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Human herpesvirus 5 (HHV5), better known as
human cytomegalovirus (hCMV), is the prototype
member of the subfamily β-Herpesvirinae of the fam-
ily Herpesviridae1. These are enveloped viruses with an
icosahedral capsid that encloses a double-stranded,
linear DNA genome. The genome has a high protein-
coding capacity and is able theoretically to encode tens
of thousands of potentially antigenic peptides. The
members of this subfamily are highly adapted to their
mammalian hosts and are host-species specific in their
replication (which precludes the analysis of hCMV in
animal models). Established animal models of CMV
include cercopithecine herpesvirus 8 (CeHV8), also
known as rhesus monkey cytomegalovirus; murid
herpesvirus 1 (MuHV1), also known as murine or
mouse cytomegalovirus (mCMV); murid herpesvirus 2
(MuHV2) or rat cytomegalovirus; and caviid her-
pesvirus 2 (CavHV2) or guinea-pig cytomegalovirus.
Although all of these models have specific advantages
for the study of different aspects of CMV disease,
research on mCMV is most advanced with regard to the
principles that govern the immune surveillance of
CMVs. Collectively, these studies have indicated a cen-
tral, although not exclusive, role for CD8+ T cells2.
Therefore, this review focuses on the paradigmatic
value of mCMV for our understanding of CMV disease

and, in particular, disease prevention by antiviral
CD8+ T cells.

Under the selective pressure that is exerted by the
effector functions of innate and adaptive immunity,
viruses have developed many defence strategies. Viral
immune-evasion mechanisms have attracted great
interest in the past few years and are the topic of several
recent review articles3–5. CMVs have proved to be par-
ticularly inventive in subverting immune control at dif-
ferent levels of the immune response: they paralyse the
antigen-presenting function of dendritic cells (DCs)
during the priming of a response6–8, interfere with the
presentation of antigenic peptides to CD4+ and CD8+

T cells9–13 and can inhibit the effector function of natural
killer (NK) cells by the inhibition of activating NK-cell
receptors or by the activation of inhibitory NK-cell
receptors14,15. In addition, CMVs manipulate leukocyte
behaviour to their benefit by encoding homologues or
analogues of cytokines, chemokines and cell-surface
receptors that are involved in the immune response (for
an overview, see REF. 16).

In this article, I do not intend to review the reviews,
but rather, I wish to discuss the crucial, but sometimes
somewhat neglected, question of how we manage to sur-
vive hCMV infection in the face of all of these viral
immune-evasion mechanisms.

ANTIGENS AND IMMUNOEVASINS:
OPPONENTS IN CYTOMEGALOVIRUS
IMMUNE SURVEILLANCE

Matthias J. Reddehase

CD8+ T cells are the main effector cells for the immune control of cytomegaloviruses. To subvert 

this control, human and mouse cytomegaloviruses each encode a set of immune-evasion proteins,

referred to here as immunoevasins, which interfere specifically with the MHC class I pathway of

antigen processing and presentation. Although the concerted action of immunoevasins prevents

the presentation of certain viral peptides, other viral peptides escape this blockade conditionally or

constitutively and thereby provide the molecular basis of immune surveillance by CD8+ T cells. 

The definition of viral antigenic peptides that are presented despite the presence of immunoevasins

adds a further dimension to the prediction of protective epitopes for use in vaccines.
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chorioretinitis — are important complications of AIDS.
In addition, interstitial pneumonia, gastrointestinal dis-
ease, hepatitis and graft failure are important health risks
of hCMV infection in iatrogenically immunocompro-
mised patients, such as recipients of bone-marrow trans-
plants (BMT) or organ allografts (for an epidemiological
and clinical perspective, see REF. 17).

What do these medical facts indicate to an immunol-
ogist or virologist who studies the immune-evasion
mechanisms of CMVs? It seems that, whatever counter-
measures CMVs have evolved to avoid recognition by the
immune system, they surrender eventually to a superior
immune surveillance that is effective in the face of all
viral immune-evasion strategies. However, CMVs can
avoid elimination in an individual host and they spread
efficiently in the host population. After the resolution of
productive infection by the immune effector functions,
CMVs hide in host cells in a non-replicative state, known
as LATENCY, and they reactivate sporadically to productive
infection during periods of weakened immunity.

Immune surveillance: importance of CD8+ T cells

Mouse models have been established in which primary
infection of immunocompetent mice with mCMV does
not cause CMV organ disease.Viral replication is inhib-
ited rapidly in most organs, with the notable exception

A disease of the immunocompromised 

Human CMV is transmitted frequently from mother to
child by breastfeeding, and through contaminated saliva
and lacrimal fluid. Saliva and other bodily excretions are
the main sources of virus for transmission from child to
child, or child to care-giver’s hand to child, in families
and in child-care homes and centres. The ‘mouthing’ of
hands and toys by infants is a recognized route of trans-
mission. Susceptible mothers often acquire the virus
from their own children. In adults, hCMV is also trans-
mitted through sexual contact. In most developing  areas
of the world, the prevalence of infection reaches 100% in
the adult population, whereas in developed countries,
with a high proportion of one-child families and child-
care within the family, the prevalence drops to around
50%. Infection with hCMV is not usually a problem,
because postnatal infection of children is harmless and
primary infection of adults is associated with a mild
mononucleosis that mostly goes unnoticed. So, why is
hCMV important at all? The answer is that severe disease
can develop in immunologically immature children —
for example, after congenital infection or after infection
of premature infants (BOX 1). The life-long neurological
sequelae that result from congenital hCMV infection are
the main argument for considering an hCMV vaccine
(BOX 2). Manifestations of CMV disease — in particular,

Box 1 | Cytomegalic inclusion disease 

The photograph (part a; courtesy of G. Jahn, Institute of Medical Virology, Tuebingen, Germany) shows a case 

of cytomegalic inclusion disease (CID), reported in 1988, from the Children’s Hospital at Bayreuth, Germany110.

CID is caused by congenital infection of the embryo or fetus with human cytomegalovirus (hCMV) by intrauterine

transmission, which can occur, in particular, in the absence of maternal antibodies during primary infection of the

mother or after her re-infection with a different virus strain111. Petechial (spot-like) haemorrhages in the skin and

hepatosplenomegaly are indicative of CID. Frequent manifestations of CID include pneumonia, hepatitis with jaundice,

retinitis, enteritis-colitis and microcephaly. In milder cases of CID, survivors often suffer from life-long neurological

sequelae, such as mental retardation, deafness and blindness17. Organ disease results from cytopathogenic infection of

tissue cells. The name CID reflects two pathognomonic cytopathological signs of CMV infection — namely, enlargement

of the infected cells (cytomegaly) and the formation of an intranuclear inclusion body that is the site of viral DNA

packaging into nucleocapsids (see figure, part b; in situ viral DNA hybridization in a liver section, see REF. 148 for details).

For early pathologists, these cytomorphological changes were reminiscent of owl’s eyes. Cytomegalic ‘owl’s eye’ cells in 

the parotid gland and in kidney tubules of stillborns with Lues (syphilis)-like clinical symptoms were described in

morphological detail in 1904 by Ribbert and by Jesionek and Kiolemenoglou. Originally, the cytomegalic cells were

mistaken for protozoan-like stages and were associated with Lues. The viral aetiology of CID was proposed first in 1925 

by von Glahn and Pappenheimer, but it took a further three decades until Smith,Weller and Rowe independently isolated

the causative agent of CID, hCMV (for a more detailed historical perspective, see chapter 1 in REF. 112).
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rearrangement of antigen-specific receptors and, there-
fore, depend on innate immunity — failed to control
mCMV infection in the long term and succumbed to
CMV disease. The long-term protective component of
adaptive cellular immunity was identified as being CD8+

T cells19,29. Specifically, when isolated from a draining
lymph node during acute infection19 or from the spleen
during latent infection30, effector and memory CD8+

T cells protected against lethal mCMV disease after adop-
tive cell transfer into immunocompromised, infected
recipients, whereas the depletion of CD8+ T cells from the
transferred lymphocyte population markedly reduced its
antiviral activity. Consistent with this result, the control of
mCMV was mediated by the remaining CD8+ T-cell
population in mice that were long-term depleted of
CD4+ T cells before infection and, hence, were deficient in
the production of antiviral antibodies18. It has been
shown that antiviral antibodies are not involved crucially
in the control of primary mCMV infection, but that they
limit the viral dissemination of a recurrent infection and
protect against secondary infection31.

A notable lesson was learnt from the study of pri-
mary mCMV infection in mice that were long-term
depleted of CD8+ T cells before infection32 or that lacked
expression of functional MHC class I molecules geneti-
cally33. Instead of developing disease, these mice con-
trolled the infection by a mechanism that involved CD4+

T cells. So, in these particular experimental settings,
CD8+ T cells were dispensable and CD4+ T cells took up
a new role, which they did not have in the presence of
CD8+ T cells. Therefore, it was tempting to conclude that
‘plasticity’ of the immune system always ensures control
of mCMV, regardless of which T-cell subset is present.

This conclusion was shown to be incorrect by a
mouse model of CMV-associated interstitial pneumo-
nia after BMT, which is a model of a clinically relevant
manifestation of hCMV disease in BMT patients. CD8+

T-cell populations generated endogenously during
haematopoietic reconstitution in the presence of
mCMV were found to be recruited to infected lungs, to
increase massively in size and to form focal infiltrates
around clusters of infected lung cells, thereby confining
and eventually resolving productive infection21,34. For
the ‘proof of principle’, the protective antiviral role of
the infiltrating CD8+ T cells was shown by two comple-
mentary approaches. First, in vivo depletion of CD8+

T cells by anti-CD8 antibodies prevented focal infiltra-
tion of the infected lungs and led to lethal organ disease,
including disseminated pneumonia20,21. Second, pul-
monary CD8+ T cells isolated from the infected lungs
prevented virus replication and disease in immuno-
compromised recipients after cell transfer21,35. So, in an
experimental BMT setting, the efficient reconstitution
of antiviral CD8+ T cells was essential for the resolution
of organ infection. Clinical data from BMT patients
confirm a crucial role for CD8+ T cells in the control of
hCMV. Recovery from hCMV infection is correlated
with the reconstitution of CD8+ T cells36. Accordingly, in
clinical trials of ANTIVIRAL CYTOIMMUNOTHERAPY, the transfer
of antiviral CD8+ T-cell lines reduced the incidence of
post-transplantation CMV disease37.

of the salivary glands. There, virus production persists
for a prolonged period of time in a cell type that is spe-
cialized for secretion — the acinar glandular epithelial
cell18. The virus uses the physiological secretion path-
way of this polarized cell to leave the body through the
salivary duct for transmission from host to host. This
scenario is markedly different in mice in which all
components of cellular immunity have been destroyed
by irradiation19. Under those conditions, the mice suc-
cumb to a high-level cytopathogenic infection of vital
organs, including lungs, liver, adrenal glands, kidneys
and gastrointestinal tract19,20. The disease manifesta-
tions in these mice — in particular, the interstitial
pneumonia — resemble hCMV disease21,22.

Components of innate and adaptive immunity con-
tribute to the control of primary mCMV infection. There
is ample evidence of a pivotal role for NK cells in geneti-
cally determined natural resistance to mCMV, in mice
with genetically impaired adaptive immunity and, in gen-
eral, during the early stages of infection23–27.Although NK
cells provide the first line of defence against acute infec-
tion, adaptive immunity is required at later stages for sus-
tained immune surveillance. This was highlighted by an
experiment carried out by Welsh et al.28. In contrast to
CB17 wild-type mice, mutants with severe combined
immunodeficiency (SCID) — which are defective in the

ANTIVIRAL

CYTOIMMUNOTHERAPY

Prevention or treatment of viral

disease in a recipient by the

adoptive transfer of immune

cells, usually by intravenous

infusion of the cells.

Box 2 | Human cytomegalovirus: an under-rated health risk 

In comparison to other infectious diseases, there is little attention given to disease

caused by human cytomegalovirus (hCMV) in the media and by public health service

and science funding authorities. Recently, this has changed somewhat in the United

States. On October 25–27, 2000, the National Vaccine Program Office convened a

workshop in Atlanta on ‘Cytomegalovirus Vaccine Development’ to discuss the potential

public-health strategies for hCMV vaccine administration on the basis of a study carried

out by the Institute of Medicine (IOM, The National Academies, Washington, DC).

Out of candidate vaccines against 26 diseases that were included in that study, an

hCMV vaccine aimed at preventing cytomegalic inclusion disease (CID) was one of

seven that were grouped in Level I (most favourable) on the basis of estimated costs per

quality-adjusted life year (QALY) gained by a vaccine strategy. Level I includes potential

vaccines that are predicted to not only save lives and prevent life-long disability, which is

an ethical issue, but also to reduce the net cost of health care. On the basis of less-than-

ideal and ideal assumptions for vaccination coverage and vaccine efficacy, the IOM

study committee estimated a gain of 18,000–70,000 QALYs and an annual saving to the

health system of US$1.1 billion–4.0 billion. These estimates for the Unites States can be

extrapolated to developed countries that have comparable hCMV epidemiology. The

current state of hCMV vaccine development has been reviewed recently by Britt113 and

by Gonczol and Plotkin114.

Disease caused by hCMV infection in the United States
Congenital infection

Cases per annum: 40,000

Asymptomatic at birth: 36,000 (5,400 of whom had neurological sequelae; 0 deaths)

Symptomatic at birth: 4,000 (3,600 of whom had neurological sequelae; 400 deaths)

Transplantation-associated hCMV

Cases per annum: 2,800

Moderate disease: 1,200 (0 deaths)

Severe disease (mainly pneumonia and gastrointestinal disease): 1,600 (160 deaths)

These data have been adapted, with permission, from the contribution of R. S. Lawrence

(chairman of the IOM committee) to the Atlanta workshop. For further details, see REF. 115.
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Figure 1 | Molecular biology of the murine cytomegalovirus IE1 peptide. a | Genomic organization of the major immediate-

early (MIE) region of murine cytomegalovirus (mCMV). MIE genes are the immediate-early (IE) genes, which are expressed most

abundantly in the IE phase. A strong cis-acting regulatory element, the MIE enhancer, which responds to the binding of transcription

factors, is flanked by the transcription unit ie1/3 (open reading frames M122 and m123) and gene ie2 (open reading frame m128),

driven by the specific promoters P1/3 and P2, respectively116–119. Differential splicing of ie1/3 results in two proteins, IE1 (encoded by

exons 2, 3 and 4) and IE3 (encoded by exons 2, 3 and 5). Protein IE2 is encoded by exon 3 of the gene ie2. IE1 (a phosphoprotein

of 89 kDa) transactivates cellular genes that are involved in nucleotide metabolism to allow virus replication in resting cells120. The

role of IE2 is unknown. It is dispensable for virus replication in cell culture and in vivo121. IE3 is an essential transactivator of viral early

gene expression122. b | Processing and presentation of the IE1 peptide during the IE phase. Using the BALB/c (haplotype H-2d)-

derived IE-phase-specific cytotoxic T lymphocyte (CTL) clone IE1, an antigenic nonapeptide with the amino-acid sequence

YPHFMPTNL and presented by the MHC class I molecule H-2Ld was identified for positions 168–176 (encoded by exon 4) of the

IE1 protein45. In the 20S core proteasome, cleavage of the IE1 protein generates the IE1 nonapeptide and the amino-terminally

elongated precursor DMYPHFMPTNL123. This process is accelerated by the interferon-γ (IFN-γ)-inducible 11S proteasome

modulator complex PA28α–β, which substitutes for one of the two 19S regulator complexes of the 26S proteasome. Owing to the

adverse effect of proline in position 2 of the 9-mer, only the 11-mer precursor is translocated to the lumen of the endoplasmic

reticulum (ER) by transporter for antigen processing (TAP)123. It is proposed that the final 9-mer is generated in the ER from the 

11-mer precursor by amino-terminal peptide trimming exerted by the ER aminopeptidase associated with antigen processing

(ERAAP)124,125. The 9-mer binds to H-2Ld to form a fully folded peptide–H-2Ld complex. In accordance with the H-2Ld binding motif

X-P/S-X
6
-F/L/M126, proline in position 2 and leucine in the carboxy-terminal position 9 were identified as the MHC anchor residues of

the 9-mer127. Through the Golgi apparatus and by vesicular transport, the peptide–H-2Ld complex reaches the cell surface. There, it

stimulates CTLs that have a complementary T-cell receptor (TCR) to proliferate, secrete cytokines and lyse the infected target cell.

Adapted, with permission, from Nature Reviews Molecular Cell Biology (Kloetzel, P.-M. Ubiquitin and proteasomes: antigen

processing by the proteasome. 2, 179–188) © (2001) Macmillan Magazines Ltd.
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(pp65 kDa) was regarded as the only candidate for a
T-cell vaccine against hCMV, because a large number
of ppUL83-specific CD8+ T cells can be detected in the
peripheral blood of hCMV-seropositive individuals53,54.
In addition, data indicate that there is a selective inhibi-
tion of IE1 antigen processing by the phosphorylation
of IE1, which is carried out by a ppUL83-associated
kinase activity55. However, more than a decade after the
first report of IE1-specific human CTLs56, there is now
a renaissance of interest in hCMV IE1 as an antigen57,58.
As shown by Kern et al.57, the relative prevalence of IE1-
and ppUL83-specific CD8+ T cells varies between indi-
viduals; the IE1-specific response dominates in some
individuals, whereas the ppUL83-specific response
dominates in others. Khan et al.59 showed recently that
there are comparable frequencies of CD8+ T cells spe-
cific for an IE1 peptide and a ppUL83 peptide, which
are both presented by HLA-A2.

Immunoevasins

Under the selective evolutionary pressure exerted by
CD8+ T cells, mCMV and hCMV have acquired sets
of genes, the only known function of which is to
encode glycoproteins that interfere with antigen pre-
sentation by the classical MHC class I pathway and
that have no apparent sequence homology or func-
tional analogy to known cellular proteins (TABLE 1). In
accordance with a recent definition used by the group
of Koszinowski, who is a pioneer of this field60, the
term ‘immunoevasin’ is used here for this specific
class of viral molecules. However, it should be noted
that many other virus-encoded molecules — includ-
ing MHC class I homologues, or homologues of
cytokines and chemokines and their receptors —
might contribute to the viral subversion of various
immune functions at different levels of the immune
response. The fact that immunoevasin genes of
mCMV and hCMV are unique to either virus and do
not have any sequence homology indicates that there
is specific adaptation to the respective host. The
related function of the proteins represents biological
convergence, which indicates that analogous princi-
ples of immune surveillance of CMVs operate in mice
and humans.

Although the goal is the same, the molecular mecha-
nisms by which the two viruses manipulate the expres-
sion of MHC class I molecules are distinct in the details
(FIG. 3). A hallmark of the E and L phases of mCMV
infection is the accumulation of peptide-loaded MHC
class I complexes in a cis-Golgi compartment, which is
induced by the ORFm152-encoded protein m152
(gp37/40)61–64 (FIG. 3A). A similar intracellular retention
of MHC class I complexes in infected fibroblasts has
been observed in early work on hCMV65, and it is now
ascribed to the action of gpUS3 (REFS 66,67). A feature
that is unique to hCMV infection is the proteasomal
degradation of MHC class I α-chains68, a process that
involves retrograde translocation of the α-chains from
the endoplasmic reticulum to the cytosol mediated by
the viral E-gene products gpUS2 and/or gpUS11 (REFS

69–71) (FIG. 3B).

The importance of CD8+ T cells for the control of
infection with mCMV, as well as hCMV, raises the
question of which viral proteins elicit the protective
antiviral immune response. This is an important issue
for vaccine development.

The IE1 antigen

Cytomegaloviruses have a high protein-coding capac-
ity, predicted to be approximately 165 and 170 open
reading frames (ORFs) for hCMV38 and mCMV39,
respectively (for a review of the molecular biology of
CMVs, see REF. 40). The large number of homologous
ORFs indicates that the two viruses are closely related,
but gene families do exist that are unique to each virus.
Gene expression in members of the herpesvirus family
is coordinately regulated, which led to the definition of
three temporal gene classes, known as immediate-
early (IE), early (E) and late (L) genes41. IE genes are
the first viral genes to be transcribed in the infected
cell by cellular RNA polymerase II, whereas transition
to the E phase depends on the transactivation of
E-gene promoters by an IE protein. The L phase is
defined by the onset of viral DNA synthesis.

Early work in the mouse model showed that
mCMV-infected fetal fibroblasts are recognized by
polyclonal CD8+ cytotoxic T lymphocytes (CTLs) in all
three phases42. Interest was then focused on the
observed high frequency of CTLs specific for infected
cells that are arrested at the IE phase by metabolic
inhibitors43, because, at that time, it was not known how
regulatory intranuclear proteins could be recognized by
CTLs at the cell surface. In the following years, work by
Koszinowski’s group led to the molecular identification
of an immediate-early protein 1 (IE1)-derived peptide
of mCMV44,45, the first antigenic peptide to be described
for CMVs (FIG. 1).

A selective pressure exerted on mCMV by IE1-specific
CTLs was indicated by the natural variation of the IE1
peptide sequence between mCMV isolates from feral
mice46. The role of IE1-specific CTLs in protection
against CMV disease was shown directly in the mouse
model by several approaches (in chronological order):
by immunization with a vaccinia-virus recombinant
expressing ORFm123, which encodes the IE1 protein
(REF. 47); by immunization with a vaccina-virus recom-
binant expressing the IE1 nonapeptide sequence in
hepatitis B virus core antigen as an unrelated carrier
protein48; by immunization with synthetic IE1 peptide
in adjuvant49; by genetic immunization with an
expression plasmid containing ORFm123 (REF. 50); by
PRE-EMPTIVE CYTOIMMUNOTHERAPY with IE1-peptide-
specific CTL lines51,52 (FIG. 2a); and by pre-emptive
cytoimmunotherapy with ex vivo IE1-peptide-specific
CD8+ memory T cells sorted from the spleen of
latently infected mice using IE1-peptide-loaded
immunoglobulin–H-2Ld hybrid molecules (M.-F.
Pahl-Seibert and M.J.R., unpublished observations)
(FIG. 2b).

The immunological relevance of the correspond-
ing IE1 protein of hCMV (ppUL123 or pp72 kDa)
has been debated for a long time. By contrast, ppUL83

PRE-EMPTIVE

CYTOIMMUNOTHERAPY

Immune cells are adoptively

transferred after molecular

diagnosis of the infection, but

before clinical symptoms of

disease have developed.
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Figure 2 | Testing for antiviral activity of CD8+ T cells in vivo. Immune cells are isolated from lymphoid organs or tissue infiltrates

of mice during acute or latent murine cytomegalovirus (mCMV) infection. a | Generation of peptide-specific cytotoxic T lymphocyte

(CTL) lines. CD8+ T cells present in the lymphocyte population and expressing a specific T-cell receptor (TCR) are stimulated for

proliferation in cell culture by antigen-presenting cells (APCs) that present the cognate antigenic peptide (added to the culture as a

synthetic peptide at a defined molar concentration). After several rounds of stimulation, a CTL line specific for the stimulating peptide

has been selected. b | Ex vivo isolation of peptide-specific memory or effector cells. CD8+ T cells that express a specific TCR are

labelled with an MHC class I molecule–immunoglobulin (MHC–Ig) fusion protein that presents the cognate peptide on its MHC

portion. This labelling technique does not destroy cell function. The peptide-specific cells are isolated by cytofluorometric cell sorting.

After selection of peptide-specific CD8+ T cells, their antiviral function is tested by intravenous cell transfer (pre-emptive

cytoimmunotherapy) into immunocompromised and infected syngeneic recipient mice. The antiviral effect can be measured as

survival rate, reduced viral infectivity load in organs or reduced number of infected tissue cells as determined by in situ hybridization

(for viral DNA or messenger RNA) or by immunohistology (for viral protein). As an example, the immunohistological detection of

mCMV IE1 protein (black staining)52 in the nuclei of infected hepatocytes during mCMV hepatitis after no cell transfer is compared

with the transfer of cells from parts a and b. Other target organs of mCMV, such as spleen, lungs and adrenal glands, are analysed

accordingly. Histological data by courtesy of J. Podlech, Institute for Virology, Mainz, Germany.
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and presentation. One reason for redundancy is to cope
with MHC polymorphism. For example, the action of
gpUS2 is allele and locus specific in that it binds to
several products of the HLA-A locus, but not to HLA-
B7, -B27, -Cw4 or -E79. Unlike H-2Kd, H-2Dd, H-2Ld

and H-2Db, cell-surface expression of the H-2Kb allelic
product of the mouse MHC is downregulated poorly by
the concerted action of the three immunoevasins of
mCMV60. Cell-type-specific adaptation is a second rea-
son for redundancy. As an example, gpUS11 is more
effective than gpUS2 at mediating the degradation of
MHC class I molecules selectively in primary human
DCs80. The third reason is cooperation. Complexes that
are retained in the endoplasmic reticulum by gpUS3
during the IE phase are removed by gpUS2- and/or
gpUS11-mediated degradation during the E phase67. A
recent example for mCMV has shown that m152 is suf-
ficient to prevent H-2Db-restricted peptide recognition,
whereas evasion of H-2Kb-restricted peptide recogni-
tion requires the help of m04 (REF. 81).

Our current view, as shown in FIG. 3, is based mainly
on the isolated expression of immunoevasins in trans-
fection systems, which does not indicate any possible
interference between immunoevasins in an infected cell.
In mCMV infection, the three known immunoevasins
are expressed in the E phase and compete for the same
substrate, namely MHC class I molecules. Koszinowski
and colleagues have started a systematic analysis of the
interplay between immunoevasins in cells infected with
wild-type mCMV or with immunoevasin gene-deletion
mutants of mCMV that express the three immuno-
evasins in all seven possible combinations. The most
notable new information provided by these mutants so
far is that m04 abrogates m152-induced downmodula-
tion of MHC class I cell-surface expression in mutant
∆m06-mCMV, whereas it does not affect the m06-

mediated downmodulation of MHC class I molecules in
mutant ∆m152-mCMV60.A probable explanation is that
m06 binds stably to MHC class I molecules and re-routes
them for lysosomal degradation before m04 gets a chance
to interact, whereas m152 binds transiently to MHC
class I molecules, which gives m04 a chance to replace
m152 and to escort the MHC molecules to the cell 

In mCMV infection, presentation of the immuno-
dominant peptides IE1 (amino acids 168–176) and M45
(amino acids 985–993) by the MHC class I molecules
H-2Ld and H-2Db, respectively, is prevented during the
E phase in infected fibroblasts72,73. This immune-evasion
phenotype is abrogated by deletion of the m152 gene in
the recombinant virus ∆m152-mCMV73,74; therefore, it
seems that the two remaining immunoevasins, m04
(gp34) and m06 (gp48), are not involved crucially. A
biologically important role for immunoevasin m152 is
indicated by the CD8+ T-cell-mediated in vivo attenua-
tion of the mutant virus ∆m152-mCMV74. Of particular
interest is the recent finding that m152 counters adaptive
and innate immune control simultaneously in the
mCMV-susceptible mouse strain BALB/c. It triggers
intracellular retention of MHC class I complexes to com-
promise control by CD8+ T cells, and it downmodulates
cell-surface expression of the high-affinity ligand H-60
for the activating NK-cell receptor NKG2D to compro-
mise control by NK cells75. Immunoevasins gpUS3 and
gpUS2 of hCMV counter both arms of the T-cell
response simultaneously. In addition to effects on the
MHC class I pathway (FIG. 3B), they also interfere with
peptide presentation by the MHC class II pathway, by
inducing the mislocalization and degradation of MHC
class II molecules13.

The list of immunoevasins that operate by down-
modulating the cell-surface expression of classical MHC
class I molecules seems to be complete for mCMV and
hCMV, because the expression of MHC class I mole-
cules is not affected during infection with the deletion
mutants ∆m04+m06+m152-mCMV60 and ∆US2−

US11-hCMV76. Immunoevasin m04 of mCMV is an
exception in that it does not operate by the downmodu-
lation of MHC class I cell-surface expression60,77,78.
Therefore, to be precise, the possible existence of
unidentified immunoevasins with m04-like function
has not been excluded for mCMV.

Interplay between immunoevasins

It is an important question why both mCMV and
hCMV encode such a wide range of glycoproteins tar-
geted at the MHC class I pathway of antigen processing

Table 1 | MHC-class-I-targeting immunoevasins of cytomegaloviruses

ORF* Protein Phase Proposed mode of action References

Murine cytomegalovirus

m04 gp34 E/L Binds to and escorts MHC class I molecules to the cell surface 77,78

m06 gp48 E Reroutes MHC class I complexes‡ for lysosomal degradation 128

m152 gp37/40 E Triggers retention of MHC class I complexes in the ERGIC 61–64

Human cytomegalovirus

US2 gp24 E Reroutes MHC class I α-chains for proteasomal degradation 69,132

US3 gp23 IE Retains MHC class I complexes in the ER 66,67

US6 gp21 E/L Blocks TAP-mediated translocation of peptides into the ER 129–131

US11 gp33 E Reroutes MHC class I α-chains for proteasomal degradation 70,71,76

*Lower case m designates open-reading frames (ORFs) that have no homologues in human cytomegalovirus. US describes ORFs in the
‘unique short’ portion of the human cytomegalovirus genome. ‡Fully folded MHC class I molecules (α-chain and β2-microglobulin) with
bound peptide. E, early; ER, endoplasmic reticulum; ERGIC, endoplasmic reticulum Golgi apparatus intermediate compartment/cis-Golgi;
IE, immediate early; L, late; TAP, transporter for antigen processing.
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mCMV infection and during all three phases of hCMV
infection. Clearly, this cannot be the whole story. As
shown by earlier work in the mouse model, polyclonal
CTLs recognize mCMV-infected cells in all three tempo-
ral phases of the viral replication cycle42. Notably, CTLs
isolated from pulmonary infiltrates during mCMV
pneumonia and tested directly for cytolytic activity lysed

surface. It is predicted that the immunoevasin mutants 
of Wagner et al.60 will soon change our ideas about the
molecular action of immunoevasins.

Antigens

The models proposed in FIG. 3 indicate that peptide pre-
sentation is prevented during the E and L phases of

A  mCMV
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ERGIC
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TAP

Antigen

B  hCMV
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Figure 3 | Models proposed for the action of immunoevasins. A | Immunoevasins of murine cytomegalovirus (mCMV). 

a | m04 binds to MHC class I molecules in the endoplasmic reticulum (ER) and escorts them to the cell surface. By passing through

the Golgi apparatus, it acquires two endoglycosidase-H-resistant oligosaccharide chains. MHC class I molecules and m04 can 

be co-precipitated from the cell surface. The complex does not seem to be recognized by CD8+ T cells. It is unclear whether the

complexed MHC molecules do not present peptide or whether the bound m04 prevents recognition. m04-mediated surface display

of MHC class I molecules might silence natural killer (NK) cells77,78. b | m06 binds through a lumenal domain to peptide-loaded MHC

class I molecules in the ER and reroutes the resulting complex to a late endosomal/lysosomal compartment for degradation. 

A di-leucine motif in the cytoplasmic tail of m06 is required for this function128. c | m152 triggers the retention and accumulation of

peptide-loaded MHC class I molecules in the ER Golgi intermediate compartment (ERGIC). It does not form stable complexes with

class I molecules. It seems to associate transiently and induce a modification of MHC class I complexes that might prevent their

interaction with cargo receptors61–64. B | Immunoevasins of human cytomegalovirus (hCMV). a | US6 blocks peptide translocation

through the transporter for antigen processing (TAP) by interaction with the lumenal surfaces of both subunits of the TAP1–TAP2

heterodimer in the transient peptide-loading complex — which consists of TAP, the MHC class I complex and ER-resident

chaperones. It does not interfere with peptide binding to the cytosolic surface of TAP. It is proposed that a conformational change

inhibits ATP-dependent peptide translocation by the prevention of ATP binding to the cytosolic nucleotide-binding domain of

TAP129–131. b | US3 is an immediate-early (IE) protein that causes retention of peptide-loaded MHC class I molecules in the ER. 

Its lumenal domain is sufficient for retention, whereas binding to class I molecules requires, in addition, the transmembrane segment.

US3-bound complexes are degraded in the early (E) phase by US2- and/or US11-mediated mechanisms66,67. c | US2 and US11

both induce rapid proteasomal degradation of MHC class I α-chains by mediating retrograde translocation from the ER to the

cytosol. As has been shown for US2, retrograde translocation involves the ‘translocon’, a pore complex that is formed by the Sec61

α–β–γ heterotrimer and translocating chain-associating membrane protein (TRAM)69. US2 and US11 can bind to unfolded α-chains,

as well as to the folded MHC class I molecules. The crystal structure of US2 in complex with HLA-A2 reveals binding of US2 to the

junction between the class I α3 domain and the peptide-binding region132. Unlike US11, which remains in the ER membrane, US2

seems to be co-dislocated and to escort the MHC class I α-chain to the cytosol71. L, late phase.
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peptides, the IE1-derived peptide that is discussed above
(FIG. 1) and a peptide derived from the E-phase protein
m164.Among the CD8+ effector-memory T-cell popula-
tion present in the spleen and lungs of latently infected
mice, approximately 80% of the cells were found to be
specific for these two peptides52, and recent data for the
H-2b haplotype indicate a similarly focused CD8+ T-cell
response73. This immunodominance cannot be explained
by clonal selection in vivo by repetitive stimulation with
persisting antigens, because the specificity of the response
is already shaped in draining lymph nodes shortly after
infection52. Rather, an intrinsic property of the antigenic
proteins or peptides must account for their privileged
immunogenicity.

infected fibroblasts most efficiently during the E phase,
when all three immunoevasins are expressed34. On the
basis of this evidence for the existence of E-phase-
specific CTLs in vivo, subsequent studies led to a growing
list of antigenic peptides that are derived from mCMV 
E proteins (TABLE 2). Interestingly, protective CTLs are
induced in mCMV-infected BALB/c mice by a peptide
derived from immunoevasin m04 (REF. 51). This shows
that immunoevasins, similar to any other protein, can
enter the proteasomal processing pathway and contribute
to immune surveillance. So, m04 is a model at the single
protein level for the struggle between a virus and its host.
For the H-2d haplotype, the CD8+ T-cell response to
mCMV infection is dominated quantitatively by just two

Table 2 | MHC-class-I-restricted cytomegalovirus peptides

ORF* Protein Phase Antigenic peptide‡ MHC class I References
molecule

Murine cytomegalovirus

m04 gp34 E/L 243-YGPSLYRRF-251 H-2Dd 51

m18 E 346-SGPSRGRII-354 H-2Dd 133

M45 E 985-HGIRNASFI-993 H-2Db 73
507-VGPALGRGL-515 H-2Dd §

M83 pp105 E/L 761-YPSKEPFNF-769 H-2Ld 84

M84 p65 E 297-AYAGLFTPL-305 H-2Kd 134

m123 IE1, IE 168-YPHFMPTNL-176 H-2Ld 45
pp89

m164 E 257-AGPPRYSRI-265 H-2Dd 52

Human cytomegalovirus

UL32 pp150 E/L 945-TTVYPPSSTAK-955 HLA-A3 82
792-QTVTSTPVQGR-802 HLA-A68 82

UL55 gB E/L 618-(F)IAGNSAYEYV-628 HLA-A2 135,136

UL83 pp65 viral 363-YSEHPTFTSQY-373 HLA-A1 82,137
entry 14-VLGPISGHV-22 HLA-A2 138
and 120-MLNIPSINV-128 HLA-A2 138
E/L 495-NLVPMVATV-503 HLA-A2 53,139

16-GPISGHVLK-24 HLA-A11 82,137
113-VYALPLKML-121 HLA-A24 140
341-QYDPVAALF-349 HLA-A24 141
369-FTSQYRIQGKL-379 HLA-A24 82
186-FVFPTKDVALR-196 HLA-A68 82
265-RPHERNGFTV-274 HLA-B7 142
417-(T)PRVTGGGAM-426 HLA-B7 53,142,143
123-IPSINVHHY-131 HLA-B35 144
187-VFPTKDVAL-195 HLA-B35 53,145
367-PTFTSQYRIQGKL-379 HLA-B38 82
512-EFFWDANDIY-521 HLA-B44 53,142

UL123 IE1, pp72 IE 315-Y(V/I)LEETSVM-323¶ HLA-A2 59,146
316-VLEETSVML-324¶ HLA-A2 59
354-YILGADPLRV-363 HLA-A2 147
309-CRVLCCYVL-317 HLA-B7 57,145
198-(D)ELRRKMMYM-207¶ HLA-B8 57,145
199-ELKRKMIYM-207¶ HLA-B18 146
279-CVETMCNEY-287 HLA-B18 146
379-DEEDAIAAY-387¶ HLA-B18 146

*Lower case m and upper case M designate open reading frames (ORFs) that are unique to murine cytomegalovirus or homologous to
ORFs of human cytomegalovirus, respectively. m18, M45 and m164 are proteins that are predicted from ORFs, but that have not been
biochemically characterized yet. UL describes ORFs in the ‘unique long’ portion of the human cytomegalovirus genome. The list for
human cytomegalovirus includes only peptides for which the optimal length and the MHC class I restriction has been defined. Amino-acid
positions are based on the sequence of strain Ad-169. A putative antigenic peptide derived from ORF UL75 (gH)141 awaits verification.
‡Immunodominant peptides of murine cytomegalorvirus are shown in bold type. Sequences refer to strain Smith ATCC VR-194, recently
re-accessioned as VR-1399. §R. Holtappels, unpublished observations. ¶Peptides derived from a polymorphic region in the human
cytomegalovirus IE1 protein. E, early; IE, immediate early; L, late; pp, phosphoprotein.



© 2002 Nature Publishing Group

840 |  NOVEMBER 2002 | VOLUME 2 www.nature.com/reviews/immunol

R E V I EW S

Presentation before immunoevasin gene expression. The
question remains how MHC class-I-restricted antigenic
peptides avoid or overcome the inhibitory effects of the
immunoevasins. One answer — which is valid for some,
but not all, antigens — is that processing and presentation
of the peptide can occur before the immunoevasin genes
are expressed. Early data from the mouse model42,43,
which have been revisited recently84, showed that virion
proteins render fibroblasts susceptible to lysis by CTLs in
the absence of viral gene expression. For hCMV, this
mechanism applies to ppUL83 (pp65), which is one of
the main sources of antigenic peptides (TABLE 2). It is a
virion tegument protein and a main component of the
enveloped subviral particles, known as dense bodies, that
are delivered into the cytosol through the entry process.
Therefore, ppUL83 gains access to the antigen-processing

Although one focus of interest in mCMV immuno-
logical research is the identification of antigenic peptides
from proteins of the three temporal classes, hCMV
immunology is driven by the goal to identify antigenic
peptides that are presented by different HLA molecules
to achieve whole-population coverage for T-cell-based
immunotherapy82. At present, the list of antigenic
hCMV peptides is expanding on an almost monthly
basis (TABLE 2).

There is no rationale for excluding subdominant
peptides as vaccine candidates. Subdominant peptides
induce protective immunity after DNA vaccination83,
and CTL lines specific for subdominant peptides resolve
infection after adoptive transfer84. Together, the list of
antigenic peptides (TABLE 2) is an impressive indication
of the ‘leakiness’ of viral immune-evasion mechanisms.
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Figure 4 | Proposed mechanisms by which antigens evade immunoevasins. a | Conditional peptide presentation induced by interferon-γ (IFN-γ). In the early (E)

phase (left-hand side), murine cytomegalovirus (mCMV) IE1 protein is processed, but presentation of the IE1 peptide is prevented by m152-triggered retention of

peptide-loaded MHC class I H-2Ld molecules in the endoplasmic reticulum (ER) Golgi intermediate compartment (ERGIC)61,63. After pre-treatment of the cells with

IFN-γ (right-hand side), enhanced processing of the IE1 peptide by the immunoproteasome123, most probably combined with upregulation of expression of MHC

class I molecules and of the transporter for antigen processing (TAP), leads to the escape of sufficient IE1–H-2Ld complexes for recognition by IE1-peptide-specific

cytotoxic T lymphocytes (CTLs) at the cell surface100. b | Constitutive peptide presentation. There are viral peptides for which presentation in the presence of

immunoevasins does not require IFN-γ34,42,72. A peptide derived from mCMV E-phase protein m164, a putative glycoprotein with two predicted membrane-spanning

α-helices, is processed during the E phase in fibroblasts in approximately tenfold excess over the IE1 peptide. Although the IE1 peptide is not presented, the same

cells are lysed by CTLs specific for the m164-derived peptide103. TCR, T-cell receptor.
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peptide of mCMV73. This example shows that the effi-
cacy of immunoevasins is multivariate, and we are far
from knowing all of the variables.

Conditional and constitutive peptide presentation. One
key to understanding peptide presentation in the face of
immunoevasins is the effect of the pro-inflammatory
cytokine interferon-γ (IFN-γ) on several components of
the processing and presentation machinery (FIG. 4a). The
IE1 peptide of mCMV provided the first example of
IFN-γ-based conditional peptide presentation in the 
E phase100,101. For hCMV, in addition to its other effects,
IFN-γ enhances peptide translocation into the endo-
plasmic reticulum by blocking the synthesis of immuno-
evasin gpUS6 (REF. 102). However, there are peptides for
which presentation is not rescued by pretreatment of
cells with IFN-γ.Again, mCMV M45 is an example73.

Also, as noted earlier in this review, CTLs isolated
from pulmonary infiltrates during mCMV pneumonia
lysed fibroblasts in the E phase independent of IFN-γ 34.
The existence of peptides that evade the function of
immunoevasins constitutively even in fibroblasts was
indicated by earlier work by Del Val et al.72. One such pep-
tide has now been identified molecularly as being derived
from the mCMV E protein m164 (REF. 103) (FIG. 4b).

Virus latency and recurrence

Mechanisms of immune control eventually gain superi-
ority, resolve productive infection of tissues and prevent
CMV disease. That is why we are still alive. However,
CMVs would not have acquired such a sophisticated
system of immune-evasion mechanisms if they did not
confer an advantage in terms of natural selection. After
viral replication has stopped, CMVs remain latent in the
host under continual surveillance by CD8+ T cells104,105,
until a weakness of the immune system gives the virus a
chance to reactivate106. In the mCMV model, it has been
shown that the level of replication during acute infec-
tion determines the amount of latent viral DNA and the
risk of virus recurrence107,108. So, by reducing the efficacy
of immune control during the productive phase of the
infection, immunoevasins might help the virus to estab-
lish a high genome load in latently infected tissues.
Likewise, during reactivated gene expression, immuno-
evasins might increase the probability that the virus will
complete the replication cycle for productive infection
and transmission to another individual. The immuno-
evasin gene-deletion mutants of mCMV that are avail-
able now60 will clarify the role of immunoevasins in
virus recurrence.

Conclusions and future perspectives

Besides an academic interest in the molecular details of
antigen processing and presentation, research on the
immune response to CMVs is relevant to a severe disease
that affects newborns and immunocompromised
patients (BOX 1).Vaccination, in particular of prospective
mothers, could prevent the disability of tens of thousands
of children annually and, in addition, save costs in health
care (BOX 2).What have we learnt in terms of vaccination
strategies?

pathway before viral gene expression85,86 (for a review, see
REF. 2). This ‘exogenous loading’ of the MHC class I path-
way might also explain the antigenicity of ppUL32
(pp150), another main constituent of the virion tegu-
ment87. By contrast, IE1 proteins of hCMV and mCMV
are regulatory proteins that are not incorporated in the
virion. For mCMV infection, the presentation of the IE1
peptide can be explained by the kinetics of gene expres-
sion, because all three immunoevasins are E-phase pro-
teins. It is more difficult to explain the antigenicity of
hCMV IE1-derived peptides (TABLE 2), because the
immunoevasin gpUS3 is an IE protein66 and ppUL83
inhibits proteasomal processing of IE1 (REF. 55).

Priming by antigen cross-presentation. The priming of
an adaptive immune response requires antigen presenta-
tion by antigen-presenting cells (APCs) — in particular,
mature DCs. Although DCs can be infected by mCMV
and hCMV, infection is associated with the inhibition of
maturation and with functional paralysis of DCs, T-cell
deletion and T-cell anergy6–8. Effective priming can be
carried out by mature uninfected DCs that take up and
process antigenic proteins derived from infected cells, a
mechanism that is known as cross-presentation88–90.
Cross-presentation has been documented for hCMV
ppUL83 (REFS 91,92) and, importantly, also for IE1 (REF. 92).
However, multi-organ CMV disease is caused by virus
replication in a broad range of stromal and parenchy-
mal cell types, including bone-marrow stromal cells,
endothelial cells, myocytes, hepatocytes, pneumocytes,
enterocytes, ependymal cells lining the brain ventricles,
placental cytotrophoblasts and various types of glandular
epithelial cell20,93,94. CD8+ T cells can resolve an established
organ infection19,30,95. In the BMT model, mCMV replica-
tion in tissues precedes the infiltration of protective CD8+

T cells21,34,35.This clearly implies that antigenic peptides
are presented by non-APC tissue cells for CTL effector
function in vivo. As discussed recently by Gold et al.73,
priming by cross-presentation of peptides that are not
presented in cells relevant to CMV disease might ‘fool’ the
immune system by the induction of a useless response.

Dependence on the target cell. The many cell types that
are implicated in CMV disease should remind us of the
limitations of immune-evasion studies that are carried
out in cell culture. First of all, cell-culture models of
CMV replication exist for a few cell types only, and viral
gene expression in growing primary cells or in trans-
formed cell lines is likely to differ from that in the same
cell type in the physiological context of tissue. MHC 
class I downmodulation, which is a hallmark of immuno-
evasin function, was described originally for fibroblasts,
but it has also been found for hCMV with a panel of
epithelial-tumour cell lines96. The inhibition of H-2Ld-
restricted mCMV IE1 peptide presentation by immuno-
evasin m152 is tight during the E phase in fibroblasts,
whereas infected macrophages do present this peptide in
the E phase97, which is important in view of the fact that
macrophages are crucially involved in virus dissemina-
tion to target organs98,99. However, this cell-type difference
does not hold true for an H-2Db-restricted M45-derived
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