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Abstract Immediate-early (IE) genes are the first genes
to be transcribed during the lytic replication cycle of
cytomegaloviruses (CMV), and encode nonstructural pro-
teins, which are assumed to have mainly regulatory func-
tions. The IE proteins may play important roles in the
pathogenesis of CMV in vivo, for instance during the estab-
lishment of latency and during reactivation. We constructed
mouse CMV mutants with disruptions in the major IE
genes, iel and ie3, to study the roles of these genes in the
context of the viral infection. Here we summarize the cur-
rent results on the characterization of these mutants and
give a perspective of the future research in this field.
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Introduction

Upon infection of cells with cytomegaloviruses (CMV),
viral gene expression starts with the transcription of imme-
diate-early (IE) genes. Expression of these genes is acti-
vated by cellular transcription factors and virion-associated
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regulatory proteins and is thus independent of de novo syn-
thesis of any viral proteins [1]. It is assumed that the IE pro-
teins represent mainly regulatory proteins, which
participate in the activation of viral genes needed later in
the infection cycle, thereby promoting lytic replication of
CMYV. The major IE region of mouse CMV (MCMV) dis-
plays a high degree of structural similarity to the corre-
sponding genomic region of human CMV (HCMV). A
transcription unit composed of five exons is located down-
stream of a complex regulatory element consisting of
enhancer elements and the major immediate early promoter
(MIEP), and gives rise to at least two alternatively spliced
major IE transcripts (Fig. 1). One transcript consisting of
exons 1-4 encodes the IE1 protein and the other transcript
composed of exons 1, 2, 3 and 5 encodes the IE3 protein in
MCMYV (or the homologous IE2 protein in HCMV). The
89 kDa IE1 protein of MCMYV consists of 595 amino acids
(aa) and the 72 kDa IE1 protein of HCMV of 491 aa. Addi-
tional proteins originate from the IEIl regions of MCMV
and HCMV, e.g. the pp76 modification product of the
89 kDa IE1 protein or a 19 kDa protein of HCMV. We
have therefore to consider that the functions ascribed to the
major IE1 products may at least in part be due to these other
IE1 proteins. An alignment of the amino acid sequences of
the MCMV and HCMYV IEl proteins is possible when the
conditions specified in the legend of Fig. 2 are applied. The
alignment extends over a considerable part of the MCMV
and HCMV IE1 proteins (aa 33-500 and aa 23-479)
(Fig. 2). However, it must be emphasized that the similarity
between the aligned amino acid sequences is relatively low,
with only 105 of the 468 amino acids in this region being
identical (22%) and another 20% (95 aa) representing
related residues. The expectation value calculated by the
alignment program indicated that the similarity may not be
significant. In contrast, the 88 kDa MCMV IE3 (611 aa)
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Fig. 1 Structural organization of the MCMV major immediate-early
region. The two transcription units iel/ie3 and ie2 are composed of
several exons. Non-coding and coding exons are depicted as open and
filled rectangles, respectively. Transcription in this region is controlled
by the iel/ie3 and ie2 promoters and the enhancer elements (Enh). The
indicated transcripts give rise to the IE proteins of MCMV

and the 86 kDa HCMYV IE2 proteins (579 aa) are highly
related, with 56% of the C-terminal third of the amino acid
sequences being identical or consisting of conserved resi-
dues. Based on the results of transient transfection assays
the MCMV IE3 and HCMV IE2 proteins were identified as
promiscuous transactivators of viral early promoters and as
repressors of their own promoter (for review see [1-3]).
The latter function suggests that these proteins are autore-
gulating their own expression. Furthermore, the HCMV
IE2 protein is able to activate specific cellular promoters.
The IE2 protein promotes the entry of cells into the cell
cycle, but then it inhibits the synthesis of cellular DNA [4].
In this way, IE2 probably generates favorable conditions
for replication of HCMV. Whether the MCMYV IE3 protein
has a similar impact on the cell cycle is not yet known.
Despite their limited similarity, highly related properties
and functions have been described for the IE1 proteins of
the CMVs (Table 1). An accessory function in the trans-

Table 1 Functions ascribed to the MCMV and HCMYV IEI proteins

Properties and functions MCMV IEl HCMV IEl
Binding to chromatin —
Modification by SUMO-1 NK
Interaction with
HDAC-2 + NK
HDAC-3 NK
STATI and STAT2 NK

(—inhibition of IFN signaling)
Daxx + -
PML (—ND10 dispersion)
p107 (Rb-related protein) NK

(—cell cycle progression)
trans-activation of
Cellular genes + +
Viral genes + +

NK not known

activation of early promoters was ascribed to the IE1 pro-
teins, enhancing the effects of the MCMV IE3 [3] and the
HCMV IE2 protein (reviewed in [2]). For the HCMV IE1
protein a positive regulatory function on the major IE pro-
moter was also observed [5-7]. Both IE1 proteins cause the
trans-activation of promoters of cellular genes involved in
nucleotide metabolism such as the human dihydrofolate
reductase [8] and the mouse thymidylate synthase [9].
Another well-documented effect of both IE1 proteins is the
dispersal of substructures in the nucleus of cells, the ND10
nuclear domains, which are thought to constitute an intrin-
sic cellular defense mechanism against DNA viruses (for a
review see [10]). Nevels et al. [11] showed an interaction of
the HCMYV IEI protein with histone deacetylase 3 (HDAC-
3) in infected fibroblasts and Tang and Maul [12] detected
an interaction between the MCMYV IE1 protein and HDAC-
2, Daxx and PML, which are all constituents of the ND10
structures. They could also show that the IE1 protein inhibited

HCMV IE1
HCMV IE2

—

rat CMV ie2
HHVBA U95

MCMV IE1 MCMV IE3

Fig. 2 Alignment of the amino acid sequences of the MCMV IEI and
IE3 proteins with their homologs in the HCMV AD169 strain and of
the MCMYV IE2 protein with related proteins of the rat CMV (English
strain) and of HHV6A. Please note that the histograms indicate regions
of similarity only and do not allow the quality of the alignments to be
judged. The comparisons were done with the BLAST 2 SEQUENCES
program [29] (using the following parameters, scoring matrix:
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BLOSUMG62, maximum length of gaps: 11, gap extension penalty: 1,
word size: 3, x_dropoff: 50; expected significance: 10). Since the IE1
proteins contain many acidic residues, which will be classified as re-
gions of low compositional complexity by the program, the filter func-
tion masking such residues was shut off for comparison of the IE1
proteins
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the deacetylation activity of HDAC-2. These data are con-
sistent with the rescue of the growth impairment of an
HCMV IEI deletion mutant [13] at low multiplicities of
infection (MOI) by HDAC inhibitors [11]. However, there
seems to be no absolute requirement for the dispersal of
ND10s for viral replication, because at high MOI, growth
of the HCMV IEl mutant is not impaired [13]. More
recently it was reported that the HCMV IE1 protein is able
to interfere with the effects of type I interferons by interact-
ing with STAT1 and STAT?2 [14]. This may at least par-
tially explain the growth defect of the HCMYV IE1 mutant at
a low MOI, as the virus would no longer be able to restrict
the host’s antiviral defenses.

The genomic region on the other side of the enhancer
elements is not conserved between MCMV and HCMV
(Fig. 1). Remarkably however, there are homologs of the
MCMYV ie2 gene in other f-herpesviruses such as HHVG6,
HHV7 and the rat CMVs [15] (Fig. 2). This and the fact
that sporadic transcription of the ie2 gene occurs during
latency of MCMYV [16] should encourage us to investigate
the function of the MCMYV IE2 protein, although in a previ-
ous study no obvious phenotype of an ie2 mutant could be
found in vitro or in vivo [17].

Many of the functions of IE genes of mouse and human
CMYV have been studied in transient assays using the iso-
lated genes, or at best with HCMV mutants in cell culture.
To verify the functions of the IE genes in the context of the
viral infection and to investigate their role in the pathogene-
sis of the CMVs, IE mutants have to be analyzed in vitro
and in vivo. In particular, for in vivo investigation of the
role of the IE genes, MCMYV is, in our opinion, the model
of choice.

The IE3 protein is a key regulatory protein of MCMV

Based on the results of transient transfection assays it was
assumed that the IE3 protein (similarly to its HCMV homo-
log IE2) has an important regulatory function in the very
early phase of infection and possibly in later phases as well,
but this had not been tested with viral mutants. The devel-
opment of mutagenesis techniques applicable to bacterial
artificial chromosome (BAC)-cloned CMV genomes
greatly facilitated the construction of such mutants, because
the generation of mutated genomes and the evaluation of
the properties of these genomes and viruses derived from
them, now represent separable and independent tasks [18,
19]. To assess the role of the ie3 gene, a large deletion was
introduced into exon 5, which disrupted the coding region
for the IE3 protein, without affecting the neighboring ORFs
[20] (Fig. 1). Upon transfection of this genome into mouse
fibroblasts, plaque formation did not occur. To verify this
result we also generated a mutant with a GFP reporter gene

inserted into the exon 5-deleted genome at the transcription
start site of the m128 (ie2) locus. In addition, a genome
with a repaired ie3 gene was constructed that carried the
GFP gene at the same position. Whereas only single green
fluorescing cells were observed following transfection of
the Aie3 genome, the repaired genome led to plaque forma-
tion indicative of productive infection. Similarly, co-trans-
fection of the Aie3 BACs and of a plasmid carrying the
genomic region deleted in the mutant also resulted in
plaque formation, most likely due to repair of the ie3 gene
by homologous recombination in the fibroblasts. These
results let us conclude that the ie3 gene is essential for
growth of MCMYV [20]. Still, we did not know at which
stage the infection cycle of the Aie3 virus was disrupted. To
address this question, we had to generate a sufficient
amount of the Aie3 virus to perform infection experiments.
To this end, complementing cell lines based on NIH 3T3
cells were generated, which provided the IE3 protein (and
the IE1 protein) in frans. Different cell clones supported the
replication of the Aie3 mutant to varying degrees suggest-
ing that an appropriate expression level of the IE proteins is
crucial. Two cell clones turned out to be particularly suit-
able for generation of the Aie3 viruses, although, depending
on the inoculation dose, the final virus yields remained one
to two orders of magnitude lower than the titers that could
be achieved with the wild-type MCMV. The virus prepara-
tions occasionally contained a minor fraction of replication-
competent viruses that probably originated from the repair
of the ie3 gene in the viral genomes by recombination with
the viral sequences present in the genomes of the comple-
menting cells. For further studies the complementing cell
lines should be constructed in such a way that sequence
overlaps that allow recombination and repair of the viral
genome is avoided. However, due to the overlap with other
transcription units as is the case with the ie3 gene, this goal
may not always be achievable. In addition, restoration of
replication-competence due to non-homologous re-inser-
tion of the missing sequences can probably never com-
pletely be prevented. For this reason, the resulting virus
preparations have to be tested carefully for the absence of
contamination with replication-competent viruses.

RT-PCR analysis of RNA from cells infected with the
Aie3 mutants revealed that the iel transcript was synthe-
sized in infected non-complementing cells, regardless of
whether the infection was performed in the absence or pres-
ence of the protein synthesis inhibitor cycloheximide or
whether RNAs were analyzed early or late during the infec-
tion cycle (Fig. 3) [20]. The ie3 transcript was of course
missing, due to the disruption of the ie3 ORF. From another
study, we know that the ie2 transcript is also synthesized in
Aie3-infected cells. The apparently higher level of iel tran-
scripts in Aie3-infected cells (lane 3) in comparison to
wild-type MCMV infected cells (lane 1; the iel signal is
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Fig. 3 Disruption of viral gene expression in cells infected with the
Aie3 mutant. Transcripts representative of the IE (iel, ie3), early [viral
DNA polymerase (pol)] or late phase (glycoproteins gB and gL) of
MCMV were detected by RT-PCR in RNA isolated from cells that
were infected with the wild-type MCMV (wt) or the Aie3 mutant
(Aie3) for the times indicated below. The signal originating from the
cellular transcript hprt served as a loading control. Two samples were
treated with cycloheximide (+CHX) to restrict gene expression to IE
transcription. Please note that the Aie3 mutant expressed iel transcripts
only, irrespective which conditions were used. The figure was repro-
duced from Ref. [20] with the permission of the American Society of
Microbiology and the authors

below the detection limit in this specific experiment, possi-
bly also due to a lower amount of RNA used) may result
from the loss of the repression of the iel/ie3 promoter by
the IE3 protein. Taken together, expression of the IE genes
with the exception of the ie3 gene does occur in Aie3-
infected cells. However, transcripts of early and late viral
genes could never be detected. This result clearly indicated
that the IE3 protein is at least needed for the activation of
early gene transcription. Whether IE3 is also directly
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involved in the activation of late gene expression cannot be
deduced from the infection experiments with the Aie3
mutants as it could be that early proteins, which are not
generated in Aie3 infected cells, may be sufficient for the
activation of late gene expression. However, in consider-
ation of results obtained in transfection experiments, an
important contribution of the IE3 protein in the activation
of late genes is very likely. Later on, similar results were
obtained with AIE2 mutants of HCMV, indicating that the
HCMYV IE2 protein has a comparable role to the MCMV
IE3 protein [21-23].

In order to determine the role of the ie3 gene during the
different phases of the lytic replication cycle and ideally also
during reactivation of MCMV from latency, it was desirable
to generate a mutant expressing a conditional variant of the
IE3 protein. For this purpose we investigated whether the IE3
protein could be split into two separate subdomains, which
were expressed as fusions with the FK506-binding protein
(FKBP) and FKBP-rapamycin-associated protein (FRAP),
and could be re-assembled as a functional IE3 molecule upon
addition of an artificial dimerizer [24]. This approach led to
promising results when frans-activation of the early viral el
promoter by the split IE3 protein was tested in transient
assays (B. Rupp, M. Messerle, unpublished results). How-
ever, replication-competent virus could not be obtained fol-
lowing insertion of the DNA sequences encoding the IE3
fusion proteins into the MCMV genome. In a similar
approach, we fused a tamoxifen-inducible estrogen receptor
domain [25] to the IE3 protein. This should cause the IE3
fusion protein to be sequestered in the cytoplasm in the
absence of the inducer molecule and thus prevent the IE3-
induced transcription of early viral genes in the nucleus. The
resulting virus was viable, however, the viral growth rate
could be influenced by tamoxifen only marginally. Localiza-
tion studies revealed that a substantial fraction of the IE3
fusion protein was transferred into the nucleus already in the
absence of tamoxifen (B. Rupp, M. Messerle, unpublished
results), perhaps because the nuclear localization signal in the
IE3 amino acid sequence was overriding the capacity of the
estrogen receptor domain to retain the fusion protein in the
cytoplasm. The successful generation of a conditionally rep-
licating HCMV mutant relying on a temperature-sensitive
IE2 protein indicates that in principle such an approach is
feasible [22]. We assume that a refinement of the above men-
tioned attempts will allow us to construct conditional ie3
mutants. Such tools would be highly valuable for dissecting
the exact role of the IE3 protein in CMV pathogenesis.

The MCMY iel deletion mutant is attenuated in vivo

As the iel gene shares its first three exons with the ie3
gene, we decided to delete the entire exon 4 to specifically
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destroy the reading frame for the 89 kDa IEI protein, leav-
ing the IE3 ORF unaffected [26]. Exon 5 was directly fused
to exon 3 promoting exclusive expression of the IE3 protein
from this IE transcription unit in the Aiel mutant. We were
aware that the expression of the IE3 protein may be regu-
lated differently, since splicing from exon 3 to exon 5 is not
required in this mutant. The complete elimination of exon
4, however, prevented the usage of any cryptic splice site in
this region and guaranteed that no aberrant IE1 product was
generated, which could potentially substitute for the
authentic 89 kDa IE1 protein and distort the results. In
order to confirm that the phenotype of the Aiel mutant is
solely due to the lack of exon 4, we also constructed a
revertant virus in which the iel gene was repaired. The
Aiel virus and the revertant could be recovered from the
mutated genomes in murine fibroblasts without the need for
complementation. As expected there was no expression of
the 89 kDa IE1 protein in cells infected with the Aiel
mutant. Remarkably, growth of the Aiel mutant in NIH
3T3 cells was not impaired or delayed at low or at high
MOI. Similarly, there were no significant differences
between the growth rates of the Aiel mutant, the parental
wild-type virus and the revertant virus in primary embry-
onic fibroblasts, endothelial and epithelial cell lines, or in
peritoneal macrophages. Thus, at least in these cell types
the 89 kDa IE1 protein does not seem to be required for
viral growth. Early and late gene expression as exemplified
by the m112/m113-encoded proteins seemed to be unal-
tered as was the expression of the IE3 protein; at best the
amounts of the IE3 protein were slightly increased. These
results differ from the phenotype of an HCMV IE1 mutant,
which displayed an impaired growth capacity at low MOI
and a reduced accumulation of a number of delayed-early
proteins [13, 27]. In this context, one should remember that
another MCMYV iel mutant that carried a frameshift muta-
tion within exon 4 was also slightly impaired in its growth
kinetics [18]. Further studies are needed to learn why differ-
ent CMV iel mutants display diverse growth phenotypes.

One common property of CMV IE1 proteins is their
capacity to disperse PML bodies in the nucleus of infected
cells. In agreement with the results of Tang and Maul [12],
we found that the Aiel mutant is unable to disrupt the PML
bodies early in infection (Fig. 4c). Interestingly, the number
of PML bodies in cells infected with the Aiel mutant
clearly declined at late times of infection suggesting that
(an) additional viral function(s) take over this function at
the late time point. We also noted that in cells infected with
the wild-type virus or the Aiel mutant at 15 and 24 h p.i.,
the PML antigen could be detected in small aggregates in
the nucleus, including in the replication compartments (see
Fig. 4d, e; [26]). Whether there is a specific function of
these aggregates in the late phase of the replication cycle
remains to be seen.

Finally, we investigated whether the Aiel mutant is able to
replicate in vivo. When BALB/c mice were inoculated intra-
peritoneally with a dose of 1 x 10° PFU, the Aiel mutant
could be detected in various organs for several days indicating
that the virus was able to spread in the organism. The titers of
the Aiel mutant were, however, approximately one to one
and a half orders of magnitude lower than those of the wild-
type or revertant virus. Thus, the replication capacity of the
Aiel mutant was clearly reduced in vivo. Notably, however,
the Aiel mutant was able to reach and to replicate in the sali-
vary glands, a property that many other attenuated MCMV
mutants have lost. When immunocompromised SCID mice
were infected with the wild-type virus and the Aiel mutant,
differences in the titers in various organs were similar to those
seen in infected BALB/c mice. We concluded therefore that
differences in the titers cannot be explained by an increased
sensitivity of the Aiel mutant to the adaptive immune
response, as this is lacking in the SCID mice. Rather, the Aiel
mutant may replicate more slowly than the wild-type virus in
cell types that are important for spread of the virus in vivo,
maybe in a cell type that we did not consider in our in vitro
analysis. Another possibility is that the virus may be more
susceptible to the innate immune response, e.g. to the action
of NK cells or to the anti-viral activity of cytokines, as these
defense mechanisms are intact in SCID mice.

An important aspect that remains to be investigated is the
capacity of the Aiel mutant to establish latency and to reacti-
vate. For these studies the reduced replication capacity of the
Aiel mutant in vivo has to be taken into account, since this
may influence the efficiency of the mutant to establish
latency i.e., infection with a replication-impaired virus proba-
bly leads to a reduced viral genome load in latently infected
organs. The viral load in turn will affect the ability of the
virus to reactivate as was previously shown by Reddehase
et al. [28] several years ago. Preliminary results indicate that
infection conditions can be found for the Aiel mutant which
lead to loads of viral genomes in latently infected organs that
are comparable to those seen in infection with the wild-type
virus (A. Busche, unpublished results). Thus, the Aiel
mutant seems to be able to establish latency and we expect to
uncover in the near future whether it is also able to reactivate.

Impact of the MCMYV iel gene on interferon responsive
gene expression

For HCMV it was recently suggested that the IE1 protein at
least partially counteracts the antiviral activity of type I inter-
ferons [14]. As a comparable function of the MCMV IE1
protein could explain the attenuation of the MCMV Aiel
mutant, we asked whether the IE1 protein has an impact on
the expression of interferon-stimulated genes. To this end,
we used a luciferase reporter plasmid containing interferon
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Fig. 4 Role of the MCMYV IEI protein in the dispersal of PML bodies.
NIH 3T3 cells were either mock treated or infected with wild-type
MCMYV or the Aiel mutant at an MOI of 0.3 and incubated for 4 (a—c)
or 24 h (d, e). Cells were fixed with paraformaldehyde and double la-
belled with MCMYV IE1 or E1 and PML, and DNA was counterstained
with DAPI (blue). Labeling of the PML bodies is in red. The IE1 pro-
tein (b) and the early viral protein E1 (c—e) are shown in green. Please
note that the E1-specific antibody labels small pre-replication compart-

stimulated response elements (ISRE) and generated a cell
line stably transfected with the construct. Following infection
of this cell line, we detected a fourfold stronger induction of
the promoter with the interferon stimulated response ele-
ments by the wild-type MCMV than the Aiel mutant
(Fig. 5a). When the cells were stimulated with interferon-f
(IFN-p) and simultaneously infected with wild-type MCMV
the ISRE trans-activation was more than twice as strong as
after IFN-f treatment only. The ISRE induction after treat-
ment with IFN-f and infection with the Aiel mutant was in
the same range as after treatment with IFN-f alone, i.e., we
did not observe an additional up-regulation as after infection
with wild-type MCMV. A comparable induction profile was
observed when cells were infected with wild-type MCMV or
the Aiel mutant 2 h before interferon stimulation was applied
(data not shown). Thus, our analysis suggested an activation
of interferon-stimulated genes by the MCMV IEl protein
and there was definitely no inhibitory function of this
MCMV IE protein on the expression of those genes at the
early time point of 6 h p.i. as has been suggested for the
HCMV IEl1 homolog [14]. We next wanted to analyze
whether the expression of viral genes is responsible for acti-
vating the transcription of the interferon inducible reporter
gene. When the cells were treated with UV-inactivated
MCMV virions, ISRE-driven expression was not induced
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ments at 4 h p.i. (¢) and the large replication compartment at 24 h p.i.
(d, e). Late in infection, some PML bodies are retained in the nucleus
of Aiel-infected cells (e), outside of the replication compartment.
There are also some faint aggregates of PML in wild-type MCMYV and
Aiel-infected cells (d, ). Bars 10 pm. The figure was reproduced from
Ref. [26] with the permission of the American Society of Microbiol-
ogy and the authors

and when the cells were additionally treated with IFN-f there
was no additional activation beyond the induction that we
already observed after IFN-f treatment alone (Fig. 5b). This
result strongly suggested that the IE1 protein is involved in
the activation of the reporter gene. To investigate the capac-
ity of the IE1 protein alone—independent of other viral pro-
teins—to activate gene expression via the ISRE element
murine fibroblasts were transiently cotransfected with an IE1
expression plasmid and the ISRE-driven luciferase reporter
plasmid. While an unrelated control plasmid was unable to
activate the interferon stimulated response element (ISRE),
trans-activation by the iel gene became apparent in a dose
dependent manner (Fig. 5c). Taken together, these data sug-
gest that the MCMYV IE1 protein enhances rather than inhib-
its the trans-activation of the IFN type I stimulated response
element. The observed activation by the IE1 protein is com-
patible with its proposed inhibitory activity on histone
deacetylases [12]. Further experiments will reveal whether
this mechanism can explain our results.

Outlook

A number of functions have been associated with the IE genes
of CMVs. It is now well established that the IE3 protein of
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Fig. 5 Impact of the MCMV iel gene on interferon stimulated re-
sponse element (ISRE)-controlled gene expression. a NIH 3T3 cells
carrying a stably integrated ISRE-driven luciferase reporter construct
were either mock-treated or infected with wild-type MCMYV and the
Aiel mutant at an MOI of 2.5 and the luciferase activities were deter-
mined 6 h p.i. The induction factors depicted were calculated in rela-
tion to the luciferase activity obtained with the untreated samples. In a
second series the cells were treated with 1,000 units/ml of interferon- 8
and then infected with the indicated viruses. b Viral gene expression is
needed for stimulation of the ISRE. The reporter cells were treated
with wild-type MCMYV or UV-inactivated virus, or the cells were treat-
ed with interferon-fi and then infected as indicated. The luciferase
activity was measured 6 h p.i. ¢ Effect of the iel gene in transient trans-
fection assays. NIH 3T3 cells were transfected with the ISRE-lucifer-
ase reporter plasmid (1 pg), together with a control plasmid (1 pg, [+])
or with increasing amounts of the IE1-expressing construct (1 [+] and
2 pg [++]). Luciferase activities were determined 48 h p.i. and normal-
ized to the f-galactosidase activities resulting from a co-transfected
lacZ plasmid

MCMV and the IE2 protein of HCMV represent essential fac-
tors which, besides their other functions, act early in infection
to trans-activate early viral and cellular genes. It is not yet

clear whether these proteins are also needed for the trans-acti-
vation of late genes in order to maintain the lytic replication
cycle. Similarly, we do not know whether the IE3 protein is
essential for maintenance of latency. One may assume that
either the recurrence of lytic infection has to occur occasion-
ally to replenish the load of latent viral genomes or that the
viral genomes are amplified from time to time, possibly by
cellular enzymes, especially if the latently infected cells
undergo cell division. The IE3 protein would be required at
least in the first scenario. MCMV mutants with a conditional
ie3 gene, whose expression can be turned on and off at will,
would be a highly useful tool to answer these questions.

The biological significance of the many functions
ascribed to the IE1 proteins of MCMV and HCMV seems
less clear at this time. The growth defect of HCMV IE1
mutants at low MOI has been associated with the ability of
the IE1 protein to inhibit histone deacetylases as well as
with its interference on the effects of type I interferons. Sur-
prisingly, the MCMV Aiel mutant described here does not
display growth impairment in cell culture and we saw no
inhibition of interferon type I induced effects. Whether this
is specific for this particular MCMV Aiel mutant or due to
a general difference between the MCMV and HCMV IE1
proteins remains to be seen. The MCMV Aiel mutant is
however attenuated in vivo. Currently, the underlying
mechanism for the attenuation is not known, but this must
be a function of the IE1 protein that is biologically relevant.

The knowledge of the interaction of the IE proteins with
other viral and cellular proteins may allow us to design
small compounds that interfere with or disrupt these inter-
actions. If this can be achieved, we may be able to block the
Iytic replication of CMV or even the reactivation at a very
early stage preventing the recurrence of CMV and the
disastrous CMV disease in patients.
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