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For recognition of infected cells by CD8 T cells, antigenic peptides are presented at the cell surface, bound
to major histocompatibility complex class I (MHC-I) molecules. Downmodulation of cell surface MHC-I
molecules is regarded as a hallmark function of cytomegalovirus-encoded immunoevasins. The molecular
mechanisms by which immunoevasins interfere with the MHC-I pathway suggest, however, that this down-
modulation may be secondary to an interruption of turnover replenishment and that hindrance of the vesicular
transport of recently generated peptide-MHC (pMHC) complexes to the cell surface is the actual function of
immunoevasins. Here we have used the model of murine cytomegalovirus (mCMYV) infection to provide
experimental evidence for this hypothesis. To quantitate pMHC complexes at the cell surface after infection in
the presence and absence of immunoevasins, we generated the recombinant viruses mCMV-SIINFEKL and
mCMV-Am06m152-SIINFEKL, respectively, expressing the K"-presented peptide SIINFEKL with early-phase
kinetics in place of an immunodominant peptide of the viral carrier protein gp36.5/m164. The data revealed
~10,000 K” molecules presenting SIINFEKL in the absence of immunoevasins, which is an occupancy of ~10%
of all cell surface K molecules, whereas immunoevasins reduced this number to almost the detection limit. To
selectively evaluate their effect on preexisting pMHC complexes, cells were exogenously loaded with SIINFEKL
peptide shortly after infection with mCMV-SIINFEKA, in which endogenous presentation is prevented by an
L174A mutation of the C-terminal MHC-I anchor residue. The data suggest that pMHC complexes present at
the cell surface in advance of immunoevasin gene expression are downmodulated due to constitutive turnover

in the absence of resupply.

CDS8 T cells recognize infected cells by interaction of their
T-cell receptor (TCR) with a cell surface presentation complex
composed of a cognate antigenic peptide bound to a presenting
allelic form of a major histocompatibility complex class I
(MHC-I) glycoprotein (77, 85, 97, 98). The number of such
“peptide receptors” per cell has been estimated to be on the
order of 10° to 10° for each MHC-I allomorph (for a review,
see reference 82). Viral antigenic peptides are generated
within infected cells by proteolytic processing of viral proteins,
usually in the proteasome, and associate with nascent MHC-I
proteins in the endoplasmic reticulum (ER) before the pep-
tide-MHC (pMHC) complexes travel to the cell surface with
the cellular vesicular flow (for reviews, see references 13, 87,
92, and 93). CD8 T cells have long been known to protect
against cytomegalovirus (CMV) infection and disease in ani-
mal models (60, 72; reviewed in references 33 and 36) and in
humans (9, 61, 67, 75, 76). As shown only recently in the
murine CMV (mCMV) model of infection of immunocompro-
mised mice by adoptive transfer of epitope-specific CDS T
cells, antiviral protection against CMV is indeed TCR medi-
ated and epitope dependent. Specifically, memory cells puri-
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fied by TCR-based epitope-specific cell sorting, as well as cells
of a peptide-selected cytolytic T-lymphocyte line, protected
against mCMV expressing the cognate antigenic peptide, the
IE1 peptide 168-YPHFMPTNL-176 in this example, but failed
to control infection with a recombinant mCMV expressing a
peptide analogue in which the C-terminal MHC-I anchor res-
idue leucine was replaced with alanine (3).

Interference with the MHC-I pathway of antigen presenta-
tion has evolved as a viral immune evasion mechanism of
CMVs and other viruses, mediated by virally encoded proteins
that inhibit MHC-I trafficking to the cell surface (for reviews,
see references 1, 24, 27, 29, 63, 70, 71, 84, and 95). These
molecules are known as immunoevasins (50, 70, 89), as “viral
proteins interfering with antigen presentation” (VIPRs) (95),
or as negative “viral regulators of antigen presentation”
(VRAPs) (34). Although the detailed molecular mechanisms
differ between different CMV species in their respective hosts,
the common biological outcome is the inhibition of antigen
presentation. Accordingly, downmodulation of MHC-I cell
surface expression is a hallmark of molecular immune evasion
and actually led to the discovery of this class of molecules.
Since CD8 T cells apparently protect against infection with
wild-type CMYV strains despite the expression of immunoeva-
sins, the in vivo relevance of these molecules is an issue of
current interest and investigation (for a review, see reference
14). As shown recently with the murine model, antigen pre-
sentation in infected host cells is not completely blocked for all
epitopes, because pMHC complexes that are constitutively
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formed in sufficiently large amounts can exhaust the inhibitory
capacity of the immunoevasins (40). Likewise, enhancing an-
tigen processing conditionally with gamma interferon (IFN-vy)
aids in peptide presentation in the presence of immunoevasins
(18, 28). Thus, by raising the threshold of the amount of pep-
tide required for presentation, immunoevasins determine
whether a particular viral peptide can function as a protective
epitope—an issue of relevance for rational vaccine design as
well (94). Whereas deletion of immunoevasin genes gives only
incremental improvement to the control of infection in immu-
nocompetent mice (22, 51), expression of immunoevasins re-
duces the protective effect of adoptively transferred CD8 T
cells in immunocompromised recipients (37, 40, 47, 48). In a
bone marrow transplantation model, immunoevasins were re-
cently found to contribute to enhanced and prolonged virus
replication during hematopoietic reconstitution and, conse-
quently, also to higher latent viral genome loads in the lungs
and a higher incidence of virus recurrence (4). Notably, how-
ever, immunoevasins do not inhibit but, rather, enhance CD8
T-cell priming (5, 21, 22, 56), due to higher viral replication
levels in draining lymph nodes associated with sustained anti-
gen supply for the cross-priming of CDS8 T cells by uninfected
antigen-presenting cells (5).

For mCMYV, three molecules are proposed to function as
vRAPs, only two of which are confirmed negative regulators
that downmodulate cell surface MHC-I (34, 62, 89) and inhibit
the presentation of antigenic peptides to CD8 T cells (34, 62).
Immunoevasin gp40/m152 transiently interacts with MHC-I
molecules and mediates their retention in a cis-Golgi compart-
ment (96), whereas gp48/m06 stably binds to MHC-I molecules
in the ER and mediates sorting of the complexes for lysosomal
degradation by a mechanism that involves the cellular cargo
sorting adaptor proteins AP1-A and AP3-A (73, 74). The third
proposed immunoevasin of mCMV, gp34/m04 (46), also binds
stably to MHC-I molecules. A function as a CD8 T-cell immu-
noevasin was predicted from some alleviation of immune eva-
sion for certain epitopes and MHC-I molecules in cells in-
fected with the deletion mutant mCMV-Am04 (34, 42, 89), but
gp34/m04 does not reduce the steady-state level of cell surface
class I molecules and does not inhibit peptide presentation
when expressed selectively after infection with mCMV-
Am06m152 (34, 62). The m04-MHC-I complexes are ex-
pressed on the cell surface (46) and appear to be involved in
the modulation of natural killer cell activity (45).

Here we give the first report on quantitating the efficacy of
immunoevasins in terms of absolute numbers of pMHC com-
plexes displayed at the cell surface. By comparing the fate of
pMHC complexes already present at the cell surface in ad-
vance of immunoevasin gene expression with that of newly
formed pMHC complexes, our data provide direct evidence to
conclude that downmodulation of cell surface MHC-I mole-
cules is secondary to an interruption of the flow of newly
formed pMHC complexes to the cell surface.

(Part of this work was presented at the 12th International
CMYV/Betaherpesvirus Workshop, 10 to 14 May 2009, Bos-
ton, MA.)

MATERIALS AND METHODS

Generation of recombinant viruses. Recombinant plasmids were constructed
according to established procedures, and enzyme reactions were performed as
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recommended by the manufacturers. Throughout, the fidelity of PCR-based
cloning steps was verified by sequencing (GATC, Freiburg, Germany).

(i) Shuttle plasmids for mutagenesis. pST76K-m164_SIINFEKL and pST76K-
m164_SIINFEKA were constructed to replace the D%restricted antigenic m164
peptide 167-AGPPRYSRI-175 (33, 35, 39) with the KP’-restricted ovalbumin
(Ova)-derived peptide SIINFEKL and its nonantigenic analog SIINFEKA. Plas-
mid pBlue-m164_SIINFEKL was generated as an intermediate. For this pur-
pose, a 1,288-bp Agel/Ncol fragment carrying the SIINFEKL coding sequence in
place of the intrinsic m164 peptide coding sequence was generated via site-
directed mutagenesis by overlap extension PCR (31), with plasmid pBlue-m164
(38) as template DNA. The primers were m164_Mut_rev (5'-CGTCCGACGC
GCGACGAAGCGTTCG-3'), representing nucleotides (nt) 222,376 to 222,400
(GenBank accession no. NC_004065 [complete genome]), and m164_
SIINFEKL_for (5'-AGTATAATCAACTTTGAAAAAGCGTTCTGGGCCGTCA
ACAACCAG-3") (nt 222,855 to 222,835; replaced nucleotides for peptide swap-
ping are indicated in bold), as well as m164_SIINFEKL_rev (5'-CGCTTTTTC
AAAGTTGATTATACTGTCAGCGCCCCACGTCCGAC-3"; nt 222,883 to
222,902) and m164_Mut_for (5'-CCTGACCGGCGATCTGCTGGTCCCG-3';
nt 223,745 to 223,721). In the subsequent fusion reaction, m164_Mut_rev and
m164_Mut_for were used as primers. PCR was performed with the following
cycler conditions: an initial step for 5 min at 95°C for activation of ProofStart Taq
DNA polymerase (Qiagen, Hilden, Germany) was followed by 30 cycles of 45 s
at 94°C, 60 s at 65°C, and 60 s at 72°C. pBlue-m164 was digested with Agel and
Ncol, and the 1,291-bp Agel/Ncol fragment was replaced with the PCR-mutated
1,288-bp Agel/Ncol fragment. Finally, pBlue-m164_SIINFEKL was cleaved with
Hpal and Sphl, and the resulting 5,241-bp Hpal/Sphl fragment was ligated into
the Smal/Sphl-cleaved shuttle plasmid pST76-KSR (6, 66). For construction of
shuttle plasmid pST76-m164_SIINFEKA, pBlue-m164-SIINFEKA was gener-
ated as described above, except that the primers were ml164_Mut_rev and
m164_SIINFEKA_for (5'-AGTATAATCAACTTTGAAAAACTGTTCTGGGCC
GTCAACAACCAG-3'; nt 222,855 to 222,835), as well as m164_SIINFEKA_rev
(5'-CAGTTTTTCAAAGTTGATTATACTGTCAGCGCCCCACGTCCGAC-3'; nt
222,883 to 222,902) and m164_Mut_for.

(ii) BAC mutagenesis. Mutagenesis of full-length mCMV bacterial artificial
chromosome (BAC) plasmids pSM3fr (90) and pSM3fr-Am06m152 (89) was per-
formed in Escherichia coli strain DH10B (Invitrogen, Karlsruhe, Germany) by using
a two-step replacement method (53, 58), with modifications described by Wagner et
al. (90) and Borst et al. (6). Shuttle plasmid pST76K-m164_SIINFEKL was used to
generate BAC plasmids pSM3fr-m164_SIINFEKL and pSM3fr-Am06m152-m164_
SIINFEKL. Likewise, mutagenesis using shuttle plasmid pST76K-m164_SIINFEKA
resulted in BAC plasmids pSM3fr-m164_SIINFEKA and pSM3fr-Am06m152-
m164_SIINFEKA.

(iii) Reconstitution of BAC-derived recombinant viruses. The reconstitution
of recombinant viruses by transfection of BAC plasmid DNA, as well as the routine
elimination of BAC vector sequences, was performed in C57BL/6 primary mouse
embryo fibroblasts (MEF) and verified by PCR as described previously (19, 79).
Verified BAC-vector-free virus clones were used to prepare high-titer stocks of
sucrose gradient-purified viruses (64) mCMV-m164_SIINFEKL (referred to as
mCMV-SIINFEKL), mCMV-Am06m152-m164_SIINFEKL (mCMV-Am06m152-
SIINFEKL), mCMV-m164_SIINFEKA (mCMV-SIINFEKA), and mCMV-
Am06m152-m164_SIINFEKA (mCMV-Am06m152-SIINFEKA).

Cultivation and infection of cells. C57BL/6 MEF were prepared and cultivated
as described previously (64). To enhance MHC-I cell surface expression and
SIINFEKL peptide generation for antigen presentation analyses, IFN-y pre-
treatment of MEF was performed for 48 h with 20 ng of IFN-y per ml (R&D
Systems, Wiesbaden, Germany). MEF were infected with wild-type (WT) BAC-
derived mCMV MW97.03 (90), referred to here as mCMV-WT.BAC, or with the
generated virus recombinants. Infection was performed with 0.2 PFU per cell
under conditions of centrifugal enhancement of infectivity, which results in an
effective multiplicity of infection (MOI) of 4 (41, 49; for details of the method,
see reference 64).

Viral carrier protein expression. The expression of the authentic and mutated
gp36.5/m164 proteins was monitored over the time course of infection of MEF
in cell culture. The total protein content of infected MEF was isolated from cell
lysates for subsequent Western blot analysis as described in greater detail pre-
viously (38).

CLSM analysis of viral carrier protein localization. Intracellular localization
of authentic and mutated gp36.5/m164 proteins was examined by confocal laser
scanning microscope (CLSM) immunofluorescence analysis (38). In brief, MEF
were grown for 24 h on acetone-cleaned glass coverslips in 24-well plates at a
density of ~7 X 10 cells per coverslip. Centrifugal infection with mCMV was
performed at an MOI of 4. At 8 h postinfection, MEF were washed with
phosphate-buffered saline (PBS) and then fixed for 20 min at room temperature
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with 4% (wt/vol) paraformaldehyde in PBS supplemented with 4% (wt/vol)
sucrose. After fixation, cells were preincubated with blocking buffer (PBS sup-
plemented with 0.3% [vol/vol] Triton X-100 and 15% [vol/vol] fetal calf serum
[FCS]) for 30 min at room temperature. After this, 50 pl of blocking buffer
containing an appropriate concentration of polyclonal affinity-purified rabbit
antibodies directed against a C-terminal peptide of the gp36.5/m164 protein (34)
was added to each coverslip, followed by overnight incubation in a humidity
chamber. After five washes with PBS, each coverslip was incubated for 1 h with
Alexa Fluor 546-conjugated goat anti-rabbit antibody (Invitrogen, Karlsruhe,
Germany) diluted in blocking buffer. All incubations were performed at room
temperature in the dark. After five further washes with PBS, cell nuclei were
stained by incubation of the coverslips for 5 min with the DNA-binding blue
fluorescent dye Hoechst 33342 (Invitrogen). Finally, cells were washed three
times in PBS, and the coverslips were mounted in GelMount aqueous mounting
medium (Sigma-Aldrich, Steinheim, Germany) for storage at 4°C in the dark.
Immunofluorescence was examined using a Zeiss laser scanning microscope
(LSM 510).

In vivo replicative fitness of viruses. The in vivo replicative potential of BAC-
cloned WT virus or virus mutants was determined by establishing virus growth
curves for various host tissues of interest in the absence of immune control (79,
91). Specifically, C57BL/6 mice were immunocompromised by a 7-Gy total-body
gamma irradiation performed at 24 h before intraplantar infection (64) with 10°
PFU of the viruses under investigation. At defined times postinfection, virus
replication in the spleen, lungs, and salivary glands was assessed by quantitation
of infectivity present in the respective organ homogenates. The virus plaque
assay (PFU assay) was performed with subconfluent third-passage MEF mono-
layers as permissive indicator cells by using the technique of centrifugal enhance-
ment of infectivity as described in greater detail elsewhere (64). The number of
infected cells in liver tissue sections was determined by immunohistochemistry
(IHC) specific for the viral IE1 (pp89/76) protein, using the peroxidase-diami-
nobenzidine-nickel method for black staining of infected cell nuclei (64). Animal
experiments were approved according to German federal law under permission
number AZ 1.5 177-07-04/051-61.

Priming and quantitation of antiviral effector and memory CD8 T cells.
Priming was accomplished by intraplantar infection of immunocompetent
C57BL/6 mice with 10° PFU of the viruses under investigation. Acutely sensi-
tized CD8 T cells and memory CD8 T cells were derived from pools of at least
three spleens per group at 1 week and 35 weeks postinfection, respectively. The
CD8 T cells were purified from splenocyte suspensions by positive immunomag-
netic cell sorting as described previously (60). Frequencies of epitope-specific
CD8 T cells were determined by an IFN-y-based enzyme-linked immunospot
(ELISPOT) assay as described in greater detail elsewhere (see reference 5 and
references therein). In essence, graded cell numbers of responder CD8 T cells in
triplicate assay cultures were incubated for 16 h with 10° peptide-loaded EL-4
(H-2°) thymoma cells (per culture) as stimulator cells. Frequencies and their
95% confidence intervals were determined from the spot counts by intercept-free
linear regression analysis, using the software Mathematica V6.0.1. Functional
avidity of the epitope-specific CD8 T cells was assessed by using EL-4 stimulator
cells loaded with antigenic peptides at log,,-graded peptide concentrations.

Antigenic peptides and exog peptide loading. A list of the currently
known mCMV-specific H-2° class T (K® and DP)-restricted antigenic peptides is
provided in a paper by Munks et al. (55). Custom peptide synthesis to a purity of
>80% was performed by Jerini Peptide Technologies (Berlin, Germany). For
exogenous peptide loading, EL-4 cells (in the ELISPOT assay [see above]) or
IFN-y-pretreated and infected or uninfected C57BL/6 MEF were incubated in
cell suspension at defined concentrations of synthetic peptides for 1 h at ~22°C.
Before use, excess unbound peptide was washed out.

Cytofluorometric analyses of K cell surface expression and presentation of
K"-SIINFEKL complexes. (i) Three-color cytofluorometric analysis. For mea-
surement of the expression of total K and KP-SIINFEKL complexes at the
surfaces of infected C57BL/6 MEF, three-color staining was performed with
phycoerythrin (PE)-conjugated mouse monoclonal antibody (MAb) anti-mouse
H-2K® (2 ug/10° cells; Invitrogen), mouse MAb T-AG 25.D1-16 (65), specific for
the KP-SIINFEKL complex (1 pg/10° cells; eBioscience, San Diego, CA), and
affinity-purified rabbit antibodies specific for the ER-resident mCMYV glycopro-
tein gp36.5/m164 (see above; 0.2 ug/10° cells). All antibodies were pretested for
their optimal concentration. Importantly, single and double staining of K® and
KP-SIINFEKL gave comparable results, thus excluding any significant interfer-
ence by competition for binding sites. For blocking of FcylII/II receptors, MEF
were preincubated with purified anti-mouse CD16/CD32 antibody (1 ng/10°
cells; clone 2.4G2) (BD Biosciences). In the first step, cell surface staining was
performed with MAb T-AG 25.D1-16 and with allophycocyanin (APC)-conju-
gated anti-mouse antibody (1 ug/10° cells; clone X56) (BD Biosciences) as the
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secondary antibody, followed by direct staining with the PE-conjugated anti-H-
2K" antibody (see above). After treatment with BD Cytofix/Cytoperm Plus (BD
Biosciences) to fix and permeabilize the cells, intracellular staining was accom-
plished with gp36.5/m164-specific rabbit antiserum antibodies and Alexa Fluor
488-conjugated anti-rabbit antibody (1 pg/10° cells; Invitrogen). Measurements
were made with a Cytomics FC 500 cytofluorometer (Beckman Coulter, Fuller-
ton, CA), using CXP Software 2.2. All viable cells were included in the analyses.
Fluorescence intensities are displayed as logarithmic contour plots. Fluorescence
channels FL-1, FL-2, and FL-4 represent Alexa Fluor 488, PE, and APC fluo-
rescence, respectively.

(ii) Quantitation of cell surface antigens. For the absolute quantitation of total
K® molecules and K°-SIINFEKL complexes at the surfaces of infected C57BL/6
MEF, a QIFIKIT (Dako, Glostrup, Denmark) kit was used according to the
manufacturer’s instructions. QIFIKIT allows a quantitative analysis of cell sur-
face antigens by using standard bead populations with defined fluorochrome
occupancies. These calibration beads are precoated with graded numbers of
mouse monoclonal antibodies (mouse anti-human CDS5; clone ST1) and are
labeled prior to use with a saturating concentration of fluorescein isothiocyanate
(FITC)-conjugated goat anti-mouse F(ab), fragments provided in the kit, so that
fluorescence correlates with the number of antibodies bound to the beads. The
calibration beads were analyzed by flow cytometry, and the mean fluorescence
intensity (MFT) of each bead population was recorded to establish a log-linear
standard curve relating MFI (linear scale on the abscissa) to the number of
bound antibodies (log scale on the ordinate), as illustrated in Fig. 6A. This
standard curve can then be used to calculate the number of stained cell surface
molecules by interpolation, as described in the manufacturer’s protocol. To
quantitate K® molecules on the surfaces of infected C57BL/6 MEF as well as on
uninfected C57BL/6 MEF present in the same cultures, a two-color cytofluoro-
metric analysis was performed with mouse MAb anti-H-2K" (1 pg/10° cells;
clone AF6-88.5) (BD Biosciences) labeled with FITC-conjugated goat anti-
mouse F(ab), fragments, combined with the intracellular staining of gp36.5/m164
as described above, except that Alexa Fluor 546-conjugated anti-rabbit antibody
(1 pg/10° cells; Invitrogen) was used as secondary antibody. The FITC MFIs of
m164* and m164~ cell subsets were determined after respective electronic
gating. The quantitation of K*>-SIINFEKL complexes, present on infected cells
only, was performed accordingly by two-color cytofluorometric analysis after
staining of KP-SIINFEKL complexes with mouse MAb T-AG 25.D1-16 (1 pg/10°
cells) labeled with FITC-conjugated goat anti-mouse F(ab), fragments, com-
bined with the intracellular staining of gp36.5/m164 and followed by electronic
gating on m164* cells. Note that MAbs AF6-88.5 and T-AG 25.D1-16 were used
at a saturating concentration to allow for absolute quantification of K® and
KP-SIINFEKL, respectively.

Statistical analyses of significance. The statistical significance of differences
between two independent sets of data was evaluated by using nonparametric,
distribution-free tests, namely, the Wilcoxon-Mann-Whitney (rank sum) test for
small sample sizes (n < 10) and the Kolmogorov-Smirnov test (KS test) for larger
data sets, with at least 10 items in each data set. Online calculators are provided
at http://elegans.swmed.edu/~leon/stats/utest.html (Ivo Dinov, Statistics Online
Computational Resources, UCLA Statistics, Los Angeles, CA) and http://www
.physics.csbsju.edu/stats (T. W. Kirkman), respectively. Data sets are considered
to differ significantly if the P value is <0.05 (two sided).

RESULTS

Rationale for the approach of using SIINFEKL as a virally
expressed reporter peptide for the quantitation of pMHC com-
plexes presented at the cell surface. Cytofluorometric detec-
tion and quantitation of presented antigenic peptides require
antibodies that are specific for the presentation complex, con-
sisting of the peptide of interest bound to the restricting allelic
form of MHC-I. Such antibodies are generally difficult to gen-
erate. Accordingly, only a few are described in the literature,
none of which recognizes a presented CMV peptide (10, 12).
The prototype of such an antibody is the MAb T-AG 25-D1-16,
which recognizes the Ova-derived peptide SIINFEKL, pre-
sented by the MHC-I molecule K® (65). In addition, OT-I mice
express a transgenic TCR specific for the K°-SIINFEKL com-
plex (32). The availability of these tools has made SIINFEKL
a widely used model system for immunological studies. To
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exploit SIINFEKL for mCMV immunology in general, and
here specifically for analyzing immunoevasin function in mo-
lecular terms, we generated BAC-cloned recombinant viruses
mCMV-SIINFEKL and mCMV-Am06m152-SIINFEKL as
well as the corresponding control viruses, in which a single
amino acid substitution, L174A (codon CTG replaced with
GCQG), at the C-terminal MHC-I-binding anchor position of
the peptide prevents its generation and presentation (Fig. 1).
We employed such a strategy previously for the antigenic IE1
peptide of mCMYV (79). We are not the first to have generated
a recombinant mCMYV that specifies SIINFEKL as a reporter
peptide, but our concept differs in that mCMV-SIINFEKL,
unlike the mCMV-Ova viruses (43, 80), does not ectopically
express the foreign protein ovalbumin as the source for the
peptide. Instead, the nonessential but abundantly synthesized
viral protein gp36.5/m164, an ER-resident type I glycoprotein
expressed in the early (E) phase of the viral replicative cycle,
was used as a carrier protein in which the 9-codon sequence of
the D“restricted immunodominant intrinsic peptide 167-AG
PPRYSRI-175 (33, 35, 39) (amino acid positions are given
relative to the start site of the primary translation product,
p36) was replaced with the 8-codon sequence of SIINFEKL or,
in the controls, SIINFEKA. This “orthotopic peptide swap”
strategy, avoiding the expression of a foreign protein, was cho-
sen with the intention to generate viruses not attenuated for in
vivo growth. Figure 1A provides a genomic map of the peptide
swap, and Fig. 1B shows sequencing data verifying the fidelity
of the cloning procedures.

Integration of SIINFEKL does not alter expression or in-
tracellular localization of the viral carrier protein. Although
the approach was designed to keep alterations in the infected
cells at the unavoidable minimum required for the intended
immunological phenotype, and although gp36.5/m164 is not
essential for virus replication, as revealed by the deletion mu-
tant mCMV-Am164 (data not shown), an impact of the inte-
grated foreign sequence and of the deleted isoleucine at posi-
tion 175 of the authentic protein needed to be ruled out. From
previous studies characterizing the gp36.5/m164 protein, it was
known that the antigenic sequence 167-AGPPRYSRI-175 is
located in the luminal N-terminal region not affecting the
transmembrane domain or the single N-glycosylation site (data
not shown). Accordingly, its replacement with 167-SIINFEKL-
174 in the recombinant carrier protein m164-SIINFEKL did
not detectably reduce the apparent molecular mass and did not
alter the E-phase kinetics of protein expression, with first de-
tection by Western blot analysis 3 h after infection of permis-
sive MEF (Fig. 2A). The recombinant carrier protein still lo-
calized to the ER (Fig. 2B). Thus, the peptide swap did not
noticeably alter the basic properties of the protein.

Integration of SIINFEKL does not attenuate the virus for
growth in relevant host tissues. Although expression kinetics
and intracellular localization in infected MEF were unaltered,
hidden differences in protein function might have an impact on
virus replication. This needed to be ruled out. The SIINFEKL-
expressing virus did not show an altered genome-to-infectivity
ratio or deficient replication in multistep growth curve analysis
in MEF cell cultures (data not shown). In different host organs,
however, viruses are produced in diverse cell types (64), and
infected cells are usually quiescent in the context of tissue.
Accordingly, experience with other mCMV mutants, for in-
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stance, the Aie/ mutant, shows that demonstration of unaltered
virus growth in cultured fibroblasts does not necessarily ex-
clude in vivo attenuation (20, 91). We therefore compared
mCMV-WT.BAC and its derivative virus, mCMV-SIINFEKL,
for growth in organs of immunocompromised C57BL/6 mice,
including organs relevant for viral pathogenesis (spleen, lungs,
and liver) and for horizontal virus transmission (salivary
glands). Both viruses replicated comparably in the four organs
tested (Fig. 3). Thus, insertion of SIINFEKL did not interfere
with viral replicative fitness in the absence of an immune re-
sponse.

Integration of SIINFEKL results in the intended immuno-
logical phenotype. The “orthotopic peptide swap” replacing an
immunodominant intrinsic peptide with SIINFEKL was
planned with the idea that the abundance of the carrier pro-
tein, its biochemical properties, and the peptide-flanking se-
quences should support efficient generation of the SIINFEKL
peptide, or at least should not be adverse to it. The SIINFEKL
epitope-specific immunogenicity of mCMV-SIINFEKL was re-
vealed by priming of CD8 T cells in immunocompetent
C57BL/6 mice (Fig. 4). Compared with a panel of intrinsic K"-
and DP-restricted antigenic peptides (55), SIINFEKL proved
to be intermediate in the epitope hierarchy with respect to the
frequencies of responding ex vivo CD8 T cells in both the acute
and the memory response (Fig. 4A, top panel). As intended,
the point mutation L174A in gp36.5/m164 of mCMV-SIIN
FEKA prevented the priming of SIINFEKL epitope-specific
CD8 T cells (Fig. 4A, bottom panel), and stimulator cells
loaded with peptide SIINFEKA were not recognized by CD8 T
cells of mice primed with either of the two viruses, thus dem-
onstrating the specificity of the response. As a side aspect, the
data suggest that the L174A mutation facilitates the priming of
CDS8 T cells specific for the closely neighboring, intrinsic, D-
restricted 176-WAVNNQAIV-184 peptide (55) (amino acid
positions are given relative to the corrected start site of the
primary translation product, p36). The reason for this might be
more efficient processing of the downstream antigenic peptide
precursor after removal of the N-terminally preceding protea-
somal cleavage site, but this speculation was not further pur-
sued here.

In accordance with previous findings with intrinsic mCMV
epitopes (5, 21, 36, 56), enhanced antigen presentation by
deletion of immunoevasin genes in mCMV-Am06m152-SIIN
FEKL did not improve SIINFEKL-specific priming and did
not alter the cumulative avidity distribution of the responding
CD8 T cells (Fig. 4B). Rather, mCMV-SIINFEKL primed
even more CD8 T cells, despite the inhibition of antigen pre-
sentation by the immunoevasins expressed in infected cells.
This paradox was explained recently by enhanced virus repli-
cation and, thus, a sustained antigen supply for cross-priming
by uninfected antigen-presenting cells in lymphoid tissues (5).

Endogenously generated KP-SIINFEKL complexes reach
the cell surface in detectable numbers only in the absence of
immunoevasins. Cytofluorometric evaluation of the efficacy of
immunoevasins was so far possible only for cell surface expres-
sion of all MHC-I molecules of a certain allele (34, 62, 89), not
for mCMV-specific pMHC complexes. The conceptual differ-
ence is that measurement of total MHC-I steady-state levels
includes molecules already present at the cell surface in ad-
vance of infection and loaded with “self” peptides, whereas
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FIG. 1. Construction and sequencing of recombinant viruses with orthotopic peptlde replacements. (A) Maps, drawn to scale, illustrating the
mutagenesis design. The HindIII physical map of the mCMV BAC plasmid pSM3fr is shown at the top (53, 90), with the position of the BAC
sequence within fragment E indicated by light blue shading. Note that this BAC sequence is cleaved out of the genome of the corresponding virus,
mCMV-WT.BAC. The genomic region encompassing genes m161 through m166 is expanded to reveal the position of open reading frame (ORF)
ml164, which codes for the viral carrier protein gp36.5/m164, and its overlaps with neighboring ORFs (blue shading), as well as the map position
of the peptide replacement site. Listed below are the amino acid sequences (including the N-terminal and C-terminal flanking residues) and the
corresponding codons of the intrinsic antigenic peptide (dark blue lettering) and the peptides replacing it (green lettering), associated with deletion
of isoleucine-175. The SIINFEKL C-terminal MHC anchor residue L174A mutation (codon CGC replaced with GCG instead of CTG) is
highlighted in red. (B) Verification of the orthotopic peptide replacements by sequencing. Genomic regions encompassing the peptide-encoding
codons were sequenced based on the recombinant BAC plasmids as well as on virion DNA. Shown here are the chromatograms of BAC plasmid
sequencing. Signals from nucleotides A, T, G, and C are shown in green, red, black, and blue, respectively. Arrows span the sequences encoding
the intrinsic antigenic peptide in mCMV-WT.BAC (blue), as well as the sequences encoding SIINFEKL (green) and SIINFEKA (red) in the
peptide swap mutants mCMV-SIINFEKL and mCMV-SIINFEKA, respectively. Analogous mutations were introduced into a BAC plasmid that
lacks the immune evasion genes m06 and m152 (89) and were verified accordingly by sequencing.
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FIG. 2. Molecular integrity of recombinant protein m164-SIIN
FEKL expressed by mCMV-SIINFEKL. (A) Protein expression kinet-
ics. The Western blot shows the apparent molecular mass and E-phase
expression of the authentic (left portion of the blot) and mutated (right
portion of the blot) m164 glycoproteins after infection of C57BL/6
MEF at an MOI of 4 with viruses mCMV-WT.BAC and mCMV-
SIINFEKL, respectively. h p.i., hours postinfection. (B) Unaltered
intracellular distribution of recombinant protein m164-SIINFEKL.
Shown are confocal laser scanning images revealing the cytoplasmic
(ER) distribution of authentic and mutated m164 glycoproteins (Alexa
Fluor 546 fluorescence) 8.5 h after infection of MEF (see above) with
viruses mCMV-WT.BAC (left) and mCMV-SIINFEKL (right). Nu-
clear DNA was stained with Hoechst 33342 dye. Bar, 10 pm. Corre-
sponding data were obtained for mCMV-SIINFEKA (data not
shown).

specific pMHC complexes more directly reveal the fate of
MHC-I molecules recently loaded with processed peptides de-
rived from viral proteins. Since both immunoevasins and the
recombinant carrier protein m164-SIINFEKL are expressed in
the E phase, SIINFEKL does not have an advantage by ex-
pression kinetics, and therefore immunoevasins are expected
to block its presentation efficiently.

Three-color cytofluorometric analysis was performed to cor-
relate the expression of K, KP-SIINFEKL, and the carrier
protein gp36.5/m164 16 h after infection of C57BL/6 MEF with
the mCMV-SIINFEKL and mCMV-Am06m152-SIINFEKL
viruses (Fig. 5). It is obvious that K°-SIINFEKL must be ab-
sent from m164~ cells not expressing the recombinant carrier
protein. It is important that in our experience, not all MEF are
productively infected in cultures, even if the multiplicity of
infection statistically predicts that all cells should be hit by
infectious virus (34). Although originally not intended, this
phenomenon provides us with a useful intrinsic standard for
MHC-I expression by uninfected cells present in the cytokine
milieu of an infected cell culture. The presence of uninfected
cells also makes evident, however, that distinction between
infected and uninfected cells by use of an infection marker is
crucial in these studies.

Infection of the MEF cultures with mCMV-SIINFEKL re-
sulted in three MEF subsets defined by cell surface expression
of the MHC-I molecule K®, namely, uninfected cells with high
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FIG. 3. Orthotopic peptide swap in the gp36.5/m164 carrier protein
does not interfere with viral replicative fitness in host organs. (A) The
recombinant virus mCMV-SIINFEKL is not attenuated for growth in
vivo. Shown are virus growth curves for the indicated organs of immu-
nocompromised C57BL/6 mice. Symbols represent virus titers (PFU
per organ) in the case of the spleen, lungs, and salivary glands, as well
as numbers of infected cells, mostly hepatocytes, in representative
10-mm? areas of liver tissue sections for individual mice. Median val-
ues are indicated by short horizontal bars. Empty circles, mCMV-
WT.BAGC; filled circles, mCMV-SIINFEKL. The dotted lines repre-
sent the detection limits of the respective assays. p.i., postinfection.
The indicated P values were calculated by the nonparametric, distri-
bution-free Kolmogorov-Smirnov test for comparison of two data sets.
The empirical distribution functions for the two data sets are consid-
ered significantly different for P values of <0.05, which was not the
case for any of the organs tested. (B) Unaltered viral histopathology in
the liver. The images show the immunohistological analysis of virus
spread in the liver on day 10 after infection with mCMV-WT.BAC
(left) and mCMV-SIINFEKL (right). Foci of infected liver cells are
visualized by black staining of the intranuclear IE1 protein pp89/76.
Bar, 50 pm. Corresponding data were obtained for mCMV-SIIN
FEKA (data not shown).

expression of K” (m164~ K" "&") as well as infected cells with
intermediate (m164" KP intermediate) and Jow (m164+ K® '°%)
expression of K" (Fig. 5a). In contrast, infected cells displayed
no detectable K°-SIINFEKL complexes at the cell surface
compared with the uninfected cells of the same cultures (Fig.
5¢), although K°-SIINFEKL complexes were present inside
the infected cells (CLSM analysis [data not shown]). The ex-
planation that low expression of K and K°-SIINFEKL results
from the function of immunoevasins is supported by their
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FIG. 4. Immunogenicity phenotype of mCMV-SIINFEKL. (A) Rank
of SIINFEKL in the immunodominance hierarchy of H-2"-restricted
mCMV  peptides. Intraplantar infection of immunocompetent
C57BL/6 mice was performed with 10° PFU of mCMV-SIINFEKL
(upper panels) and mCMV-SIINFEKA (lower panels). Frequencies of
peptide-specific CD8 T cells in the spleen were determined for pools of
three mice per group during the acute immune response 1 week after
priming (left panels) and during immunological memory in latently
infected mice after 35 weeks (right panels). The ELISPOT assay was
performed with immunomagnetically purified CD8 T cells as re-
sponder cells and with EL-4 stimulator cells exogenously loaded with
saturating concentrations of synthetic antigenic peptides correspond-
ing to the H-2"-restricted epitopes indicated. Gray (for intrinsic anti-
genic peptides) and black (for SIINFEKL) columns represent the
frequencies of responding CD8 T cells, and error bars indicate the
95% confidence intervals determined by intercept-free linear regres-
sion analysis. Arrows highlight the absence of SIINFEKL-specific CD8
T cells after infection with mCMV-SIINFEKA, which shows the
epitope specificity of priming. @, EL-4 cells with no viral peptide
added. (B) Impact of immunoevasins on functional avidities of SIIN
FEKL-specific CD8 T cells. Cumulative avidity distributions were de-
termined by measuring the frequencies of SIINFEKL-specific CD8 T
cells capable of responding in the ELISPOT assay to EL-4 stimulator
cells exogenously loaded with synthetic SIINFEKL peptide at the
log,,-graded peptide concentrations indicated. Responder CD8 T cells
were derived by immunomagnetic cell sorting from splenocytes (pool
of three donor spleens per group) on day 7 after intraplantar infection
with 10° PFU of the viruses mCMV-SIINFEKL (left panel) and
mCMV-Am06m152-SIINFEKL (right panel). Frequencies (black col-
umns) and the corresponding upper 95% confidence limits (error bars)
were calculated by intercept-free log-linear regression analysis. O,
EL-4 cells with no peptide added.

MOLECULAR QUANTITATION OF CMV IMMUNE EVASION 1227

a mCMV-SIINFEKL b Am06m152-SIINFEKL
10° 10° E
107—; 107—;
o {(« "v?//}{
W 10° \k\://f\
N S ( :’ﬂc}‘“
g Co O
= 10° 100 1o! 102 10°
- A.A
£
)
g C 103§
= ]
) ]
= 1024
& 3
[&]
§ 10+
S
10°
KT e

KP-SIINFEKL [FL-4]

€ 105 f 10°
1024 102
101 101

100

Kb-SIINFEKL [FL-4]

Kb [FL-2]

FIG. 5. Regulation of K® and K*-SIINFEKL cell surface presenta-
tion by immunoevasins. For endogenous antigen processing and pre-
sentation in the presence or absence of immunoevasins, IFN-y-pre-
treated C57BL/6 MEF were infected at an MOI of 4 (centrifugal
infection corresponding to 0.2 PFU per cell) with viruses mCMV-
SIINFEKL (panels a, ¢, and ¢) and mCMV-Am06m152-SIINFEKL
(panels b, d, and f). Three-color cytofluorometric analyses were per-
formed after 16 h, that is, at an advanced stage of the E phase of viral
gene expression. Logarithmic contour plots reveal fluorescence inten-
sity levels for ~35,000 live cells analyzed, with no further gating. For
panels a to d, ordinate fluorescence data (FL-1; Alexa Fluor 488)
represent expression of the viral cytoplasmic E-phase protein gp36.5/
m164, which serves as the carrier protein for SIINFEKL, and abscissa
fluorescence data represent cell surface expression of the MHC-1 mol-
ecule K" (a and b) (FL-2; PE) and the pMHC complex K"-SIINFEKL
(c and d) (FL-4; APC). Panels ¢ and f relate the expression of K-
SIINFEKL (ordinate; FL-4) to the expression of K" (abscissa; FL-2).
Caliper rules highlight the effect of immunoevasins by showing the
differences in the abscissa fluorescence modal values between infected
m164" cells (filled arrowheads) and uninfected m164~ cells (empty
arrowheads) present in the same cultures.

elevated expression at the surfaces of cells infected with the
immunoevasin gene deletion mutant mCMV-Am06m152-
SIINFEKL (compare Fig. 5b and d with Fig. 5a and c, respec-
tively). Notably, however, even in the absence of these two
immunoevasins, expression of K" in infected cells did not reach
the level of expression found in uninfected cells. This finding
suggests the involvement of an additional infection-associated
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parameter that reduces cell surface MHC-I expression relative
to that of uninfected cells. This is certainly not the third VRAP
gp34/m04, since an analogous finding was made previously for
the expression of MHC-1 L? in BALB/c MEF infected with an
mCMV mutant in which all three VRAP genes were deleted
(34). Interestingly, the expression of K" in the absence of
immunoevasins was similar to the expression in the m164*
Kb intermediate gyheet seen after infection with mCMV-SIIN
FEKL (Fig. 5a and b), suggesting that this is a subpopulation
of infected cells in which immunoevasins have not yet com-
pleted MHC-I downmodulation at the time of analysis. We
have no immediate explanation for the occurrence of an un-
infected cell population with low K expression in cultures
infected with the deletion mutant (Fig. 5b), but this phenom-
enon was reproduced in the independent experiment shown in
Fig. 7 (see panels b and d). It is interesting that cell surface
expression of KP-SIINFEKL complexes in infected cells was
not proportional to the cell surface expression of total K” (Fig.
Se and f), which is likely explained by the presence of many
unrelated pMHC complexes at the cell surface.

In conclusion, as known from previous work (34, 62, 89),
mCMYV immunoevasins eventually downmodulate the steady-
state level of MHC-I at the cell surface. The new information
revealed here by detection of KP-SIINFEKL is that the pre-
sentation of recently generated pMHC complexes is affected
more completely and is obviously much faster.

Molecular quantitation of K” and K"-SIINFEKL cell sur-
face presentation depending on immunoevasins. Previous
work has documented the qualitative effect of mCMV immu-
noevasins on epitope presentation to CD8 T cells (34, 62).
Sensitization of CD8 T cells to effector functions such as cy-
tolytic activity or cytokine release occurs through recognition
of pMHC complexes by the TCR. This is an on-or-off event
that depends on a variable threshold of epitope presentation
required for triggering, a threshold that is defined by TCR
affinities of the particular epitope-specific polyclonal or clonal
CD8 T-cell populations used for the analysis. Thus, quantita-
tive differences in antigen presentation above the sensitization
threshold of the respective responder CD8 T-cell population
cannot be resolved, and the impact of immunoevasins cannot
be expressed in terms of absolute differences in the numbers of
pMHC complexes displayed at the cell surface. This problem is
solved by using TCR-mimicking antibodies specific for pMHC
complexes, specifically MAb T-AG 25.D1-16, recognizing K"-
SIINFEKL (65), in this case. Likewise, the total number of K"
molecules is determined with a MAD specific for K® (Fig. 6).

Using calibration beads with graded fluorochrome binding
capacities, a standard curve was established to relate mean
fluorescence intensity to the number of bound antibodies (Fig.
6A, top). With this assay, the average number of K® molecules
displayed on the surfaces of uninfected cells present in infected
cell cultures (Fig. 5) was determined to be in the range of 3 X
10° per cell, whereas cells infected with mCMV-SIINFEKL
displayed only 4 X 10* K® molecules. This difference is ex-
plained only in part by the expression of immunoevasins, since
infection with mCMV-Am06m152-SIINFEKL reduced K" ex-
pression to 1.5 X 10° molecules per cell. Thus, in this selected
example, immunoevasins accounted for a reduction of ~4-fold
within 16 h of infection (Fig. 6A, center). Presentation of
K"-SIINFEKL was found to be on the order of 1.5 X 10*
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complexes per cell after infection with mCMV-Am06m152-
SIINFEKL, which corresponds to a K® occupancy by SIIN
FEKL of 10% in the absence of immunoevasins. The absolute
number was reduced in this specific experiment, to below the
detection limit of 100 K*-SIINFEKL complexes, in the pres-
ence of immunoevasins in cells infected with mCMV-SIIN
FEKL (Fig. 6A, bottom).

Figure 6B compiles the results of all our quantitation exper-
iments to show epitope specificity, reproducibility, variance,
and significance of differences. First of all, staining with MAb
T-AG 25-D1-16 did not give any quantifiable fluorescence sig-
nals with uninfected cells or cells infected with SIINFEKA-
expressing viruses. These important negative controls thus
showed that T-AG 25-D1-16 does not noticeably cross-react
with potentially “mimotopic” complexes (11, 81) formed be-
tween K" or D" molecules and any of the many intrinsic cel-
lular or mCMV-encoded antigenic peptides or with any other
cellular or viral cell surface proteins.

Regarding the cell surface expression of K" in infected cells,
the reduction by immunoevasins was ~3-fold within 16 h,
based on the median values (combined for SIINFEKA- and
SIINFEKL-expressing viruses) of 1 X 10° and 3 X 10* between
viruses lacking and expressing immunoevasins, respectively,
with no significant difference between SIINFEKA- and SIIN
FEKL-expressing viruses. In contrast, immunoevasins reduced
cell surface presentation of K°-SIINFEKL complexes by a factor
of ~50, based on the median values of 1 X 10* and 200 after
infection with mCMV-Am06m152-SIINFEKL and mCMV-SIIN
FEKL, respectively. Thus, in relative terms, referred to the data at
16 h postinfection, the effect of immunoevasins on the cell surface
expression of K°>-SIINFEKL complexes was about 15-fold stron-
ger than that on the cell surface expression of all K molecules.

Formation of pMHC complexes by exogenous peptide load-
ing is proportional to the cell surface density of MHC-I mol-
ecules. Unlike the situation found after endogenous genera-
tion of pMHC complexes as a result of antigen processing,
where cell surface expression of K>-SIINFEKL and total K®
did not correlate (Fig. 5e and f), binding of synthetic antigenic
peptides as exogenous ligands should be proportional to the
number of MHC-I molecules available as receptors at the cell
surface. Accordingly, the effect of immunoevasins on K"
steady-state levels, as described above for SIINFEKL-express-
ing viruses (Fig. 5a and b), should be paralleled by their effect
on exogenous peptide loading. To verify this prediction exper-
imentally, C57BL/6 MEF were infected with viruses mCMV-
SIINFEKA and mCMV-Am06m152-SIINFEKA, both lacking
endogenous presentation of SIINFEKL, followed 16 h later by
incubation with a high concentration (10~* M) of synthetic
SIINFEKL peptide (Fig. 7A). The overall expression of K"
reproduced the findings obtained with the corresponding
SIINFEKL-expressing viruses (compare Fig. 5 and 7A, panels
a and b). As expected, uninfected m164~ cells present in the
infected cultures now all displayed K°-SIINFEKL, whereas the
absence and presence of K°-SIINFEKL on infected m164™*
cells reflected the presence and absence of immunoevasins,
respectively (Fig. 7A, panels ¢ and d). In accordance with the
theory, cell surface display of K°-SIINFEKL complexes turned
out to be directly proportional to the expression of K® (Fig. 7A,
panels e and f), a finding which also implies that the two
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FIG. 6. Molecular quantitation of K and K"-SIINFEKL cell sur-
face presentation dependent upon the expression of immunoevasins.
(A) Documentation of the cytofluorometric quantification procedure.
Throughout, centrifugal infections of IFN-y-pretreated C57BL/6 MEF
were performed to result in an MOI of 4, and cell surface expression
was determined 16 h after infection. (Top) Standard curve relating
MFI values in channel FL-1 (FITC) to numbers of bound antibodies,
using a QIFIKIT calibration kit. For illustration, the corresponding
fluorescence histograms (the ordinate scale for the number of events is
not depicted) for the calibration bead populations are displayed. (Cen-
ter) Quantitation of total cell surface K on uninfected cells present in
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antibodies do not interfere with each other in binding to K"-
SIINFEKL complexes.

For quantitating exogenous K" loading capacity depending
upon infection with SIINFEKA-expressing viruses in the ab-
sence or presence of immunoevasins, we determined the pro-
portion of SIINFEKL-presenting K” molecules among all cell
surface K” molecules, that is, the K” occupancy by SIINFEKL,
as a function of the SIINFEKL peptide concentration (Fig.
7B). Uninfected cells present in cultures infected with mCMV-
SIINFEKA or mCMV-Am06m152-SIINFEKA served as a
positive reference that revealed a K® occupancy of ~6.5% after
incubation with 10~* M synthetic SIINFEKL peptide, rapidly
declining at lower peptide concentrations. Thus, even with
uninfected cells, replacement of intrinsically presented pep-
tides requires a high concentration of an exogenously provided
competitor peptide. As expected, the type of infecting virus did
not matter for uninfected cells in the cultures. Notably, with
the sensitivity of the assay, K’-SIINFEKL complexes were
barely detectable on cells infected with mCMV-SIINFEKA,
despite the high SIINFEKL peptide loading concentration of
10~* M, and deletion of immunoevasins improved the K® oc-
cupancy by exogenously supplied SIINFEKL to only ~1%.
Thus, though immunoevasins do play a role, additional param-
eters associated with infection must be involved in determining
MHC-I occupancy after exogenous peptide loading.

Immunoevasins preferentially target the cell surface trans-
port of recently generated pMHC complexes. A possible ex-
planation for the differential effect of immunoevasins on K-
SIINFEKL complexes and total cell surface K® could be that
immunoevasins inhibit the transport of K°-SIINFEKL to the
cell surface more efficiently than the transport of other K’-
peptide complexes. We considered it a more likely mechanism,
however, that KP-peptide complexes present at the cell surface
in advance of infection were less affected by immunoevasins
than recently generated, peptide-loaded K” molecules travel-
ing from the ER to the cell surface. To test this hypothesis,
cells were incubated with a high dose of exogenously supplied
synthetic SIINFEKL peptide (10~* M) (Fig. 7B) prior to the
expression of immunoevasins immediately after infection

infected cell cultures (solid red line), on cells infected with mCMV-
SIINFEKL (dashed red line), and on cells infected with mCMV-
Am06m152-SIINFEKL (dotted red line). (Bottom) Quantitation of
cell surface KP-SIINFEKL complexes on cells infected with mCMV-
SIINFEKL (dashed green line) and mCMV-Am06m152-SIINFEKL
(dotted green line). (B) Compilation of quantitation results from sev-
eral independent experiments showing the statistical significance of
immunoevasin function. Viruses used for infection are indicated. Con-
trols included IFN-y-pretreated uninfected MEF (n.i. [not infected])
as well as uninfected cells present in infected cell cultures (n.i. in
infected culture). Red and green circles represent quantitations of cell
surface K® and KP-SIINFEKL complexes, respectively. Median values
for data from independent experiments are marked by short horizontal
bars. The dashed line represents the detection limit of the assay. Green
asterisks indicate the absence of signals for K>-SIINFEKL complexes,
which shows that MAb T-AG 25.D1-16 does not cross-react with
anything else in uninfected or mCMV-infected cells not expressing
SIINFEKL. P values calculated with the distribution-free Wilcoxon-
Mann-Whitney rank-sum test are indicated for group comparisons of
major interest. Differences are regarded as significant for P value of
<0.05 (two sided).
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FIG. 7. Exogenous peptide loading of cell surface K" molecules is
strongly reduced by preceding expression of immunoevasins. (A) Ex-
ogenous peptide loading is proportional to the number of cell surface
MHC-I molecules. To analyze selectively the cell surface “loadability”
of infected cells with exogenously supplied SIINFEKL peptide, endog-
enous processing and presentation of SIINFEKL were avoided by
infecting IFN-y-pretreated C57BL/6 MEF at an MOI of 4 with viruses
mCMV-SIINFEKA (a, ¢, and e¢) and mCMV-Am06m152-SIINFEKA
(b, d, and f). Infection was allowed to proceed for 16 h, to a late stage
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with mCMV-SIINFEKA or, for comparison, with mCMV-
Am06m152-SIINFEKA, so that the fate of preloaded K-
SIINFEKL could be studied selectively in the absence of endog-
enously replenished KP-SIINFEKL (Fig. 8). To limit the loss of
cell surface KP-SIINFEKL complexes due to the constitutive
MHC-I turnover (15, 52; for a review, see reference 13) inde-
pendent of a direct immunoevasin function, measurements
were now performed 8 h after infection instead of 16 h after
infection as in the preceding experiments. Though this is an
early time in the viral replication cycle, the epitope-carrying
protein gp36.5/m164 and the immunoevasins, all of which are
E-phase proteins, should still have enough time to play their
roles.

As shown by cytofluorometric analysis, preloaded K°-SIIN
FEKL complexes at the cell surface were only moderately
affected by immunoevasins 8 h after infection with mCMV-
SIINFEKA in comparison to infection with mCMV-
Am06m152-SIINFEKA (Fig. 8A, panels a and b). In contrast
to this, an 8-h period indeed proved to be sufficient for endog-
enous presentation of K°-SIINFEKL after infection of pep-
tide-unloaded MEF with mCMV-Am06m152-SIINFEKL, as
well as for prevention of its presentation by immunoevasins
after infection with mCMV-SIINFEKL (panels d and c, re-
spectively). The corresponding analysis of total K® cell surface
expression by these cells (panels a* through d*) revealed a fate
of cell surface-resident K® molecules comparable to that of
exogenously loaded KP-SIINFEKL complexes, namely, an only
moderate reduction during 8 h of infection in the presence of
immunoevasins. These findings were further substantiated by
quantitation of cell surface K"-SIINFEKL complexes com-
bined with statistical analysis of compiled experiments showing
reproducibility, variance, and statistical significance (Fig. 8B).
Exogenous loading with SIINFEKL peptide immediately fol-
lowing infection with mCMV-Am06m152-SIINFEKA defined
the reference level of K°>-SIINFEKL presentation reached at

of the E phase, shortly prior to viral DNA replication, so that immu-
noevasins could fully exert their effects on K" cell surface expression.
Exogenous loading of K® molecules for the generation of K°-STIN
FEKL complexes was then accomplished by incubating the infected
cells with synthetic SIINFEKL peptide at a concentration of 10™* M.
Shown are logarithmic contour plots of three-color cytofluorometric
analyses of ~35,000 live cells, relating the cytoplasmic expression of
the carrier protein gp36.5/m164 to the cell surface expression of K" (a
and b) and KP-SIINFEKL (c and d), as well as correlating K and
KP-SIINFEKL expression (e and f). Cytofluorometric labels were as
specified in the legend to Fig. 5. Caliper rules highlight the effect of
immunoevasins by showing the differences in the abscissa fluorescence
modal values between infected m164™ cells (filled arrowheads) and
uninfected m164~ cells (empty arrowheads) present in the same cul-
tures. (B) Occupancy of cell surface K® molecules by SIINFEKL de-
pending on the loading peptide concentration. Cells were infected, as
specified above, and 16 h later the infected cells were incubated with
log,,-graded concentrations of synthetic SIINFEKL peptide (abscissa).
Cell surface K” molecules and KP-SIINFEKL complexes were quanti-
tated as outlined in greater detail in the legend to Fig. 6, and the
proportion of SIINFEKL-loaded K® molecules was calculated (ordi-
nate). Filled and empty circles represent cells infected with mCMV-
SIINFEKA and mCMV-Am06m152-SIINFEKA, respectively. Filled
and empty squares represent uninfected cells present in cultures in-
fected with mCMV-SIINFEKA and mCMV-Am06m152-SIINFEKA,
respectively.
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FIG. 8. Immunoevasins only slowly downmodulate preexisting cell surface K°-peptide complexes. (A) Effect of immunoevasins on K-
SIINFEKL complexes and on all K” molecules present at the cell surface in advance of immunoevasin gene expression. K® molecules on the
surfaces of IFN-y-pretreated C57BL/6 MEF were pulse labeled by exogenous loading with synthetic SIINFEKL peptide at a concentration of 10~ *
M immediately after their infection with viruses mCMV-SIINFEKA and mCMV-Am06m152-SIINFEKA (panels a and a# and panels b and b,
respectively). It is important that this sequence of “infection first and peptide loading thereafter” was chosen in order to avoid a possible
interference of peptide loading with the adhesion and penetration of the infecting viruses, but the peptide loading clearly preceded the expression
of the immunoevasin genes in the E phase. A further, more technical reason was that centrifugal infection requires adherent cells, whereas peptide
loading is more efficient with cells in suspension. For comparison, endogenous peptide loading was accomplished by infection of cells with viruses
mCMV-SIINFEKL and mCMV-Am06m152-SIINFEKL (panels ¢ and ¢+ and panels d and d+, respectively). Three-color cytofluorometric analysis
relating the cytoplasmic expression of the viral E-phase protein gp36.5/m164 (ordinate) to the cell surface expression of K>-SIINFEKL complexes
and total K® (abscissas in panels a to d and panels a* to d, respectively) was performed 8 h after infection. For labeling information, see the legend
to Fig. 5. The plots displayed are logarithmic contour plots representing fluorescence intensity levels for ~35,000 live cells analyzed, with no further
gating. Caliper rules highlight the effect of immunoevasins by showing the differences in the abscissa fluorescence modal values between infected
m164" cells (filled arrowheads) and uninfected m164~ cells (empty arrowheads) present in the same cultures. (B) Compilation of quantitation
results from five independent experiments (filled or empty circles) demonstrating a significant effect of immunoevasins on endogenously loaded
but not exogenously preloaded K°-SIINFEKL complexes. The quantitation of K°-SIINFEKL complexes on the surfaces of cells was performed as
outlined in greater detail in the legend to Fig. 6. Protocols for infection and peptide loading are indicated. Filled circles and empty circles represent
the presence and absence of immunoevasins, respectively. Median values are marked by short horizontal bars. The asterisk indicates the absence
of signals for quantitation. P values calculated with the distribution-free Wilcoxon-Mann-Whitney rank-sum test are indicated for group compar-
isons of major interest. Differences are regarded as significant for P values of <0.05 (two sided).
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the time of analysis due to constitutive MHC-I turnover and
also accounted for a possible influence of parameters of infec-
tion other than immunoevasins. Notably, further reduction
mediated by the expression of immunoevasins after infection
with mCMV-SIINFEKA did not reach statistical significance
at 8 h postinfection (P = 0.301), whereas at the same time,
blockade of endogenous presentation of SIINFEKL after in-
fection of peptide-unloaded MEF with mCMV-SIINFEKL
was significant, both numerically (10* complexes reduced to
below the detection limit) and statistically (P = 0.036).

Altogether, these data provide strong evidence to suggest
that immunoevasins function mainly by inhibiting the transport
of recently generated pMHC complexes to the cell surface,
whereas a decline in total cell surface MHC-I molecules is time
dependent and secondary to turnover in the absence of replen-
ishment.

DISCUSSION

Comparative quantitation of the total MHC-I molecules of a
given allele at the cell surface and of a defined antigenic pep-
tide presented by the same allelic form of MHC-I, the K"-
SIINFEKL complex in this case, gave us for the first time an
impression of the quantitative changes at the cell surface that
are effected by the combined action of mCMYV immunoevasins
gp48/m06 and gp40/m152. This progress in knowledge was
made possible by versatile novel tools introduced with this
study, namely, viruses mCMV-SIINFEKL and mCMV-
Am06m152-SIINFEKL, expressing the K°-restricted reporter
peptide SIINFEKL in the presence and absence of mCMV
immunoevasins, respectively. It is important that the reporter
peptide was expressed by an “orthotopic peptide swap” in
place of an immunodominant D“-restricted peptide of the viral
E-phase glycoprotein gp36.5/m164. It thus behaves like a viral
peptide and is expressed according to the regular gene expres-
sion kinetics of its viral carrier protein. It is therefore expected
that antigen presentation data obtained with these viruses re-
flect the physiological situation much more closely than do
data obtained with transfection-based or vector-based protein
overexpression systems or after ectopic expression of foreign
proteins in mCMV. Specifically, in the related SIINFEKL ex-
pression system of infection with mCMV-Ova, the foreign pro-
tein ovalbumin is expressed with immediate-early kinetics un-
der the control of the human CMV major immediate-early
promoter-enhancer (80), so its synthesis and antigen process-
ing precede the function of the immunoevasins gp48/m06 and
gp40/m152, both of which are expressed in the E phase. Since
most mCMYV epitopes are actually derived from E-phase pro-
teins (33, 55), SIINFEKL processed from an E-phase carrier
protein should be a reliable reporter for immunoevasin func-
tion.

Notably, SIINFEKL can be employed to serve a dual re-
porter function. While endogenously processed SIINFEKL is
used to follow the fate of an antigenic viral peptide after
infection, exogenously loaded SIINFEKL replacing cellular
“self” peptides can report the fate of peptides that are pre-
sented in advance of infection, provided that a fresh supply of
SIINFEKL by endogenous processing is prohibited. In order to
fulfill this condition, we constructed the corresponding viruses
mCMV-SIINFEKA and mCMV-Am06m152-SIINFEKA, in
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which the SIINFEKL epitope is selectively deleted by the point
mutation L174A at the C-terminal K anchor position of the
antigenic peptide. Thus, these “epitopeless” control viruses
can be used to provide all influences of infection except en-
dogenous delivery of the peptide under study.

With this specifically devised approach, we have learned that
after endogenous antigen processing in the absence of immu-
noevasins, as many as 10% of all cell surface K molecules can
present a single antigenic peptide encoded by a complex virus
such as mCMYV, with a coding capacity of ~170 open reading
frames (69, 83). This is an enormous proportion if we consider
the likely competition among a multitude of “self” peptides
and viral peptides for the same presenting MHC-I molecule
(17). It is important that the high K* occupancy level by SIIN
FEKL is not overestimated by potential cross-recognition of
other viral or cellular K- or D-peptide complexes, so-called
mimotopes (11, 81), since MAb T-AG 25-D1-16 did not detect
any noncognate pMHC complexes at the surfaces of unin-
fected cells or cells infected with the specificity control viruses
mCMV-SIINFEKA and mCMV-Am06m152-SIINFEKA,
which encode all viral epitopes with the exception of the re-
porter peptide SIINFEKL (Fig. 6B and 7B). Notably, with a K"
occupancy of only 1%, exogenous loading after infection with
mCMV-Am06m152-SIINFEKA proved to be 10-fold less effi-
cient than endogenous loading by infection with mCMV-
Am06m152-SIINFEKL, even if an unphysiologically high dose of
SIINFEKL peptide (10~* M) was used for exogenous loading.

The superiority of endogenous loading may be explained by
a high efficiency of chaperone-assisted peptide loading onto
nascent MHC-I molecules in a specific loading complex in the
ER (reviewed in reference 13), whereas exogenous loading
requires replacement of already bound “self” or viral peptides
by affinity-dependent peptide competition (59). Although
SIINFEKL was found to bind with high affinity to K", resulting
in very stable K>-SIINFEKL complexes (8, 30), its dissociation
constant may nevertheless be too high to replace viral peptides
of even higher affinity (44). Interestingly, for uninfected cells in
which MHC-I molecules present only “self” peptides, exoge-
nous loading reached a K® occupancy close to the values
reached by endogenous loading after infection in the absence
of immunoevasins. It should be noted, however, that K® occu-
pancy by the ligand SIINFEKL also correlated with the cell
surface expression density of its receptor K" (Fig. 7). Regard-
less of which of the two explanations applies, endogenous
loading is highly efficient.

It is worthwhile to compare here the observed MHC-I oc-
cupancy with the experience seen in other systems (for a list,
see reference 82). The numbers of pMHC complexes displayed
at the cell surface were found to differ largely, with the highest
number being ~10* complexes, corresponding to an MHC-I
occupancy of 10%, reported for the K%restricted peptide
SYFPEITHI, derived from the JAK-1 tyrosine kinase of P815
mastocytoma cells (16, 68). Thus, the K occupancy of 10% by
SIINFEKL observed here in the absence of immunoevasins
belongs to the top flight in the ranking. SIINFEKL, however,
is also a splendid example for highlighting the importance of
the expression and detection systems. Specifically, Rotzschke
et al. (78) reported a total number of only ~100 K*>-SIINFEKL
complexes in lysates of Ova-transfected cells, which predicts an
even smaller number at the cell surface. Using MAb T-AG
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25-D1-16 for the detection of cell surface K>-SIINFEKL com-
plexes, Porgador et al. (65) found an occupancy of ~9% after
infection of L-K® cells with the recombinant vaccinia virus
VV-Ova, expressing full-length Ova, whereas occupancies of
up to 86% were reached after infection with recombinant vac-
cinia viruses carrying different constructs of SIINFEKL mini-
genes.

Our studies were not aimed at developing an optimal vector
for expressing SIINFEKL but at studying the role of mCMV
immunoevasins in epitope presentation during a largely un-
touched viral replication cycle. This was the rationale for in-
serting just the SIINFEKL sequence in place of an intrinsic
antigenic peptide of a viral carrier protein. The observed K®
occupancy of 10% by SIINFEKL after endogenous loading in
the absence of immunoevasins is particularly impressive in
view of the long list of K’-restricted mCMYV intrinsic epitopes
identified by Munks and colleagues (55), which includes some
of the most immunodominant antigenic peptides of the acute
immune response to mCMYV in the H-2" haplotype, such as the
m139, M57, m141, M38, and M78 epitopes (54). As shown in
Fig. 4A, SIINFEKL expressed in the gp36.5/m164 carrier pro-
tein takes an only intermediate position in the immunodomi-
nance hierarchy of H-2-restricted mCMYV peptides. However,
this does not necessarily imply an even higher MHC-I occu-
pancy by the higher-ranking peptides, since recent studies have
indicated that the magnitude of the primary immune response
to particular epitopes, which defines epitope immunodomi-
nance, is primarily determined by the TCR specificity reper-
toire of the naive precursor cell pool (23, 57, 86).

In the presence of immunoevasins after infection with
mCMYV-SIINFEKL, in addition to an absolute reduction in the
number of K” molecules as well as K°>-SIINFEKL complexes,
the K occupancy by SIINFEKL declined to <1% in relative
terms (Fig. 6B). Interestingly, the efficiency of cognate CD8
T-cell priming (Fig. 4B) did not at all positively correlate with
K® occupancy by SIINFEKL in infected cells; rather, priming
with mCMV-SIINFEKL was somewhat more efficient than
priming with mCMV-Am06m152-SIINFEKL, despite the
much lower K® occupancy. This finding is in accordance with
the previous notion that viral immunoevasins expressed in in-
fected cells do not influence epitope immunodominance hier-
archies (21, 36, 56, 71), most probably because priming is
mediated through epitope cross-presentation by uninfected
dendritic cells rather than through direct presentation by in-
fected cells (7, 25, 26, 88, 94). The paradox of improved prim-
ing in the presence of immunoevasins was explained recently
by the “negative feedback model” of CD8 T-cell priming. Ac-
cording to this model, inhibition of epitope presentation by
immunoevasins protects infected cells in the lymph node cor-
tex against attack by recently primed effector CD8 T cells, with
the consequence of enhanced virus replication associated with
enhanced delivery of viral antigenic proteins for sustained
cross-priming (5).

Importantly, immunoevasins were found to affect total cell
surface K® and endogenously generated K>-SIINFEKL com-
plexes differentially. Specifically, 16 h after infection, cells in-
fected with mCMV-Am06m152-SIINFEKL displayed 1 X 10°
K® molecules at the cell surface, a number which was reduced
by a factor of ~3, namely, to 3 X 10* K® molecules, in the
presence of immunoevasins after infection with mCMV-SIIN
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FEKL. In contrast, the reduction was 50-fold for K®-SIIN
FEKL complexes, namely, from 1 X 10* complexes in the
absence of immunoevasins to 200 (with all numbers represent-
ing median values) in their presence. Since all MHC-I mole-
cules trafficking to the cell surface are thought to actually be
loaded with a peptide (2), and since immunoevasins should
target all K°-peptide complexes with similar affinities, and not
preferentially the K>-SIINFEKL complexes, one rather might
have expected a comparable effect of immunoevasins on all K"
molecules and K°-SIINFEKL complexes. It was reasonable,
therefore, to hypothesize that immunoevasins affect exclu-
sively, or at least primarily, the transport of recently loaded
pMHC complexes to the cell surface and that pMHC com-
plexes already present at the cell surface are not directly af-
fected. The undisputed decline in steady-state levels of cell
surface MHC-I over time (89) could possibly be explained by
an indirect effect of immunoevasins, namely, by blocking the
resupply of new pMHC complexes after constitutive MHC-I
endocytosis.

To test this hypothesis, we compared the fate of preexisting
cell surface K® molecules, whose intrinsically presented anti-
genic peptides were replaced with SIINFEKL by exogenous
peptide loading, with the fate of endogenously generated K-
SIINFEKL complexes. An advantage of this approach is that
recently loaded and preexisting pMHC complexes under in-
vestigation are molecularly identical, so the affinity of interac-
tion between immunoevasins and the pMHC complexes is no
longer a variable in the comparison. The results were pretty
clear in demonstrating a preferential effect of immunoevasins
on newly generated K>-SIINFEKL complexes.

Previous work by Wagner and colleagues (89), using simian
virus 40 (SV40)-transformed H-2" and H-2¢ MEF cell lines for
infection, has shown that cell surface expression of K" is least
affected by mCMV immunoevasins, with an allele ranking in
cell surface downmodulation of K ~ DY ~ D® > L9 > K". At
the time of that work, it was absolutely logical to propose MHC
allele-specific differences in the efficacy of immunoevasins, and
biochemical data supported this view by showing less efficient
ER retention of newly synthesized K® molecules than D mol-
ecules (42). Thus, viewed critically, one might argue that hav-
ing here selected a K-presented peptide, such as SIINFEKL,
for studying mCMV immunoevasin function was the worst
possible choice. On the other hand, however, using the same
set of immune evasion gene deletion mutants used already by
Wagner and colleagues, immunoevasins were found to almost
completely inhibit K"-peptide presentation to cognate CD8 T
cells after endogenous loading in infected cells (34, 62). This
accordant finding from two independent groups was difficult to
explain in view of the biochemical data indicating escape of K"
molecules from ER retention, since only a few pMHC com-
plexes must reach the cell surface for sensitization of CD8 T
cells. The evidence for K® molecules passing the Golgi appa-
ratus in the presence of immunoevasins did not formally ex-
clude the possibility that peptide presentation at the cell sur-
face is inhibited by gp48/m06-mediated lysosomal degradation
or by complex formation with gp34/m04. This explanation,
however, does not apply either, since solitary expression of
gp40/m152 in the mutant virus mCMV-Am04m06 was found to
strongly inhibit the presentation of K"-presented peptides (34).

Our data now offer a new interpretation to resolve this
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alleged conflict in the literature. While endogenous presenta-
tion of K°-SIINFEKL was found in this study to already be
inhibited strongly by immunoevasins at 8 h postinfection, pre-
existing cell surface-resident K® molecules as well as exog-
enously loaded K°-SIINFEKL complexes were barely affected
at that time point, and this might have also been the case in the
study by Wagner and colleagues, in which cytofluorometric
detection of cell surface K® was performed at 12 h postinfec-
tion (89). Our finding that cell surface KP is significantly down-
modulated at 16 h postinfection but not yet at 8 h postinfection
is in reasonable accordance with the cell surface half-life of ~9
h determined for K°-SIINFEKL complexes in the work by
Chefalo and Harding (8). Thus, MHC allele-specific differ-
ences in steady-state cell surface expression in the presence of
immunoevasins, which interrupt trafficking of new MHC-I
molecules to the cell surface, might reflect differences in the
constitutive turnover rates of different class I allomorphs
rather than a differential molecular susceptibility to mCMV
immunoevasins. Accordingly, under the influence of immuno-
evasins, MHC-I allomorphs with high and low turnover rates
are predicted to be downmodulated faster and slower, respec-
tively. Clearly, such a mechanism can explain why the impact of
immunoevasins on cell surface class I expression does not
correlate directly with their impact on T-cell recognition.

It has been concluded from previous work that m06 and
m152 cooperate in preventing MHC-I transport to the cell
surface, although the data indicated differential effects after
their solitary expression in that m06 proved to be somewhat
more efficient in the downmodulation of cell surface MHC-I,
while m152 was more efficient in inhibiting peptide presenta-
tion. This was revealed by comparing infections with viruses
mCMV-Am04m152 and mCMV-Am04m06, which express m06
and m152, respectively. As an additional layer of complication,
gp34/m04 plays a still enigmatic role in these processes, even
though its solitary expression in mCMV-Am06m152 does not
downmodulate cell surface MHC-I or inhibit peptide presen-
tation (34, 62, 89). We first focused here on describing the
concerted impact of the verified immunoevasins m06 and m152
in the presence of m04, but we prudently cloned m164-SIIN-
FEKL into a shuttle vector, so the reporter peptide can easily
be expressed in other BAC-cloned mutants to study, for in-
stance, the differential effects of m06 and m152 on K® and
KP-SIINFEKL cell surface expression as well as their proposed
interplay with m04. It is apparent, however, that this approach
should ideally be complemented with functional studies and
has the limitation that it cannot address differences imposed by
MHC polymorphism and epitope variety. On the other hand, it
is open for wider application with any BAC-cloned mCMV
mutant of interest.

In conclusion, these data have shown that mCMYV immuno-
evasins operate primarily by inhibiting the cell surface trans-
port of recently generated pMHC complexes and thus only
indirectly downmodulate MHC-I cell surface expression by
interfering with MHC-I turnover at the stage of resupply.
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