infection (17). It was proposed that selective expression of IE1
in latently infected lungs (31) may account for the selective
expansion of the IE1 peptide-specific memory cell pool (17). It
was therefore of interest to test whether the m164 peptide
behaves like IE1 peptide or like M83 peptide in this respect
(Fig. 9). With frequencies (median values) of 4 and 0.7% for
CD3e-responsive and IE1 peptide-specific CD8 T cells, respec-
tively, the response in pulmonary infiltrates during acute in-
fection of the lungs at 4 weeks after BMT (Fig. 9A) was in good
accordance with previous results (17). The new information is
that m164 and IE1 peptide-specific CD8 T cells contributed
equally to the response. Notably, these two specificities codom-
inated the response by the interstitial CD8 T cells that per-
sisted in the lungs during latent infection at 3 months after
BMT (Fig. 9B). Thus, unexpectedly, the m164 peptide-specific
cells are also enriched in the pulmonary memory cell pool. In
essence, qualitatively at least, the response in acute and per-
sisting pulmonary infiltrates strikingly resembled the acute re-
sponse in draining PLN and the memory response in the

spleen, respectively. Thus, apparently, there appears to be no
general difference between lymphoid and extralymphoid sites
with regard to CD8 T-cell specificities participating in the
response.

Antigenicity spectra of mCMYV during acute and memory
CD8 T-cell responses. Operationally, one can define the CD§
T-cell immunome of a pathogen as the sum of the antigenic
peptides that constitute the total CD8 T-cell response. How-
ever, as we have seen from the comparison between acute and
memory responses (described above), the relative contribution
of a particular antigenic peptide to the CD3e-defined total
response was lower in the acute immune response, suggesting
that a broader-specificity repertoire is involved in the acute
immune response. Another possibility is that the acute im-
mune response recruits cells with many unrelated specificities
by polyclonal “bystander” activation (62). This would lead to
an elevated CD3e-defined response, but should remain invisi-
ble in the scanning of naturally processed peptides from lysates
of infected cells.

With this rationale in mind, we tested naturally processed
peptides of one HPLC separation (HPLC run 2), first with
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FIG. 7. Frequencies of memory CDS8 T cells determined by IFN-
v-based ELISPOT assays. (A) Responder cells were CD8 T cells iso-
lated from the spleens of unprimed BALB/c mice at 5 months of age.
(B) Responder cells were CD8 T cells isolated from age-matched
BALB/c mice at 3 months after intraplantar infection with 10° PFU of
mCMV. For peptide-specific stimulation of responder cells, P815-B7
cells were pulsed with a 1078 M concentration of antigenic peptides
IE1 (aa 168 to 176) and m164 (aa 257 to 265). a«CD3, polyclonal
stimulation with 145-2C11 hybridoma cells that produce MADb anti-
mouse CD3g; &, P815-B7 cells with no peptide added. Dots represent
data from triplicate assay cultures. The median values are marked by
vertical bars. For 10* CD8 T cells seeded, one representative filter of
each of the triplicates is documented as a photograph.
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FIG. 8. Frequencies of acutely sensitized CD8 T cells present in the
draining PLNs during the primary immune response. Stimulation con-
ditions for the IFN-y-based ELISPOT assays were as described for Fig.
7. (A) Primary immune response in the ipsilateral PLN at day 8 after
intraplantar infection with 10° PFU of mCMYV. (B) Primary immune
response in the ipsilateral PLN at day 8 after intraplantar inoculation
with 10° PFU"Y of inactivated mCMYV virions.

CDS8 T cells isolated from memory spleens and then (a corre-
sponding set of HPLC aliquots) with CD8 T cells derived from
draining PLNs (Fig. 10). As a new combination of methods, we
used the IFN-y-based ELISPOT assay for the scanning, be-
cause this test directly reveals the frequency of CD8 T cells that
respond to naturally processed peptides contained in a partic-
ular HPLC fraction.

(i) Antigenicity spectrum representing the memory immu-
nome. The HPLC fraction scan in Fig. 10A (right panel) should
involve all antigenic peptides that are recognized by memory
CD8 T cells, which of course includes peptides encoded by
mCMV. Possibly included as well are peptides processed from
self proteins, in particular from those induced by the infection.
Notably, even though it is likely that numerous virally encoded
and self peptides were present in the fractions, significant fre-
quencies of responding memory cells were limited to two
peaks, namely to fractions 22/23 and fractions 27/28 known to
contain mCMV-encoded peptides m164 and IE1, respectively
(recall data in Fig. 4C for the same HPLC run 2). Minor
proportions of CD8 T cells responded to fraction 21; to frac-
tion 24, which contains the m04 peptide (20); and to fraction
29. In addition, there were several fractions that were recog-
nized by only very few CD8 T cells. One may argue that the
prominent signals could represent more than one peptide and
that relevant peptides may be missed because of an insufficient
peptide concentration in the respective HPLC fractions. It was
therefore important to determine the frequencies for the al-
ready defined peptides in the same experiment with the very
same memory cell population (Fig. 10A, left panel) under
conditions of optimal peptide presentation. Peptides IE1 and
m164 accounted for ca. 80% of the CD3e-defined total re-
sponse, and minor contributions were made by known peptides
M83, M84, and m04. If one checks carefully, the frequency for
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FIG. 9. Frequencies of CD8 T cells present in acute and persisting
pulmonary infiltrates. Stimulation conditions for the IFN-y-based
ELISPOT assays were as described for Fig. 7. (A) Pulmonary CD8 T
cells isolated from infected lungs at 1 month after BMT and intraplan-
tar infection with 10° PFU of mCMV. (B) Interstitial CD8 T cells
isolated accordingly from the lungs of mice at 3 months after BMT and
intraplantar infection, a time point at which productive infection of the
lungs was resolved and latent infection was established.

HPLC fractions 22 and 23 was somewhat higher than for op-
timally presented peptide m164. Indeed, we have evidence for
a peptide derived from mCMV ORF mI8 coeluting with the
m164 peptide (R.H., unpublished data).

(ii) Antigenicity spectrum representing the acute response
immunome. The HPLC scan in Fig. 10B (right panel) should
include all antigenic peptides recognized by acutely sensitized
CD8 T cells involved in the primary immune response to
mCMYV in the draining PLN. As compared to memory, the
spectrum is not essentially different, but it is somewhat less
focused and indicates a higher contribution of peptides con-
tained in fractions 24 and 29. Again, the frequency observed
for fraction 22 is not explained by peptide m164 alone. Appar-
ently, there is a significant gap between the CD3e-defined
response and the response to the currently known antigenic
peptides (Fig. 10B, left panel).

DISCUSSION

Identification of the immunogenic potential of the proteome
of a pathogen (i.e., of its immunome) is a current goal for
rational vaccine design. For the identification of all antigenic
peptides presented to CD8 or CD4 T cells by MHC class I or
II molecules (here referred to as the MHC class I or II immu-
nome of a pathogen), two approaches exist. One approach is to
perform a high-throughput screening for antigenicity, for in-
stance by cytofluorometric detection of induced intracellular
IFN-v, by using libraries of overlapping synthetic peptides that
encompass the entire proteome. This strategy has been exem-
plified for two ORFs of hCMV, namely UL83 and UL 123 (iel),
and has led to the mapping of several new antigenic peptides
(24, 25). This empirical approach is independent of the precise
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optimal length of an antigenic peptide and is applicable in one
step to all allomorphs of MHC class I and II molecules repre-
sented in the responder cell population used for the screening.
A second approach to determine the MHC class I immunome
is based on a computational prediction of antigenic sequences
by combining the MHC binding motifs identified by H.-G.
Rammensee and colleagues (11, 12; for an overview, see ref-
erence 42) with the prediction of proteasomal cleavage frag-
ments (22, 23, 61). This approach has recently been employed
to define the immunome of the bacterium C. trachomatis for a
selected MHC class I molecule, namely HLA-B27, and has
identified 9 antigenic peptides out of 199 that had been pre-
dicted for the bacterial proteome (30).

There is a lot of evidence in the literature to suggest that the
natural immune response to a pathogen in any given MHC
haplotype involves only a very limited set of target proteins and
antigenic peptides derived thereof (for a review, see reference
67). While originally noted for viruses with low protein-coding
capacity, the principle of a highly focused immune response
appears to hold true as well for viruses, such as hCMV and
mCMYV, which have a substantial protein-coding capacity (5,
43). Many parameters are in discussion for explaining immu-
nodominance. Besides the TCR repertoire of the host, these
parameters include the amount and turnover of the respective
proteins in the infected antigen-presenting cell, as well as the
efficacy of antigenic peptide liberation by cleavage in the pro-
teasome (54; for reviews, see references 27 and 68). Cleavage
efficacy and the repertoire of generated peptides depend on
the type of proteasome, constitutive proteasome or immuno-
proteasome (6, 61), as well as on proteasome regulator PA28
(10, 55, 59). Additional parameters are the efficacy of peptide
transport into the endoplasmic reticulum (28), and, most im-
portantly, peptide affinity for MHC class I molecules (reviewed
in references 67 and 68). From a probability point of view, the
number of peptides that optimally meet all of these criteria
should be proportional to the coding capacity. Accordingly,
pathogens with high coding capacity should have a more com-
plex immunome. However, high coding capacity can also code
for more immunosubversive functions. Specifically, CMVs
have put additional hurdles in the pathway of antigen process-
ing and presentation by coding for immune evasion proteins
(for reviews, see references 16 and 65), which a “successful”
peptide must be able to overcome or bypass. Thus, algorithms
based on proteasomal cleavage preferences and on MHC bind-
ing affinities of peptides with anchor motifs predict more anti-
genic peptides than are eventually presented at the cell surface.

A limitation of both approaches discussed above is the fact
that the readout system depends on responder cells usually
derived from donors primed in the course of a natural immune
response. As already pointed out in the introduction, identifi-
cation of antigenic peptides specified by hCMV has so far been
based mainly on the specificity repertoire of the memory T-cell
pool in healthy, seropositive donors. The list of antigenic MHC
class I-restricted peptides of hCMV (for a review, see refer-
ence 44) therefore reflects our current knowledge of the mem-
ory MHC class I immunome of hCMV. The memory repertoire
in CMV infections may be shaped by a long period of in vivo
selection, possibly by antigen presentation during intermittent
reactivations (13) and during latency-associated gene expres-
sion (17, 31), and may thus not reflect the original immuno-



VoL. 76, 2002

>

CD8 T-CELL MEMORY IMMUNOME OF MURINE CMV 161

Memory response immunome

600 200
@ & 5001
S g 150 4
2 2 400
2 o
2 A 3001 100
Do
>35S 200
z % 50 1
L < 100
0- 0 A
SRRl g 18 20 22 24 26 28 30 32 34 36 38 40
O-FES=E
=
B Acute response immunome
600 200
8 3 500
0 lt_.) 150 1
(e} -
g 400
3 O 3001 100 1
Wy
% 2 200
w X 50 1
= 7 1007
0 0
&8@§8§§ 18 20 22 24 26 28 30 32 34 36 38 40
Q E= HPLC fraction no.

FIG. 10. Empirical immunome analysis. The frequencies of CD8 T cells responding to known antigenic peptides or to antigenic peptides
processed naturally in fetal fibroblasts during the L phase of mCMYV infection were determined by IFN-y-based ELISPOT assays. P815-B7
stimulator cells were pulsed either with the respective synthetic peptides or with HPLC fractions (run 2). (A) Responder cells for the first scan were
CD8 T cells isolated from memory spleens at 5 months after intraplantar infection with 10° PFU of mCMV. (B) Responder cells for the second
scan were CD8 T cells isolated from draining PLNs on day 8 after intraplantar infection with 10° PFU of mCMV. Controls (left panels) include
stimulations at a saturating peptide concentration of 10~® M with all currently known antigenic, H-2%-restricted peptides of mCMV, namely IE1
(aa 168 to 176) presented by LY, m164 (aa 257 to 265) presented by D¢, M83 (aa 761 to 769) presented by L9, M84 (aa 297 to 305) presented by
K9, and m04 (aa 243 to 251) presented by D". &, P815-B7 cells with no peptide added; aCD3, polyclonal stimulation with 145-2C11 hybridoma
cells that produce a MAD directed against mouse CD3e. Throughout, bars represent mean values of triplicate assay cultures.

genic potential of the infection. Specifically, for human CDS8
T-cell clones recognizing hCMV pULS83 (pp65) peptides,
Weekes et al. (64) documented extensive expansion in vivo.
For influenza virus, Belz et al. (3) demonstrated a difference
between primary and recall response in that an antigenic pep-
tide that was prominent in the primary response was less ap-
parent in the memory pool. Of utmost importance in this
respect is recent work from the group of R. M. Welsh (56)
demonstrating that the memory pool of T cells specific to a
previously encountered virus can be quantitatively deleted or
qualitatively altered by subsequent unrelated infections. Fur-
thermore, a prior virus infection was shown to alter the immu-
nodominance hierarchy of antigenic peptides involved in the
response to a second virus. As shown for lymphocytic chorio-
meningitis virus infection, the T-cell repertoire can be quali-
tatively conserved between acute response and memory under
defined experimental conditions (4, 34, 57). Yet, the highly
variable infection and immunization history of human donors
may unpredictably modulate memory to the virus under inves-
tigation. All in all, memory repertoires are subject to change

and are not necessarily representative of the immunogenic
potential of a pathogen.

Approaches to identify the immunome of mCMV. A much
more direct and unbiased approach to identify an immunome
was started for the example of mCMYV by the group of D. H.
Spector (14, 37). An ORF-by-ORF screening performed by
using genetic immunization with mCMV OREF expression plas-
mids confirmed the previously known protective function of
ORF m123 (encoding IE1, pp89) (14) and identified ORF M84
as a new immunogenic ORF (37). Based on this prediction, the
M84 peptide (aa 297 to 305) was identified (21). Notably, this
peptide was invisible in IFN-y-based screening assays, such as
the ELISPOT assay (21) and the intracellular cytokine cytoflu-
orometry (19). It was disclosed only in a cytolysis assay per-
formed with CTLLs generated by repeated restimulations of
memory spleen cells. While the frequency of M84 peptide-
specific CD8 T cells was below the detection limit during acute
and memory immune responses to mCMYV infection (19), an
M84 peptide-specific CTLL was protective in cytoimmuno-
therapy (19), and a significant number of CD8 T cells specific
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for the M84 peptide were elicited by genetic immunization
(M. Ye et al., Abstr. 8th Int. CMV Workshop). Likewise, in a
work on antigenic peptides of lymphocytic choriomeningitis
virus, Rodriguez et al. (52) demonstrated the power of genetic
immunization in the identification of subdominant epitopes.
These examples show that currently favored methods for an-
tigenicity screening (24) bear a risk of failing to identify all
relevant immunogenic peptides. In turn, we identified anti-
genic peptide m04 (aa 243 to 251) (20), and its protective
potential was later confirmed by genetic immunization (D. H.
Spector, CDC Workshop on Cytomegalovirus Vaccine Devel-
opment, Atlanta, Ga., 25 to 27 October 2000). The genetic
immunization approach indicated that not every ORF medi-
ates protection. Specifically, a screening of murine homologs
of hCMV ORFs that encode virion proteins gave negative or
only inconsistently positive results (37). Reproducible protec-
tion against a low-dose challenge infection with mCMV was
achieved only if these expression plasmids were administered
as a pool (C. S. Morello, M. Ye, and D. H. Spector, 26th Int.
Herpesvirus Workshop, 28 July to 3 August 2001; Regensburg,
Germany, abstract no. 11.41).

We took an approach here that was different from all of the
strategies discussed above. With the rationale in mind that all
naturally processed and MHC-protected peptides encoded or
induced by mCMYV should be present in infected cells, we
tested HPLC-fractionated cell extract for the presence of pep-
tides that are recognized by ex vivo (i.e., not in vitro selected)
CD8 T cells derived from immune mice. An HPLC fraction
scanning with an IFN-y-based ELISPOT assay directly re-
vealed the frequency of the responding CD8 T cells. For mem-
ory cells, the scan showed just two high-frequency peaks,
namely for HPLC fractions 22/23 and 27/28, and a few low-
frequency signals. This already suggested a very focused mem-
ory repertoire. Peptides constituting the dominant signals were
identified as ORF m164 aa 257 to 265 and ORF m123 (iel) aa
168 to 176, respectively. Because an HPLC fraction may con-
tain more than one antigenic peptide, the frequency of re-
sponding CD8 T cells was then also determined by stimulation
with the two corresponding synthetic peptides. In essence, the
results of the HPLC scan were confirmed, and a comparison
with polyclonal stimulation via CD3e showed that these two
peptides accounted for ca. 80% of the response.

What fills the gap? First of all, we have already identified
three minor antigenic peptides, namely ORF M83 aa 761 to
769 (19), ORF M84 aa 297 to 305 (21), and ORF m04 aa 243
to 251 (20). In addition, we know of a peptide derived from
ORF m18 that coelutes with the ORF m164 peptide (R.H.,
unpublished). An unidentified peptide maps to HindIII frag-
ment E and EcoRI fragment F, which is actually like the ORF
m164 peptide. Yet, it must be a different one, because it is
presented by LY instead of by D¢ (8). Still missing is the peptide
(or even more peptides) that is derived from virion protein(s)
and processed after exogenous loading of the antigen presen-
tation pathway (19). It should be noted that the ORF m164
peptide is not recognized by the m164-CTLL on target cells
that selectively present virion-derived peptides (not shown).

An unknown factor in this puzzle is the frequency of CD8 T
cells with memory for peptides unrelated to mCMYV infection.
The frequency that we have determined in age-matched
unprimed mice (Fig. 7A) would already fill the gap. However,
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as the work by Selin et al. (56) has impressively taught us,
memory frequencies are not additive. Accordingly, the mem-
ory response to mCMV may have deleted preceding memory.

Altogether, we are very close to the MHC class I memory
immunome of mCMYV in the BALBY/c strain. For sure, addi-
tional antigenic peptides of mCMYV will be disclosed in future
studies, but we predict that none of those will make a quanti-
tatively dominant contribution to the memory response.

The situation is clearly different for the acute immune re-
sponse. In essence, the shape of the response was already
formed on day 8. Specifically, the ORF m123 and m164 pep-
tides already dominated the response at this very early stage.
Thus, apparently, immunodominance of these two peptides is
an intrinsic quality and not the result of frequent restimula-
tions in the course of reactivation of latent mCMV or by
latency-associated gene expression. This does not exclude the
possibility of clonal expansion during the memory state by
selective restimulations that sharpen the repertoire (17). Ele-
vated frequencies for HPLC fractions 24 and 29 suggest that
CD8 T cells recognizing naturally processed peptides con-
tained in these fractions get lost during the selection of the
memory repertoire.

The most obvious difference is reflected by the significant
gap between the CD3e-defined acute response and the contri-
butions of the already defined antigenic peptides (Fig. 10B).
We currently see three possible explanations, which are not
mutually exclusive. First, myriad unidentified minor antigenic
peptides of mCMYV may collectively account for this response,
while any single peptide remains invisible in the HPLC frac-
tions, because the frequency of the responding CD8 T cells is
below the detection limit. Actually, this is the case for the
already known minor antigenic peptides from ORFs M§83 and
M84. Second, we might have missed one or more immunodom-
inant peptides in the analysis of HPLC fractions, because an-
tigen processing in fetal fibroblasts may fail to generate all
relevant peptides. In fact, recent work by Toes et al. (61) has
shown that discrete cleavage motifs of constitutive and immu-
noproteasomes are responsible for qualitative differences in
the generation of antigenic peptides. Likewise, different cell
types involved in mCMYV infection in vivo might process and
present different sets of peptides. There is a third aspect to be
considered: even though the CD3e-defined response is clearly
induced by mCMV infection (recall the mCMV"Y control in
Fig. 8), the responding cells are not necessarily all specific for
peptides encoded by mCMYV or by cellular genes induced by
mCMV. An unknown factor is the “bystander activation” of
CDS8 T cells with unrelated specificities (62); cells that partic-
ipate in the acute immune response but subsequently undergo
apoptosis and do not contribute to memory (35). Although the
magnitude of bystander activation was revisited based on
results obtained with MHC-peptide tetramer staining of
peptide-specific CD8 T cells (38), some contribution of by-
stander cells to the CD3¢-defined total response is likely. All in
all, the question of the specificity repertoire involved in the
acute immune response to mCMYV is not yet settled.

ORF m164 protein, a novel player in mCMV immunology.
The role of pORFm164 in the immune response is currently
the only known function of this protein. With the exception of
the ORF m123 peptide, all antigenic peptides of mCMV were
identified by the reverse immunology approach based on Ram-
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mensee’s MHC binding motifs. So far, the corresponding viral
proteins had all been known before: gp34 of ORF m04 (26),
pp105 of ORF M83 (36), and p65 of ORF M84 (36). The ORF
m164 peptide is the first for which the corresponding protein
was only predicted from the genomic sequence. Based on Raw-
linson et al. (43), ORF m164 encodes a putative glycoprotein
of 427 aa with a sequence-deduced molecular mass of 46.6 kDa.
The computer program PredictProtein PHDhtm version 1.96
(53; Columbia University Bioinformatics Center, http://cubic
.bioc.columbia.edu) predicts membrane-spanning a-helices for
amino acid segments 92 to 109 and 360 to 379, thus suggesting
that pPORFm164 may be an integral membrane protein. A
concordant prediction is given by the Dense Alignment Sur-
face (DAS) method (7; DAS Transmembrane Prediction
Server; Stockholm Bioinformatics Center, http://www.sbc.su.se
/~miklos/DAS/). Experiments are in progress to determine the
kinetics of m164 gene expression, as well as the kinetics of
peptide processing and presentation during the viral replica-
tion cycle in infected cells. Current evidence strongly suggests
that pPORFm164 is an E-phase protein.

Conclusion. The MHC class I memory immunome of mCMV
in BALB/c mice (H-2¢ haplotype) is dominated in a quantita-
tive sense by just two antigenic peptides: the long-known pep-
tide ORF m123 (encoding IE1, pp89) aa 168 to 176 presented
by L and the peptide newly identified here, ORF m164 aa 257
to 265, presented by DY. While the memory CD8 T-cell rep-
ertoire is highly focused on these two peptides, a somewhat
broader repertoire constitutes the acute immune response.
Our data from the mCMV model predict a likewise focused
CDS8 T-cell repertoire for hCMV, in particular for immuno-
logical memory in the responder cell donors that are included
in programs of proteome-spanning peptide library screening.
While these programs may therefore not identify the complete
immunome, they will certainly reveal the immunodominant
peptides for different HLA allomorphs.
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