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Responses of cytotoxic T-cells (Tc) to human cytomegalovirus (CMV) represent the predominant mechanism
by which hosts resist CMV infection. The CMV major immediate-early protein (IE) is present throughout the
virus replicative cycle. Studies were performed to determine whether Tc specific for IE effectively lyse

CMV-infected targets and are thus capable of providing protective immunity against infection. After in vitro
stimulation of peripheral blood mononuclear cells with CMV-infected autologous fibroblasts, Tc specific for IE
were not readily detectable in CMV-reactive polyclonal Tc lines. However, after stimulation of peripheral
blood mononuclear cells with cells selectively expressing IE, weak but detectable IE-specific Tc responses were
observed. The frequency of IE-specific Tc clones derived from cultures stimulated with IE-expressing cells was
50 to 100 times lower than the frequency of Tc clones specific for other CMV proteins isolated from cultures
stimulated with CMV-infected cells. All of the IE-specific Tc clones, which efficiently lysed targets selectively
expressing IE, demonstrated minimal lysis of CMV-infected fibroblasts, despite abundant IE expression in
these target cells. In contrast to these results with IE, other viral proteins were efficiently presented during all
phases ofCMV infection. These data suggest that CMV has evolved a unique mechanism for selectively limiting
the presentation of the potentially immunogenic IE protein, which may preclude IE-specific Tc from providing
protective immunity to CMV infection.

Cytotoxic T lymphocytes (Tc) specific for human cyto-
megalovirus (CMV) can be isolated from the peripheral
blood of healthy seropositive individuals. The loss of such
Tc in immunocompromised hosts is associated with a high
risk of CMV disease (30, 31). CMV has the largest genome of
any DNA virus causing disease in humans, encoding more
than 200 potentially immunogenic proteins (22). Several
CMV proteins have been shown to serve as target antigens
for the class I-restricted CD8+ Tc responses to CMV,
including the major immediate-early protein (IE) (5), glyco-
protein B (gB) (5), and nonenvelope structural virion pro-
teins such as the matrix protein pp65 (24). However, the
specificity of Tc capable of mediating protective immunity to
CMV and the identities of the viral proteins that might be
most efficiently used to stimulate therapeutic or protective
Tc responses to CMV have not been completely defined.
The CMV major IE represents a potentially important

target antigen for Tc responsible for controlling and/or
eliminating CMV infection. First, IE is among the initial viral
proteins expressed and is present in abundance within 4 h of
infection (3, 11, 17, 25, 36-38), long before new virions can
be assembled (22). Second, the nucleotide sequence of the
IE gene is highly conserved among many strains of CMV (1,
17), suggesting that strains containing a mutated IE gene
which may evade recognition by an IE-specific cellular
immune response are unlikely to arise. Third, IE gene
expression is necessary for inducing the expression of other
CMV genes and initiating the viral life cycle in latently
infected cells (16, 23, 39). Finally, immunization of mice with
a recombinant vaccinia virus containing the functional ho-
molog of CMV IE in murine cytomegalovirus (MCMV),
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pp89, induces CD8+ Tc responses that mediate protective
immunity from challenge with MCMV (19).
The presence of a Tc response to IE as part of the host

response to human CMV infection has been variably re-
ported in different studies (4, 5, 34). Our laboratory has
developed methods to reproducibly generate and expand Tc
reactive with CMV (6, 21, 33, 34), and the target antigen
specificity of these responses can be analyzed with the use of
vectors selectively expressing products of individual CMV
genes. In this study, we have used this approach to evaluate
the relative frequency of IE-specific Tc compared with Tc
recognizing other CMV proteins and to determine the rela-
tive efficiency of IE-specific Tc in lysing CMV-infected
target cells over the course of replicative infection. Our
results suggest that CMV has evolved a mechanism by which
other proteins encoded by the virus can selectively interfere
with the presentation of IE-derived peptides in association
with class I major histocompatibility complex (MHC) mole-
cules and that Tc which recognize IE may not be well suited
to provide protective responses against CMV infection.

MATERLILS AND METHODS

Virus and cell lines. Dermal fibroblast lines were generated
from 3-mm skin biopsies obtained from human CMV sero-

positive volunteers as described previously (34). Fibroblasts
were used between passages 3 and 14 for all experiments.
Human foreskin fibroblast cultures were established and
propagated in Dulbecco's medium supplemented with 10%
fetal calf serum, penicillin, and streptomycin.

Fibroblast lines constitutively expressing the CMV IE
gene were established by transduction with a retrovirus
(LNC IE) kindly provided by E. Gilboa (Memorial Sloan
Kettering Cancer Center), in which the neomycin resistance
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gene is under control of the Moloney virus long terminal
repeat and the CMV IE1 gene is under the transcriptional
control of the CMV alpha promoter. The retrovirus was
added to fibroblast cultures at 50% confluence in the pres-
ence of 4 ,ug of Polybrene per ml, and transduced cells were
selected by the addition of 1.5 mg of G418 (GIBCO-Bethesda
Research Laboratories, Gaithersburg, Md.) per ml. The
IE-expressing fibroblasts, denoted FIBROIE, were main-
tained with Waymouth's medium supplemented with 16%
fetal calf serum, penicillin, streptomycin, and G418.

Epstein-Barr virus (EBV)-transformed B-lymphoblastoid
cell lines were generated as described previously (32).
Human CMV strain AD169 was obtained from the Amer-

ican Type Culture Collection, Rockville, Md., and propa-
gated by three serial passages as described previously (34).
Stocks of AD169 were stored frozen at a titer of 5 x 106
PFU/ml.

Wild-type vaccinia virus, strain Var, and the vaccinia
recombinant virus (vacIE) encoding the 72-kDa IE protein of
CMV under the control of the vaccinia virus p7.5 promoter
were kindly provided by E. Paoletti (Virogenetics Corp.).

Isolation of Tc lines and clones. Short-term Tc lines and
clones specific for CMV were isolated from seropositive
donors MR (HLA phenotype, A24,25/B18,35) and TM
(A3,24/B8,51), and Tc clones specific for gB were isolated
from donor MR as previously described (34). Short-term
IE-specific Tc lines and CD8+ Tc clones were isolated from
donors MR and TM by a modification of methods previously
described (34). Briefly, after isolation from heparinized
whole blood, peripheral blood mononuclear cells (PBMC)
were cocultured at a responder-to-stimulator ratio of 30:1
with either FIBROIE stimulators or vacIE-infected autolo-
gous fibroblasts in RPMI-N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (HEPES) medium supplemented with
10% human AB' serum, penicillin, streptomycin, 2-mercap-
toethanol, and glutamine. After 12 h of infection, vacIE-
infected fibroblasts were exposed to a UV germicidal lamp to
inactivate any viable virus. Stimulator cells identically de-
rived were used for each restimulation and for the generation
of IE-specific Tc clones.
Tc specific for pp65 were isolated from seropositive donor

CM (A1,2/B35,57) by a recently described method (24).
Briefly, cultures were stimulated with autologous fibroblasts
pulsed for 1 h at 37°C with 100-,ug/ml fractions of pp65
peptides purified by high-performance liquid chromatogra-
phy after CNBr digestion of purified pp65 protein generated
by recombinant DNA techniques. The peptide fractions of
pp65 were provided by Steven Forman, City of Hope
Medical Center (28), and resuspended in medium for use.
Chromium release assay. Cytolytic activity was measured

by a standard 5-h chromium release assay with CMV- or
vaccinia virus-infected targets as described previously (34).
In selected experiments, fibroblasts were pretreated by
culture in the presence of 100 U of gamma interferon (IFN--y)
(Boehringer-Mannheim, Indianapolis, Ind.) per ml for 48 h.
The fibroblast cultures were then washed to remove the
IFN-y prior to virus inoculation. Spontaneous release for all
assays was less than 20% of maximum values.

Radioimmunoprecipitation. Radioimmunoprecipitation was
performed by modifications of methods previously described
(34). Monolayers of human foreskin fibroblasts were infected
with CMV at a multiplicity of infection (MOI) of 5 with or
without 48-h pretreatment with IFN--y and were radiola-
belled for 30 min at 37°C with 0.2 mCi of [35S]methionine
(Amersham, Downers Grove, Ill.) per ml during the final half
hour of infection prior to their harvest. Cells were lysed with

lysis buffer (1% [vol/vol] Nonidet P-40, 0.5% [vol/vol] so-
dium deoxycholate, 0.1% [wt/vol] sodium dodecyl sulfate
(SDS), 1 ,ug of aprotinin per ml, 100 ,ug of phenylmethylsul-
fonyl fluoride per ml, 0.02% [wt/vol] sodium azide, 1%
[wt/vol] bovine hemoglobin in phosphate-buffered saline, pH
8.5) and precleared with Staphylococcus protein A cells
(Immuno-Precipitin; Bethesda Research Laboratories). The
72-kDa IE protein was immunoprecipitated from lysates
with monoclonal antibody (MAb) 6E3 (38) kindly provided
by S. Barr (Syva Corporation, San Jose, Calif.) and Staph-
ylococcus protein A cells and analyzed by SDS-polyacryl-
amide gel electrophoresis under reducing conditions. Gels
were incubated with Autofluor (National Diagnostics) for 1 h
prior to desiccation and autoradiography.

Surface phenotyping and MHC quantification. An analysis
of the surface phenotypes of isolated Tc clones was per-
formed as previously described (34) with the following
murine MAbs: anti-Leu 1 to CD16, anti-Leu 2a to CD8,
anti-Leu 3a to CD4, anti-Leu 4 to CD3, and anti-TCR1 to the
a113 Tc receptor (Becton-Dickinson, Mountain View, Calif.)
or anti-pan-delta to the -y/8 Tc receptor (T Cell Science,
Cambridge, Mass.). Fibroblasts with or without a 48-h
preincubation with IFN--y were mock infected or infected
with CMV at an MOI of 5 for 6, 24, or 48 h. Murine MAb
w6/32, which recognizes a public HLA class I epitope, was
kindly provided by D. Geraghty (Fred Hutchinson Cancer
Research Center, Seattle, Wash.).

RESULTS

Isolation and characterization of IE-specific Tc clones.
Previous studies in our laboratory demonstrated that Tc
from PBMC of CMV-seropositive donors isolated in vitro
after stimulation with CMV-infected autologous fibroblasts
predominantly recognize CMV antigens derived from the
nonenvelope structural proteins of the virion (34). To deter-
mine whether these bulk cultures contained IE-specific Tc,
polyclonal Tc lines generated by two cycles of stimulation
were analyzed for MHC-restricted lysis of target cells in-
fected for 6 h with CMV or for 12 h with vacIE. Target cells
were lysed equally well by Tc from 6 to 24 h after CMV
infection and from 12 to 24 h after vacIE infection; targets
infected for 6 h with CMV or for 12 h with vacIE were
selected for analysis to avoid any contribution of cytopathic
effect by these viruses on the cytolytic results. Bulk cultures
of Tc isolated from each of 10 seropositive individuals
representative of a broad number of MHC alleles were
highly lytic for CMV-infected targets but demonstrated no
significant lytic activity for autologous compared with allo-
geneic vacIE-infected targets (Table 1). Two of these Tc
lines were subsequently studied in more detail (Table 2).
These lines demonstrated specific lyses of CMV-infected
targets of 30 and 23% at an effector/target ratio of 20:1 and
<2% lysis of vacIE-expressing targets.
The failure to detect IE reactivity in these virus-specific

Tc lines might result from preferential activation of Tc other
than those recognizing IE during in vitro culture with CMV-
infected stimulator cells. Therefore, Tc from two seroposi-
tive individuals (MR and TM) were isolated by in vitro
stimulation of PBMC with autologous fibroblasts which
selectively expressed IE after either transduction with a
retrovirus (denoted FIBROIE) or infection with vacIE (Table
2). After two to three weekly stimulation cycles, the poly-
clonal Tc cultures were analyzed for lysis of autologous and
HLA-mismatched fibroblasts selectively expressing IE.
Only very weak cytolytic activity was observed with IE-
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TABLE 1. CMV- versus IE-specific Tc responses in Tc cultures stimulated with CMV-infected cells'

% Specific lysis of
Polyclonal HLA type E/T Autologous targets Allogeneic targets
Tcline__________________ _________________

CMV Mock vaclE CMV Mock vacIE

BH A1/B8 15:1 60 3 5 13 14 12
CG A2,32/B27,35 20:1 47 0 10 5 2 11
CM A1,2/B35,57 12.5:1 45 3 3 0 0 3
CO A28,33/B14 20:1 49 1 6 0 0 5
DH A1,31/B38,44 20:1 39 1 0 2 0 2
JB A1,2/B8,44 20:1 23 2 3 ND ND ND
MR A24,25/B18,35 20:1 53 3 1 3 3 3
PJS A1,24/B37,49 15:1 35 4 7 ND ND ND
SS A1,2/B13,51 20:1 52 7 11 8 9 9
TM A3,24/B8,51 20:1 38 3 2 2 1 3

a Comparison of CMV- versus TE-specific Tc responses in polyclonal Tc cultures from 10 individuals. Autologous and allogeneic fibroblast targets were mock
infected (Mock), infected with CMV strain AD169 at an MOI of 5, or infected with vaclE at an MOI of 10. Polyclonal Tc lines were generated in vitro by
stimulation with CMV-infected autologous fibroblasts. Standard 5-h chromium release assays were performed at the effector/target ratios (E/r) indicated. HLA
alleles are also displayed. ND, not determined.

expressing targets, and these Tc exhibited no detectable lytic
activity with CMV-infected targets. The low level of IE-
specific lytic activity detected in these cultures suggested
that IE-reactive Tc either are present in low frequency or

lyse IE-expressing targets inefficiently.
To better analyze the nature and function of Tc specific for

the IE protein, Tc clones were generated from Tc cultures
initiated by stimulation of PBMC with autologous fibroblasts
either constitutively expressing IE or infected with CMV.
After two stimulation cycles, Tc clones were isolated from
the polyclonal cultures by plating Tc at a limiting dilution of
0.3 Tc per well with autologous stimulator and filler cells,
and the frequency of IE-reactive Tc was compared with that

of Tc reactive with other CMV proteins. Wells which
demonstrated growth were analyzed for phenotype by flow
cytometry for CD3, CD8, and ci/13 Tc receptor expression
and for function by chromium release assay for MHC-
restricted cytotoxicity of CMV- or vacIE-infected targets.
From 3,840 wells plated at 0.3 cells per well from donors MR
and TM, two MR and four TM IE-specific Tc clones were

isolated, resulting in frequencies of 0.001 and 0.003, respec-
tively (Table 2). In contrast to the weak lytic activity
observed with the polyclonal IE-reactive Tc lines, all of the
clones exhibited strong lytic activity for targets selectively
expressing IE but again failed to lyse CMV-infected targets.
By comparison, 62 MR CMV-specific Tc clones and 45 TM

TABLE 2. Isolation frequencies, HLA restricting elements, and specificities of target cell lysis of CMV- versus IE-specific Tc clones

% Specific lysis
IsolationHLA Aillogeneic

Tc clone frequency restricting Autologous targets targets
element" __

CMV FIBROIE vaclE vac vacIE

CMV specific
MR polyclonal Tc lines 30c 1c 2c 3C
20D11 62/288 (0.215) B18 46 0 0 0 1
2D10 B18 55 0 0 2 1
3F6 B18 44 0 0 1 1
8C8 B18 53 2 1 3 2

TM polyclonal Tc lines 23c 2c 2C 3C
6C3 45/288 (0.156) A24 53 0 0 1 4
4C3 A24 34 1 0 0 2
2E10 A24 40 3 0 2 1
2B1 A24 49 1 1 2 1

IE specific
MR polyclonal Tc lines lc1Oc 6c 2C
10H5 2/1,152 (0.001) B18 0 79 35 0 1
4C9 B18 0 70 42 1 1

TM polyclonal Tc lines 2c 15c 9c 1c 0C
1B8 4/1,152 (0.003) A24 0 62 43 0 1
2A2 A24 0 65 39 2 1
2A3 A24 0 60 38 2 1
2A6 B8 0 92 32 0 2

a The isolation frequency (in parentheses) was calculated by dividing the number of clones isolated (numerator) by the number of wells seeded times 0.3
(denominator) (the 0.3 multiplier corrects for the number of wells expected to not contain cells since cells were seeded at 0.3 cells per well).

b HLA restriction elements were determined for each clone by chromium release assay by analyzing the lytic responses of infected allogeneic fibroblasts which
express a single class I HLA allele common to both targets and effectors. All chromium release assays were performed at an effector/target ratio of 10.

c Specific lysis of designated targets by original polyclonal Tc culture.
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CMV-specific Tc clones were isolated from 960 wells plated
at 0.3 cells per well with CMV-infected targets as stimula-
tors, resulting in frequencies of 0.215 and 0.156, respectively
(Table 2). These clones efficiently lysed CMV-infected tar-
gets but failed to lyse targets selectively expressing IE.
Thus, IE-specific Tc are ineffective at lysing CMV-infected
targets and are present at a frequency approximately 50- to
100-fold less than that of Tc reactive to other CMV proteins.
The HLA-restricting element utilized by representative Tc

clones was analyzed with allogeneic fibroblasts matched for
a single MHC allele infected with either CMV or vacIE
(Table 2). Tc elicited in response to CMV demonstrated an

immunodominant response, as previously described (34),
and all MR clones and TM clones tested were restricted to
B18 and A24, respectively. IE-specific Tc were restricted to
the same allele as the immunodominant CMV-specific re-

sponse for each individual but also utilized other alleles, as
evidenced by TM clone 2A6, which was restricted by B8.

Lysis of CMV-infected cells pretreated with IFN-y. The
failure of IE-specific Tc to lyse CMV-infected target cells
could result from quantitatively inefficient processing and
presentation of the abundant viral protein or from an abso-
lute blockade in presentation of IE in CMV-infected cells.
The sensitivity of CMV-infected fibroblasts to lysis by Tc
has been previously demonstrated to be enhanced by pre-
treatment of targets with IFN--y (21). Therefore, the effect of
IFN--y on the presentation of IE epitopes and the subsequent
lysis of these targets by IE-specific Tc were evaluated. Class
I gene expression on fibroblasts incubated for 48 h with 100
U of IFN--y per ml was examined by labelling cells with
fluorescein-conjugated MAb w6/32, which binds to a class I
public epitope (29). IFN--y-pretreated fibroblasts demon-
strated significantly higher levels of class I cell surface
expression throughout the course of infection from 6 to 48 h
relative to fibroblasts not treated with IFN--y (Fig. 1). To
determine the effect of IFN--y specifically on IE protein
expression, CMV-infected fibroblasts treated or not treated
with IFN--y were compared for the level of [35S]methionine-
labelled IE immunoprecipitated from cell lysates by an

IE-specific MAb at 6 and 24 h after infection with CMV at an
MOI of 5. A 72-kDa protein band was identified at similar
densities in lysates of cells independent of IFN--y pretreat-
ment (Fig. 2). Thus, IE is abundantly expressed in CMV-
infected cells, as previously reported (3, 11, 17, 25, 36-38),
but, unlike expression of class I genes which have an
IFN-responsive regulator element (7), expression of IE is
not significantly altered by IFN--y pretreatment.
To determine the effect of enhanced class I expression on

lysis of CMV-infected cells by IE-specific Tc, autologous
and HLA-mismatched fibroblasts were incubated for 48 h
with or without 100 U of IFN--y per ml, infected for 24 h with
CMV at an MOI of 5, and then analyzed for lysis by
IE-specific Tc clones TM 1B8, MR SH10, TM 2A3, MR 4C9,
and TM 2A6. These Tc clones demonstrated between 16 and
28% specific lysis of IFN-y-pretreated autologous targets
and less than 2% lysis of untreated infected targets (Fig. 3).
These data suggest that the presentation of IE in the context
of class I MHC molecules is quantitatively limited in cells
naturally infected with CMV.

Presentation of IE by target cells throughout the period of
lytic CMV infection. The above-described studies with IFN-
-y-treated target cells document that IE-derived peptides can
be processed and presented for recognition by Tc. CMV
genes are expressed in a temporal cascade after acute
infection (16, 23, 39), and thus the inefficient lysis by
IE-specific Tc observed with target cells infected for 24 h

with CMV might be predicted if effective presentation of IE
occurs only at selected time points after viral infection. The
availability of newly synthesized IE protein for presentation
in infected cells was assessed by labelling targets with
[35S]methionine, lysing the cells at multiple time points
postinfection, and immunoprecipitating labelled IE with a
MAb. Bands corresponding to the 72-kDa IE protein were
readily detectable in lysates of cells from 4 to 48 h postin-
fection (Fig. 4). Thus, as predicted (36, 38), the IE protein is
expressed in the immediate-early period postinfection and is
present in the cell throughout the lytic cycle.
The presentation of IE was assessed by infecting autolo-

gous and HLA-mismatched fibroblasts with CMV for se-
lected durations between 2 and 48 h and monitoring suscep-
tibility to lysis by IE-specific Tc clones. All eight IE-specific
Tc clones demonstrated less than 2% specific lysis of targets
throughout the period of infection (representative data from
clone TM 1B8 is shown in Fig. 5A). For comparison, we
evaluated the lysis of these targets by Tc clones specific for
two other CMV proteins, pp65 and gB, which were isolated
by stimulation with cells selectively expressing these pro-
teins. The matrix protein pp65 is a prototype of the nonstruc-
tural virion genes which we have previously described to be
introduced into the cytoplasm after viral penetration and
uncoating (34), and gB is a viral envelope protein which is
synthesized during the late phase of infection (37). A pp65-
specific Tc clone, CM 10G1, demonstrated between 11 and
51% specific lysis of autologous targets throughout the 48-h
period of infection (Fig. SB), with peak efficiency at approx-
imately 12 h. By contrast, the gB-specific Tc clone MR lEl
demonstrated most efficient lysis of autologous targets at 48
h postinfection (Fig. SC). Thus, in contrast to the IE protein,
CMV-infected cells efficiently present other CMV proteins
during the early and late phases of infection.

DISCUSSION

The IE protein of human CMV represents a theoretically
attractive target for a protective Tc response, since it is
synthesized in large amounts immediately upon infection of
cells and is present prior to the assembly of new virions.
However, our findings demonstrate that human CD8+ Tc
specific for the CMV IE protein are ineffectively activated
by cells infected with CMV and are recovered from CMV-
seropositive individuals at a low frequency relative to the
total CD8+ Tc response to other CMV proteins. Moreover,
the IE-specific Tc that can be isolated do not efficiently
recognize or lyse autologous CMV-infected target cells
throughout the immediate-early, early, and late phases of
infection, despite abundant IE expression in the target cells
during these time periods. The low frequency of IE-specific
Tc and poor lytic activity of these Tc for CMV-infected
target cells suggest that IE epitopes are inadequately pre-
sented in cells infected with this virus. By contrast, Tc
specific for other CMV proteins, such as pp65 or gB, can
efficiently lyse CMV-infected target cells. Thus, the interfer-
ence demonstrated by CMV-infected cells both in the pre-
sentation of IE-derived peptides and in the susceptibility to
lysis by IE-reactive Tc is selective and does not result from
the virus inducing a general blockage of antigen presentation
or rendering cells resistant to lysis.
The basis for this inefficient presentation of IE-derived

peptides requires further investigation, but several possible
explanations emerge from these studies. First, the IE protein
may have intrinsic qualities that interfere with processing
and/or binding to MHC molecules. However, this seems
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FIG. 1. Effect of IFN--y pretreatment on the cell surface expression of class I with fibroblasts infected with CMV (MOI = 5. Fibroblasts
were mock infected (lightface solid line) or infected with CMV with a 48-h IFN--y pretreatment (boldface solid line) or without IFN-y
pretreatment (lightface dashed line) and then labeled sequentially with MAb w6/32 and a fluorescein isothiocyanate-conjugated goat
anti-mouse secondary antibody. Histograms represent the cell surface densities for the 10,000 cells analyzed from each fibroblast culture at
each time point postinfection. The mean background fluorescence for cells labeled with an unrelated antibody was 55.
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FIG. 4. Level of new synthesis of IE in CMV-infected fibroblasts
over the course of acute CMV infection. Fibroblasts were either
mock infected or infected with CMV (MOI = 5) for 1, 2, 4, 6, 18, 24,
or 48 h and analyzed by immunoprecipitation and SDS-polyacryl-
amide gel electrophoresis as described in the legend to Fig. 2. PI,
postinfection.

TM 1B8 MR 5H10 TM2A3 MR 4C9 TM 2A6

IE-SPECIFIC Tc CLONE
FIG. 3. Effect of IFN--y pretreatment on lysis of CMV-infected fibroblasts by IE-specific Tc. Autologous (AUTO) and HLA-mismatched

(MM) fibroblasts were incubated with or without IFN-y for 48 h and then infected with CMV (MOI = 5) for 24 h. Target cells were
radiolabelled with 10 ,uCi of 51Cr overnight and then analyzed for lysis by each IE-specific Tc clone at an effector/target ratio of 10. The data
represent the percent specific lysis of autologous fibroblasts treated or not treated with IFN--y and similarly treated and infected allogeneic
targets by each clone.
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FIG. 5. Comparison of HLA-restricted lysis of fibroblasts during
acute infection with CMV by Tc specific for IE, lower matrix protein

unlikely since target cells expressing IE selectively do effi-
ciently present IE peptides. Second, the peptides derived
from IE may compete poorly with peptides derived from
other CMV proteins. However, for the haplotypes studied in
detail in this work, IE contains peptide sequences that match
the consensus motifs previously reported to bind with high
affinity to HIA A24 (13) and HLA B8 (10, 27). Moreover,
our analysis of 10 patients with diverse HLA haplotypes has
failed to reveal a single individual in which IE efficiently
elicits a response. A third alternative explanation is that cells
infected with CMV selectively interfere with processing
steps for the IE protein that precede entry into the endoplas-
mic reticulum and thus limit the availability of IE peptides
for binding to the class I heterodimer. If this is the case,

inefficient IE presentation would be expected to be indepen-
dent of the HLA alleles expressed on infected cells. Current
studies are exploring this issue.

IFN--y-induced upregulation of MHC-linked genes has
previously been shown to increase the lysis of CMV-infected
cells by virus-specific Tc (21). Even though we observed a

more modest decline in class I expression after CMV infec-
tion than has been reported after infection at a much higher
MOI (2), pretreatment of CMV-infected cells with IFN--y
upregulated class I and rendered the cells susceptible to lysis
by IE-specific Tc. This effect of IFN--y may be important for
the in vivo generation of the weak IE-specific response

detected in CMV-infected individuals. Tc responding to
CMV infection would be expected to secrete IFN-y, result-
ing in the enhancement of IE presentation in neighboring
CMV-infected cells. However, the low frequency of IE-
specific Tc detected in this study suggests that the IFN--y
production is inadequate to render the IE protein an efficient
immunogen in CMV-infected targets.
Our data suggest that IE-specific Tc may have limited

biological importance in the cellular immune response
against CMV. Borysiewicz et al. have previously suggested,
on the basis of having identified in CMV-seropositive indi-
viduals significant levels of cellular cytotoxic reactivity to
cells selectively expressing IE, that human IE-specific Tc
may provide protective immunity (5). However, in their
study, the majority of CMV-specific Tc responses were in
fact against CMV proteins other than IE, and the lytic
activity measured with IE-expressing targets likely includes
contributions by natural killer effector cells, suggesting that
the frequency of IE-specific Tc responses had been overes-
timated. Prior work in our laboratory has demonstrated that
CMV-specific Tc can recognize structural virion proteins as

target antigens and can lyse CMV-infected cells within 2 h of
virion entry (34). The importance of these Tc in protective
immunity against CMV is supported by recent studies from
our laboratory with adoptive transfer of CMV-specific Tc
clones to human bone marrow transplant recipients (35). The
transfer of Tc clones which recognize structural virion
proteins appears to provide protection from CMV disease in
these immunosuppressed individuals, who lack spontaneous
recovery of CMV-specific Tc responses after transplant.

pp65, or envelope protein gB. Autologous and allogeneic fibroblasts
were either mock infected or infected with CMV (MOI = 5) for 2, 6,
12, 24, or 48 h. Target cells were analyzed by chromium release
assay as described in the legend to Fig. 3 with one of the following
effectors (effector/target ratio of 10): IE-specific Tc clone TM 1B8
(A), pp65-specific Tc clone CM 1OG1 (B), gB-specific Tc clone lEl
(C). The data represent the percent specific lysis of both targets by
each clone versus time after infection with CMV.

A. IE-SPECIFIC Tc
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Viruses have evolved many distinct mechanisms to limit
or evade immune detection (18), presumably to promote
viral replication and/or facilitate survival of latently infected
cells that express viral genes. Some herpesviruses, such as

EBV and MCMV, demonstrate restricted immunogenic pre-

sentation of their transcription factors for recognition by
effector Tc. Tc responses specific for EBNA1 have not been
isolated in vitro despite the use of stimulators infected with
EBV (26) or selectively expressing EBNA1 (20). Similar to
results in our studies with the IE protein of human CMV,
inefficient presentation is limited to EBNA1 and other EBV
proteins are highly immunogenic (20, 26). MCMV-infected
target cells have been shown to be resistant to lysis by
pp89-specific Tc clones during the early phase of infection
(15), although this occurs by a more general mechanism than
observed with theIE protein from human CMV, since other
antigens such as simian virus 40 T antigen and P-galactosi-
dase are also poorly presented (12, 14). Moreover, pp89-
specific Tc can recognize MCMV-infected target cells at the
immediate-early and late phases of acute infection. Other
viruses, such as adenoviruses, encode proteins that down-
regulate class I expression, thereby generally interfering
with the presentation of all viral proteins (8, 9). Thus, the
expression of novel viral proteins in target cells cannot be
assumed to predict the effective presentation of peptides
derived from that protein or the potential for efficient induc-
tion of a protective Tc response reactive with that protein. In
this study, we have demonstrated selective interference with
the presentation of the IE protein after CMV infection,
despite the fact that this protein can be selectively presented
in cells expressing IE and no other CMV proteins. Further
studies to elucidate the mechanism by which CMV interferes
withIE presentation may provide insights into more general
means by which other proteins, such as those encoded by
other viruses or found in transformed cells, fail to induce
host protective immune responses.
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