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Infection of mice with murine gammaherpesvirus 68 (MHV-68) robustly activates CD8 T cells, but only six
class I major histocompatibility complex (MHC)-restricted epitopes have been described to date for the widely
used H-2° haplotype mice. To explore the specificity and kinetics of the cytotoxic T-lymphocyte response in
MHYV-68-infected C57BL/6 mice, we screened for H-2K"- and H-2DP-restricted epitopes using a set of 384
candidate epitopes in an MHC tetramer-based approach and identified 19 new epitopes in 16 different open
reading frames. Of the six known H-2K"- and H-2D"-restricted epitopes, we confirmed a response against three
and did not detect CDS8 T-cell-specific responses for the remaining three. The peak of the CD8 T-cell response
to most peptides occurs between 6 and 10 days postinfection. The respective MHC tetramer-positive CD8 T
cells display an activated/effector phenotype (CD62L' and CD44™) and produce gamma interferon upon
peptide stimulation ex vivo. MHV-68 infection in vivo elicits a response to multiple viral epitopes, derived from
both early and late viral antigens, illustrating a far broader T-cell repertoire and more-rapid activation than

those previously recorded.

The immune response against persistent infections caused
by herpesviruses involves all known aspects of innate and adap-
tive immunity, and yet our understanding of the exact measure
of protection by antibodies, T cells, and other immune effec-
tors is far from complete. Members of the herpesvirus family
avoid recognition by cytotoxic T cells, as inferred from their
ability to downregulate the expression of class I major histo-
compatibility complex (MHC) molecules (13, 15, 25). Given
the complexity of herpesvirus genomes, it is surprising how few
CD8 T-cell epitopes have been identified. We thus have only
very limited knowledge of the gene products recognized at
different phases of the cytotoxic T-lymphocyte (CTL) response
against these persistent viruses. A case in point is the murine
gammaherpesvirus 68 (MHV-68). For the widely used
C57BL/6 mouse model, only six class I MHC-restricted
epitopes have been described (17, 23). With this modest num-
ber of epitopes, it is difficult to characterize more fully the
temporal aspects of the anti-MHV-68 CDS8 T-cell response,
nor is it clear which gene products contribute to class I MHC-
restricted epitopes and when: is it relative abundance, time of
expression, or the cell type infected that contributes in some
combination?

MHV-68 is a natural pathogen of wild rodents (4). The
genome of MHV-68 has been sequenced and shows a close
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relationship with Kaposi’s sarcoma herpesvirus and Epstein-
Barr virus (EBV) (34). Since the functions of some of the
MHV-68 gene products are similar to those of the correspond-
ing gene products of human gammaherpesviruses, MHV-68 is
widely used as a model for the pathogenesis of gammaherpes-
viruses. In acute MHV-68 infection, the virus is generally
cleared by 10 to 15 days postinfection (dpi), followed by a
latent phase (27, 36). The primary cells that are infected in vivo
are B cells (36), and these are also the cells in which the virus
establishes latency (28); however, removing the latent reservoir
of B cells increases the levels of latency in non-B cells (37).
Furthermore, B cells also play an important role in regulating
reactivation and controlling chronic MHV-68 infection (37). A
number of other, different host mechanisms are involved in
clearing MHV-68 during acute infection and in the control of
chronic infection and latency, among which a functional CD8
response is crucial (8, 33, 36). Nevertheless, by itself the CD8
response is unable to control virus replication, and the absence
of CD4 T cells is ultimately fatal (6). In order to better under-
stand the CD8-specific T-cell response, to capture its breadth
as well as its kinetics in the course of a natural infection, we
undertook a recently developed screening approach (10, 12,
32) to identify H-2K"- and H-2D"-restricted epitopes from
MHV-68.

We here report the identification of 19 additional T-cell
epitopes restricted by H-2K® and H-2D", using arrays of MHC
tetramers to screen for epitope-specific primary CD8 T cells.
We characterize the kinetics of the anti-MHV-68 response and
show that the CD8 T-cell response is skewed toward H-2K"-
restricted epitopes. Based on the sample times, we have cate-
gorized the CTL responses into two groups, in which one set of
epitopes is recognized by T cells whose frequency peaks at 6
dpi while a second pattern of reactivity is characterized by a
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peak response at day 10. This asynchronous response most
likely represents a continuum in kinetics. These results reveal
an unappreciated aspect of the T-cell response against MHV-
68, emphasizing a far broader T-cell repertoire and more-rapid
activation than those previously recorded.

MATERIALS AND METHODS

Experimental animals and viruses. C57BL/6] mice were purchased from Jack-
son Laboratory and housed in accordance with institutional guidelines. Mice
aged 6 to 10 weeks were infected intraperitoneally (i.p.) with 1 X 10° PFU of
MHV-68. MHV-68 was obtained from the American Type Culture Collection
(VR1465). Virus stocks of MHV-68 were prepared in 3T12 cells. 3T12 cells were
cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
calf serum, penicillin (100 U/ml), streptomycin (100 wg/ml), and 2 mM glutamine
at 37°C. Titers of virus stocks were determined by plaque assays as described
previously (6). All animal experiments were conducted in accordance with pro-
tocols approved by the MIT Committee on Animal Care.

Epitope prediction and synthesis. The sequence data for 81 open reading
frames (ORFs) from MHV-68 were obtained from the National Center for
Biotechnology Information (NCBI), accession code NC_001826. The consensus
epitope prediction program (CEPP) (19), which was reconstructed and made
available on http://jura.wi.mit.edu/bioc/grotenbreg, was used to identify 192 oc-
tameric and 192 nonameric candidate epitopes for H-2K® and H-2D", respec-
tively (see Tables S1 to S3 in the supplemental material). The peptides selected
for screening were produced by Fmoc-based solid-phase peptide synthesis by the
MIT Center for Cancer Research (Cambridge, MA) biopolymers facility. All
peptides were dissolved in dimethyl sulfoxide (10 mg/ml) and stored at —20°C
until further use.

MHC tetramer production and peptide exchange. Recombinant protein ex-
pression, refolding of the H-2K" and H-2D® complexes with the SV9-P7* con-
ditional ligand (12), and their subsequent tetramerization were accomplished by
following established protocols (2, 11). The peptide exchange reaction was ini-
tiated by UV irradiation (360 nm), and the resulting MHC tetramers were used
directly to stain freshly prepared splenocytes as described previously (10, 12).

Cell preparation and surface marker staining. Single-cell suspensions were
prepared from spleens by mechanical disruption in ice-cold RPMI 1640 medium
(Invitrogen Life Technologies, Carlsbad, CA) containing 10% fetal calf serum.
Erythrocytes were lysed with red blood cell lysis buffer (Sigma, St. Louis, MO).
For the MHC-tetramer screens, the CD8 T cells were further purified with the
CD8a™ T-cell isolation kit (Miltenyi Biotec, Auburn, CA). Live-versus-dead-cell
staining was accomplished with ethidium monoazide (Invitrogen) prior to surface
staining of the splenocytes with saturating amounts of MHC tetramers and
antibodies against CD8«, CD44, CD62L, and VB4* CD8 (all from BD Phar-
mingen, San Diego, CA). The cells were washed with phosphate-buffered saline,
directly fixed with 0.5% formaldehyde in phosphate-buffered saline, and ana-
lyzed on a FACSCalibur and LSRII flow cytometer (BD Pharmingen). Data were
analyzed with FlowJo Software (Tree Star).

Intracellular IFN-y detection assay. Splenocytes from infected mice were
seeded at 4 X 10° cells per well and restimulated for 6 h with 10 pg/ml of peptide.
Cells restimulated with ionomycin and phorbol myristate acetate (Calbiochem,
San Diego, CA) were treated at concentrations of 1 wM and 50 ng/ml, respec-
tively. Cells were treated for 3 h with 10 wg/ml brefeldin A (Sigma-Aldrich),
stained with ethidium monoazide, and then labeled with MHC tetramers and
anti-CD8 monoclonal antibody as described above. Staining with anti-gamma
interferon (anti-IFN-y) monoclonal antibody (BD Pharmingen) was achieved
using the BD Cytofix/Cytoperm kit (BD Biosciences, San Jose, CA) following the
manufacturer’s specifications.

Measurement of viral load by quantitative real-time PCR. Viral load in the
blood of infected mice was quantified by real-time PCR using the ABI 7900
real-time PCR system (Applied Biosystems, Foster City, CA). DNA was ex-
tracted from blood using the QIAamp DNA blood minikit (Qiagen, Hilden,
Germany). The Taq-Man Universal PCR Master Mix and universal cycling
conditions (Applied Biosystems) were used for amplification of a 70-bp region of
the MHV-68 gB gene using the primers and probe described in reference 38. A
standard curve was generated using known amounts of a plasmid containing the
gB gene. The murine ribosomal protein L8 (rpl8) was amplified in parallel, using
a primer and probe set described in reference 30, and used to normalize for input
DNA between samples. A standard curve for rpl8 was constructed by serial
dilution of a plasmid containing rpl8 (Open Biosystems clone 5684024; Open
Biosystems, Huntsville, AL). The data were analyzed using the SDS 2.2.3 pro-
gram and are presented as viral genome copy number relative to the copy
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number of rpl8 with background measurements from uninfected samples sub-
tracted.

RESULTS

Screening for MHV-68-specific class I MHC epitopes. Class
I MHC tetramer reagents are uniquely able to stain CD8 T
cells in an antigen-specific fashion (2). Their application in
epitope discovery efforts has nevertheless been limited, as
these reagents are cumbersome to produce. A recently devel-
oped strategy temporarily inserts a photocleavable peptide into
class I MHC molecules; the peptide fragments during exposure
to long-wave UV irradiation, thus evacuating the peptide bind-
ing groove (32). When the emptied MHC molecule is subse-
quently supplied with an epitope of interest, a novel peptide-
MHC complex of defined specificity is generated in a single
step from a common precursor (32). This peptide exchange
approach has successfully been implemented for a variety of
murine (10, 12) and human (3, 32) MHC products to rapidly
produce arrays of MHC tetramers. These arrays can then be
employed to screen for the presence of antigen-specific CDS§
T-cell populations in infected mice in high-throughput fashion,
as we have demonstrated for Chlamydia trachomatis (12) and
Toxoplasma gondii (10). To identify H-2K"- and H-2DP-re-
stricted MHV-68-derived peptide epitopes, all of the MHV-68
ORFs were analyzed by CEPP, which combines four indepen-
dent predictive algorithms (12, 19). The 384 highest-scoring
epitopes (see Table S1 in the supplemental material) were
generated as synthetic peptides for use in the production of
MHC tetramers.

First, we confirmed that we could use this approach to gen-
erate tetramers from MHV-68-derived epitopes identified by
more conventional means: the dominant p56/H-2D® and p79/
H-2K" epitopes (23), the subdominant gBgg, 4./H-2K"
epitope (17), and the minor epitopes from ORF9, ORF61, and
ORF44 (23). As expected, the tetramers made with the p56/
H-2D" epitope, the p79/H-2K" epitope, and the gBgg4612/H-
2K" epitope all stained the corresponding subsets of CD8 T
cells from MHV-68-infected animals, but both H-2K" and
H-2DP tetramers made with the minor epitopes from ORF9,
ORF61, and ORF44 did not stain the CD8 T-cell population
from the infected animals (data not shown). The reasons for
our failure to detect these epitopes were not explored further.
We next performed a screen to identify additional epitopes for
MHV-68. Splenic CDS8 T cells from uninfected and MHV-68-
infected C57BL/6 mice were collected and purified at 9 and 42
days after infection and stained with freshly generated H-2K"
and H-2D" tetramers. We identified 16 H-2K® epitopes and
three H-2DP epitopes, mapped to 16 different ORFs (Table 1;
Fig. 1). At day 42 we did not detect a response against epitopes
not already seen at day 9 in the CDS8 T-cell response.

We further classified the possible epitopes as derived from
immediate-early (IE), early (E), and late (L) gene products (1,
7,18) (Table 1; Fig. 1). We did not detect any tetramer-positive
cells that recognized epitopes derived from IE viral proteins.
About half of the viral proteins that gave rise to CD8 T-cell
epitopes in this screen were derived from L proteins and in-
cluded structural proteins (capsid, tegument, and envelope
proteins). Other epitopes were derived from E gene products
(ORF6, ORF9, ORF21, ORF54, ORF59, and ORF61) that
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TABLE 1. Characterization of epitopes
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% CD8*/MHC-PE™ at day:

ORF Amlr}q acid Peptide sequence Proposed function Restriction  Response Gen§ 6 10
positions element type expression
Mean SD Mean SD

ORF75¢c  940-947 KSLTYYKL Tegument protein/FGARATc ~ H-2K° E L 4513 1311  3.673 0.691

ORF39 167-174 FVYLFHFM Virion membrane H-2K" E L 1.927 0.121  1.530 1.530
glycoprotein M

ORF48 148-155 TNYKFSLV Hypothetical protein H-2K" E E 1.103 0.166  1.027 0.130

ORF56 108-115 SCLDYSHL Component of herpesvirus H-2K" E L 0.520 0.325 0.260 0.060
helicase-primase complex

ORF62 272-279  RSYIYYAL Capsid assembly and DNA H-2K° E E-L 0.443 0.021  0.223 0.085
maturation protein

ORF26 132-139  VNLVFPSV Capsid protein H-2K° E L 0.400 0.036  0.203 0.068

ORF7 491-498 LGSVYYKL DNA packaging and H-2K" E E 0.310 0.191  0.223 0.045
transport protein

ORF75¢  935-942  AILKFKSL Tegument protein/FGARATc ~ H-2K® E L 0.283 0.075 0.128 0.020

ORF9 682-689 SVYGFTGV DNA polymerase family B H-2K° E E 0.233  0.104  0.200 0.066

ORF58 124-131 CNRIYARL Hypothetical protein H-2K" E E-L 0.173 0.042 0.165 0.010

ORF61 524-531  TSINFVKI (p79) Ribonucleotide reductase, H-2K® L E 1.640 0308 8.953 2.673
large subunit

ORF8 604-612 KNYIFEEKL Virion membrane H-2K° L L 0.650 0.125 2.410 0.596
glycoprotein B

ORF61 164-171 ITYFFEMI Ribonucleotide reductase, H-2K® L E 1.127 0.204 1.937 0.049
large subunit

ORF54 253-260 AVVQFIRV dUTPase H-2K° L E 0.663 0.572  1.700 0.729

ORF25 524-531 LSPPMAHL Herpesvirus major capsid H-2K" L L 0.237 0.031 1.353 0.942
protein

ORF6 15-22 AGYIYYQL Major ssDNA“ binding H-2K" L E 0.240 0.053 0.333 0.241
protein

ORF21 304-311 TGFRYSYM Herpesvirus thymidine kinase =~ H-2K® L E 0.142 0.041  0.193 0.071

ORF59 74-81 AIYSFRNA DNA polymerase, H-2K° L E 0.180 0.060  0.137 0.141
processivity subunit

ORF75¢  176-184 SAIENYETF Tegument protein/FGARATc ~ H-2D° E L 0.870 0.421  0.343 0.083

ORF6 487-495 AGPHNDMEI (p56) Major ssDNA binding H-2D® L E 2.020 0.567 3.710 1.141
protein

ORF17 308-316 SAITNHAAF Capsid protein H-2D® L L 0.473 0207 0.933 0.435

ORF6 164-172  SAPMKTVTI Major ssDNA binding H-2D® L E 0.197 0.074  0.203 0.057
protein

Total % 18.344 29.837

“ ssDNA, single-stranded DNA.

participate in DNA replication (34). We also classified
epitopes as being derived from essential and nonessential

ORFs for in vitro growth (according to the division made

through a transposon mutagenesis screening of MHV-68) (22).
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While half of the ORFs are essential, three-quarters of the
CDS8 T-cell epitopes are derived from essential ORFs (Fig. 1).

Post hoc analysis of the epitope prediction performance.
Vaccinia virus encodes 250 ORFs that yield approximately

FIG. 1. Mapping of CD8 T-cell epitopes in the MHV-68 genome. Sequences of the identified epitopes are mapped to their respective positions
in the MHV-68 genome. The upper row depicts ORFs labeled as essential (blue) or nonessential (gray) genes, with the identity of the respective
ORF from which the epitopes derive shown (22). In the lower row, the arrows indicate the transcriptional profile of the respective ORFs (1, 7,
18). Early-Late (E-L) refers to transcriptional classes in which both E and L gene expression has been demonstrated (1, 18). Sequences for
previously identified epitopes are denoted with an asterisk, and H-2D® epitopes are shaded in gray.
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FIG. 2. Post hoc analysis of the CEPP performance. The top-rank-
ing 0.5% of candidate peptides derived from MHV-68 and vaccinia
virus (VV), as assigned by the CEPP, are plotted (x axis) against those
epitopes that were confirmed to give a CD8 T-cell response (y axis).
Each confirmed epitope is treated as an individual and discrete event.
The vertical line depicts the 0.5% cutoff value of the top-ranking
epitopes of the MHV-68 screen. Based on the results obtained with
vaccinia virus, there are significantly (P = 0.034) fewer H-2DP-re-
stricced MHV-68 epitopes than expected for that restriction element.

56,400 peptides when the entire proteome is subjected to the
CEPP (19). From the candidate peptides, 49 vaccinia virus
epitopes were identified, of which 18 were H-2K"-restricted
octamers and 18 were H-2D"-restricted nonamers (19). For
both restriction elements, the majority of these epitopes were
shown to fall within the top 300 (0.5%) of the highest-ranking
peptides (19). Our CEPP was constructed based on the algo-
rithms reported by reference 19), and thus their prediction
success rate for vaccinia virus could be replicated (Fig. 2).
Using this CEPP, the MHV-68 genome (81 ORFs) yielded
~37,500 possible peptides and led us to screen the highest-
ranked 192 (0.5%) H-2K" octamers and 192 (0.5%) H-2D"
nonamers. We detected a CDS8 T-cell response toward 16
H-2K" epitopes but to only three H-2D" epitopes (Fig. 2). Is
the preferential occurrence of H-2K® epitopes an idiosyncratic
property of MHV-68 itself? Based on the equal distribution of
vaccinia virus epitopes over the H-2K" and H-2D" restriction
elements and taking into account the difference in genome size
between vaccinia virus and MHV-68, we calculated the ex-
pected number of H-2K® and H-2D" epitopes in MHV-68.
Assuming that the list of vaccinia virus epitopes represents an
unbiased sampling of the possible epitopes by the immune
system of the C57BL/6 mouse, the number of MHV-68-derived
H-2K" epitopes does not significantly deviate from the ex-
pected value, whereas a significant underrepresentation (P =
0.034) of H-2DP-restricted epitopes is observed.

The CD8 T-cell response in the course of MHV-68 infection
shows differential kinetics. MHV-68 is characterized by an
acute phase during in vivo infection. Depending on the route
of infection, the virus is generally cleared by 10 to 15 days (6,
27, 36), after which it establishes early latency, and then—after
some 6 weeks—it enters a late latent phase (31). We related
the kinetics of the CD8 T-cell response to viral clearance. Mice
were infected with MHV-68, and after 3, 6, 10, 17, 42, and 147
days, splenocytes were collected for tetramer and surface
marker staining. Whole blood was also collected for real-time
PCR analysis of MHV genome copy number. We measured
clearance of MHV-68 by real-time PCR and detected a steady
decline in viral gB copy number from day 3 onwards, approach-
ing the limit of detection by day 42, a time at which latency has
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FIG. 3. Real-time PCR of MHV-68 gB at various dpi. Real-time
PCR was performed on whole blood from MHV-68-infected mice at
different times pi. The data are presented as viral genome copy number
relative to the copy number of rpl8 with background measurements
from uninfected samples subtracted from each sample. Each time
point represents blood samples from three animals. The horizontal line
denotes the detection limit of the assay.

usually been established (31, 36) (Fig. 3). We found a CDS8
T-cell response in which some of the epitopes appeared to
peak as early as 6 dpi, whereas others peaked at 10 dpi (Fig. 4
and 5). Most epitopes were still present at days 42 and 147,
even if the levels were low or, for some epitopes, nearly unde-
tectable (Fig. 5). The p79/H-2K"-derived epitope peaked at
around 10 to 17 dpi, in accordance with previous data (23).
High coverage of the CD8 T-cell response by the 21 known
MHV-68 epitopes. As seen for other virus infections also, the
entire virus-specific CD8 T-cell pool expands dramatically
when the acute phase of infection is being resolved (5, 21).
Summation of the individual percentages of all MHV-68-spe-
cific CD8 T-cell responses yielded a value of 18% of the total
CDS8 pool in the spleen at day 6 and 30% at day 10 (Table 1),
not taking into account possible cross-reactions among indi-
vidual tetramer-positive CD8 T-cell populations. The tet-
ramer-positive CD8 T cells showed upregulation of expression
of CD44, consistent with persistent activation of these cells
(Fig. 6A). Already at early time points we found uniform
downregulation of CD62L on tetramer-positive cells, com-
pared with the total CD8 T-cell pool in MHV-68-infected mice
and in uninfected animals, consistent with T-cell receptor
(TCR) stimulation. MHV-68 has been shown to elicit a per-
sistent activation of CD8 T cells through stimulation by the
MHV-68-encoded M1 protein of TCR V4™ cells (9). Inter-
estingly, when staining for V4™ on CDS8 T cells at day 42 pi
using a pool of MHC tetramers presenting the 10 most abun-
dant epitopes at this time, we found lower expression of V4™
in the epitope-positive CD8 T cells than in the whole CDS§
T-cell population (data not shown). Furthermore, the tet-
ramer-positive cells showed a robust IFN-y response upon
restimulation in vitro with the corresponding peptide (Fig. 6B).

DISCUSSION

Relatively little is known about the CTL response to
MHV-68 in H-2° mice. So far, only six H-2"-restricted CD8
T-cell epitopes have been described (17, 23). It is to be ex-
pected that there are a significant number of unknown
epitopes in highly complex viruses such as herpesviruses. Lim-
itations in the techniques previously used for epitope identifi-
cation have surely contributed to this shortfall.
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FIG. 4. Screening for MHV-68-specific CD8 T-cell epitopes with MHC tetramers. Staining of splenocytes with H-2K® and H-2D" tetramers
with the indicated peptides (A) at day 6 pi for the epitopes against which the CD8 T-cell response peaks earlier and (B) at day 10 pi for epitopes
against which the CD8 T-cell response peaks later reveals the antigen-specific CD8 T-cell subpopulations following MHV-68 infection. Repre-
sentative stains from one of three mice. PE, phycoerythrin; PB, Pacific Blue.

For example, greater than 70% of the CTL response in
C57BL/6 mice against herpes simplex virus type 1 (HSV-1) is
directed against a single epitope derived from glycoprotein B
(gB4os_s0s) (35). Upon mutation of the anchor residue in
€B,os 505, Only a modest reduction of the HSV-specific CTL
response was seen, and this compensation was not accounted
for by the already-known subdominant epitope (RRgys g59)
(26). This suggests that a yet-unknown epitope(s) to HSV-1
exists and can elicit a strong response in the absence of the
dominant epitope (26). A genomic approach that identified 24
H-2"-restricted murine cytomegalovirus (MCMYV) epitopes
from 18 different viral proteins (among which 10 were H-2D"
restricted and 14 were H-2K" restricted) (21) likewise testifies
to the highly diverse CD8 T-cell response against a herpesvirus
in its natural host. Here we identify 19 new epitopes using a
class I MHC tetramer-based screen, applied to the commonly
used MHV-68 infectious model in C57BL/6 mice. We found
that the CD8 T-cell response to MHV-68 is far broader than
previously appreciated.

Which are the viral proteins most likely to elicit a CTL
response, and what is the number of CDS8 T cells expected to
respond to a single pathogen? The primary response to EBV
involves up to 30% of the CD8 T cells in some cases and is
dominated by clonal populations of CD8 T cells specific for
one or a few epitopes, but multiple smaller clones consisting of
subdominant responses participate as well (as reviewed in ref-
erence 5). This response is directed at both lytic IE and E
proteins and from proteins expressed in the latent phase. In
HLA-A2-positive individuals, the acute anti-EBV HLA-A2-

restricted CD8 T-cell response includes as many as 12% of
total CD8 T cells and targets the early lytic cycle proteins
BMLF1 and BMRF]I, whereas the response toward latent
EBV proteins is much lower: the frequency of HLA-BS8-re-
stricted EBNA3A-specific CD8 T cells is <2.5% and some-
times even undetectable at the first sampling point (5). For a
population that covers most common class I MHC alleles (15
HLA-A, 26 HLA-B, and 13 HLA-C alleles represented), a
total of 107 human cytomegalovirus (HCMV) ORFs contrib-
ute to the CD8 T-cell response (29). In the aggregate, then, we
should expect the CD8 T-cell response against a typical her-
pesvirus in its natural host to be highly complex.

The ORFs recognized by the HCMV-specific CD8 T cells
span all kinetic and functional categories, and ORF immuno-
genicity was influenced only modestly by expression kinetics
and function (29). IE gene products were recognized threefold
more frequently than their numerical representation in the
genome, compared to other classes, which all were recognized
in proportion to the coding space occupied. The total HCMV-
specific CDS8 T-cell response comprises on average around
10% of the CD8 T-cell memory compartment in blood (29).
Acute MCMV infection yields a broad CD8 T-cell response
comprising at least 24 epitopes that account for about 50% of
total CD8 T cells at 7 dpi and are derived mostly from E genes
(21). For MHV-68 the various transcriptional classes have not
all been verified experimentally and not all published data are
in agreement (1, 7, 18). Around half of the epitopes identified
in the present study are encoded by E genes and half by L
genes, with no epitopes derived from IE genes (Fig. 1).
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FIG. 5. CD8 T-cell response to MHV-68. Cell surface staining with the respective H-2K” and H-2D" tetramers at different time points after
infection. The panels show the epitopes according to the division of the respective CD8 T-cell responses into an earlier response with a peak at
6 dpi (A) and a later response with the peak at 10 dpi (B). Data shown represent three individual mice per time point. PE, phycoerythrin.

For MCMYV, the CD8 T-cell response to some epitopes
continues to increase with time (14) and, in chronically in-
fected mice, is dominated by only 3 of the 24 epitopes identi-
fied (20, 21). Two additional epitopes encoded by the IE gene
IE3 were recognized by CD8 T cells only during chronic infec-
tion (20). We performed our epitope screen at day 9 and day
42 pi and did not observe the emergence of new epitopes at day
42. However, to observe shifts similar to the one seen for
MCMYV, longer observation periods may be required (20). In
the case of MCMYV, the chronic phase can last 1.5 years, during
which memory cells could expand preferentially in response to
select peptides that are generated during the attempts of the
virus to reactivate.

In our infectious model we found that the CD8 T-cell re-
sponse kinetics is characterized by some epitopes that tend to
peak earlier than others. These peaks could broadly be cate-
gorized into two groups, with the earlier response peaking
around 6 dpi and a slightly later response peaking around 10
dpi. The asynchronous response kinetics probably describes a
continuum that stems from differences in viral gene or protein
expression, antigen processing and presentation, and the in-
duced strength of the CD8 T-cell response. The MHV-68 lytic
cycle epitopes p79/H-2K" and p56/H-2D" reported earlier (23)
are generated in two distinct phases during infection, with an

initial prominent response to p56/H-2D" and a slower p79/H-
2K® response, with a maximum after 15 to 20 days (23). By 30
to 40 days, all peptide-specific CTLs had declined in numbers
(23). Experiments on the p79/H-2K®, p56/H-2D", and gBg4 1o/
H-2K" epitopes yielded two patterns, assayed with antigen-
specific hybridomas: a peak at day 6 in the mediastinal lymph
nodes and a peak at day 18 in spleen (16). Again, none of the
lytic antigens were detected after 30 days of infection. We find
that the response against all epitopes declines with time, but
most responses are still detectable at days 42 and 147. Note-
worthy is that in both the above-mentioned studies the animals
were infected intranasally, which might well approximate the
natural route of infection, and not i.p. as in our study. The
different route of infection, as well as the viral dose, could
affect the composition and the kinetics of the immune re-
sponse. However, both intranasal and i.p. infections are com-
monly used for the MHV-68 model, and it has been shown that
for the establishment and maintenance of latency, neither the
dose nor the route of infection is important (31). Only at very
low viral doses were the acute-phase replication and viral clear-
ance shown to be delayed (31). Therefore, the likelihood of
major differences in the viral clearance and the immune re-
sponse in the different infectious systems is small.

MHV-68 elicits a persistent activation of CD8 T cells
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through stimulation by the MHV-68-encoded M1 protein of
TCR VB4™" cells (9). These cells exhibit memory T-cell char-
acteristics and appear to suppress virus reactivation from peri-
toneal cells by means of IFN-y production. The activation of
these VB4* CD8 T cells is independent of class I MHC ex-
pression, and instead M1 may signal through a nonclassical
MHC class Ib molecule or manipulate TCR or CDS8 ligation
(9). It is not known at present whether these M1-reactive cells
are specific for MHV-68 or whether they are T cells that simply
respond to the M1 protein through ligation of a specific recep-
tor for M1. The expansion of VB4 CD8 T cells begins 18 to
20 dpi (9) and has also been shown to expand after the epitope-
specific T cells already have declined (23). We found lower
percentages of V4™ CD8 T-cell populations in the tetramer-
positive CD8 T cells than in the general CD8 T-cell popula-
tions at 42 dpi, indicating that for the identified epitope-spe-
cific T cells, VB4 usage by the corresponding TCRs is not
higher than that for the general population of CD8 T cells, but
rather lower. These data are in accordance with the previously
reported findings that VB4™ CD8 T cells did not respond to
any of the epitopes tested in CTL assays (23), as well as the
finding that sorted V4" CD8 T cells from MHV-68-infected
mice showed specific CTL precursor frequencies significantly
lower than those for all sorted CDS8 T cells (23).

The epitope-specific populations described in this study
were uniformly CD62L'* and CD44™ over the 42 days, consis-
tent with their being an effector subset (39), whereas the CD8
T-cell population as a whole contained CD8 T cells that were
both CD62L" and CD62L'; the CD44 expression declined

gradually, but not to the level seen for CD8 T cells from
uninfected mice for at least 42 dpi.

Do MHV-68-infected cells preferentially present H-2K"-re-
stricted epitopes? One could argue that there is a bias toward
the prediction of H-2K" epitopes in the prediction programs
that were used, but we do not think that this is the case. Using
very similar algorithms, Sette and coworkers examined the
H-2"-restricted CD8 T-cell response against vaccinia virus
(19). They identified a total of some 50 epitopes, equally dis-
tributed over H-2K® and H-2D® restriction elements, which
represent the vast majority of the total vaccinia virus CDS§
T-cell response in C57BL/6 mice. As described in Results,
we find a striking underrepresentation of H-2D"-restricted
epitopes. Although we cannot establish what could account for
the bias against H-2D"-restricted epitopes, immune selection
could certainly be a contributing factor.

MHV-68 mutants that—through mutation in the course of
coevolution with their host—lose CD8 T-cell epitopes would
be expected to have a selective advantage, and over time sev-
eral such mutations may have become fixed in the currently
prevalent strains of MHV-68. Also, the ability of MHV-68 to
persist in a latent state for the lifetime of the host is possibly
relevant for immune control exerted by CD8 T cells and a
further target for immune selection against class I MHC-re-
stricted epitopes. Whether the skewing of the CDS8 T-cell rep-
ertoire against MHV-68 toward H-2K"-restricted epitopes and
the avoidance of H-2D" as a restriction element could be the
evolutionary results of CD8-driven processes is open to debate.
However, the MHV-68 K3 product targets the H-2K®, H-2D,
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and H-2L“ molecules both in lytically infected fibroblasts and
in vivo for destruction and would thus thwart their use as
restriction elements (24, 25). Downregulation of H-2K® and
H-2D" in vivo is difficult to measure, especially since we cannot
directly access the antigen-presenting cells responsible for
priming the CD8 T-cell response. Even low levels of H-2K"
and/or H-2D will contribute to presenting peptides to CD8 T
cells. Perhaps the MHV-68-encoded K3 is more efficient at
downregulating H-2D®, and epitopes possibly restricted by
H-2D® would end up being underrepresented.

In any case, the increased number of epitopes now available
for MHV-68 will make it possible to further dissect the host
response to this complex pathogen and map specific T-cell
responses, as well as define more accurately what is required to
generate a protective T-cell response.
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