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A B S T R A C T Cytomegalovirus (CMV) is a major
pathogen in the compromised host where many infec-
tions result from activation of latent virus. Because
latent CMV infection has been difficult to study in
humans, murine models have been developed and in-
vestigated. Here, we describe the events involved in
activation of latent murine CMV(MCMV) from spleen
explants in vitro. Infectious virus was no longer de-
tectable in murine organs 4 mo after inoculation of
105 plaque-forming units of MCMV.8-10 d after es-
tablishment of spleen explants, phagocytic macro-
phages covered 70-80% of the surface of tissue culture
dishes, and lymphocytes were continuously released,
reaching titers of 106 cells/ml. MCMVwas produced
spontaneously after 12-18 d from spleen explant cul-
tures of 33 of 34 mice. Virus replicated to titers above
104 plaque-forming units/ml, remained at that level
for 4-5 wk, and gradually disappeared as macrophages
were lysed. Although MCMVwas shown to be repli-
cating in macrophages, these cells were never found
to be the source of latent virus. Cell separation studies
indicated that latent virus was initially released from
70% of lymphocyte cultures and was associated with
the B cell enriched fraction. Weconclude that MCMV
establishes nonreplicating dormant infection in B lym-
phocytes, activates from these cells in spleen explant
cultures, and is augmented in titer by replication in
permissive macrophages.
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INTRODUCTION

The ability of herpesviruses to establish dormant or
latent infections in the host is an important biological
characteristic (1). In some instances, the tissue sites or
even the specific cells that harbor latent virus have
been identified experimentally. Thus, herpes simplex
virus establishes latent infection in neurons of sensory
ganglia (2-6), whereas the Epstein-Barr virus persists
in a nonreplicating state in human B lymphocytes (7).
In the case of cytomegalovirus (CMV)', however, the
evidence that latent infection occurs is largely circum-
stantial, and the tissue or cellular sites maintaining
latent virus in humans have not been identified con-
clusively (8-10). Infection is apparently transmitted
from donor to recipient by blood transfusion or organ
transplantation and may also be reactivated in preg-
nancy or in states of compromised immunity (10-15).
Nevertheless, experimental attempts to recover latent
virus from blood leukocytes or from transplanted do-
nor renal allograft tissue have not been successful
(16-19).

Definition and characterization of the latent viral
state is fundamental to a basic understanding of the
pathogenesis of CMVinfection, especially since studies
of live attenuated vaccine have now been initiated (20-
22). Because viral latency has been difficult to study
experimentally in humans, murine models of latent
CMVinfection have been developed and character-
ized in recent years. In this report, we describe a model
system in which previously undetectable murine CMV
(MCMV) is activated spontaneously from spleen ex-

' Abbreviations used in this paper: CMV, cytomegalovi-
rus; MCMV,murine CMV.
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plant cultures established in vitro. In these initial ex-
periments, we have been able to characterize to an
extent the viral and cellular events involved in latency
and reactivation of MCMV.

METHODS

Mice. Female C3H/St mice obtained from the Scripps
Institute and Research Foundation, La Jolla, CA were used
in all experiments. Animals were initially inoculated with
virus at 4-6 wk of age.

Virus. Virulent MCMVwas maintained by serial passage
in mice. Virus stocks were prepared from 10% salivary gland
homogenates of mice infected 2-3 wk earlier by intraperi-
toneal inoculation of 105 plaque-forming units of MCMV.
Homogenates were prepared in Eagle's minimal essential
medium, and stored at -70% after the addition of dimethyl
sulfoxide at a 10% concentration. Quantitative assays of in-
fectious virus were performed in secondary mouse embryo
cells under overlay with 0.8% gum tragacanth or 0.2% aga-
rose (23). Assay cultures were maintained at 37°C for 5 d
and then stained with crystal violet for enumeration of
plaques under a dissecting microscope. Viruses recovered
from spleen explants were identified as MCMVby charac-
teristic cytopathic effects and specific immunofluorescence
of recovered virus grown in murine 3T3 cells as previously
described (24-26).

Establishment of latent MCMVinfection. The tech-
niques and criteria used in this laboratory to establish and
define latent infection of mice with MCMVhave been pre-
sented previously (27). Female C3H/St mice, 4-6 wk old,
were inoculated intraperitoneally with 1 X 105 plaque-form-
ing units of virulent MCMV. 16 wk after inoculation, no
infectious MCMVcould be detected in the tissues of these
animals except for 3-8% of mice with persistent low-level
virus replication in the salivary glands (26). Animals with
active viral infection were excluded from experiments after
assay of surgically-resected salivary gland tissue for infec-
tious MCMVin mouse embryo cell culture (23). Thus, ani-
mals classified as latently infected had no detectable virus
in any organ. Techniques used in this laboratory that have
failed to detect replicating virus in latently infected mice
have been summarized elsewhere (26). More specifically,
homogenates of spleen tissue or sonicated spleen cells sus-
pensions did not yield infectious virus in cell culture.

Spleen explant cultures. To establish explant cultures,
the spleen was removed aseptically from mice and minced
with scissors into pieces 1 x 1 mmin size. Four to six pieces
of minced tissue were placed in each 35-mm-Diam well of
plastic tissue culture plates (Co-star 3506, Data Packaging
Corp., Cambridge, MA) containing 2.0 ml of RPMI medium
supplemented with 15% fetal calf serum and antibiotics. Six
replicates of each spleen culture were usually established,
and the plates were incubated at 37°C in an atmosphere of
5% CO2 in air. The medium in each well was replaced every
third day at which time the fluids removed were screened
for the presence of infectious MCMVby assay in mouse
embryo cells. The cellular characteristics and evolution of
the spleen explant cultures is described in the Results section.

Separation of spleen cell populations. In experiments
where suspensions of spleen cells were required, the spleen
was bisected with scissors. The pulp of each spleen half was
then gently extruded from the capsule using a tuberculin
syringe containing 1 ml of RPMI medium and fitted with
a 26-gauge needle. The extruded spleen contents were gently
dissociated by pipetting and the resulting cells were washed

three times in fresh medium by centrifugation at 300 g for
10 min. After adjustment to a concentration of -5 X 106
cells/ml as determined in a hemocytometer, the cell sus-
pensions were incubated in 6-12 16-mm-Diam wells of tissue
culture plastic trays (Co-star 3524, Data Packaging). Before
inoculation into the wells, cell viability was shown to be
-95% by the trypan-blue dye exclusion method (27). Be-
cause the time required for spleen macrophages to adhere
to glass or plastic surfaces is substantially greater than for
peritoneal exudate cells (28), the cultures were left undis-
turbed for the first 72 h. At that time, nonadherent lym-
phocytes were removed, resuspended in fresh medium, and
either cultivated alone or cultivated along with virus-sus-
ceptible syngeneic mouse embryo cells, depending on the
purposes of the experiment.

Cultures of spleen cell suspensions enriched for bone mar-
row-derived lymphocytes (B cells) or for thymus-derived
lymphocytes (T cells) were required for certain experiments.
Here, three different cell enrichment procedures were em-
ployed after removal of macrophages by surface adherence
for 72 h. Enriched B cell subpopulations were prepared by
treatment of lymphocytes in suspension with a 1:10 dilution
of rabbit anti-Thy 1.2 serum (anti-C3H Thy 1.2, Litton Bio-
netics, Kensington, MD) for 60 min at 37°C. Subsequently,
40 U of CH50 guinea pig complement (Cordis Laboratories
Inc., Miami, FL) were added before a second 60-min in-
cubation period (29). Less than 2% residual T cells remained
after this procedure, as determined by sheep erythrocyte
rosetting studies and by specific immunofluorescence stain-
ing with fluorescein isothiocyanate-conjugated monoclonal
anti-Thy 1.2 antibody (anti-clone 30-HIZ, Becton, Dickin-
son, & Co., Rutherford, NJ). T cell-enriched subpopulations
were prepared by removal of B lymphocytes in nylon wool
columns as described by Julius et al. (30) or in affinity col-
umns containing 250-,um beads coated with anti-mouse IgG
antibody (31) (Bio-Rad Laboratories, Richmond, CA). By
these two methods, the first eluant consisted of 90±3.3% T
cells, as counted by fluorescence staining with rabbit fluo-
rescein isothiocyanate conjugated anti-Thy 1.2 serum. The
percentage of fluorescing cells collected was not altered by
treatment with rabbit anti-mouse IgG serum (N. L. Cappell
Laboratories Inc., Cochranville, PA) and complement. The
second eluant from the columns consisted of 87±2.5% B cells
as determined by immunofluorescence staining with the lat-
ter reagent. Treatment with anti-Thy 1.2 antiserum and
complement had no effect on these counts.

Identification of macrophages. Macrophages were iden-
tified morphologically by staining with hematoxylin and
eosin, and by characteristic ultrastructural features (32). To
test phagocytic function, the monolayers of adherent cells
were incubated with 0.02 ml of a 10% suspension of 1.1 um
polystyrene (latex) particles for 45 min at 37°C. After three
washes with phosphate-buffered saline to remove extracel-
lular particles, the monolayers were examined microscopi-
cally and scored for ingestion of latex beads. In addition,
macrophages were identified by staining for lysozyme con-
tent using specific rabbit antibody conjugated with horse-
radish peroxidase (33).

Electron microscopy. To prepare spleen explant cultures
for ultrastructural examination, nonadherent cells were as-
pirated and then pelleted by low speed centrifugation in
medium. Subsequently, macrophages were gently scraped
from the surface of cell culture wells using a rubber-tipped
glass rod and then also pelleted by centrifugation. Cell pellets
were dehydrated, fixed in glutaraldehyde, embedded in
Epon, and thin-sectioned for microscopy using standard ul-
trastructural procedures (34).
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RESULTS

Characterization of spleen explant cultures. After
4-6 d of incubation, adherent cells from the spleen
explant cultures were noted to settle on the bottom
surface of the tissue culture walls, eventually covering
70-80% of the surface area within 10 d. (Fig. 1). At
least 95% of these cells were shown to be macrophages
by the methods described; <2% were fibroblasts. In
addition to the adherent cell population, lymphocytes
were continually released into suspension from the
spleen explant tissue, reaching concentrations of 106
cells/ml of culture fluid after 7 d. Viability of lym-
phocytes (determined by trypan-blue dye exclusion)
was -90% after 10 d in culture, 60% after 15 d, and
24% after 28 d.

Appearance of MCMVin the culture fluids. Be-
tween 12 and 18 d after explantation in vitro of spleen
tissue from latently infected mice, MCMVappeared
spontaneously in the culture fluids of explants estab-
lished from the first 12 animals studied and from 33
out of 34 mice overall. In each experiment, activated

FIGURE 1 Phase-contrast photomicrograph (X60) of adher-
ent cells 10 d after explantation of spleen in vitro. 94-96%
of cells were phagocytic macrophages; <2%were fibroblasts.
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FIGURE 2 Spontaneous appearance and growth curve of
MCMVafter activation from three representative spleen
explant cultures.

virus was detected in 80-100% of replicate wells cul-
tured. Results of quantitative virus titrations of the
fluids from three representative explant cultures are
shown in Fig. 2. After initial detection, MCMVrep-
licated to titers approaching 105 plaque-forming units/
ml by the third week. The titer remained near this
level for -5 wk, at which time it decreased gradually
and virus could then be detected in the culture fluids
only intermittently. Concurrently, a marked diminu-
tion in the number of adherent macrophages in the
cultures was observed, suggesting that these cells had
undergone lytic viral infection and were responsible
for production of virus. In control spleen explant cul-
tures (derived from uninfected animals), no decrease
in the number of adherent macrophages was noted.
By electron microscopy, MCMVnucleocapsids could
be seen in the nuclei of macrophages 16 d after ex-
plantation of spleen tissue from latently infected mice
(Fig. 3 A). The majority of virions were defective, with
only 20-25% containing central dense cores. Viral par-
ticles were eventually demonstrable in -10-15% of
macrophages by ultrastructural analysis 24 d after the
establishment of spleen explants. Virions were clearly
associated with lytic infection of many of these cells
(Fig. 3 B). In no instance were viral nucleocapsids or
defective particles detected in the nucleus or cyto-
plasm of lymhocytes examined by electron micros-
copy.

Although these observations indicated that macro-
phages were lytically infected with MCMVafter viral
activation, the source of latent virus had not yet been
defined. Either lymphocytes or macrophages could
have been responsible for release of MCMVafter ac-
tivation of virus. Therefore, the various cell popula-
tions in the spleen explant cultures were examined as
possible sources of latent MCMV.

Identification of cells harboring latent MCMV. To
determine whether splenic macrophages were the
source of latent virus, these cells were allowed to ad-
here to the plastic surfaces of the culture vessels for
72 h, after which the nonadherent cells were removed.
One-half of the macrophage cultures were then over-
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FiG.URE 3 A. Electron photomicrograph (X18,000) of mac-
rophage containing MCMVvirions in nucleus 16 d after
spleen explant was established in vitro. B. Lytic MCMVin-
f ection of macrophage after 20 d in explant culture (X3 1,-
000). Virtually all MCMVparticles lack electron-dense cen-
tral cores.

laid with virus-susceptible mouse embryo cells and
maintained for 30 d. No viral cytopathic effects were
noted in the 24 cultures established in this manner
(Table I). The remaining macrophage cultures were
maintained without mouse embryo cell overlay for 28
d, and the culture fluids were assayed for infectious
virus every other day. Again, no MCMVwas detected.
These macrophages were then overlaid with mouse
embryo cells. No MCMVwas detected after observa-
tion for an additional 28 d.

That latent MCMVdid not activate in macrophage
cultures suggested that these cells were not the source
of latent virus. Nevertheless, the possibility remained
that the presence of lymphocytes was in some way a
requirement for activation of MCMVlatent within
macrophages. Therefore, crossover experiments were
performed in which macrophages derived from spleens
of six latently infected mice were co-cultured for 30
d with spleen lymphocytes from six uninfected mice,
and vice versa. Under these conditions, activated
MCMVcould be recovered only when lymphocytes

from latently infected animals were co-cultivated with
macrophages from either latently infected or unin-
fected animals. However, MCMVwas never detected
in macrophage cultures established from latently in-
fected mice maintained in the presence of lympho-
cytes from uninfected animals.

Taken together, these experiments suggested that,
although macrophages underwent lytic viral infection
in the spleen explant cultures and were responsible for
production of infectious virus, they were not the cells
harboring latent MCMV.

To determine whether spleen lymphocytes were la-
tently infected, these cells were cultivated alone or
along with virus-susceptible mouse embryo fibroblasts
after removal of splenic macrophages by adherence.
The lymphocyte cultures were maintained for 30 d.
As shown in Table I, MCMVactivated from spleen
lymphocyte cultures established from 6 out of 10 an-
imals. When culture fluids were sampled every other
day, no increase in titer of MCMVcould be demon-
strated. In 14 out of 19 mice, virus activated from
spleen lymphocytes co-cultivated with mouse embryo
cells (Table I). In each individual culture, MCMVwas
detected between 14 and 24 d of cultivation.

In the next experiments, subpopulations of splenic
lymphocytes were established in culture after sepa-
ration into components enriched for B and T cells.
Macrophages were removed by adherence for 72 h
before treatment of lymphocytes with anti-Thy 1.2
serum and complement, or separation of the cell pop-
ulations with nylon wool, or by affinity chromatog-
raphy. In each experiment, pooled spleen lymphocytes
from four latently infected mice were distributed into
6-12 tissue culture wells at concentrations of

5 X 106 cells/well. As shown in Table II, latent

TABLE I
Spontaneous Activation of Latent MCMVfrom Spleen

Tissue and Cells of Mice

MCMV
Source activated

Whole spleen explant 33/34t

Spleen macrophages
Co-cultivation with MEC 0/24
Cultivated alone 0/22

Spleen lymphocytes
Co-cultivation with MEC 14/19
Cultivated alone 6/10

Spleen explants or spleen cells were derived from mice infected
4 mo earlier with MCMVand cultivated alone or with mouse em-
bryo cells as indicated.
t No. of mice from which MCMVactivated/No. of mice tested.
MEC, mouse embryo cells.
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TABLE II
Activation of Latent MCMVfrom Cell-enriched

Spleen Suspension Cultures'

Total No.
Cell separation method mice used B-enriched T-enriched

Anti-Thy 1.2 serum
+ complement 6 13/44t -

Affinity bead column 12 4/18 0/18
Nylon wool 12 3/24 0/24

Total 30 20/86 0/42

° After removal of macrophages by adherence for 72 h, spleen
lymphocytes from three or four latently infected mice were pooled
before separation into enriched cell populations by the three pro-
cedures noted. Subsequently, cell concentrations were adjusted to
5 X 106/ml and co-cultivated with mouse embryo cells in six to
twelve replicate wells.
I No. wells from which MCMVactivated/No. cultured.

MCMVcould be activated by co-cultivation of the B
cell-enriched population but was never detected in T
cell-enriched suspensions. MCMVwas first detected
in the cultures after 20-30 d of co-cultivation. Viabil-
ity of cells in cultures enriched for T lymphocytes was
greater than that noted in B cell-enriched cultures at
the times of sampling (60% vs. 20% at 10 d, and 40%
vs. 8% at 20 d, respectively). Virus was found in only
a small minority of the culture wells established in
each experiment and activated with the lowest fre-
quency after use of nylon wool or the affinity column
for separation of cells. Assuming as a minimum that
virus in each culture was liberated from a single lym-
phocyte, -1 cell in 1.2 X 105 activated to produce in-
fectious MCMVunder these in vitro conditions.

DISCUSSION

To summarize these results, spleen explants were es-
tablished from mice that had been infected 16-20 wk
earlier with MCMV. Infectious virus was not present
in homogenized spleen tissue or in sonicated spleen
cell suspensions. After establishment of the explant
culture, phagocytic macrophages eventually covered
70-80% of the surface area of the tissue culture wells.
In addition, lymphocytes were continually released
from the cultures, achieving concentrations of -106
viable cells/ml after 8-10 d of incubation. In cultures
from virtually all mice, previously latent MCMVap-
peared in the culture fluids spontaneously, usually be-
tween 12 and 18 d of cultivation. Subsequently, MCMV
replicated to titers approaching 105 plaque-forming
units/ml of culture fluid and remained at that titer for
4 wk. Eventually, the amount of infectious virus de-
clined coincidentally with the gradual disappearance
from the cultures of nearly all adherent macrophages.

Ultrastructural studies indicated that 10-15% of mac-
rophages were lytically infected with MCMV,whereas
the amount of virus released as a result of productive
infection of lymphocytes, if any, was extremely small
and could not be quantified.

Although splenic macrophages were found to pro-
duce infectious virus once activation had occurred,
these cells were never shown to be the initial source
of latent MCMVwhen cultivated alone, in the pres-
ence of mouse embryo cells, or with lymphocytes de-
rived from spleens of uninfected animals. However,
virus was released from lymphocytes of latently in-
fected mice in approximately two-thirds of the cul-
tures. Activation of MCMVoccurred equally well
whether lymphocytes were cultured alone or cultured
with susceptible syngeneic mouse embryo cells. Fur-
ther experiments indicated that MCMVcould be ac-
tivated from the B cell-enriched lymphocyte fraction
of spleen cells but not from T cell-enriched cultures.
Based on all of these points, we tentatively conclude,
within the limits of the cell methods employed, that
latent MCMVis harbored in a noninfectious form by
splenic B lymphocytes. Virus activates spontaneously
from these cells in culture, and subsequent amplifi-
cation in titer of MCMVis due to secondary cytolytic
infection of macrophages.

Latent MCMVhas been activated by co-cultivation
of splenic lymphocytes with virus-susceptible mouse
embryo cells in three different laboratories (27, 35-
37). Olding and colleagues (35) also found that latent
virus was associated with the B lymphocyte-enriched
cell population. However, in their experiments, acti-
vation of MCMVoccurred only when lymphocytes
were cultivated with mouse embryo cells derived from
allogeneic strains of mice. Allogeneic co-cultivation
was clearly not required for activation of latent virus
in our experiments because no fibroblasts were added
in the explant cultures. Similarly, Mayo et al. did not
find that allogeneic stimulation of spleen cell suspen-
sions was a prerequisite for activation of virus in vitro
or for transfer of MCMVinfection to other mice by
inoculation of latently infected lymphocytes (36, 37).

Our results confirm the preliminary studies of Wise
et al. (38), who found spleen explantation more sen-
sitive than cell suspension cultures for detection of la-
tent MCMV.Thus, we could detect activation of latent
virus from spleen explants of virtually all mice studied,
and in most replicate explant cultures established.
However, MCMVactivation was detected in only two-
thirds of cell suspension cultures whether or not an
indicator fibroblast monolayer was used. Manipula-
tions employed for preparation of lymphocyte sub-
populations (B and T cells) reduced the yield still fur-
ther in that activated MCMVcould be found in only
a small minority of replicate culture wells derived
from pooled spleen cell suspensions of four animals.
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This diminution in frequency of activated MCMVsug-
gests that virus is liberated from an extremely small
percentage of lymphocytes in any given experiment
and that manipulation in vitro damages cells, reducing
their viability in long term culture.

Replication of MCMVhas been studied by in vitro
infection of macrophages in several laboratories. Most
experiments have involved peritoneal exudate cells
(39-42) and, to a lesser extent, pulmonary macro-
phages (43). In general, these cells have been permis-
sive for viral infection, although virus yields are sub-
-stantially lower than those found in mouse embryo cell
culture. In addition, the kinetics of virus production
are prolonged and characterized by delayed spread of
infection to adjacent cells (39, 43). As found in our
experiments, a majority of virions in infected macro-
phages are defective, lacking electron-dense central
cores (43). Although MCMVinfection of splenic mac-
rophages has not been studied extensively, viral rep-
lication after spontaneous activation of latent virus is
similar to the growth curve observed when peritoneal
or pulmonary macrophages are infected experimen-
tally in vitro.

On the other hand, experiments designed to estab-
lish whether MCMVreplicates productively in lym-
phocytes are difficult to interpret. Hudson et al. (44)
showed that infection of spleen cells in vitro resulted
in production of infectious centers in only 0.01-1.0%
of the total cell population. Whether the cells forming
infectious centers were in fact lymphocytes could not
be ascertained. Wuand Ho (45) studied MCMVin-
fection of B and T lymphocytes in vivo during acute
infection established by intravenous inoculation of vi-
rus. Virus was detected in only a small fraction of blood
lymphocytes (1-6 cells in 104). We could not detect
replication of MCMVin lymphocytes using quanti-
tative assays of viral infectivity or repeated ultrastruc-
tural examinations after reactivation of latent virus.
However, conditions were not optimal for virus rep-
lication because the viability of lymphocytes had been
reduced by cultivation in vitro.

Latent MCMVinfection does not appear to be re-
stricted to the spleen. Cheung and Lang (46-48) have
presented evidence that dormant virus may persist in
salivary glands, prostate, and peripheral blood. We
have described another model in which latent MCMV
can be consistently activated and disseminated by im-
munosuppression, yet virus cannot be detected by co-
cultivation of spleen tissue or other organs (25-27).
The site of viral latency has not yet been defined in
these animals. Other sites that have been implicated
in maintenance of latent MCMVinfection are peri-
toneal macrophages (42) and spermatogenic cells (49).

Despite strong clinical and epidemiologic evidence
that CMVcauses latent infections in humans, a direct
experimental demonstration of the phenomenon has

been most difficult. The cells or tissues that have been
strongly implicated include peripheral blood leuko-
cytes (11, 18), kidney (13, 14), colon (50), and heart
(51). In the murine model, definition of the sites of
viral latency and elucidation of host and viral factors
involved in maintenance and reactivation of latent
virus will continue to provide valuable insight relevant
to human investigation.
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