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The lungs are a significant organ site of murine cytomegalovirus (mCMV) latency. We have shown that
activity of the major immediate-early promoter (MIEP), which drives the transcription from the iel-ie3
transcription unit, does not inevitably initiate the productive cycle (S. K. Kurz, M. Rapp, H.-P. Steffens,
N. K. A. Grzimek, S. Schmalz, and M. J. Reddehase, J. Virol. 73:482-494, 1999). Thus, even though MIEP
activity governed by the MIEP-enhancer is unquestionably the first condition for recurrence, regulation of the
enhancer by transcription factors is not the only mechanism controlling latency. Specifically, during latency,
focal and stochastic MIEP activity in lung tissue was found to selectively generate IE1 transcripts, while
transactivator-specifying IE3 transcripts were missing. This suggested a control of mCMYV latency that is
effectual at IE1-IE3 precursor mRNA cotranscriptional processing. Here we have used this model for studying
the kinetics of reactivation and recurrence in individual lung tissue pieces after hematoablative, genotoxic
treatment. Notably, reactivation was triggered, but the number of transcriptionally active foci in the lungs did
not increase over time. This result is not compatible with a model of spontaneous reactivations accumulating
after withdrawal of immune control. Instead, the data support the idea that reactivation is an induced event.
In some pieces, focal reactivation generated IE3 transcripts but not gB transcripts, while other pieces con-
tained foci that had proceeded to gB transcription, and only a few foci actually reached the state of virus
recurrence. This finding indicates the existence of several sequentially ordered control points in the transition

from mCMYV latency to recurrence.

The lungs are a relevant organ site of primary and recurrent
human cytomegalovirus (hCMV) disease (for overviews, see
references 21, 22, 31, 34, 39, and 44). Murine CMV (mCMV)
can serve us as a model for studying CMV pneumonia in acute
infection (6, 27, 33, 37) as well as for studying viral latency,
reactivation, and recurrence in the lungs (2, 17, 18, 42, 43). We
have shown recently that transcription from the major imme-
diate-early (MIE) transcription unit iel-ie3 (hereafter referred
to as iel/3), which is driven by a strong MIE promoter-en-
hancer (MIEPE) (3), occurs during pulmonary latency of
mCMYV but fails to initiate the productive cycle (17). Notably,
the paralogous MIEPE of hCMYV can functionally replace the
MIEPE of mCMYV for productive infection in vitro (1) and in
vivo (4), suggesting that regulation of MIE gene expression via
the enhancer element has some degrees of freedom and that a
more stringent control is operative at subsequent checkpoints.

During productive infection, a 2.75-kb iel gene mRNA
(2,305 nucleotides of exons 1, 2, 3, and 4 of ie//3) and a 2.75-kb
ie3 gene mRNA (2,303 nucleotides of exons 1, 2, 3, and 5 of
iel/3) specifying the mCMV IE1 (12) and IE3 (26) proteins,
respectively, are thought to be generated from a precursor
transcript by differential splicing (10-12, 26). While viral ge-
nomes were found to be evenly distributed in the latently
infected lungs (17), a mosaic of transcriptionally active and
transcriptionally silent pieces of lung tissue indicated that MIE
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transcriptional activity at any given time during latency was
focal, randomly distributed, and, most probably, temporary.
Notably, in the transcriptionally active lung tissue pieces, IE1
mRNA was generated selectively, while IE3 mRNA was miss-
ing (17). For the sake of clarity it should be emphasized that we
refer to transcriptional activity with specific respect to tran-
scription of the iel/3 transcription unit, which is controlled by
the MIEPE and is implicated in the initiation of the productive
cycle. One must certainly consider the possibility of transcrip-
tion occurring elsewhere in the latent viral genome. Represen-
tational difference analysis comparing transcription in latently
infected lung tissue with that in normal lung tissue has indeed
already indicated expression of mCMYV genes outside the iel/3
transcription unit, and the identities of these transcripts are
currently under investigation (43).

The absence of IE3 mRNA explains the absence of gB early-
late gene transcripts as well as of infectious virus, because the
88-kDa IE3 protein of mCMYV (26), the functional analog of
the hCMV 86-kDa IE2 protein (5, 14; reviewed in reference
41), is the main transactivator of early gene expression initiat-
ing the productive cycle. Specifically, previous work by Mes-
serle et al. has demonstrated efficient activation of the el
promoter by IE3 alone but not by IE1 alone, whereas IE1 did
enhance the activity when coexpressed with IE3 (26). Accord-
ingly, recurrent infection measured 14 days after immunoab-
lative, genotoxic treatment was in fact associated with the gen-
eration of IE3 mRNA in addition to IE1 mRNA (17). We
therefore concluded that transcription of the iel/3 transcrip-
tion unit, and thus an “on position” of the MIEPE, is a primary
condition for virus recurrence and that there exists an addi-
tional, subsequent control point at the level of cotranscrip-
tional processing defining the levels of IE1 and IE3 mRNAs.
Actually, since the MIEPE was on or off during latency, co-
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transcriptional processing appears to provide a more stringent
control of the latent state. In essence, these previous data have
implied that IE3 rather than IE1 mRNA is indicative of pro-
ductive reactivation. If this is true, the generation of IE3
mRNA should correlate with recurrence of infectious virus.

The original aim of the present work was to investigate the
temporal association between the generation of IE3 mRNA
and virus recurrence in the lungs and to estimate the inci-
dences of transcriptional reactivation and virus recurrence af-
ter immunoablative, genotoxic treatment. One could envisage
two alternative mechanisms of CMV reactivation and recur-
rence. We refer to these mechanisms as the model of sponta-
neous reactivation and the model of induced reactivation. The
model of spontaneous reactivation assumes that MIEPE activ-
ity, which drives IE1/3 precursor transcription, occurs ran-
domly, either spontaneously or as a result of endogenous and
random signalling, and that recurrence of infectious virus is
precluded in immunocompetent mice by antiviral effector cells
eliminating cells in which reactivation leads to the presentation
of antigenic viral peptides. This mechanism was previously our
own favored idea (17, 42) and was proposed recently based on
the kinetics of mCMYV recurrence after combined NK-cell and
T-cell depletion in latently infected B-cell-deficient mice (28).
If this model applies, we should find an accumulation of reac-
tivations over time after withdrawal of immune control. By
contrast, the model of induced reactivation assumes that reac-
tivation involves an external signalling that has to switch on the
productive viral cycle. In that case, reactivation should be a
quantal event that follows the rule of all or nothing.

Here we present data supporting the model of induced re-
activation. Moreover, the pattern of transcriptional activity in
the lungs after induction of reactivations reveals a hitherto
unknown complexity of regulation involving multiple, sequen-
tial checkpoints on the way from mCMYV latency to recurrence.

MATERIALS AND METHODS

Generation of latently infected mice with an intermediate viral DNA load.
Sex-matched, syngeneic bone marrow transplantation (BMT) was performed
with female mice of the inbred strain BALB/c (major histocompatibility complex
haplotype H-2) used at the age of 8 weeks as bone marrow cell (BMC) donors
and recipients. Hematoablative conditioning of the recipients was performed by
total-body gamma irradiation with a single, sublethal dose of 6 Gy from a *’Cs
gamma radiation source (OB58; Buchler, Braunschweig, Germany). Cell suspen-
sions of donor femoral and tibial BMCs were obtained by flushing medium
through the bone shafts, and contaminating vascular and sinusoidal CD8 T cells
were depleted as described previously (42). BMT was performed by infusion of
2 X 107 donor BMCs into the tail veins of recipients at ca. 6 h after the
irradiation. Compared to previous work, in which the BMC dose was only 5 X
10° (17), the increased BMC dose was chosen with the intention to improve the
efficacy of reconstitution, resulting in an improved control of acute, primary
infection and in a reduced load of latent viral genome in host tissues (42).
Infection with 10° PFU of purified mCMV (strain Smith ATCC VR-194/1981)
was performed subcutaneously at the left hind footpad at ca. 2 h after BMT. At
2-month intervals, tail vein blood was monitored for the presence of viral DNA
by using a PCR specific for a 363-bp sequence within exon 4 of gene iel of
mCMYV, followed by dot blot hybridization with an internal, v-32P-end-labeled
oligonucleotide probe and by phosphorimaging (17). By 6 months after BMT and
infection, under the conditions used here, the viral genome was cleared from
blood cells.

High-sensitivity verification of latency and detection of virus recurrence. The
absence of infectious virus in the lungs was verified by testing tissue homoge-
nates, usually in 2-ml aliquots representing 1/18 fractions of the lungs, for infec-
tivity in the reverse transcriptase (RT-) PCR-based focus expansion assay (17,
18). This assay involves centrifugally enforced virus penetration, three rounds of
virus replication in cell cultures of permissive mouse embryofetal fibroblasts
(MEF), and detection of viral IE1 mRNA by RT-PCR. As documented in
greater detail previously (18), 0.01 PFU, corresponding to five viral DNA mol-
ecules, can thus be detected, which defines the detection limit as <0.2 PFU for
the whole lungs. Recurrence of infectious virus in nine individual 1/18 pieces of
the lungs (seven of which were derived from the left lung and two of which were
derived from the postcaval lobe) was monitored with the same assay at 4, 8, and
12 days after genotoxic, hematoablative treatment accomplished by total-body
gamma irradiation with a single dose of 6.5 Gy.
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Simultaneous isolation of DNA and poly(A)* RNA from the lungs. Pieces of
lung tissue (three pieces per lobe derived from the superior, middle, and inferior
lobes of the lungs) were immediately shock frozen in liquid nitrogen to minimize
the risk of postmortem transcriptional reactivation, as specified in more detail
previously (17). Frozen pieces were transferred to Eppendorf tubes containing
standard extraction buffer with guanidinium thiocyanate. Extracted DNA was
sedimented, and poly(A)* RNA was isolated from the extraction supernatant
based on affinity to an oligo(dT)-cellulose matrix by procedures specified previ-
ously (18). A 1/18 piece of the lungs represents ca. 3 X 10° to 4 X 10° lung cells.
The average yields of DNA and poly(A)* RNA per piece were found to be ca.
20 and ca. 2 ng, respectively.

Determination of the latent viral DNA load in lung tissue. Viral DNA con-
tained in lung tissue was quantitated by serially diluting the extracted tissue-
derived total DNA, followed by performing a 96-well microplate format PCR
specific for a 363-bp sequence within exon 4 of gene ie/ of mCMYV, precisely as
described previously (17). Plasmid pIE111, which encompasses gene iel, served
as the standard for the quantification. Specifically, 10° molecules of pIE111 were
mixed with 6 pg of carrier DNA derived from the lungs of uninfected mice, and
the mixture was titrated in parallel to the DNA derived from latently infected
lung tissue specimens. Throughout, titrations were started with 600 ng of tissue
DNA, which represents the DNA content of 10° diploid tissue cells. Amplifica-
tion products (20 wl) were vacuum dot blotted, hybridized with an internal
v-2P-end-labeled oligonucleotide probe, and analyzed quantitatively by digital
phosphorimaging (42). The number of viral copies in the lung cell DNA, and thus
the latent viral DNA load in the lungs, was determined in a log-log plot from the
linear portions of the experimental and standard titrations.

Analysis of viral transcription in lung tissue during latency and reactivation.
Transcripts of the viral genes iel, ie3, and gB within lung tissue-derived poly(A)*
RNA (see above) were detected by RT-PCRs as described in detail recently (17).
RNAs synthesized in vitro from respective recombinant plasmids (17) were used
to control the sensitivity of detection. A map illustrating the locations of all
primers and probes, as well as the positions and lengths of the in vitro-synthe-
sized RNAs, is also given in reference 17. In essence, the IE1-specific RT-PCR
amplifies a 188-bp DNA fragment detected with probe IE1-P directed against the
exon 3-exon 4 splicing junction. The IE3-specific RT-PCR gives a 229-bp DNA
fragment detected with probe IE3-P directed against the exon 3-exon 5 splicing
junction. Finally, the gB-specific RT-PCR amplifies a 405-bp DNA fragment
detected with probe gB-P directed against an internal sequence.

Because the gB gene does not possess an exon-intron structure, a possible
problem caused by viral DNA contaminating the poly(A)* RNA preparation
must be considered. In our assays of transcription during pulmonary latency, we
never detected mCMYV gB-specific signals when RT was omitted from the RT-
PCR mix (17), and the same was true here for the study of transcription during
reactivation (not shown). Accordingly, in cases positive for gB-specific signals,
detection was not abolished by pretreatment of the template poly(A)" RNA
preparation with RNase-free DNase (catalog no. M6101; Promega, Madison,
Wis.) (not shown). It may be informative to note that contaminating viral DNA
was in fact a problem in the analysis of poly(A)* RNA isolated from MEF
infected in vitro at a high multiplicity. The difference is certainly the ratio
between viral DNA and cellular DNA within the contaminating DNA. Appar-
ently, during latency and reactivation in tissues, only a minority of the cells
contain viral DNA, and the viral DNA contamination in the poly(A)" RNA
preparations is thus below the detection limit.

Amplification products were analyzed by agarose (2%, wt/vol) gel electro-
phoresis, Southern blotting, and hybridization with the corresponding y->?P-end-
labeled probes, followed by autoradiography.

Estimation of frequencies of transcriptionally active and recurrently infected
foci in the lungs. The frequency of foci of mMCMYV reactivation or recurrence was
estimated from the observed fraction of lung pieces negative for the parameter
in question (i.e., IE1, IE3, or gB transcripts or infectious virus) [f(0)] by using the
Poisson distribution equation N = —In f(0). The fraction of pieces containing n
(n=0,1,2,3, and so on) foci, F(n), was calculated by using the formula F(n) =
A" X e~ */n! or the mathematically equivalent formula F(n) = NMn X F(n — 1). An
overview of the rationale and applications of the Poisson probability distribution
is provided by Lefkovits and Waldmann (20). The frequency derived from the
number of analyzed tissue pieces was then extrapolated to 18 pieces of a com-
plete “statistically generated lung.” For simplicity, it was assumed that none of
the foci was located at the experimental cut border between neighboring tissue
pieces. This constraint may lead to a negligible overestimation of frequencies

17).

RESULTS

Approach to the analysis of pulmonary latency and reacti-
vation of mCMYV. For a cohort of infected BMT recipients,
clearance of mCMV DNA from the blood was monitored by
iel gene-specific PCR at bimonthly intervals, essentially as
documented in previous work (17), except that tail vein blood
was used for the longitudinal analysis of individual mice. BMT
recipients were regarded as being latently infected when the



8614 KURZ AND REDDEHASE

J. VIROL.

Anatomy

Superior
Lobe

&)
A9

Middle

=

Inferior
Lobe

IE1 Transcription

Piece #
1234567829

LM1 - - e

vz -

LM3 o

M 42

Left
Lung

17
Post-

Infectivity

caval
Lobe Piece #
#10+0.05 PFU 111213 14 1516 17 18
LM1
LM2
LM3
€2-3 3
Poly(A)* RNA [ng]

FIG. 1. Transcriptional status of mCMV during latency in the lungs. A scheme illustrating the lobular anatomy of the lungs in ventral view is shown at the top. The
lobes were cut into equal pieces listed on the lung map as #1 through #18. Minor size (weight) differences were compensated for by adjustment of the aliquots included
in the assays. (Lower right) Verification of mCMYV latency. The absence of infectious virus in the left lungs and postcaval lobes of mice LM1 to LM3 was demonstrated
at 8 months after BMT and infection by testing the infectivity of lung tissue homogenates with the RT-PCR-based focus expansion assay (18). As a positive control,
0.05 PFU of purified mCMYV was added to the homogenate of piece #10 before centrifugal infection of an MEF culture. Poly(A)* RNA derived from this culture after
72 h of viral replication was serially diluted as indicated, whereas in the case of indicator cultures infected with homogenates of pieces #11 through #18, a constant
amount of 100 ng of poly(A)* RNA was subjected to ie/ exon 3-exon 4 (hereafter referred to as exon 3/4)-specific RT-PCR, yielding an amplification product of 188
bp. Shown are the autoradiographs obtained after gel electrophoresis, Southern blotting, and hybridization with the y->?P-end-labeled oligonucleotide probe IE1-P (17),
which is directed against the exon 3/4 splice junction. (Lower left) Random pattern of IE1-specific transcripts. Poly(A)* RNA isolated directly from lung tissue pieces
#1 through #9 (a 1/10 aliquot thereof [ca. 200 ng]) of mice LM1 to LM3 was subjected to the ie/ exon 3/4-specific RT-PCR. The signal obtained for LM3 piece #1
was reproduced with a second aliquot, and, throughout, pieces negative for IE1 transcripts remained negative when a second aliquot was tested. Testing of third and
fourth aliquots of all preparations for IE3 transcripts and gB transcripts, respectively, gave negative results throughout. The presence of mRNA in the preparations
that corresponded to negative pieces was verified for a fifth aliquot by RT-PCR specific for hypoxanthine phoshoribosyltransferase transcripts (not shown), as

documented in detail previously (17).

load of viral DNA in the blood had declined to below the
detection limit of the assay, i.e., to <100 copies per 10° blood
cells (not shown). After 8 months, three mice which were PCR
negative for mCMV DNA in the blood and which were desig-
nated latent mouse 1 (LM1) to LM3 were used to verify the
absence of infectious virus in their lungs. According to the
“mosaic approach” published previously (17), the lobes of the
lungs were cut into 18 pieces of nominally equal size. Pieces
designated #1 to #9, derived from the superior, middle, and
inferior lobes, were used for the simultaneous analysis of latent
viral DNA load and viral transcription, whereas pieces desig-
nated #10 to #18, derived from the postcaval lobe and left
lung, served to verify the latent state by demonstrating the
absence of infectivity (Fig. 1).

The analysis of IE1 transcripts by RT-PCR performed with
tissue-derived poly(A)™ RNA reproduced the previously pub-
lished random pattern of transcriptionally active and silent
pieces for mice LM1 to LM3 (Fig. 1, lower left). RT-PCRs

specific for IE3 or gB transcripts were negative throughout
(not shown), thus confirming the previous conclusion that
mCMYV latency in the lungs is associated with a focal and
selective generation of IE1 transcripts (17). For the same three
individual mice, LM1 to LM3, absence of infectious virus is
documented for pieces #11 to #18 by the RT-PCR-based
focus expansion assay, an assay involving centrifugally en-
forced infection of MEF, three rounds of virus replication in
MEF monolayer cultures, and sensitive detection of generated
IE1 transcripts by RT-PCR (18). For controlling the sensitivity
of the assay, the homogenate from piece #10 was supple-
mented with 0.05 PFU before infection of the MEF indicator
culture. While IE1 transcripts were detected within 0.01 ng of
poly(A)* RNA derived from this virus-supplemented culture,
IE1 transcripts were absent, without exception, in 100 ng of
poly(A)* RNA derived from cultures inoculated with the un-
supplemented tissue homogenates. In conclusion, the latency
phenotype defined in our recent report (17) was fully repro-
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duced here for the cohort of mice that was then used for the
analysis of mCMV reactivation from latency.

Determination of the load of latent viral DNA in the lungs.
The load of latent mCMYV DNA in organs, specifically in the
lungs, is known to be critical for the incidence of the recur-
rence of infectious virus (2, 32, 42). Members of our group
have documented recurrence of virus in all lobes of latently
infected lungs (all 25 lobes of five mice tested were recurrently
infected) with a latent mCMV DNA load of ca. 5,000 copies
per 10° lung cells, whereas reduction of the load to ca. 1,000
copies per 10° lung cells by experimental preemptive antiviral
CD8 T-cell immunotherapy after BMT greatly reduced the risk
of recurrence (2 of 25 lobes of five mice tested were recurrently
infected) (42). Accordingly, the very high average load of 7,500
(range, 6,000 to 9,000) copies per 10° lung cells reached under
the conditions used in our previous study on mCMV reactiva-
tion in the lungs (17) was indeed associated with recurrence of
infectious virus in all tested pieces of the lungs. However, such
conditions are supraoptimal for statistical analyses, because
frequency estimates based on the Poisson distribution require
the existence of a so-called zero fraction of negative samples,
that is, in our case, of tissue pieces in which recurrence did not
occur. We therefore modified the conditions of BMT by in-
creasing the number of transplanted donor BMCs with the
intention of reaching an intermediate load high enough to
observe recurrence but low enough to also have negative
pieces. Clearly, defining this condition was critical for all data
described here, and it took us more than one trial to do so.

For the determination of the latent mCMV DNA loads in
the lungs of mice LM1 to LM3, DNAs derived from transcrip-
tionally silent and transcriptionally active tissue pieces (Fig. 1,
lower left) were pooled separately (e.g., in the case of LMI,
pieces #1, #2, #7, and #9 for the active pool and pieces #3,
#4, #5, #6, and #8 for the silent pool), and the loads were
then determined as described previously (17, 42) by DNA
titration and iel gene exon 4-specific PCR in microplate for-
mat, followed by phosphorimaging (Fig. 2). The results show
that (i) the latent mCMV DNA load varied only moderately
between the three mice tested, (ii) this load did not signifi-
cantly differ between transcriptionally active and silent lung
tissue pieces of the same individual mouse, and (iii) the loads
were on the order of 100 copies per 300 ng of lung cell DNA,
which is 2,000 copies in 10° lung cells. Compared to the con-
ditions discussed above, this was indeed the intended interme-
diate load predicted to give an intermediate incidence of re-
currence.

Incidence of virus recurrence after immunoreductive treat-
ment. The prediction made from the load was tested by a
method employed with success previously, i.e., facilitating virus
recurrence by hematoablative, immunoreductive treatment ac-
complished by total-body gamma irradiation with a dose of 6.5
Gy (2, 17, 18, 32, 42). For estimating the frequency of focal
recurrence events, it is crucial to confine recurrent infection to
the site of its origination. It is therefore pertinent to our work
that the infected BMT recipients mounted an effective antiviral
antibody response that deterred the recurrent virus from
spreading. Even though reconstitution of B cells is delayed by
acute mCMYV infection after BMT, high titers of neutralizing
antibodies were eventually generated by the time when latency
was established (not shown). That antibodies are indeed effec-
tual in precluding virus dissemination after recurrence from
latency has been documented in previous work (7, 32).

The recurrence assay was performed with nine additional
mice of the same latently infected cohort, referred to as recur-
rent mouse 1 (RM1) to RM9. The results were determined on
day 4 after the irradiation for RM1 to RM3, on day 8 for RM4
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FIG. 2. Quantitation of the latent viral DNA in transcriptionally active and
silent tissue pieces. In parallel with the isolation of the poly(A)™ RNA used for
the transcriptional analyses shown in Fig. 1, DNA was isolated from lung tissue
pieces #1 through #9 derived from mice LM1 to LM3. For each mouse, DNA
pools corresponding to transcriptionally active pieces (pool a) and transcription-
ally silent pieces (pool s) were formed, according to the pattern of IE1-specific
transcription shown in Fig. 1, lower left. The DNA pools were titrated as indi-
cated and were subjected to an iel exon 4-specific PCR. A negative control was
provided by DNA isolated from uninfected lungs (Mock). As a standard for the
quantitation, this mock DNA was supplemented with plasmid pIE111, titrated in
duplicate, and subjected to PCR accordingly. (Top) Autoradiograph of the dot
blot obtained after hybridization with a y-**P-end-labeled internal oligonucleo-
tide probe. (Bottom) Computed phosphorimaging data for the same blot. For the
sake of clarity, the computations are depicted as graphs only for mouse LM2.
Log-log plots of radioactivity (mean of duplicates in the case of the standard)
measured as phosphostimulated luminescence (PSL) units (ordinate) versus the
amount of sample DNA (abscissa) are shown. The upper line relates the amount
of DNA to the number of plasmids in the pIE111 standard. Calculations were
made from the linear portions of the graphs, as shown as an example for 300 ng
of DNA containing 200 copies and 120 copies of viral DNA in the active and
silent pools, respectively, of mouse LM2. The results, given as copies of the viral
genome per 10° lung cells (6 pg of DNA) were as follows: for LM1, a = 1,320 and
s = 1,480; for LM2, a = 4,000 and s = 2,400; and for LM3, a = 1,260 and s =
1,460.

to RM6, and on day 12 for RM7 to RM9. Sensitive detection
of infectivity in lung tissue pieces #10 to #18 derived from the
postcaval lobes and left lungs was achieved by testing the tissue
homogenates in the RT-PCR-based focus expansion assay
(Fig. 3). Notably, as we had intended, there was a clear-cut
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FIG. 3. Kinetics of mCMYV recurrence after hematoablative treatment. Mice
of the same cohort for which the establishment of latency was verified in Fig. 1
were subjected to gamma irradiation with a dose of 6.5 Gy. The recurrence of
infectivity was monitored by the RT-PCR-based focus expansion assay on days 4,
8, and 12 after the treatment for lung tissue pieces #10 to #18 derived from the
postcaval lobes and left lungs of mice RM1 through RM9. Shown are the
autoradiographs obtained after hybridization of the amplification products with
probe IE1-P (see the legend to Fig. 1). The incidence of recurrence is indicated
for each time point.

distinction between positive pieces and negative pieces, dem-
onstrating the focal and stochastic nature of recurrence events
in the lungs after release from cellular immune control. Since
completion of the productive viral cycle takes only 1 day in the
case of mCMYV, it was not unexpected to see recurrence al-
ready on day 4, but it was indeed a great surprise to notice that
recurrences apparently did not accumulate over time. Specif-
ically, mice with only a single recurrence were found on day 4
as well as on day 12, and RMS5 was negative on day 8, even
though, as has been proved by RM2 and RM3, 4 days is
sufficient to generate a detectable amount of virus. We propose
that the observed numerical variance in the incidences of re-
currence per time point reflects individual differences in the
latent viral DNA load (Fig. 2) rather than a time course of
recurrence. The time-independent on-or-off pattern suggests
that virus recurrence was induced once by the treatment and
was thereafter maintained for the documented period of time,
because withdrawal of cellular immune control prevented
rapid remission to latency.

Patterns of transcriptional reactivation. It is understood
that pieces in which reactivation proceeded to recurrence of
infectious virus must necessarily have also contained mRNAs
representing all stages of the temporally regulated gene ex-
pression pertinent to the productive viral cycle. Specifically,
one should find there IE1 mRNA, IE3 mRNA specifying the
key transactivator of early genes, and the early-late gB mRNA.

J. VIROL.

However, what about the pieces in which recurrence did not
occur? One can envisage quite different scenarios. An extreme
but attractive idea was that only cells in which the mCMV
MIEPE is in the on position during latency, that is, foci with
IE1 transcription, are susceptible to triggering of the viral gene
expression cascade. Alternatively, the induction of reactivation
could be independent of the transcriptional status during la-
tency, and there may be other possibilities.

Because of the technical incompatibility of the respective
assays, viral transcription and viral infectivity could not be
analyzed for the same tissue pieces. Therefore, IE1, IE3, and
¢B transcription in tissue pieces derived from the remaining
three lobes of the lungs was studied for mice RM1 to RM9
(Fig. 4). The sensitivity of detection was defined with the cor-
responding in vitro-synthesized transcripts. With all three RT-
PCRs, 8 to 16 mRNA molecules could be clearly visualized
(Fig. 4, top row). As we have elaborated in our recent report
on IEl expression during latency, transcriptionally active
pieces are clearly positive if they contain between 100 and
12,000 transcripts per piece, and pieces scored negative by
testing a 1/10 aliquot of the yield of poly(A)™ RNA, that is, ca.
200 ng, did not turn positive when larger aliquots were sub-
jected to the RT-PCR (17). Admittedly, we cannot completely
exclude the possibility of missing a very low expression, but this
technical limitation and unavoidable cutoff does not seriously
interfere with our conclusion that transcriptional activity dif-
fers significantly between individual tissue pieces, thus result-
ing in a mosaic pattern.

Notably, analysis of poly(A)" RNA derived from tissue
pieces #1 to #9 resulted in on-or-off patterns for all three
types of transcripts, indicating the focal nature of transcrip-
tional reactivation. As was the case for recurrence of infectious
virus (Fig. 3), the patterns of transcription did not reveal any
alteration with respect to time. It was actually not unexpected
to find pieces containing only IE1 transcripts or pieces con-
taining IE1 and IE3 transcripts, but not yet gB transcripts, at
any particular point in time. However, we would have expected
a shift from a high incidence of IE-specific transcription at
early times to a high incidence of gB transcription at later
times. Clearly, this was not the case. Specifically, the incidence
of pieces expressing gB transcripts did not increase over time
(Fig. 4, right column).

Patchwork pattern model of mCMYV reactivation and recur-
rence. It is fairly laborious to recognize a rule in the compli-
cated patterns revealed by the autoradiographs. We have
therefore converted all data into color-coded topographical
maps of the lungs (Fig. 5). Tissue pieces that were silent with
respect to productive-cycle viral transcription (pieces #1 to
#9) or infectivity (pieces #10 to #18) were left uncolored. In
the superior, middle, and inferior lobes, red symbolizes selec-
tive IE1 transcription, yellow indicates the presence of IE1 and
IE3 transcripts, and green stands for the presence of IE1, IE3,
and gB transcripts. In the postcaval lobe and left lung, the
presence of infectious virus is indicated by blue. At a glance,
the distribution of uncolored and red pieces illustrates the
selective and stochastic nature of IEl-specific transcription
during latency (Fig. 5, top row). By contrast, all colors are
represented in the lungs at all time points of reactivation and
recurrence, which gave us the impression of a patchwork.

The results for mouse RM1, showing a red superior lobe, a
green middle lobe, and a yellow inferior lobe, might have
suggested a coordinated transcriptional reactivation within the
anatomical unit of a lung lobe, but this interpretation was
quickly proven wrong by the random patterns observed for the
lungs of the remaining eight mice. It is important to emphasize
that random does not mean arbitrary. The detection of tran-
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FIG. 4. Patterns of transcriptional reactivation. Transcripts of viral genes iel, ie3, and gB were detected by respective RT-PCRs (17) for poly(A)* RNAs derived
from lung tissue pieces #1 through #9 (superior, middle, and inferior lobes) of mice RM1 through RM9, analyzed in groups of three on days 4, 8, and 12 after induction
by gamma irradiation with a dose of 6.5 Gy. For standards to determine the sensitivity of detection, carrier poly(A)* RNA derived from uninfected lung tissue was
supplemented with a defined number of the respective in vitro-synthesized RNA molecules and titrated as indicated (top row). Throughout, RT-PCRs were performed
with ca. 200 ng of sample poly(A)" RNA, which represents 1/10 of the yield from one tissue piece. Faint or otherwise questionable signals (such as, e.g., IE1 in RM1
#4, IE1 in RM9 #6, and IE3 in RM7 #1) were either confirmed or rejected after testing of a second and, if necessary, a third aliquot. Note that some decisions need
to be made from the original autoradiographs. Throughout, negative samples remained negative when further aliquots were tested. The reason for the apparently
smaller size of the IE1 amplification product in RM1 #3 is under investigation. Shown are the autoradiographs obtained after hybridization with y-*?P-end-labeled
probes IE1-P, IE3-P, and gB-P (for a map, see reference 17). Incidences of positive pieces are indicated for each time point.

scripts in fact followed a rule, namely, the sequential order in
which transcripts appear during the cycle of viral gene expres-
sion. Specifically, with no exception, pieces containing gB tran-
scripts (that is, the green-coded pieces) always also contained
IE3 and IE1 transcripts. In a like manner, pieces containing
IE3 transcripts (that is, the yellow-coded pieces) always also
contained IE1 transcripts. This rule of sequential order gave us
confidence that our data are valid.

In conclusion, during reactivation, some tissue pieces main-
tained or reacquired a latency phenotype, some proceeded to
the generation of IE3 mRNA, others proceeded to gB tran-
scription, and only few reached the state of virus recurrence.

Foci of mCMYV transcriptional reactivation and recurrence
in the lungs. It is understood that the experimental number of
tissue pieces in our mosaic approach is arbitrary and defines
the resolution of the analysis. Reactivation and recurrence do
not, of course, follow borderlines of experimentally defined
tissue pieces. By definition, a green piece is one in which a
reactivation event has led to a detectable amount of gB tran-
scripts in one cell or, possibly, in a group of cells. Operation-
ally, we call this a focus of reactivation that has proceeded to
¢B transcription. A piece is scored green if it contains at least
one green focus, but it may also contain several green foci.
Obviously, a green piece may contain in addition yellow and
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FIG. 5. Patchwork pattern of mCMYV transcriptional reactivation and recurrence in the lungs. (Top) Pattern typical of latency. (Bottom) Pattern observed during
reactivation and recurrence. The data shown as autoradiographs in Fig. 1, 3, and 4 are here compiled and illustrated as topographical maps of the lungs. Numbers 1
to 18 are assigned to individual tissue pieces. C, piece #10 was used as a positive control for the verification of latency (see Fig. 1, lower right). Pieces derived from
superior, middle, and inferior lobes (#1 to #9) were tested for transcripts, and pieces derived from postcaval lobes and left lungs (ventral view) (#10 to #18) were
tested for infectivity. Color code: uncolored, negative in the respective assays; red, positive for IE1 transcripts only; yellow, simultaneously positive for IE1 and TE3
transcripts; green, simultaneously positive for IE1, IE3, and gB transcripts; blue, Pieces containing recurrent virus. LM, latent mouse. RM, recurrent/reactivating mouse.
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red foci, which will remain invisible for us because, as a rule,
transcripts of the highest rank in the order of viral gene ex-
pression define the “color” of the whole tissue piece. Accord-
ingly, we can conclude that a yellow piece does not contain a
green focus, but it may contain invisible red foci. Likewise, a
red piece contains only red foci, with one red focus as the
minimum. Thus, by counting the number of yellow and red
pieces, the number of yellow and red foci, respectively, will
necessarily be underestimated. If we extrapolate this basic un-
derstanding to a model with a higher overall incidence of
reactivation, all pieces were likely to contain a green focus, and
consequently, we would under such a condition have failed to
recognize that yellow and red foci existed at all. If a green piece
were to be subdivided into smaller pieces, green, yellow, and
red “subpieces” would be likely to appear. However, there are
technical limitations to such an approach. First, increasing the
resolution of the analysis by increasing the number of pieces is
quite laborious. Second, and more fundamental, the yield of
poly(A)" RNA is the limiting factor. It was therefore very
fortunate indeed that the low overall incidence of reactivation
achieved under the particular conditions of our experimental
setting resulted in green, yellow, and red pieces among only

nine pieces derived from three lobes of each lung. Because
there are zero fractions for all colors, we can use Poisson
statistics for calculating the frequencies of all considered types
of foci present during latency as well as during transcriptional
reactivation and virus recurrence.

(i) Frequency of IEl-expressing foci during latency. The
estimate is based on the data shown in Fig. 1 (original auto-
radiographs) and Fig. 5 (color-coded topographical maps) for
the superior, middle, and inferior lobes of three latently in-
fected mice analyzed. The Poisson distribution parameter
\-red is calculated by the formula A = —In f(0), in which the
zero fraction f(0) is the fraction of uncolored (transcriptionally
silent) pieces among the number of pieces tested, that is 15/27.
From the formula F(rn) = A/n X F(n — 1), and extrapolated to
18 pieces, a statistically generated prototypic latent lung con-
tained 10 foci of IE1 transcription located in eight positive
pieces; that is, six pieces contained a single focus and two
pieces contained two foci (Fig. 6, upper left).

(ii) Frequency of productively infected foci during recur-
rence. Because, as discussed above, the incidence of recurrence
did not depend on the time of analysis, the estimate could be
based on 81 pieces derived from the postcaval lobes and left
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lungs of nine mice tested at three time points after immunore-
ductive treatment (Fig. 3 and 5). For the calculation of \-blue,
the zero fraction f(0) was 67/81. Accordingly, a statistically
generated prototypic recurrent lung contained three foci of
recurrent infection located in three pieces (Fig. 6, upper right,
blue shell).

(iii) Frequency of transcriptionally active foci during reac-
tivation. The estimates are based on 81 pieces derived from the
superior, middle, and inferior lobes of the same nine mice (Fig.
4 and 5) for which the incidence of recurrence in the postcaval
lobes and left lungs was tested (see above). The calculations
are a bit more sophisticated, because for estimating a partic-
ular color-specific frequency, the corresponding zero fraction
includes all pieces with colors of lower rank, whereas pieces
with colors of higher rank do not enter the calculation. As
outlined above, the sequential order of transcription is uncol-
ored < red < yellow < green. Thus, for the calculation of
N-red, f(0) = 23/35, that is, the number of uncolored pieces
divided by the sum of uncolored and red pieces. For the cal-
culation of \-yellow, f(0) = 35/50, that is, the sum of uncolored
and red pieces divided by the sum of uncolored and red and
yellow pieces. Likewise, for the calculation of N-green, f(0) =
50/81, that is, the sum of uncolored and red and yellow pieces
divided by the total number of pieces. For each A\ color, the
resulting number and distribution of foci was calculated. Of
eight green foci calculated, three had to be considered as
actually being blue and thus had to be subtracted. Figure 6
(upper right) illustrates the patchwork pattern on the level of
foci for a statistically generated prototypic lung during tran-
scriptional reactivation and mCMYV recurrence.

Our present view of the transition from mCMYV latency to
recurrence, as it appears from the available data, is sketched
for summary as an orbital model (Fig. 6, box).

DISCUSSION

Molecular mechanisms of CMV latency and recurrence are
almost a “blank spot” in our knowledge of CMV biology. For
hCMYV latency in myelomonocytic progenitor cells, the group
of Mocarski has identified latency-associated novel types of
transcripts specified in the IE region (15). However, these
transcripts are found only in a very low percentage of latently
infected cells (38), and it is not known whether latently in-
fected nonhematopoietic cell types express the same latency-
associated transcripts. A possible role for these transcripts in
the establishment or maintenance of latency, or in the induc-
tion of reactivation, has yet to be defined. Even less is known
about the molecular regulation of reactivation and recurrence,
but the focus of thinking has long been on regulation by cel-
lular transcription factors addressing binding sites in the en-
hancer elements that govern the MIE transcription units iel/2
and iel/3, specifying the transactivator proteins IE2 and IE3 in
hCMV and mCMYV, respectively. However, the existence of
latency-associated IE transcripts of hCMV (15) in concert with
our recent finding of focal generation of IE1 transcripts during
pulmonary latency of mCMYV (17) implied that checkpoints for
latency must exist beyond the regulation of the enhancer.

Previous experimental models of mCMYV reactivation were
based on the detection of the end point of reactivation, namely,
the recurrence of infectious virus in tissue explant cultures (8,
24, 25, 29) or, in vivo, after immunoablative treatment of la-
tently infected mice (2, 9, 17, 23, 28, 32, 42) or after implan-
tation of latently infected tissue into naive, immunodeficient
scid recipients (36). Thus, in these approaches, events of mo-
lecular reactivation of viral gene expression that did not pro-
ceed to the completion of the productive cycle remained in-
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visible. The mosaic approach of analyzing pieces of lung tissue
made it possible to study in vivo transcriptional reactivation
and virus recurrence simultaneously. This advantage gave us
novel insights into the transition from mCMYV latency to re-
currence. The following information was obtained: (i) mCMV
reactivations do not accumulate over time after withdrawal of
cellular immune control; (ii) control of latency involves regu-
lation of cotranscriptional IE precursor transcript processing;
(iii) there exist multiple, sequential checkpoints in the viral
transcriptional program that have to be passed on the way from
latency to recurrence; (iv) at any given time point after induc-
tion of reactivation, foci exist in different stages of transcrip-
tional progression; and (v) only a few instances of molecular
reactivation proceed to recurrence of infectious virions.

Spontaneous versus induced reactivation. It has long been a
question whether molecular reactivation of CMV occurs spon-
taneously or whether it is triggered by exogenous signalling.
Evidence to support the model of spontaneous reactivation
was provided for mCMYV by the observation of almost instant
virus recurrence occurring after withdrawal of immune control
by different modes of immunoablation, such as by treatment
with an immunosuppressive drug (23) or with gamma rays (2,
17, 18, 32, 42), and by immune cell depletion affecting lympho-
cytes in general (9) or distinct subsets or combinations of
subsets thereof (28). Furthermore, it is long established that
mCMV recurrence occurs spontaneously from latently in-
fected tissue explants in culture (8). It thus appeared to be
straightforward to propose that withdrawal of immune control
was the common trait in all of these examples. Recent work by
Polic et al. has dissected the contributions of NK cells and
T-lymphocyte subsets to the prevention of mCMV recurrence
in B-cell-deficient uMT/uMT mutant mice (28). Similar to the
control of primary mCMYV infection (reviewed in reference
16), their data indicated a control of recurrent mCMYV infec-
tion by redundant and hierarchical control mechanisms, with a
predominant contribution made by CD8 T cells. Notably, cases
of recurrently infected mice increased over time after with-
drawal of immune control, thus at first glance supporting the
hypothesis that reactivations do occur spontaneously and ran-
domly during latency and that progression to recurrence is
actively prevented by immune effector functions, probably in-
volving gamma interferon (30). Since exclusive control of la-
tency by the immune system is not in agreement with widely
accepted concepts of herpesvirus latency that have been estab-
lished for alpha- and gammaherpesviruses (13, 35), it was con-
cluded that CMVs, members of the betaherpesvirus subfamily,
were special in this respect (28).

Our data presented here are in obvious conflict with previ-
ous views on mCMYV latency and recurrence. However, as
discussed above, the parameter assessed in previous studies
was not transcriptional reactivation but virus recurrence, and
this difference needs to be considered. We saw a fundamental,
qualitative difference in the transcriptional patterns between
latency and reactivation (Fig. 6), but we did not see any influ-
ence of the time after induction on the pattern of reactivated
gene expression. Specifically, we did not observe an accumu-
lation of recurrences over time after withdrawal of cellular
immune control. This finding suggests an inductive, quantal
event responsible for shifting the pattern of random and se-
lective IE1-specific transcription typical of latency to a pattern
typical of reactivation. Only some foci of reactivation made
their way to the generation of viral progeny, that is, to recur-
rence.

The most notable difference between our approach and the
studies with B-cell-deficient mice (28) is the presence or ab-
sence, respectively, of antiviral antibodies. It is established
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knowledge from primary mCMYV infection in immunocompro-
mised hosts that virus spreads rapidly from a local site of
experimental inoculation to all susceptible target organs (33).
Likewise, Schmader et al. (36) have demonstrated that trans-
plantation of latently infected tissue into immunodeficient scid
mice leads to rapid reactivation of mCMYV in the transplanted
tissue and to subsequent dissemination of recurrent mCMYV to
susceptible target organs in the transplantation recipient. It
was thus obvious that recurrent virus replicating in the salivary
glands, lungs, livers, or spleens of the recipients had originated
from the transplanted donor tissue and not from the sites at
which it was eventually detected (36). It is also established
knowledge that antiviral antibodies are effectual in preventing
hematogenic spreading of the infection (32). Accordingly, from
a comparison of mCMYV recurrence in latently infected nMT/
pMT mutant mice and the respective heterozygotes, Jonjic et
al. (7) concluded that antiviral antibodies did not prevent re-
currence but limited the dissemination of recurrent virus. Our
data presented here clearly documented the absence of virus
dissemination. There are several examples illustrated in Fig. 5
in which recurrent virus detected in a particular piece of lung
tissue did not spread to directly neighboring pieces (e.g. in
RM3 piece #17, RMS piece #13, and RM9 piece #14). We
are therefore sure that we detected recurrence at the site of its
origination, and this is the essential basis for estimating the
true frequency of recurrences. We therefore propose that an
accumulation of positive cases over time in the absence of
antiviral antibodies describes the kinetics of virus dissemina-
tion, whereas the original events of recurrence are focal and
occur with an incidence that does not increase over time after
the inductive treatment.

The hypothesis of an induced reactivation of mCMYV is in
better agreement with the strong evidence for inducible reac-
tivation of herpes simplex viruses, such as by physical trauma,
transient hyperthermia, emotional stress, hormonal imbalance,
epinephrine, cadmium, and so forth (reviewed in reference
35). Likewise, the lytic cycle of Epstein-Barr virus is induced in
latently infected B cells by phorbol esters, which are thought to
operate via transcription factor AP-1 binding sites in the IE
enhancer (19; reviewed in reference 13). Inductive signalling
pathways may well be linked to the immune system. Thus,
lymphokines associated with allogeneic immune stimulation
appear to be involved in the reactivation of latent hCMV from
a cell type of the myelomonocytic lineage that is related to the
dendritic cell (40). The inductor in our model of reactivation of
mCMYV was gamma rays. We do not yet know the molecular
mechanism of the proposed induction. The treatment disturbs
the cytokine network by radiation-mediated apoptosis of he-
matopoietic and immune cells, but it may also directly induce
a genotoxic stress response in latently infected cells, which is
then likely to have an influence on transcription factors and
splicing regulators also involved in the molecular regulation of
mCMV gene expression. This issue will become a focus of
future research on CMV latency and reactivation.

Sequential order of viral gene expression in foci of reacti-
vation. The order in which viral genes are expressed during
reactivation is an open question in herpesvirus research, not
only in the case of betaherpesviruses, but also for alphaher-
pesviruses (35). Our observation of foci of reactivation repre-
senting sequential stages of productive-cycle gene expression
indicates that reactivated gene expression follows the order
known for productive primary infection of permissive cell
types. Under the conditions used and for the particular group
of mice analyzed here, the statistical average number of IE1-
expressing foci in the lungs was 10 during latency. During
reactivation in the same cohort of latently infected mice, the
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total statistical average number of foci increased to 21, of
which 7 still displayed the selective IE1 expression typical of
latency. One interpretation could be that reactivation had
started from IEl-expressing foci that all proceeded to more
advanced stages in the viral gene expression cascade and that
the pool of IEl-expressing foci was refilled by the same un-
known random mechanism that had generated these foci dur-
ing latency. The data are compatible with this idea, because
such a mechanism would indeed predict a doubling of foci,
precisely as actually observed. However, we cannot formally
exclude the alternative that IE1l-expressing foci were not in-
volved in reactivation at all (note that the difference between
10 foci in latency and 7 foci during reactivation is not signifi-
cant) and that reactivation started from transcriptionally silent
cells. We favor the first alternative, but we do admit that this is
presently a mere feeling. Let us nonetheless speculate a bit
along this line of thinking. Stochastic activity of the MIEPE
during latency could be the first step of reactivation by com-
mitting the dormant viral genome for the trigger that is effec-
tual at the second checkpoint, the cotranscriptional processing
of IE1/3 transcripts generating the IE3 transactivator. In the
absence of the inductive signal, IE1-expressing foci are thought
to fall back to quiescence, whereas the induction enables them
to move on in the gene expression cascade to the next check-
point.

The precise molecular regulation at the second checkpoint is
not yet elucidated, except that it occurs after transcription
initiation. One can think of differential splicing of a common
IE1/3 precursor mRNA, a hypothesis suggested by the detec-
tion of the predicted 5.1-kb IE1/3 precursor mRNA species in
productively infected cells (10, 26). Alternatively, regulation
could occur by differential usage of a polyadenylation signal
located in ie/ exon 4, even though a predicted 3.35-kb IE1
precursor mRNA species has not yet been found (10). Specif-
ically, exclusive usage of this polyadenylation site in exon 4
would explain selective generation of IE1 transcripts during
latency.

An unexpected new finding is the apparent existence of at
least two further checkpoints in the viral gene expression cas-
cade, one located before and one located after gB gene expres-
sion. As a consequence, only a few molecular reactivation
events proceeded to the generation of progeny virions (in our
example, a statistical average of 3 foci of recurrence [Fig. 6,
right, blue shells] of 14 foci of reactivation [Fig. 6, right, all
except red foci]). It should be noted that our selection of
marker genes in the mCMV gene expression cascade was ar-
bitrary. Inclusion of further genes in the analysis of gene ex-
pression might reveal the existence of even more checkpoints.
Considering the complexity of CMV genomes, molecular iden-
tification of all checkpoints will be a laborious task. What we
hope to have shown here is not more but also not less than a
principle.

Conclusion. Our data have provided evidence supporting
the model of induced reactivation of CMVs for the example of
mCMYV. In this respect, CMVs are now back home in the
herpesvirus family.
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