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Immune surveillance of CMV infection

Cytomegaloviruses (CMVs) are species-specific
herpesviruses that constitute the Betaherpesvirus
subfamily. Like all herpesviruses, they establish life-
long infection in their hosts despite the presence of
an active immune system, Primary infection with hu-
man CMV (HCMV) in the immunocompetent host is
usually asymptomatic and leads to the establishment
of a latent state from which reactivation cén occur.
However, infection of the immunologically immature
or immunodeficient host such as organ transplant re-
cipients or AIDS patients, can cause severe and often
fatal disease (21). Analysis of the pathogenesis of the
HCMV infection is hampered by the species specifity
of cytomegaloviruses. Therefore, infection of the
mouse with murine CMV (MCMV) is widely used as
a model for HCMV infection and biology (22).

CMV gene expression is regulated in a cascade
fashion. Viral proteins expressed in the immediate-
early (IE) phase of infection are required for the sub-
sequent transcription of early (E) genes (26). E pro-
teins regulate the viral DNA replication, which is fol-
lowed by the synthesis of the structural proteins dur-
ing the late phase of infection.

Although different natural immunity mechanisms,
especially NK cells, are associated with host resis-
tance to CMV infection (35), a specific immune re-
sponse is necessary for the clearance of CMV, Dur-
ing infection specific antiviral antibodies are pro-
duced and specific T lymphocytes are activated, An-
tibodies are not essential for the control of the acute
viral infection, but they prevent viral spread after re-
activation of CMV from latency (25). The presence of
T lymphocytes is required for the clearance of the
acute infection. CD8* T cells play a decisive role in
the antiviral defence (32, 33). They recognise pep-
tides derived from viral proteins synthesised in in-

fected cells and presented at the cell surface by
specialised molecules encoded in the major histo-
compatibility complex (MHC) (38). Despite their
dominant role in the control of CMV infection, CD8* T
lymphocytes are not indispensable. In their absence
the virus is cleared by CD4* -subset-dependent
mechanisms (24). The antiviral activity of CD4* cells
can be mediated either by the direct, MHC II re-
stricted, cytotoxic potential of these cells or by the
production of cytokines like IFN-gamma and TNF-al-
pha, that have an antiviral effect (28, 29).

To establish a persistent infection in an immuno-
competent host viruses require sophisticated mecha-
nisms to struggle or to escape from the hostimmune
control. CMV commands several mechanisms that
enable the evasion form the host immune response.
There is strong evidence that HCMV and MCMV
possess several genes whose products interfere with
immune effector mechanisms (Figure 1). More than
one strategy is used. Viral proteins are expresed that
bind to the Fc fragment of host immunoglobulins (Ig),
others interfere with the antigen processing and pre-
sentation process in the MHC class I pathway. Addi-
tionally, HCMV encodes a homologue of the MHC
class 1 heavy chain (I13) and functional beta
chemokine receptor (17). Both proteins are thought to
intervene with natural immunity mechanisms.

The potential role of the CMV Fc receptor in
immune evasion

The CMV protein with IgG Fc binding properties
is certainly one of the viral products that has an obvi-
ous potential to interfere with the humoral immunity.
The binding of human IgG to HCMV infected cells
has been described long ago (27) but the gene re-
sponsible for this phenomenon is still not localised.
The MCMV gene coding for the Fe receptor (FcR)

* Presented at the First Annual Meeting of the Croatian Immunological Society, Zagreb, November 23-24, 1995.

Period biol, Vol 98, No 2, 1996

175




B

Irena Crnkovi¢ and Ulrich H. Koszinowski

Molecular aspects of immunological evasion by cytomegalovirus

virion

;

@ chemokines

10

antibodies

1. Adeno E3/19K

4. HCMV US11/gp32
2. HSV-1 US12/ICP47 5. HCMV early gene
3. MCMV early gene 6. HCMV early gene

7. MCMV early gene 9. MCMV fcr-1 gene
8. HCMV UL.18

10. HCMV US28

FIGURE 1. Viral immune evasion mechanisms. Different mechanisms used by cytomegalovirus are shown. For
comparison, similar functions found first in other viruses are also listed. Viral gene products modulated the intra-
cellular transport of the MHC class I molecules (1, 3), the peptide transport form the cytosol into the ER (2, 5), the
asssembly of the trimolecular class I complexes (4, 6), actively remove surface class I proteins (7), express a
class I homolog and subsequently reduce NK sensitivity of the infected cells (8), bind host immunoglobulins (9) or

serve as a receptor for chemokines (10).

has recently been identified (36). It was observed
that Fc fragment of murine IgG can precipitate viral
glycoproteins (gp) of 88 and 105 kDa from MCMV-
infected cells. The corresponding gene was located
by using a DNA microinjection technique. The strat-
egy for identification of the viral gene and the
characterisation of its product is shown of Figure 2.
Undigested MCMV DNA, restriction enzyme-di-
gested DNA, eluted DNA fragments and finally
cloned restriction fragments were injected into the
nuclei of cells. The expression of a protein binding to
mouse [gG was determined by immunoflorescence.
This approach led to the localisation of the gene in
the HindlIl | fragment of the MCMV genome. The
correct identification of the gene was confirmed by
expression of the gene in a recombinant vaccinia
vector. Further studies have shown that the MCMV
FcR is expressed at the cell surface of infected cells,
but the expression is rather weak and that no Fc bind-
ing activity of the virion can be detected.

Although the immunoevasive function appears ob-
vious, the functional relevance of the Fc binding
property and the potential immunoevasive role of the
FcR are still questionable. Several possibilities exist.

176

On the basis of the homology to FcR of alphaherpes-
viruses, i.e. herpes simplex virus type 1 (HSV-1) gE,
we can presume that the MCMV FcR, expressed at
the surface of the infected cell, may protect them
from antibody dependent cellular cytotoxicity
(ADCC) and complement mediated lysis. This func-
tion was described for the HSV-1 gE and gl complex
that form an Fc receptor (12). The hypothetical
mechanism was described as bipolar bridging (14).
After binding of the antibody with its F(ab), fragment
to viral antigens on the surface of the infected cell,
the FcR interacts with the Fc part of the antibody mol-
ecule and should prevent its interaction with immune
effector mechanisms that are activated through bind-
ing with Ig Fc fragment. The other possibility is that
the FcR property only reflects the potential of this
protein to interact with certain cellular glycoproteins,
and that, like in the cases of HSV-1 FcR and PRV ¢I,
this MCMV protein is involved in the direct cell to
cell spread of the virus (11, 43). These viral proteins
are not required for infection of cells by extracellular
virus, but they facilitate the direct cell to cell route,
which is used during viral spread in some tissues
and between certain cultured cells. This role of the
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FIGURE 2. Strategy for the identification and
characterisation of the MCMV FcR gene. MCMV
DNA was injected into the nuclei of the cells (1) and
the expression of a protein with FCR properties was
determined by immunofluorescence (2). After se-
quencing of DNA fragments (3), the correct
idenfification of the gene was confirmed by expres-
sion in a recombinant Vaccinia vector (4). To study
the function of the gene product it is necessary to
produce specific monoclonal antibody (5) and a de-
letion mutant virus (6). The role of the FcR in viral
replication and spread can be estimated after in vivo
testing of the mutant virus and revertant (7).

MCMV FcR is supported by the presence of a RGD
motif in the amino acid sequence. This short se-
quence represent a ligand recognition motif for sev-
eral integrins (30).

In order to test the biological role of the FcR in a
natural virus-host model we constructed a FcR dele-
tion mutant (AMS94.4), disrupting the fcr I gene by
insertion of the E coli lacZ gene (Figure 3). The in
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FIGURE 3. Construction of the AMS94.4 (FcR) and
AMS94.5 recombinant viruses. Shown is the Hind/II
cleavage map of the MCMV genome (top) and the
expanded region form Hind/lI-] to Hindll[-E frag-
ment (bottom) with Hind/II cleaveage sites (H). The
position of the fcr-1 gene is indicated by an arrow.
The hatched boxes depicta 1,3 kb and a 15,8 kb frag-
ment deleted in the AMS94.4 and in the AMS94.5 re-
combinant, respectively.
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vitro growth kinetic of recombinant virus is compa-
rable to the wild type virus, indicating that the FcR is
dispensable for viral growth in cell culture. Like
some other CMV genes, in vitro nonessential, thefcr-
1 gene may be required for efficient replication in the
infected host, for instance to evade humoral immu-
nity. In order to test this presumption, we infected
new-born Balb/c mice with the FcR- recombinant and
determined the virus titers 14 days after infection. In-
fection with AMS94.4 deletion mutant resulted in sig-
nificantly reduced virus titers in different organs in
comparison to wild type virus (Figure 4). Therefore,

I_ Lungs | Spleen |

AMS94.4 | wild type | AMSB4.4 |

l wild type

EI

FIGURE 4. The attenuated phenotype of FCR- virus.
New-born Balb/c mice were infected with 1x10° PFU
of wild type MCMV and AMS94.4 recombinant virus
(FcR-). Virus titers at day 12 post infection were de-
termined for individual mice (closed circles) and
median values (horizontal bars) were calculated.

Virus ther (log 10 PFU)

the loss of this gene was associated with a loss of vi-
rus fimess in vivo. Before making definitive conclu-
sions about the role of the FcR for viral replication in
vivo, it is necessary to create a FcR* rescued virus.
The construction of herpesvirus mutants is often as-
sociated with unwanted illegitimate recombinations.
Therefore the attenuated phenotype of the recombi-
nant virus can be attributed to the loss of FcR only if it
is possible to restore the wild type phenotype by rein-
sertion of the gene. Then the mechanisms by which
MCMYV FcR acts can be addressed. This will allow to
connect the reduced virulence of the FcR virus ei-
ther with the suggested loss of an immunoevasive
function mediated by antibody binding, or with the
unknown mechanisms that are important for viral
spread (10).

Interference with antigen presentation in the
MHC class I pathway

HCMV and MCMV have the ability to interfere
with antigen presentation in the MHC class I pathway
(1, 8) (Figure 1). Despite the high degree of their ge-
nomic and biological similarity, different mecha-
nisms are used that result in a similar phenotype.

Several laboratories have shown that HCMV
down-regulates MHC class [ molecules (!, 2). In the
infected cells the MHC class [ assembly is reduced
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and the degradation of the newly synthesised mol-
ecules is enhanced (39, 42). The availability of HCMV
deletion mutants revealed that a terminal genomic
region contained more than one gene which inde-
pendently down-regulate MHC class I heavy chain
expression (23). The HCMV US11 gene product
down-regulates class [ molecules expression by dis-
locating MHC heavy chains from the endoplasmic
reticulum (ER) to the cytosol, where they are rapidly
destroyed by the cytosolic enzymes (41). A stable
MHC complex is not formed. The second locus con-
taining genes that affect MHC class I molecules is
composed of the US2-US5 ORFs. The mechanism by
which this gene(s) down-regulate MHC class [ ex-
pression is not known.

Further, HCMV inhibits the TAP-dependent-trans-
port of peptides from the cytosol into the ER. In the
HCMV mutant ts9, in which the region between US1-
US14 is deleted, TAP functions appear normal (19).
Therefore, the gene coding for this function is prob-
ably located in this genomic region. Remarkably, the
inactivation of TAP was first described as a mecha-
nism used by the HSV-1 ICP47 protein (15, 20). By
blocking the transport of cytosolic peptides into the
lumen of the ER, ICP47 prevents the generation of
stable MHC class I molecules and thus their ER ex-
port and expresion at the surface of the infected cell.
Given the essential function of TAP in translocation of
antigenic peptides in the ER, it is not unexpected that
itis a target for more than one member of the herpes-
virus family. The unknown HCMV gene affecting TAP
certainly differs from the HSV-1 ICP47 because no
ICP47 homolog has been detected in the sequence
of the HCMV genome.

MCMYV interacts with the class [ antigen presenta-
tion pathway by a different mechanism. The domi-
nant MCMV antigen, recognised by the majority of
antiviral cytotoxic T lymphocytes (CTL), is a
nonapeptide derived form the [E protein pp89 and
presented by L9 MHC class [ molecules. It was ob-
served that L¢ -restricted pp 89 specific CTL clone
recognises pp89 during the IE phase of infection, but
not during the early phase (7, 31). Lack of CTL recog-
nition after expression of the E genes suggested the
presence of a viral gene(s) that interact wiht antigen
presentation. The rate of synthesis, stability and
nuclear transport of pp89 was found no to be altered
during the E phase. Neither were the formation and
the stability of the trimolecular complex of MHC
class [ heavy chain, ,-microglobulin and peptide af-
fected. Studies on the glycosylation pattern of MHC
class [ molecules revealed that they remained in an
Endo H-sensitive form. This observation suggested
that the complex is not degraded as in HCMV in-
fected cells, but is retained in the endoplasmic
reticulum (ER)/cis-Golgi compartment (9) (Figure 5).

The first step toward the indentification of the
genes whose products are responsible for retention
of MHC class I molecules, was the construction of a
recombinant MCMYV deletion mutant that differs form
wild type virus in its effect on antigen presentation. In
the design of the deletion mutant we were directed
by the sequence analysis of the MCMV genome. The
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FIGURE &5. The MCMV early gene product retains
MHC class I molecules in the ER/cis-Golgi compart-
ment. During the immediate early phase class I mol-
ecules are ltransported to the celll surface. In the
early phase class I molecules are retained in the ER/
cis-Golgi cellular compartment. The putative viral
gene product responsible for this effect is
symbolised by the closed oval. In the A MS94.5 re-
combinant virus this gene is deleted, and transport
of the MHC molecules to the cell surface is restored.
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comparison between herpesvirus genomes has re-
vealed conserved gene blocks shared between al-
pha-, beta- and gammaherpesviruses. The con-
served gene blocks are located in the central portion
of the genome and probably encode essential func-
tions. The genes in the termini of the genomes are
not conserved between different herpesviruses and
are probably not essential for replication in vitro. It
was reasoned that gene(s) involved in retention of a
MHC class [ molecules are members of one of the
gene families located in the termini of the viral ge-
nome, similar to those encoding the HCMV US fami-
lies. Therefore, the MCMV deletion mutant AMS94.5
was constructed with a large deletion (15,8 kb) in the
genomic area represented by the HindIIl E fragment
of the MCMV genome (Figure 3) (37). The replica-
tion kinetics of the recombinant virus under in vitro
conditions was indistinguishable from that of wild
type virus. The next step was to verify if the viral
genes that cause the block of MHC class I molecules
transport are deleted in mutant AMS94.5. Therefore
we compared the glycosylation pattern of MHC class
I molecules in cells infected with wild type and re-
combinant virus. After infection with wild type virus
and expression of E genes, MHC molecules remain
Endo H-sensitive, typical for ER/cis-Golgi glycopro-
teins. In contrary, after infection with the AMS94.5 de-
letion mutant under the same conditions, the
glycosylation pattern of newly synthesised MHC
class I molecules was identical to that of noninfected
cells (Figure 5).

Also, the presentation of pp89 to specific CTLs in
the E phase was restored in the AMS94.5 infected
cells. Using conditions permissive for E-gene ex-
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pression, in contrary to wild type MCMV,_pp 89 pre-
sentation in the E phase and lysis by specific CD8+ T
cells was not abolished after infection with AMS94.5

(Figure 6).
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FIGURE 6. Restored antigen presentation during the
E phase in MS94,5-infected cells. Mouse embryonal
fibroblast target cells were infected with wild type
MCMYV or with the MS94.5 recombinant virus. Anti-
gen presentation of pp89 was tested by pp89-spe-
cific CTLs in a standard 4 h cytolytic assay under the
infection conditions with selective expression of IE
or IE and E viral genes.

The results of the cytolytic assay as well as the
glycosylation pattern of MHC class I molecules in
cells infected with the AMS94.5 suggested that viral
gene(s) respongible for retention were indeed de-
leted in recombinant AMS 94.5. The next step in our
experiments is the detailed analysis of the respon-
sible gene that we have already defined by the gene
microinjection technique. This will allow us to study
the molecular mechanism of the MHC class [ mol-
ecules retention.

There is evidence for more than one early-gene
function of MCMV, which affect the MHC class I path-
way of antigen presentation. Namely, within 3-6 hours
after MCMV infection surface class [ molecules dis-
appear from the membrane of the infected cells. The
export block of nascent MHC [ complexes alone can-
not explain this rapid reduction because the half life
of resident class I molecules is much longer. It seems
that, in addition to the retention of nascent class I
molecules in ER/cis-Golgi, plasma membrane resi-
dent molecules are actively removed from the sur-
face of the infected cells. The gene(s) that carry out
this function are still unknown. They must be located
outside the 15,8 kb gene region that is deleted in
AMS94.5 and expressed in the E phase later than
genes from this gene region because surface reduc-
tion of surface MHC complexes in present also in
AMS94.5 mutant infected cells at later stages of infec-
tion. Viral E proteins that reside at the plasma mem-
brane and coprecipitate with MHC class [ molecules
have been identified as potential candidates for this
function. Whether they are really involved in the
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MCMYV effect on the class [ molecules still has to be
proven. Moreover, a reduction of the class I heavy
chain synthesis has been proposed as additional
mechanism of MCMV to affect antigen presentation
4.

The presence of multiple genes that can interact
with the MHC class [ antigen presentation pathway is
so far unique for CMV. They may be descendants of
an unique ancestor gene, and may have resulted
from duplication and divergence during the evolution
process. This hypothesis is supported by the pres-
ence of the tandemly arranged glycoprotein gene
families in the CMV genome (5). However, a common
origin of HCMV and MCMV MHC class [ interacting
genes is not likely, because beyond the phenotype of
MHC class I reduction there is no significant homol-
ogy between the genes and the products probably
act by quite different mechanism.

The interference of MCMV with the transport of
newly assembled MHC complexes combined with
the removal of preexiting surface MHC class [ pro-
teins, represents a very effective evasion mechanism
from CD8* T lymphocyte control. If we consider the
role CD8* T cells still play in the control of the CMV
infection, it is not surprising that MCMYV has devel-
oped more than one function to evade CTL mediated
control in order to persist in its host and be effectively
transmitted despite the presence of an active im-
mune system.

At the same time the still important role of CD8* T
cells indicates that the viral mechanism of immune
evasion do operatein vivo only with a limited efficacy.
The host immune system has found ways to
recognise and to eliminate infected cells via CD8-de-
pendent mechanisms, despite viral functions that
downregulate antigen presentation by MHC class [
molecules. One of the mechanisms involved is repre-
sented by IFN-gamma. IFN-gamma upregulates ex-
pression of the MHC class I molecules and the ex-
cess of the MHC molecules can escape the transport
block and present antigen at the plasma membrane
(18). CD8* T cells also release IFN-gamma and re-
store antigen presentation in a paracrine fashion.
This observation reconciles findings of altered in
vitro presentation of viral antigens by class I mol-
ecules in parallel with CD8* T cell mediated, MHC
class I restricted protection in vivo. To what extent
different viral mechanisms really contribute to CMV
immunological evasion, can only be answered after
in vivo studies of virus mutants that lack each of the
MHC-reactive genes alone or in combination. This is
a task that is possible to achieve only with MCMV re-
combinants.

Protection of the NK cells mediated lysis - a role
for the viral class I homolog?

Although the reduction in MHC class I surface ex-
pression clearly results in a reduced T cell recogni-
tion of infected cells and probably has a positive ef-
fect for the multiplication and survival of CMYV, it may
also have some drawbacks for the virus. Namely, re-
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duced MHC class I expression is balanced by en-
hanced NK sensitivity. It is known that NX cells are
inhibited by the recognition of peptide filled class I
molecules (6). This may explain the significant role of
NK cells in MCMYV clearance (40). The potential dis-
advantage of increased NK sensitivity due to the loss
of class I molecules may be compensated by other
viral mechanisms that counteract the NK-function.
HCMV gene UL18 codes for a MHC class [ homolog
that binds cellular ,-m and can present endogenous
peptides (13). It has been assumed that the peptide
filled viral class I homolog which is expressed at the
cell surface might engage NK cells inhibitory recep-
tors and thus prevent the NK-mediated lysis of the in-
fected cell. The UL18 gene product may represent
the prnciple by which the virus balances the nega-
tive effects of MHC class I molecules down-regula-
tion.

The HCMV chemokine receptor homologan
additional mechanism of immune evasion?

Chemokines are small proinflamatory peptides
with leukocyte-chemoattractant activity. The
chemokine receptors are members of the G protein-
coupled receptor superfamily. A data base search
has revealed that the HCMV US28 gene product is
33% identical to the mammalian leukocyte receptors
for alpha and beta chemokines (16). There is also
functional homology. The binding of the chemokine
to the US28 gene product leads to the intracellular
calcium mobilisation, but, distinct from that of known
mammalian receptors, the binding is selective for
beta chemokines (17). It can be expected that ex-
pression of this protein may interfere with the host
antiviral response but the definitive active principle is
still enigmatic.

Concluding remarks

CMV is another example of a virus which has
evolved multiple mechanisms to evade hosts im-
mune control. Remarkably the strategies appear dif-
ferent from those employed by another DNA virus,
Pox virus (34). Although the viral interference with
expression of MHC class [ molecules is the best
documented, CMV also modulates the humoral im-
mune response as well as'mechanisms of natural im-
munity. The CMV genome contains numerous genes
whose functions are probably not essential for viral
growth in fibroblasts in vitro. These genes demon-
strate their effect only in vivo. Therefore we antici-
pate that all deletion mutants will show some degree
of attenuation, either generally or only in some tis-
sues of the host. The characterisation of the attenua-
tion mechanism may cause formidable difficulties.
Deletion of the genes coding for immune evasion
mechanism as well as the genes coding for functions
that participate in the infection of certain target cells,
virus spread, regulation of gene expression or estab-
lishment of latency, will result in a similar phenotype:
limited virus growth after infection.

180

Molecular aspects of immunological evasion by cytomegalovirus

These genes remain to be discovered. The dis-
section and analysis of their functions will provide us
informations on new principles in cell biology and
moreover, they hold the promise for new therapeutic
approaches.
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ported by grants of the Deutsche Forschungs-
gemeinschaft. We thank Martin Messerle for the criti-
cal reading of the manuscript.
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——ABSTRACT

Molecular aspects of immunological evasion by citomegalovirus

Several viruses have developed strategies to modulate or evade the im-
mune control of their hosts. Different ways of interference with distinct host
mechanisms which contribute to the cotrol of the viral infection are used:
from the interaction with complement system and cytokines, to the inhibi-
tion of the specific humoral and cellular immune response. Here, we de-
scribe principles of immune evasion used by cytomegaloviruses. They in-
clude gene products that bind host immunoglobulins, interfere with anligen
presentation in the MHC class | pathway, abrogate the recognition by NK
cells or serve as receplors for chemokines.
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