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It has been hypothesized that the major immediate-early (MIE) enhancer of cytomegalovirus (CMV) is
important in determining virus tropism and latency because of its essential role in initiating the cascade of
early gene expression necessary for virus replication. Although rat CMV (RCMV) and murine CMV (MCMYV)
exhibit extreme species specificity in vivo, they differ in their ability to replicate in tissue culture. MCMYV can
replicate in a rat embryo fibroblast (REF) cell line while RCMV does not grow in murine fibroblasts. The
tropism is not due to a block in virus entry into the cell. We have constructed a recombinant RCMYV in which
the RCMV MIE enhancer has been replaced with that of MCMYV. Growth of the recombinant virus in tissue
culture remains restricted to rat cells, suggesting that other viral and/or host factors are more important in
determining in vitro tropism. Unlike findings using recombinant MCMYV in which the human CMV (HCMYV)
MIE enhancer substitutes for the native one (A. Angulo, M. Messerle, U. H. Koszinowski, and P. Ghazal,
J. Virol. 72:8502-8509, 1998), infection with our recombinant virus at a low multiplicity of infection resulted
in a substantial decrease in virus replication. This occurred despite comparable or increased MIE transcrip-
tion from the recombinant virus. In vivo experiments showed that the recombinant virus replicates normally
in the spleen during acute infection. Notably, the recombinant virus appears to be deficient in spreading to the
salivary gland, suggesting a role for the MIE enhancer in tropism for certain tissues involved in virus
dissemination. Four months after infection, recombinant virus with the foreign MIE enhancer was reactivated

from spleen explants.

The cytomegaloviruses (CMVs) are betaherpesviruses char-
acterized by extreme species specificity. The initial infection
(often asymptomatic) leads to the development of latent states
in multiple tissues, and during periods of immunosuppression,
the virus can reactivate and cause severe and sometimes fatal
disease. The transcription of CMV major immediate-early
(MIE) genes is regulated by strong enhancers located up-
stream of the MIE promoter. The MIE proteins are made
immediately after infection, and the MIE RNA can be tran-
scribed under conditions that inhibit protein synthesis. This
suggests that cellular and/or virion proteins are important for
the activation of viral MIE genes. Herpes simplex virus MIE
gene expression is enhanced by the virion protein VP16 (5).
Similarly, the virion protein UL82 of human CMV (HCMV)
can increase transcription of reporter genes regulated by the
MIE enhancer (19).

Although the genetic architecture of the MIE loci for all the
CMVs studied in detail is similar, the organizations of their
respective MIE enhancers are quite different. The HCMV and
the simian CMV (SCMV) enhancers share many of the same
potential transcription binding sites, but the locations and
numbers of these sites are different (7, 10). The murine CMV
(MCMYV) MIE enhancer spans approximately 700 bp contain-
ing six consensus binding sites for NF-kB and seven consensus
binding sites for AP1 (11). The Maastricht rat CMV (RCMV),
in contrast, contains no NF-«B sites and has more AP-1 sites
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than MCMYV (6). Unlike the MIE enhancers mentioned above,
the English RCMV enhancer possesses many fewer recogniz-
able transcription factor binding sites or repeat sequences (29).
Other than a TATA box, the only obvious consensus binding
sites in the RCMV MIE enhancer are three CCAAT box
transcription factor sites, one NF-kB site, and a few AP-1
binding sites. Despite the relative scarcity of known transcrip-
tion factor binding sites, the English RCMV MIE enhancer
activity compares well to those of HCMV and MCMYV in
transient-transfection assays of human, mouse, monkey, and
rat cells (29).

Regulation of IE expression is thought to be important in
whether an infection will be abortive or lytic or become latent.
Whether an enhancer is activated or repressed could be due to
the state of differentiation of the infected cell. For example, in
vitro infection of human monocytes with HCMV leads to an
abortive infection with little, if any, expression of IE proteins.
Differentiation of the infected monocytes leads to abundant
expression of IE proteins and a permissive infection (15, 17,
24). The change in the state of differentiation could reflect
changes in the type or quantity of repressor and/or activator
proteins, and these proteins could affect the MIE enhancer.
Increased expression from the MIE enhancer can also be due
to a response to external stimuli. For example, both HCMV
and MCMV MIE enhancers contain retinoic acid response
elements and the addition of physiological levels of retinoic
acid leads to increased enhancer activity (1, 2).

The restricted tropism of the CMVs is a hallmark of these
viruses. We have attempted unsuccessfully to infect several
strains of mice (A/J, BALB/c, C57BL, C3H) as well as nude
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FIG. 1. Generation of a recombinant RCMV (RCMVME™) that contains the MCMV MIE enhancer in place of the RCMV MIE enhancer.
The DNA to be inserted includes the MCMV MIE enhancer from bp —31 to —835 relative to the MCMYV IE1 cap site (therefore not including
the MCMV TATA box) and the lox—B-Gal-lox expression cassette, which allows for identification of recombinant virus. The RCMVME" transfer
vector (MEnh TV) contains the MCMV MIE enhancer, a 3-Gal expression cassette with lox sequences at each end, flanked by two stretches of
RCMV DNA (A and B), which allow for homologous recombination to occur. Region A contains the RCMV DNA sequence from bp —908 to
—2404 relative to the cap site of RCMV IE1. Region B contains the RCMV DNA sequence from bp —49 to +1980 relative to the RCMV IE1
cap site and therefore contains the RCMV MIE TATA box-to-cap site region. Successful recombination results in a recombinant RCMV
containing the MCMV MIE enhancer and the lox—3-Gal-lox cassette in place of the wt enhancer. Passage through the REF-Cre cell line

recombines out the B-Gal expression cassette, leaving one lox site.

and SCID mice with RCMV (including direct salivary gland
inoculation). Likewise, we have been unable to infect rats with
MCMYV. RCMV will not replicate in mouse embryo fibroblasts
(MEF) or NIH 3T3 cells, although MCMV will grow to high
titers in a line of rat embryo fibroblasts (REF). Generally, the
species specificities exhibited by these viruses appear to be
inherent properties of the viruses. Because the CMV MIE
enhancer influences expression of the IE proteins, it could be
that some of the characteristics of RCMV and MCMYV in vitro
and in vivo replication are due to virus-specific elements or
their arrangement in the enhancer. Using MIE enhancer de-
letions and swaps, evidence against the MIE enhancer playing
a decisive role in determining organ and species specificity for
MCMYV has been recently presented by two groups (4, 13). We
have constructed similar enhancer-substituted recombinants of
the English RCMV in order to determine the role of the MIE
enhancer in RCMV biology. Our experiments are in general
agreement with those reported for MCMYV in that the MIE
enhancer is not the sole determinant of viral tropism. How-
ever, we did observe phenotypic changes dependent on the
source of the MIE enhancer. In addition, we show that in vitro
reactivation from latency is not dependent on the presence of
the native MIE enhancer. Continued studies with this recom-
binant virus will aid in understanding the role of the MIE
enhancer in the pathogenesis of RCMV infection.

MATERIALS AND METHODS

Virus and cell cultures. RCMV obtained from J. Hamilton (Duke University)
was originally isolated and described by Priscott and Tyrrell (28). Virus was
propagated in a REF cell line as previously described (8). We called this the
English RCMV isolate to distinguish it from the Maastricht isolate, which ap-
pears to be a virus distinct from ours (6). REF, MEF, and NIH 3T3 cells were
grown in minimum essential medium supplemented with 10% fetal calf serum, 2
mM glutamine, and gentamicin (20 pg/ml). An expression cassette containing
the Cre recombinase gene (pBS185) was cotransfected with pSV2neo (Clontech,
Palo Alto, Calif.) in REF cells, and a cell line was selected with G418 (400
pg/ml). This line expresses the Cre recombinase and is useful for recombining
DNA between appropriately oriented loxP sites within viruses that can infect
these cells.

Plasmid constructs. The RCMV Kpnl I fragment, which spans the entire MIE
enhancer and continues past exon 4 of IE1, was used as the basis for construction
of our transfer vectors (Fig. 1). To form one flanking region (Fig. 1, MEnh TV,
region A), an EcoRI-PstI fragment from bp —908 to —2404 (all RCMV positions
are relative to the MIE cap site, which was set as +1) was cut from KpnI I and
blunted, and Kpnl linkers were ligated to both ends. This fragment was cloned
into the Kpnl I site of pSK (Stratagene, La Jolla, Calif.) to form pSKA. The other
flanking region (Fig. 1, MEnh TV, region B) was constructed to contain the
sequence from bp —49 (10 bp upstream of the TATA box) to bp +1980 and
cloned into the plasmid containing the A flanking region described above. This
was achieved by restricting RCMV KpnlI I with Fspl, which cuts in exon 4 of IE1
at bp +1980. The Fspl site was changed to Kpnl by blunting with Klenow and by
the ligation of KpnlI linkers. The fragment was then cut with HindIII, which cuts
at bp +174, and the resulting 1,806-bp HindIII-Kpnl fragment was cloned into
pSK. PCR was used to amplify the region 5’ of the TATA box (bp —43) to the
HindIII site (bp +174) in exon 1. The primer beginning at bp —49 contained an
Spel site, and the resulting Spel-HindIII fragment (223 bp) was ligated into the
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plasmid containing the 1,806-bp HindIII-KpnI fragment to create pSKB. In order
to move this flanking region (B) into the final transfer vector, the Kpnl site was
changed to Spel prior to cutting it and ligating it into the Spel site of pSKA. All
PCR-amplified sequences and appropriate orientations of ligated fragments
were confirmed by sequence data from the completed transfer vectors.

The MCMV MIE enhancer was amplified from pAMB25, which contains the
entire MCMV MIE enhancer and coding regions and which was a gift from G.
Keil (16). PstI-tailed primers from bp —835 to —31 relative to the MCMYV IE1
cap site were used to isolate the 804-bp region of the MCMV MIE enhancer, and
the sequence was verified and cloned along with a beta-galactosidase (B-Gal)
expression cassette flanked by LoxP sites into the transfer vector.

To repair the MCMV enhancer RCMV recombinant virus (RCMVME™) the
RCMV MIE enhancer from bp —47 to —908 was amplified using PstI-containing
PCR primers and cloned into the PstI site in the transfer vector in place of the
MCMV MIE enhancer to create the RCMV enhancer repair transfer vector.

The transfer vector for the generation of the wild-type (wt) B-Gal-expressing
recombinant virus (RCMVP&) contained the RCMV sequence from bp +178
bp to —4912 relative to the MIE cap site. The lox—f-Gal-lox expression cassette
was cloned into the unique X%ol (blunted) site located at bp —1817 relative to
the MIE cap site to create the appropriate transfer vector.

Transfection and recombinant virus isolation. The methods of construction of
the recombinant viruses are depicted schematically in Fig. 1. Subconfluent REF
cells on six-well plates were cotransfected with transfer vector DNA (1 pg) and
virion RCMV DNA (1 pg) by the calcium phosphate precipitation method as
described previously (26). Supernatants from wells showing a cytopathic effect
were frozen and screened for B-Gal-positive virus. For screening, REF cultures
were infected and medium containing 0.9% methylcellulose was added to each
well. The plates were incubated for 5 days at 37°C in 5% CO,, fixed, and stained
for B-Gal-positive plaques as previously described (30). Recombinant virus was
isolated by limiting-dilution cultures on REF cells in 96-well plates.

The repaired virus (RCMV™P) was generated by cotransfection of the RCMV
enhancer repair transfer vector and virion DNA which had been extracted from
the RCMVMERD virys (B-Gal negative). The RCM VP& virus was isolated fol-
lowing cotransfection with the lox—B-Gal-lox transfer vector and wt RCMV
virion DNA.

Viral DNA analysis. Virion DNA was prepared and used for Southern blot
analysis as previously described (8). PCR-amplified MCMV and RCMV enhanc-
ers were used as probes. A nick translation system (Gibco-BRL, Gaithersburg,
Md.) was used with [a->?P]dCTP (Amersham, Arlington Heights, TIl.) to label
the probes. To sequence around the junctions of homologous recombination in
recombinant and the repaired viruses, PCR-amplified products were cloned in
pSK and sequenced using T3 and T7 primers and Sequenase v2.0 (Amersham).

Real-time quantitative PCR analysis. Total-cell RNA was isolated at various
times postinfection with wt virus, RCMVMER and RCMV™P and was extracted
with TRIzol (Gibco-BRL) by following the manufacturer’s recommended pro-
cedures. Quantitation of MIE transcripts was performed with real-time PCR
using the 7700 Sequence Detection System (PE Biosystems, Foster City, Calif.).
This method is based on continuous optical monitoring of a fluorogenic probe
(12, 14). Initial template concentration was derived from the cycle number (C;)
at which the fluorescent signal crosses a threshold in the exponential phase of the
PCR. The software default values were used in determining the threshold.
Standard graphs of C; values obtained from serially diluted positive controls
were used to derive values for unknowns. Each quantitation was done from
plasmid standard curves with at least five values spanning 4 orders of magnitude
or more. Each standard was determined in triplicate. The correlation coefficients
calculated for each standard curve were as follows: 0.9737 for IE1, 0.9916 for
1E2, and 0.9942 for GAPDH (glyceraldehyde-3-phosphate dehydrogenase).

Two separate primer-probe sets were generated for RCMV IE1 and RCMV
IE2. The forward primer is common to both IE1 and IE2, being located in exon
2 of the RCMV MIE region. The reverse primer for IE1 is located in exon 4 and
the reverse primer for IE2 is located in exon 5. Primer sequences were as follows:
exon 2 forward, 5'-GATGAAGTGCGTGAGTCGGTAAATCAA-3"; IE1 exon
4, 5"-TTGGATGCATGTCGTGCGGATGTCT-3'; and IE2 exon 5, 5'-ATGGT
CTCTCTGTTGATCCGGA ATATC-3'. The probes for IE1 and IE2 were de-
signed to span the exon-exon border of exon 3 and exon 4 or exon 3 and exon 5,
respectively, to eliminate concerns of DNA contamination. Probe sequences
were as follows: IE1, 6FAM-CAGCCGTTCAAAGTCTTGTAATTGCCATCA
AGACCGCG-TAMRA, and IE2, VIC-CAGCCGGGCCTAACGTGAGGCAT
ATAGACATTGTTAC-TAMRA. PCR primers were synthesized by Life Tech-
nologies, Inc. (Gaithersburg, Md.), and fluorogenic probes were synthesized by
PE Biosystems. Reverse transcriptase reactions used approximately 0.5 wg of
RNA isolated using the TRIzol extraction method and Thermoscript Reverse
Transcription kit (Gibco-BRL) in the presence of random hexamers. The reverse
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transcription reaction for each RNA sample was split into three separate PCRs
for IE1, IE2, and GAPDH. The calculated copy number for each RNA sample
was normalized to its concentration calculated by the GAPDH content. Each
sample was tested in triplicate, and the mean of the three values is shown as the
calculated copy number of the sample. Real-time PCRs were performed with
universal master mix and universal cycling conditions (PE Biosystems).

In vitro infections. REF cultures were infected with wt virus, RCMVME"? or
RCMV™P at a high multiplicity of infection (MOI) of 10 PFU/ml or a low MOI
of 0.01 PFU/ml. After a 1-h adsorption, the wells were washed three times with
minimum essential medium. At various times after infection the plates were
frozen and thawed, and the amount of infectious virus was determined by plaque
assay on REF cells.

In vivo infections. Six-week-old female Sprague-Dawley rats were infected
intraperitoneally (i.p.) with mixed or individual virus pools. Spleens were har-
vested on days 2, 3, and 5, and salivary glands were harvested on day 16 postin-
fection. Following euthanasia with CO,, organs used for the detection of active
virus infection were removed, minced, and sonicated, and titers were determined
for REF cells in 24-well plates with and without methylcellulose overlays. Ap-
proximately one-half of the spleen and one-half of each salivary gland was used
for sonication and titration. For the mixed-virus infections, the proportion of test
virus to RCM VP! was determined by staining first for 3-Gal-positive virus and
then staining with methylene blue.

To observe for latency and reactivation, rats were infected with either the
mixed-virus pools or RCMVME™ alone and spleens and salivary glands were
harvested 120 days postinfection. One-third of each spleen and one-half of each
salivary gland were tested for persistent virus as described above. One-tenth of
each organ was frozen for DNA extraction and PCR analysis (see below).
Fragments of spleen and salivary gland (1 to 2 mm?) from each rat were placed
on REF cells in each well of a tc-6 plate (six fragments per well, approximately
5% of each organ per plate). Medium was changed every 2 to 3 days for up to 50
days or until virus was detected. Plates were examined daily for cytopathic effect,
and twice weekly, supernatants were titrated for levels of virus in fresh REF cells.
Plaques from isolated virus were stained for B-Gal and/or with methylene blue.

The sensitivity of our culture technique to detect infectious virus was deter-
mined by reconstruction experiments. Aliquots of 10 wl of medium containing 5,
50, or 500 PFU of wt RCMV was mixed with 500 pl of medium, salivary gland
sonicate, or spleen sonicate, and titers in REF cultures were determined in the
usual manner. Likewise, similar aliquots of virus were added to medium, salivary
gland, or spleen before sonication and titration. Addition of virus to the sonicates
or to the organs or medium prior to sonication resulted in a reduction of virus
titer of approximately 50% in all cases when compared to the virus in the
unsonicated medium (control). We estimate conservatively that we could detect
at least 5 infectious units per organ.

Detection of RCMVME"! and RCMVP#2! by PCR. DNA was extracted from
spleen and salivary glands from rats 4 months postinfection. Approximately
one-tenth of each organ was minced and lysed in TE9 (500 mM Tris-hydrochlo-
ride, pH 9.0, 20 mM EDTA, 10 mM NacCl), 0.5 mg of proteinase K (Sigma, St.
Louis, Mo.)/ml, and 1% sodium dodecyl sulfate (Sigma) at 50°C for 1 h, passed
through a 16-gauge needle four times, and incubated at 50°C another 2 h. The
DNA was extracted multiple times in PC-9 (3 parts water-saturated phenol, 2
parts TE9, and 4 parts chloroform), followed by one extraction with chloroform,
and precipitated in 0.3 M sodium acetate (pH 5.7) and 2.5 volumes of ethanol.

Nested PCR was used to detect RCMVME™M DNA. Outer primers for RCM-
VMERh were 5'-AGCCAAGTACACTGACTC-3' (from —594 relative to the
MCMV IE1 cap site) and 5'-CTGAGAACTGCGTTCCAC-3' (from +26 rela-
tive to the cap site of RCMV IEl; antisense). Inner primer sequences were
5'-AACGCCATGTACTTTCCC-3' (from —255 relative to the MCMV IE1 cap
site) and 5'-AATTTCCAGGGGAAAACC-3' (from —64 relative to the MCMV
IE1 cap site; antisense), which should generate a 181-bp fragment. One micro-
gram of DNA was used in the initial round of PCR, which consisted of one cycle
of 94°C for 3 min followed by 30 cycles of 94°C for 1 min, 55°C for 1 min, and
72°C for 1 min. For the second round of PCR, 2 ul of DNA from the first round
was used as template with the same PCR conditions as the first round except that
the reaction mixture was amplified for 35 cycles. Both rounds were followed by
a 7-min extension period at 72°C. PCR products (20 wl) were separated by
electrophoresis on 2% agarose gels visualized by ethidium bromide staining.
Southern blotting was performed by standard methods. Oligonucleotides repre-
senting sequences within the inner primer amplifications were labeled with 3°P
using T4 kinase (Gibco-BRL) by following the manufacturer’s directions. The
RCMVMEh probe was 5'-CATAGCTGATTAATGGGA-3' (from —177 rela-
tive to MCMYV IE1 cap site). Hybridization was performed as previously de-
scribed (8) except that the temperature and time for prehybridization and hy-
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FIG. 2. Southern blot analysis of recombinant RCMV. Shown is a
Southern blot of wt RCMV (1), RCMVMErheeal (9) 'RCMVMEr (3),
and wt MCMV (4) virion DNA digested with HindIIl or Kpnl and
probed with the MCMV enhancer.

bridization were 42°C and 2 h. Membranes were washed three times for 5 min at
42°C in 6X SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate).

Direct salivary gland inoculation. Rats were anesthetized with sodium pento-
barbital, and the salivary glands were exposed. Approximately 10° PFU of either
wt RCMV or RCMVMER! wag injected under direct visualization using a 30-
gauge needle, and the wounds were clipped. Rats were sacrificed after 5 days and
the salivary glands were processed and cultured for virus as described above.

RESULTS

Isolation and Southern blot analysis of the RCMV™F"" re-
combinant virus. Cotransfection of MCMYV enhancer transfer
vector and RCMYV virion DNA led to approximately 1 in 5,000
virus plaques being positive for B-Gal production. Virus ex-
pressing B-Gal (RCMVMErBealy wag jsolated by multiple
rounds of limiting-dilution cultures on 96-well plates. Success-
ful isolation of recombinant viruses was confirmed by ethidium
bromide visualization of restriction patterns on gels, Southern
blottings, and negative PCR assays for wt virus (data not
shown).The B-Gal expression cassette was removed by passage
of the virus through a REF cell line expressing Cre recombi-
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nase, and the non-B-Gal virus (RCMV™ME") was then isolated
by limiting-dilution cultures.

Southern blots of wt RCMV, wt MCMV, the RCMVMEnhBeal
recombinant virus, and the non-B-Gal recombinant virus
(RCMVMEM) eyt with HindIIl or Kpnl and probed with the
MCMYV MIE enhancer are shown in Fig. 2. Both recombinant
viruses and wt MCMV were positive for the MCMV MIE
enhancer. A new HindIII site provided by the loxP site directly
5’ to the MCMYV enhancer resulted in bands of approximately
1.1 kbp following HindIII digestion of both recombinants. Be-
cause there was also a new Kpnl site just 5’ to the B-Gal
cassette, the difference in band size seen in the recombinants
cut with Kpnl and probed with the MCMV enhancer reflects
the loss of the B-Gal cassette. The isolation of the repaired
virus (RCMV™P) was confirmed by Southern blot analysis
(data not shown). To ensure that homologous recombination
and the excision of the B-Gal cassette occurred as expected in
both RCMVMErh and RCMV*™P, DNA from around the re-
combination junctions at the 5’ end of the enhancers and
around the Fspl site in exon 4 was amplified, cloned, and
sequenced and was found to be correct.

In vitro virus replication. RCMV does not replicate in MEF
or NIH 3T3 cells. The block is unlikely due to an inability to
enter the cells and express MIE genes because by 4 h postin-
fection, MIE proteins are easily detected (data not shown).
Therefore, it was not surprising that RCMVME"" was unable to
replicate in either type of murine cell (data not shown). Rep-
lication of wt RCMV, RCMVMEnh and RCMV™P in REF
cells was assayed after both a high MOI of 10 and a low MOI
of 0.01. The average of three experiments is shown in Fig. 3.
Although the only consistent difference at the high MOI was a
2- to 3-fold-lower yield of RCMVME"! (Fig. 3B), a 10-fold
difference in yield was consistently found in infections at low
MOI (Fig. 3A).

Effect of the MCMYV enhancer on MIE gene transcription.
The decreased virus production of RCMVME™ after infection
at a low MOI might be due to a deficiency in MIE transcrip-
tion. We therefore examined MIE transcription using quanti-
tative PCR to determine transcription levels of IE1 (exon 4)
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FIG. 3. One-step growth curves comparing wt virus, RCMVME™ and RCMV™P at low (A) and high (B) MOI of REF cells. Virus supernatants
were collected postinfection at the times indicated, and titers were determined by standard plaque assay on REF cells. Data presented are averages

of three experiments * standard deviation.
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FIG. 4. Real-time quantitative PCR analysis of MIE transcription. Total RNA of cells infected with wt virus, RCMVME"™ (MEnh), or RCM VP
(repair) was extracted postinfection as indicated. Following reverse transcription, primers specific for exon 2 and either exon 4 (IE1) or exon 5
(IE2) were used in PCRs with internal exon 4- or exon 5-specific fluorescent probes in a quantitative PCR sequence detector. Results were
normalized to those of GAPDH. Cells were infected at a low MOI (A) or at a high MOI in the presence of cycloheximide (B).

and IE2 (exon 5). After infection at a low MOI, which resulted
in a log lower virus production for RCMVME™" compared to
the wt and repaired viruses, comparable expression of IE1 and
IE2 transcripts was found for all three viruses at 6 and 24 h
(Fig. 4A). Similar MIE expression results were found for in-
fections at high MOI and when dot blottings instead of the
quantitative PCR assays were used (data not shown). In all
experiments and at all time points, the expression of IE1 and
IE2 from the RCMVME" virus was at least equal to and
usually higher than that from the wt or repaired virus.

We also examined transcription under IE conditions (with
cycloheximide present). A representative experiment after in-
fection at a high MOI is shown in Fig. 4B. Transcription of IE1
and IE2 in the presence of CH was comparable for all three
viruses at 2 and 4 h postinfection, but at 6 h, the production of
both transcripts was 2 to 3 logs higher for RCMV™ME®!,

In vivo acute infections. We next determined the in vivo
effects of the enhancer switch. Because of a wide variability of
virus titers in organs between individual rats, in some experi-
ments we mixed the test virus with RCMVP&! which served as
an internal control for infection. A similarly wide variation
among the organ titers of individual mice after MCMYV infec-
tion has also been noted (13). wt virus, RCMVMERR or
RCMV*P (2 X 10° PFU) was mixed with RCMVF&! (107
PFU) and injected i.p. Fivefold more RCMVF&! was used in
mixing experiments because, from previous experience, we
found that this virus does not replicate as well as wt virus in
vivo. We first compared the viruses in acute infections of the
spleen. Three rats per group were infected with the mixed-
virus pools (the test virus plus RCMV¥#%) and then the ani-
mals were sacrificed and spleen homogenates were assayed for
virus 1, 3, and 5 days after infection. As seen in Fig. SA, by day

3, the percentages of the three viruses compared to those of
RCMVPE! were approximately equal. By day 5 postinfection,
most of the virus was cleared from the spleen, in that only 2 of
9 rats had detectable virus; one had wt virus only and one had
RCMVME=E only (data not shown). To rule out a complemen-
tation effect that RCMVP&*! might have had on the replication
of RCMVME"P rats (four per group) were infected with wt

Spleen Salivary Gland
100% Day 3 % Day 16
*
* %
Percent
Test Virus 50% % . * : >k
in Tissue .
Homogenate
* ki *
*
10%
i i
s & < &
& F & &
& & K & K
£ & & &

FIG. 5. Acute in vivo infections. Because of the variability in organ
titers of mice and rats following inoculation with identical viral pools,
a mixture of wt virus, RCMVMER and RCMV™P with RCM VP& was
used to assess differences in in vivo replication. RCM VP& served as an
internal control. Rats were inoculated with the virus pools, and the
organs were harvested at the times indicated. Results are expressed as
the percent of wt virus, RCMVME™ or RCMV™P (non-blue plaques)
in the mixture, the remainder being RCMV*& (blue plaques). Thus,
an asterisk at 10% indicates that of the virus isolated from that organ,
10% was wt, RCMVME™ o RCMV™P and 90% was RCM VP&, Not
all rats were positive for virus. Spleens were harvested from rats (three
per group) 3 days postinfection, and salivary glands were harvested
from rats (six per group) 6 days postinfection.
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TABLE 1. Virus isolation from spleen explant cultures at 120 days

Spleen explant cultures
Viruses
(no. of rats infected)

Virus isolated

No. positive (no. of cultures)
Wt, RCM VP&l (4) 3 Mixed (2), RCMVFe! (1)
RCMVMEnh, 2 Mixed (2)
RCMVFe! (4)
RCMV™P, Mixed (2), RCM VP! (1),
RCMVFe (4) RCMV™P (1)
RCMVMER™ (6) 4 RCMVMER! (4)

virus, RCMVME"® o RCMV*P alone and spleens were har-
vested 2 days later. Spleens from all four rats infected with
RCMVME"! virus were positive for virus at titers similar to
those of rats infected with wt virus or RCMV™P alone (data
not shown).

We next compared wt virus, RCMVME™ and RCMV™P
mixed with RCM VP& for the ability to reach and replicate in
the salivary gland after i.p. infection. Like MCMV, RCMV
reaches a peak virus titer in the salivary gland approximately 2
weeks after i.p. infection. Therefore, rats (six per test virus)
were infected with each mixed-virus pool and sacrificed at day
16 postinfection, and submaxillary salivary glands were re-
moved and assayed for virus. As seen in Fig. 5B, salivary glands
of five out of six rats infected with wt virus plus RCM VP& had
increased titers of wt virus while the salivary gland from one rat
had equal titers of both viruses. Three out of five salivary
glands from rats infected with RCMV™P plus RCMVP&!
showed equal titers of both viruses, and the virus titer from the
salivary gland from one rat was 16% RCMV™P and 84%
RCMVPed One salivary gland from the RCMV™P plus
RCMVPea oroup yielded only RCM VP&, which was at a very
low titer, and the salivary gland from one rat was negative for
any virus. In contrast to wt and repaired viruses, in each of
the four rats positive for virus following infection with the
RCMVME! plus RCMVPE! mixture, less than 5% of the virus
isolated was RCMV™E™" Twelve rats per group were then
infected with either wt virus, repaired virus, or RCMVMEnh
alone, and the salivary glands were harvested 16 days later and
virus titers were determined. The salivary glands from all 12
rats infected with wt virus were positive for virus and 9 of the
12 rats infected with repaired virus were positive. However, no
virus was isolated from the salivary glands of the 12 rats in-
fected with RCMV™ME"" (data not shown). Direct inoculation
of the salivary gland with RCMVME"P alone resulted in repli-
cation of the virus when assayed 5 days later (data not shown),
suggesting that there is no inherent limitation of growth by this
virus in the salivary gland.

Persistence and latency. Rats (four per group) were infected
with virus mixtures containing either wt virus plus RCM VP&,
RCMVMERR plys RCMVFE! or RCMV™P plus RCMVPe!
and were evaluated 120 days after infection for the presence of
persistent infectious virus in the spleen, the presence of viral
DNA, and the ability to reactivate virus. No persistent virus
could be found in the spleens of any of the rats at 120 days
postinfection. Three out of four rats infected with wt virus plus
RCMVPed produced virus after the explantation of their
spleens: two rats produced mixed infections and one rat pro-
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RAT SPLEENS

Probe -

FIG. 6. PCR of spleen DNA from six rats infected with RCMV-
MEnh only. Approximately 120 days postinfection, DNA from spleens
was used for PCR with primers specific for RCMVME™ virus, The
Southern blot was probed with an internal oligonucleotide.

A.»

duced only RCM VP! (Table 1). Similarly, three of four rats
infected with RCMV™P plus RCMV¥&*! produced virus from
explanted spleen cultures: one had a mixed infection, one was
infected with RCMVP&! only, and one was infected with
RCMV™P only. Two of four rats that received RCMVME"!
plus RCM VP& produced both viruses from explanted spleens.

To rule out complementation of RCMVME"" due to the
presence of RCM VP4 six rats were infected with RCMV™MEnh
alone and spleens and salivary glands were tested for persistent
virus and explanted for reactivation at 120 days postinfection.
No persistent infectious virus was isolated from any of the
spleens or salivary glands. DNA extracted from the spleens of
five of the six rats infected with RCMV™ME"! alone were pos-
itive by PCR (Fig. 6), and four of these rats reactivated
RCMVME! T contrast, only one of six salivary glands from
these rats was positive by PCR for RCMVME™™ (data not
shown). All salivary glands were negative for persisting virus,
and none of them reactivated the virus.

DISCUSSION

It is a long-held view that the MIE locus plays a critical role
in the life cycle of CMVs. The basic genetic organization of this
region is similar in the different species of CMV, with at least
two principle proteins (IE1 and IE2) being produced by dif-
ferential splicing. Loss of the exon 4 product (IE1) appears
nonlethal although MIE transcription and viral replication are
diminished in infections at low MOI with these mutants of
HCMV (13) and MCMYV (4). IE2 is essential for replication of
both viruses (3, 21).

Control of the MIE products resides in the MIE enhancer/
promoter regions, which vary considerably among the CMV
species (6, 7, 10, 11, 29). The presence and arrangement of
specific binding sites have evolved over millions of years for
each CMYV species and should reflect unique requirements for
specific tissues or purposes (lytic infection, latency, or reacti-
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vation needs). Surprisingly, recent experiments suggest that
little more than a minimal promoter is sufficient for MCMV
MIE expression and viral replication in tissue culture (4). Fur-
thermore, an MIE enhancer swap from HCMV for that in
MCMYV resulted in no observable phenotype changes in vitro.
After infection of mice, such recombinants grew normally in
mouse liver but less well in extrahepatic tissues (13). However,
it is not possible to observe for phenotype changes in all in-
fected tissues under the various conditions faced by the host,
and reactivation from latency was not examined.

We had parallel experiments under way utilizing RCMV as
the test virus. We constructed an RCMYV recombinant in which
we replaced the native MIE enhancer with that from MCMV.
The two previously reported sets of MIE enhancer-swap
MCMYV recombinants differed from each other in that in one
set the replacement began 20 bp 5" of the TATA box and thus
retained the native promoter and a short adjacent upstream
sequence (4) while the other set replaced the native promoter
beginning five bases 5’ of the cap site and thus replaced the
native TATA box and surrounding sequences (13). Viruses in
the latter set were thus missing any native cis-acting repressor
sequence (crs), if such a sequence in MCMV (23) was present
in the same relative position as in HCMV (20, 27). Even so,
there appeared to be no differences in these viruses in MIE
transcription characteristics or virus production in tissue cul-
ture, making the role of IE2 (HCMV) and, IE3 (MCMV)
autoregulation unclear. Our recombinant virus replaced the
native MIE enhancer 10 bases 5" of the TATA box and thus
retained any putative crs elements, if located, as in HCMV. We
have not found evidence for RCMV IE2-mediated autoregu-
lation despite extensive transfection experiments (unpublished
data).

Unlike the findings for the HCMV MIE enhancer swap
recombinants of MCMYV, our recombinant RCMV, in which
the MIE enhancer was replaced with that from MCMYV, ex-
hibits a diminished capacity to replicate in vitro and an altered
organ tropism in vivo. Using real-time quantitative PCR, we
found that the presence of the MCMV enhancer led to in-
creased transcription of IE1 and IE2 RNA, but only in the
presence of cycloheximide. The presence of virion proteins or
extant cellular transcription factors able to interact with bind-
ing sites in the enhancer are important determinants of initial
transcription and would be operative in the absence of protein
synthesis. The larger number and variety of transcription factor
binding sites in the MCMYV MIE might allow for more efficient
initiation of transcription under these circumstances. In the
absence of cycloheximide, the transcription of IE1 and IE2 was
the same regardless of the source of the MIE enhancer during
infections at both low and high MOL

Despite normal transcription kinetics, virus production in
tissue culture by the RCMV™ME"" recombinant was diminished,
particularly during infection at low MOI. This result differs
from those presented by Angulo et al. using MCMV with the
HCMYV MIE enhancer (4). This disparity could be the result of
sequences unique to the RCMV MIE enhancer which were not
complemented for by the MCMV enhancer. We also have
preliminary data that suggest an RCMV recombinant which
has the HCMV MIE enhancer replacing the RCMV enhancer
also does not replicate as well as wt virus at low MOI (unpub-
lished observations).
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The relationship of MIE expression and viral growth is not
clear. In an extensive study of HCMV recombinants with de-
letions in the MIE enhancer, Meier and Pruessner (22) found
that deletion of the distal portion of the enhancer resulted in
diminished virus production and that this correlated with de-
creased MIE transcription. However, our finding of equivalent
MIE transcription regardless of which enhancer was present,
even at low MOI when recombinant virus growth was dimin-
ished, indicates an uncoupling of the MIE expression and virus
growth under some conditions. This is seen in the extreme
when infection of nonpermissive cells allows for MIE expres-
sion without subsequent production of infectious virus (18).
Our results suggest that there may be a threshold effect in
permissive cells above which the amount of MIE transcription
does not ultimately determine virus production. The manner in
which the MIE enhancer may influence virus production other
than through its regulation of MIE transcription is unclear but
may include maintenance of an open chromatin structure that
facilitates replication (9, 25).

An important aspect of CMV biology addressed by MIE
enhancer swap experiments concerns the role of the enhancer
in virus tropism and species specificity. In tissue culture,
MCMYV can replicate in both MEF and REF cells while
RCMV does not replicate in MEF cells. The presence of the
MCMYV MIE enhancer in the RCMV recombinant virus did
not confer the capacity to the virus to replicate in mouse cells.
This was not surprising since RCMYV can enter mouse cells and
express IE1 and IE2, indicating that the MIE genes are prob-
ably not involved in this replication block. These results are
consistent with the findings obtained after switching the
HCMYV MIE enhancer for that of MCMYV, in which viral tro-
pism was basically unchanged (1, 13). Furthermore, we were
unable to detect infectious virus after infection of BALB/c
mice with RCMVME™® (unpublished observations).

The substitution of the MCMV enhancer for that of the
RCMYV MIE enhancer affected the ability of the recombinant
virus to replicate in vivo. While replication of the recombinant
virus in the spleen early after i.p. infection was similar to that
of wt and the repaired viruses, much less recombinant virus
was present in the salivary glands after i.p. infection. However,
intrasalivary gland inoculation led to growth of RCMVY™Erh
comparable to that of wt and repaired virus, implying a defi-
ciency in the spread from initial or secondary infection sites to
the salivary gland. This suggests that the RCMV MIE en-
hancer may play a role in vivo in viral spread and/or tissue
tropism.

The only instance where active RCMVME™® replication
could be detected in the salivary gland after i.p. inoculation
was when the recombinant virus was infected with RCM V&2,
suggesting a complementation effect allowing for RCMVMEnh
replication. This complementation was probably not important
for initial replication of RCMVME"™" in the spleen because
when infected alone, RCMVME™ appeared to replicate to
normal titers in the spleen. It is possible that secondary sites
important for spread to the salivary gland (e.g., circulating
mononuclear cells) are not readily infected by RCMV™ME"! and
require complementation by wt RCM VP& virus. Experiments
are under way using in situ PCR to identify such sites where
complementation may occur.

At 120 days postinfection, the spleens from the two of four



VoL. 75, 2001

rats with a mixed infection and five of six rats infected with
RCMVME™! alone showed detectable RCMV™ME"" DNA by
PCR and, in most instances, reactivated the virus. Thus, the
native MIE enhancer is not required for replication, establish-
ment of latency, or reactivation of the virus from the spleen.
Results presented here suggest that the RCMV MIE en-
hancer can play an important role in the tissue tropism and,
thus, pathogenesis of in vivo RCMYV infection. This differs
from the conclusions in MIE enhancer swap experiments with
MCMV. Furthermore, RCMV reactivation from the spleen
may occur when a foreign MIE enhancer is present. However,
current definitions of latency are based on the finding of no
infectious virus in an organ and the production of infectious
virus after explantation, immunosuppression, or some other
“reactivating” manipulation. Operationally, the definition of
latency thus depends on the sensitivity of the assay for persist-
ing infectious virus. Until molecular markers that uniquely
characterize the CMV latent state are identified, definitive
statements cannot be made concerning latency experiments in
this or other studies. It may be that the differences seen among
the CMV enhancers reflect differences in the sites of replica-
tion, latency, and mechanism of reactivation in each species.
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