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An increased frequency of the corresponding CD8 T cells 
in the absence of the 4 IDEs indicated immunodomination 
by the IDE-specific CD8 T cells as a mechanism by which 
the generation of M54-specific CD8 T cells is inhibited 
after infection with wild-type mCMV.
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Introduction

A major characteristic of cytomegaloviruses (CMV), of 
herpesviruses in general, is the establishment of latency. 
Worldwide, 50–100 % of the adult population are latently 
infected with human CMV (hCMV) that causes severe 
medical problems in the immunosuppressed [1, 2] or 
immunologically immature host [1, 3, 4]. Despite the mor-
bidity and mortality associated with hCMV infections and 
the obvious need for a vaccine, and even though a number 
of candidate vaccines have been already tested clinically 
([5], see also the article by S. Plotkin in this issue of MMI), 
there is no effective hCMV vaccine applicable to date.

CD8 T cells are the major effector cells for control of 
CMV infections, which makes them important targets for 
the development of T cell-based vaccines. In experimental 
adoptive transfer studies in a mouse model that mirrors the 
clinical situation of immunosuppressed patients with con-
current CMV infection [6], we have thoroughly studied the 
CD8 T cell-mediated control of murine CMV (mCMV) 
infection. We could show that most of the currently known 
CD8 T cell specificities defined in haplotype H-2d are 
highly protective in vivo [7–9], but exceptions exist in 
haplotypes H-2d [7] as well as H-2b [10]. In general, the 
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protective potential of defined specificities, applied as cyto-
lytic T cell (CTL) lines (CTLL), proved to be independent 
of their frequency in vivo, meaning that there is no correla-
tion between the position in the immunodominance hierar-
chy and the efficacy in controlling infection (discussed in 
[7, 8]).

In search for a novel class of CD8 T cell targets for vac-
cine-mediated protection, essential non-structural proteins 
that are highly conserved among different CMV species 
were selected as potential candidates by D. H. Spector’s 
group [11]. Indeed, DNA immunization of mice with the 
mCMV homolog M54 of hCMV DNA polymerase UL54 
was found to be protective in BALB/c (haplotype H-2d) 
mice [11]. Remarkably, immunization with the M54 DNA 
provided a high level of protection, similar to that elicited 
by the IE1 DNA coding for the first immunodominant CD8 
T cell epitope identified for mCMV [12].

Here, we describe the identification of an M54-encoded 
CD8 T cell epitope whose existence was predicted by the 
DNA vaccination studies mentioned above. For this, we 
first applied bioinformatic algorithms that list and rank pos-
sible CD8 T cell epitope candidates. As we did not succeed 
with this approach, we used an overlapping peptide library 
spanning the whole M54 protein, and this eventually led to 
the identification of an atypical CD8 T cell epitope not dis-
closed by the currently available algorithms. Furthermore, 
we can show a strong increase in the frequency of cognate 
CD8 T cells in the absence of the four immunodominant 
CD8 T cell epitopes (IDEs) M105, m123/IE1, m145, and 
m164. These data support the conclusion of the M54 speci-
ficity being a promising candidate for implementation in an 
effective vaccine.

Materials and methods

mCMV mutant virus Δ4IDE‑mut and generation 
of revertant virus Δ4IDE‑rev

mCMV Δ4IDE‑mut

The construction of this bacterial artificial chromosome 
(BAC)-derived mutant has been published previously [13], 
and high-titer stocks were prepared by sucrose gradient 
purification as described [14].

Shuttle plasmid for reverse mutation

The shuttle plasmid pST76K-M105 was constructed as 
follows. BAC plasmid C3X [15] was used as template for 
PCR using primer pair M105_EcoRV_for (5′-atatgatatcgcc 
ctggttcgtcacgttcc-3′) and M105_SphI_rev (5′-atatgcatg 
ccagaccgatgccctgactcttg-3′). The 4056-bp product was 

subcloned into pDrive by means of UA-based ligation (Qia-
gen, Hilden Germany) leading to the intermediate construct 
pdrive-M105. This construct was cleaved with DraI and 
SphI, and the resulting 4090-bp fragment was inserted into 
the SmaI-cleaved shuttle vector pst76-KSR [16].

Generation of mCMV Δ4IDE‑rev

Revertant virus Δ4IDE-rev was generated start-
ing from the parental BAC plasmid C3X-IE1Ala  + 
m164Ala  +  m145Ala  +  M105Ala [13]. Markerless BAC 
mutagenesis [17] was performed to first revert the single 
aa-replacement at the C-terminal MHC-I anchor residue of 
the antigenic peptide m145 451CYYASRTKL459 A459L as 
described [13]. For nested PCR, the following primer pairs 
were used: m145-A-L_for_long (5′-gcgcgagccttttcgatgtcgagttct 
cccgagtattttgtgcggctcgcgtaatagaggatgacgacgataagtaggg-3′)/
pEPKAN-S_rev (5′-aggatgacgacgataagtaggg-3′) and m145- 
A-L_long_rev (5′-atggtattttgttattattgctattacgcgagccgcacaaaatac 
cgttcgggagaactccaaccaattaaccaattctgattag-3′)/m145-A-L_ 
short_fwd (5′-gcgcgagccttttcgatgtc-3′). The PCR fragment  
was inserted into C3X-IE1Ala  +  m164Ala  +  m145Ala  +  
M105Ala by RED recombination, and subsequently, the KanR 
cassette was removed resulting in a markerless insertion of 
codon ‘tac’ at positions 204,120–204,118 [18]. The result-
ing BAC plasmid C3X-IE1Ala + m164Ala + m105Ala was 
subcloned into E. coli strain DH10b and used as a template 
for the subsequent reversions of the single aa-replacements 
in the mutated peptide sequences m164 257AGPPRYSRA265, 
IE1 168YPHFMPTNA176, and M105 207TYWPVVSDA215 
that resulted in A265I, A176L, and A215I, respectively. For 
all replacements, two-step BAC mutagenesis [19] with shut-
tle plasmids pST76K-m164Ile [20], pST76KIE1Leu [21], and 
pST76K-M105 (see above) was performed, resulting in the 
BAC plasmid C3X-Δ4IDE-rev. Correctness of codon replace-
ments was verified by restriction pattern analysis and subse-
quent sequencing (GATC, Freiburg, Germany). For reconstitu-
tion of recombinant virus mCMV Δ4IDE-rev, BAC plasmid 
C3X-Δ4IDErev DNA was transfected into primary mouse 
embryo fibroblasts (MEF), followed by several rounds of prop-
agation in MEF until the elimination of BAC vector sequences 
could be verified by PCR as described in detail previously [22]. 
A verified BAC vector-free virus clone was used to prepare 
high-titer stocks of sucrose gradient-purified revertant virus 
Δ4IDE-rev [22].

Infection of mice

Adult, 8-to-10-week-old female BALB/cJ mice (haplotype 
H-2d) were infected with cell culture-purified, BAC-derived 
mCMV MW97.01 [15], here referred to as mCMV-wild-
type (WT), or with mCMV mutant Δ4IDE-mut or revertant 
Δ4IDE-rev (see above). Infection was performed either 
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intraperitoneally (i.p.) with 105 PFU/500 µl PBS or subcu-
taneously with 105 PFU/25 µl PBS at the left hind footpad 
(intrafootpad, i.f.; intraplantar infection) as specified in the 
figure legends. Mice were bred and housed under speci-
fied pathogen-free conditions in the Central Laboratory 
Animal Facility (CLAF) at the University Medical Center 
of the Johannes Gutenberg-University, Mainz. Animal 
experiments were approved according to German federal 
law, permission numbers 177-07/G09-1-004 and 177-07/G 
14-1-015.

Synthetic peptides

All peptides used in this work were synthesized by JPT 
Peptide Technologies (Berlin, Germany), and purified pep-
tides (see below) were provided with a purity of >80 %.

Purified peptides

 Synthetic peptides m18346–354 (SGPSRGRII), M5483–90 
(RGPYSDEL), M5483–91 (RGPYSDELR), M5483–92 
(RGPYSDELRF), M105207–215 (TYWPVVSDI), IE1168–176 
(YPHFMPTNL), m145451–459 (CYYASRTKL), and 
m164257–265 (AGPPRYSRI) were used for exogenous load-
ing of P815 mastocytoma cells as target cells in the ELIS-
pot assay, or of P815 cells and L-cell transfectants in the 
cytotoxicity assay (see below). Peptide loading concentra-
tions are specified in the figure legends.

M54‑peptide library

The PepTrackTM, Fast Track microscale peptide library, 
covering the complete aa-sequence of the mCMV protein 
M54, consisted of 549 unpurified 10-mer peptides, each 
with an amine at the N-terminus and an individual aa-
residue at the C-terminus. Peptides were delivered freeze-
dried in 96-well round-bottom plates (50–100 nmol each). 
Lyophilizates were resolved in 5 µl DMSO 100 % (v/v) per 
well and diluted with 95  µl PBS resulting in an approxi-
mate concentration of 5 × 10−4 M of each peptide. A con-
centration of 1 × 10−5 M for usage in the ELISpot assay 
(see below) was achieved by further dilution with PBS in 
polypropylene tubes. For the ELISpot assay with dupli-
cate assay cultures, P815 target cells were added to 20 µl 
of 1 × 10−5 M of each peptide, resulting in a final loading 
concentration of 1 × 10−6 M.

Alanine (Ala)‑peptide library

The PepTrackTM, Fast Track microscale Ala-peptide 
library, comprised of peptides with single Ala replace-
ments at all aa-positions, was synthesized for the 

antigenic 12-mer M5481–92 and all possible 11-, 10- and 
9-mers derived thereof, of ten candidate peptides alto-
gether (Fig.  3b). Conditions of synthesis and delivery 
were the same as for the M54-peptide library with a total 
peptide amount of ca. 20 nmol per peptide. Lyophilizates 
were resolved and diluted as described for the M54-pep-
tide library. In contrast to the M54-peptide library, the 
loading concentration of P815 target cells for usage in 
the ELISpot assay was reduced to 1 × 10−8 M, as higher 
Ala-peptide concentrations obliterated the differences in 
antigenicity.

Generation of CTLL and in vitro cytotoxicity assay

A polyclonal CTLL specific for peptide M5483–90 RGPYS-
DEL was generated by repetitive stimulation of spleen cells 
with the purified synthetic peptide as described [22]. Spe-
cifically, memory spleen cells from Δ4IDE-mut-infected 
mice were repeatedly stimulated with peptide M5483–90 at 
a concentration of 10−10 M with P815/B7 as feeder cells. 
Cytolytic activity was measured in a standard 4-h 51Cr-
release assay with 1000 51Cr-labeled target cells at an effec-
tor-to-target cell ratio (E:T) of 20:1. Target cells were P815 
(haplotype H-2d) coexpressing the major histocompatibility 
complex (MHC) class I (MHC-I) molecules Ld, Dd, and Kd, 
or the L-cell transfectants L-Ld, L-Dd, and L-Kd express-
ing the respective MHC-I molecules selectively. The paren-
tal fibroblast cell line Ltk− (ATCC CCL-1.3™, haplotype 
H-2k), negative for H-2d MHC-I molecules, served as a 
specificity control. Target cells were exogenously loaded 
with peptide M5483–90 in the graded molar concentrations 
indicated, and cytolytic activity was measured in three rep-
licate cultures.

ELISpot assay

Frequencies and functional avidities of peptide-specific 
CD8 T cells were determined by an IFN-γ ELISpot assay 
essentially as described previously ([23, 24] and references 
therein). In brief, graded numbers of immunomagnetically 
purified CD8 T cells from the spleens were sensitized in 
duplicate or triplicate assay cultures by incubation with 
P815 cells as stimulator cells that were exogenously loaded 
with synthetic antigenic peptides at the molar concentra-
tions indicated. A list of all currently known mCMV-spe-
cific MHC class I-restricted antigenic peptides in haplotype 
H-2d can be found in review articles [8, 9]. The frequen-
cies of responding cells were calculated by intercept-free 
linear regression analysis. Spots were counted automati-
cally based on standardized criteria using ImmunoSpot S4 
Pro Analyzer (CTL Shaker Heights, OH, USA) and CTL-
ImmunoSpot software V5.1.36.
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Viral genome‑wide ORF library screening

An mCMV-ORF library of expression plasmids [25] com-
prising all ORFs defined by Rawlinson et  al. [18] was 
employed for ORF-specific stimulation of pulmonary mon-
onuclear leukocytes [9] that were isolated as described [14, 
26]. For this, SV40-transformed BALB/c fibroblasts were 
transfected with the individual mCMV-ORF expression 
plasmids, and sensitized, IFN-γ-expressing CD8 T cells 
were quantitated by cytofluorometric analysis (method 
described in greater detail in [22]). A list allocating library 
numbers to annotated ORFs can be found as supplemental 
material in Ref. [20].

Bioinformatic algorithms for prediction of CD8 T cell 
epitopes

For the prediction of CD8 T cell epitopes within mCMV 
protein M54, we used the following computational pro-
grams: MHC-Pathway.net (http://www.mhc-pathway.net), 
SYFPEITHI (http://www.syfpeithi.de), RANKPEP (http://
imed.med.ucm.es/Tools/rankpep.html), and the IEDB anal-
ysis resource Consensus tool [27] that combines predic-
tions from ANN aka NetMHC (3.4) [28, 29], SMM [30], 
and Comblib [31] (http://tools.immuneepitope.org/main).

Results and discussion

ORF‑M54 codes for an antigenic CD8 T cell peptide

In search of a novel class of CMV antigens that (1) elicit 
T cell-mediated protection, that (2) are highly conserved 
among different CMV species, and that (3) are essential for 
virus replication, the group of D. H. Spector identified M54 
DNA of mCMV to induce protective immunity against 
systemic challenge when used as an expression plasmid 
for DNA vaccination [11]. Yet, the corresponding T cell 
epitope remained unknown.

Genome-wide antigenicity testings of all mCMV-ORFs 
performed by us in the past (reviewed in [9]) did not give 
us any hint of an M54-derived peptide that stimulates CD8 
T cells from mCMV-WT-infected mice, neither in the acute 
phase of infection [9, 13, 32, 33] nor in the memory phase 
[32]. Even after experimental hematopoietic cell transplan-
tation (HCT) in the mouse model (reviewed in [9]), con-
ditions under which no alternative immune control mecha-
nisms besides CD8 T cells can mediate protection, thus 
rendering survival completely dependent on the reconstitu-
tion of CD8 T cells [34, 35], no reactivity against an ORF-
M54-encoded peptide was detectable (Fig.  1a). However, 
by analyzing the mCMV-specific CD8 T cell repertoire 
in the absence of the 4 IDEs in the HCT model, an M54 

reactivity became visible and was actually found to domi-
nate the antiviral CD8 T cell response (Fig. 1b). This reac-
tivity could be attributed to at least one CD8 T cell speci-
ficity, but stimulation by more than one M54-peptide could 
not be excluded at this stage.

These data strongly corroborated the DNA vaccination 
studies, performed previously by D. H. Spector’s group, 
having predicted the existence of at least one CD8 T cell 
epitope within the mCMV protein M54 [11]. Further-
more, our observation that in the presence of the immuno-
dominant CD8 T cell specificities no M54 reactivity was 
detectable regardless of the time after infection and of the 
particular infection model used, is in line with the results 
obtained by Morello et al. [11] who reported frequencies of 
M54-specific CD8 T cells close to background levels after 
primary mCMV infection. Nonetheless, for the M54-based 
DNA vaccine to be protective, M54 epitope(s) were appar-
ently presented by professional antigen-presenting cells 
in the absence of the IDEs [13] as well as in the absence 
of the viral immune evasion molecules [36, 37] in order 
to prime and expand the corresponding CD8 T cells. For 
an understanding, it is important to call to mind that prim-
ing by M54-plasmid vaccination and priming by infection 
with the IDE deletion mutant have in common that immu-
nodominance hierarchies, and thus immunodomination, are 
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Fig. 1   mCMV-specific CD8 T cell immunome in the presence (a) 
or absence (b) of the immunodominant CD8 T cell epitopes (IDEs). 
ORF library screening was performed to analyze the antiviral spec-
ificity repertoire at 4  weeks after syngeneic HCT and i.f. infection, 
either with mCMV-WT (a) or with mutant virus mCMV-Δ4IDE (b). 
Stimulation of CD8 T cells within pulmonary mononuclear leuko-
cytes by ORF-transfected cells was monitored by cytofluorometric 
analysis of intracellular IFN-γ. Arrows point to the positions of those 
ORFs that code for the 4 IDEs deleted in the corresponding mutant 
virus Δ4IDE. The library screening shown in (a) is taken from an 
own previous publication [9] with permission by Caister Academic 
Press, Norfolk, UK
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avoided. On the other hand, upon challenge infection in the 
vaccination study mentioned above, the M54 epitope(s) 
must have been efficiently presented by infected tissue cells 
even in the presence of both, IDEs [13] as well as immune 
evasion molecules [38]. This implies that IDE-mediated 
immunodomination operates during CD8 T cell priming 
and/or subsequent clonal expansion, but does not affect 
antigen presentation by infected cells in the antiviral effec-
tor phase.

 M54‑peptide library screening resulted in two 
candidate peptides

In a first attempt to identify the M54-encoded CD8 T cell 
epitope(s) indicated by the ORF library screening assay, we 
applied bioinformatic algorithms searching for top-scor-
ing MHC-I-binding peptides [39], an approach we have 
already utilized successfully for the identification of 8 CD8 
T cell epitopes of mCMV in haplotype H-2d (reviewed in 

[9]). The predicted epitopes were synthesized as peptides 
but failed in stimulating ex vivo-isolated CD8 T cells 
for IFN-γ production and in generating CTLL (data not 
shown). Therefore, we decided to utilize a library of over-
lapping peptides covering the complete aa-sequence of the 
M54 protein (Fig.  2a). The advantage of this approach is 
that no preselection of peptides is performed on the basis 
of prediction algorithms. Such an unbiased library reduces 
the risk of missing an antigenic peptide, in particular when 
it does not fit to the consensus motif of a defined MHC 
molecule or to predictions of epitope length, proteasomal 
cleavage sites, or efficiency of transporter associated with 
antigen processing (TAP) transport from the cytosol into 
the ER.

The M54-peptide library consisting of 549 10-mers 
with an overlap of 8 aa was used to stimulate CD8 T 
cells derived from Δ4IDE-infected mice. This screening 
resulted in three candidate peptides activating a signifi-
cant number of CD8 T cells (Fig. 2b): M5481–90, M5483–92, 

Fig. 2   M54-peptide library 
screening. a A peptide library 
of mCMV protein M54 was 
synthesized, consisting of 549 
10-mers with an offset of two 
amino acids (aa). b One week 
after i.p. infection of BALB/c 
mice with mutant virus Δ4IDE, 
CD8 T cells from the spleens 
were immunomagnetically 
enriched and stimulated with 
P815 mastocytoma cells exoge-
nously loaded with every single 
M54-peptide in duplicates in a 
final concentration of 10−6 M 
in the ELISpot assay. Peptides 
stimulating a significant number 
of effector CD8 T cells for 
IFN-γ production are marked 
with the corresponding peptide 
sequence. These peptides are 
highlighted in (a) by larger font 
and in bold face (and shown in 
red in the online version). Note 
that the order of peptides in the 
library is based on the schema 
of peptide synthesis and does 
not reflect their consecutive 
order within the protein. Part 
of the data was included in a 
technical note [45]
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mCMV-WT

Fig. 3   M54 Ala-peptide library screening. One week after i.p. infec-
tion with mCMV-WT (a, left diagram) or mutant virus Δ4IDE (a, right 
diagram, b, c), CD8 T cells from the spleens were immunomagneti-
cally enriched and stimulated separately with the 12-mer M5481–92 and 
all possible 11-, 10-, and 9-mers derived thereof (a), or were stimulated 
with the Ala-peptide library (b). For this, P815 target cells in duplicate 
assay cultures were exogenously loaded with each peptide at a final con-

centration of 10−8 M. Frequencies of responding effector CD8 T cells, 
shown as bars, were determined in the IFN-γ-based ELISpot assay. The 
table (c) summarizes the significance of every single aa in the respective 
peptide as determined by the Ala replacement shown in (b). The arrows 
point to the data derived from stimulation with the 10-mer RGPYS-
DELRF (a) or from stimulation with the Ala peptides derived thereof 
(b + c). Part of the data was included in a technical note [45]
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and M54375–384. Two of them were consecutive peptides 
with an overlap of 8 aa, making it highly probable that 
an antigenic peptide covered by the corresponding region 
of 12 aa, namely M5481–92, was the actually stimulating 
peptide. Using computational programs for CD8 T cell 
epitope prediction, we chose three top-scoring 9-mers 
contained in the 12-mer M5481–92, and two top-scoring 
9-mers contained in the 10-mer M54375–384. CD8 T cells 
specific for the M54375–384-derived peptides could not be 
detected in ex vivo ELISpot assays, whereas antigenicity 
from within the 12-mer M5481–92 was confirmed (data not 
shown).

The 10‑mer M5483–92 represents a strong CD8 T cell 
epitope

To confine the optimal M54 epitope, as defined by 
stimulating the highest number of CD8 T cells primed 
in vivo, the antigenic 12-mer M5481–92 and all possible 
9-, 10- and 11-mers derived thereof, 10 peptides alto-
gether, were synthesized. Stimulating CD8 T cells with 
these peptides indicated the 10-mer M5483–92 RGPYS-
DELRF to be the peptide with the highest antigenicity 
(Fig. 3a). Notably, in accordance with the initial obser-
vation made with the ORF library screening assays 
(recall Fig. 1), mutant virus Δ4IDE stimulated a higher 
number of M54-specific CD8 T cells in vivo compared 
to the wild-type virus (Fig.  3a, compare right and left 
panels).

An ‘Ala-walk’ performed for all ten candidate pep-
tides disclosed the functional significance of every 
single aa in the respective peptide (Fig.  3b). Replace-
ment of a single aa—provided it is essential for binding 
to the MHC molecule or for recognition by the T cell 
receptor—with Ala results in a reduction or abrogation 
of antigenicity of the respective peptide. This approach 
was successfully applied previously to analyze the role 
of individual aa of the IE1-peptide 168YPHFMPTNL176 
of mCMV, identifying aa-residues as essential MHC or 
TCR contact residues or as spacer residues non-essen-
tial for either interaction [40]. Here, abrogation of anti-
genicity by Ala replacement (Fig.  3b) was consistently 
observed for aa83 [R], aa84 [G], aa85 [P], aa86 [Y], 
aa88 [D], aa89 [E], and aa90 [L] (Fig. 3c). Ala replace-
ments at position aa81 [W] or aa82 [C] at the N-termi-
nus, as well as at position aa91 [R] or aa92 [F] at the 
C-terminus, did not negatively affect the antigenic-
ity, but either had no influence on antigenicity or even 
improved it (Fig. 3c).

In summary, out of the peptides considered so far, the 
10-mer M5483–92 proved to be the peptide with the high-
est antigenicity, and the sequence spanning aa83–aa90 
appeared to be the antigenic core.

The 10‑mer M5483–92 does not represent the optimal 
epitope

In order to confirm M5483–92 being the optimal epitope, 
10-mer M5483–92, 9-mer M5483–91, and 8-mer M5483–90 
were tested as purified synthetic peptides. Truncation 
of the 10-mer was performed only at the C-terminus, as 
the ‘Ala-walk’ had already identified aa 83–86 as being 
essential, whereas Ala replacement of aa91 or aa92 
even improved the antigenicity (Fig.  3c). Stimulation of 
CD8 T cells derived from Δ4IDE-mutant and Δ4IDE-
revertant virus-infected mice with graded concentrations 
of the three peptides clearly revealed the 8-mer M5483–90 
RGPYSDEL to be the peptide with the highest stimula-
tory potential (Fig. 4a). Even at the low exogenous load-
ing concentration of 10−10  M, a significant number of 
CD8 T cells were activated for IFN-γ secretion, whereas 
~100-fold and ~1000-fold concentrations were required 
with the 10- and the 9-mers, respectively. The impressive 
increase in CD8 T cell frequency in the absence of the 4 
IDEs paralleled—and thus confirmed—our findings with 
the ORF library and the peptide libraries (recall Figs.  1 
and 3, respectively). Furthermore, this gain in frequency 
coincided with a strong increase in the number of high-
avidity M5483–90 RGPYSDEL peptide-specific CD8 T 
cells (Fig.  4a) as defined by detection at the relatively 
low peptide concentration of 10−9 M. As we have shown 
previously that higher avidity implies higher protective 
potential [7, 41], we conclude from the avidity distribu-
tion that the protective potential of the population of 
8-mer epitope-specific CD8 T cells is higher when they 
are primed in the absence of IDE-mediated immunodomi-
nation, not only because of a higher total cell number but 
also, in particular, because of an increased number of 
cells with high avidity. As a DNA plasmid vaccine can 
avoid immunodomination, enhanced CD8 T cell avidity 
further argues in favor of an experimental DNA plasmid 
vaccine based on M54 for mCMV [11] or, in translation, 
on UL54 for hCMV.

The optimal epitope M5483–90 is presented by the 
MHC‑I molecule H‑2 Dd

Generation of an M5483–90-specific CTLL using a pep-
tide concentration of 10−10  M for repetitive restimula-
tion resulted in a sensitive CTLL with a detection limit of 
approximately 10−11  M measured in a cytotoxicity assay 
(Fig. 4b). M5483–90-peptide loading on L-cell transfectants, 
selectively expressing the MHC-I molecules Ld, Dd, or 
Kd, identified Dd as the peptide-presenting molecule. This 
is unusual, as Dd-presented peptides are supposed to be 
9-mers with a strict requirement of the rather infrequently 
occurring binding motif xGPxxxxxI,L,F [39, 42]. Although 
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the 8-mer peptide M5483–90 RGPYSDEL does not perfectly 
fit to the Dd motif, it fulfills the condition at its N-terminal 
part xGP and position eight at least shares a hydropho-
bic residue with position 9 of the more conventional Dd-
presented peptides. In general, Dd-presented 8-mers were 
rarely found [39, 42], so that M5483–90 is an atypical CD8 T 
cell epitope, which explains why such an effort was needed 
to find it.

Concluding remarks

Our data unraveled the suggested CD8 T cell epitope 
encoded by mCMV-ORF-M54. The hCMV counterpart 
UL54 codes for the essential DNA polymerase, and its 

sequence is highly conserved between different CMV spe-
cies, thus qualifying it as a promising CD8 T cell target for 
inclusion in a vaccine [11].

The remarkable expansion of M54-peptide-specific CD8 
T cells in the absence of the IDEs strongly supports the 
assumption that the low frequency detectable after mCMV-
WT infection is the result of a highly efficient suppression 
by the IDE-specific CD8 T cells. Such an ‘immunodomi-
nation’ of subdominant specificities by dominant specifici-
ties, as defined by response quantity rather than quality, is 
an established factor known to influence the immunodomi-
nance hierarchy [43, 44]. With respect to the development 
of an efficient vaccine, the fact that an otherwise subdomi-
nant CD8 T cell specificity significantly expands in the 
absence of the dominant specificities, which coincides with 
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a significant increase in the absolute numbers of high-avid-
ity cells, indeed makes the corresponding epitope an inter-
esting candidate for a T cell-based vaccine. The success of 
a DNA plasmid vaccine [11] can thus be explained, at least 
in part, by the absence of competing immunodominating 
epitopes that, when present, could stimulate high numbers 
of CD8 T cells, however primarily CD8 T cells of low-
avidity and hence of reduced protective value [7, 20, 41].
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