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Sixteen weeks after inoculation, murine cytomegalovirus (MCMV) can no longer be
detected in the tissues of mice. However, a 2-week course of immunosuppression with
antilymphocyte serum and cortisone acetate results in reactivation and dissemination of
the latent virus in all animals. In this study of reactivation, MCMV was first detected in
the liver, usually during the first week of immunosuppression, and virus replication was
shown to be restricted to hepatocytes. Subsequently, a viremia occurred, with spread of
infection to other organs. The highest titers of virus were reached in salivary glands in
which replication occurred in serous acinar cells. In the lung, virus-specific abnormal-
ities were difficult to detect because of superimposed bacterial and fungal infections.
However, interstitial pneumonitis could be produced when cortisone acetate was
deleted from the immunosuppressive regimen. Although the site of virus latency has not
been defined, this model system will be useful for study of reactivation of latent
cytomegalovirus infection. (Am J Pathol 95:67-80, 1979)

IN THE PAST DECADE, cytomegalovirus has become appreciated
as a major pathogen affecting the immunocompromised patient.' In this
circumstance, the spectrum of infection ranges from asymptomatic shed-
ding of virus in the urine or saliva to severe disseminated disease, with
hepatic dysfunction and interstitial pneumonia being the predominant
clinical manifestations.24 Although the natural history of these infections
is not well understood, clinical and epidemiologic observations indicate
that, in many instances, the virus is reactivated within a latently infected
host.5-7

Several experimental studies have shown that the pathogenesis of acute
and chronic cytomegalovirus infection in mice is similar to that in hu-
mans,8-10 and murine models of cytomegalovirus infection have become
important sources of insight for human disease. As a pertinent example,
we recently described a murine model of latent CMV infection in which
virus which is no longer detectable in host tissues can be reactivated and
disseminated during intense immunosuppressive treatment.11 This report

From the Division of Infectious Diseases, Department of Medicine and Department of Micro-
biology and Immunologp, Reed Neurological Research Center, University of California School of
Medicine, Los Angeles, California.

Supported by Public Health Senrice Grant AI-06246 from the National Institute of Allergy and
Infectious Diseases and bv Grant 842 from the American Cancer Societs-. California Division. Dr.
Shanlev is the recipient of Public Health Service Postdoctoral Fellowship AI-5612.

Accepted for publication November 21, 1978.
Address reprint requests to Dr. NM. Colin Jordan, Division of Infectious Diseases, Department of

Medicine, University of California School of Medicine, Los Angeles, CA 900f24.
0002-9440/79/041 1-0067$01.00 67
O American Association of Pathologists



68 SHANLEY ET AL American Journal
of Pathology

describes the sequence of virologic and histopathologic events which
follow reactivation of the latent infection in that model.

Materials and Methods

Virus

Virus was the Smith strain of murine cytomegalovirus (MCMV) maintained by serial
passage in mice, employing methods which have been described elsewhere."l Virus stocks
were prepared as a 10% tissue homogenate of salivary gland in Eagle's minimal essential
medium (MEM), 5% fetal calf serum, and 10% dimethylsulfoxide and stored at -70 C.

Establishment of Latent Infections
The method for establishment of latent MCMV infection has been previously de-

scribed.11 In brief, 6-week-old female C3H/St mice obtained from Strong Laboratories (La
Jolla, Calif) were infected by subcutaneous administration of diluted salivary gland
homogenate containing 103 plaque-forming units of MCMV. By 4 months after infection,
90% of the mice were found to be free of detectable virus by direct assay of organ
homogenates; the remaining 10% had low-level productive infections limited to the
salivary glands. Before immunosuppressive measures were initiated, all mice underwent
surgical biopsy and virus assay of salivary gland tissue to detect and eliminate any mice
persistently shedding MCMV.

Immunosuppression
The immunosuppression regimen consisted of a combination of antilymphocyte serum

and cortisone acetate. Rabbit antiserum against murine lymphocytes (ALS) obtained from
Microbiological Associates, Inc., was administered in a dose of 0.3 ml intraperitoneally
twice weekly. Cortisone acetate (Merck Sharp & Dohme, West Point, Pa) was diluted in
distilled water and 125 mg/kg was given intraperitoneally each day. Depending on the
experimental design, this regimen was either continued or discontinued or the cortisone
acetate was deleted after 14 days. To monitor the effects of the drugs, spleen/body weight
ratios and peripheral blood white cell counts were obtained at the time mice were killed.

Assay of Tissues for Virus
At various intervals after initiation of immunosuppression, mice were killed by ether

inhalation and exsanguination. At least 6 mice were examined at each sample interval.
Whole blood was diluted 1:10 in Eagle's MEM with 5% calf serum and 10% DMSO, and
10% homogenates (w/v) of tissues were prepared in a Ten Broeck grinder using the same
diluent. Virus in blood samples and tissue homogenates was quantitated by plaque assay in
mouse embryo fibroblast monolayers under a tragacanth overlay.'2

Histopathology
At the time of death, tissues were removed and placed in Bouin's fixative for 24 hours.

For histologic examination of pulmonary tissue, the lungs and heart were removed en
bloc and the lungs were perfused with Bouin's fixative via the pulmonary artery and the
trachea.

Immunofluorescence Techniques
Immunofluorescence techniques were employed for measurement of antibody in

MCMV-infected mice and for detection of viral antigens in tissues. In the antibody assay,
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infected and uninfected mouse embryo cells were used as antigen. C3H mouse embryo
fibroblasts infected with MCMV were collected after the de%elopment of confluent cyto-
pathic effects, w ith uninfected fibroblasts serving as negative controls. Cells w-ere centri-
fuged into a pellet, and small aliquots were placed on clear premarked microscope slides
and air dried. After fixation in cold acetone for 13 minutes, the slides were stored at 4 C
until use. Two-fold dilutions of serums to be tested for antibody were applied in duplicate
to slides containing infected and uninfected fibroblasts and were reacted for 43 minutes at
27 C. Slides were then washed for 13 minutes in phosphate-buffered saline at pH 7.4 and
stained for 45 minutes at 27 C using fluorescein isothiocyanate (FITC)-labeled rabbit
antimouse a-globulin (N. L. Cappel Laboratories Inc., Cochranville, Pa). The endpoint
was the highest dilution of serum giving distinct immunofluorescence w-hen the slides were
examined microscopically.
An antiserum for detection of MCMV antigens in tissues was prepared by intra-

peritoneal inoculation of 6-week-old female C3H mice with 10 PFU of MCM1V. After 3
weeks, serum was collected, pooled, and frozen. Serums prepared by this method had a
titer of 1: 160 or 1: 320 against MICM\V% when measured by the indirect immuno-
fluorescence test described above. An ammonium-sulfate-precipitated globulin fraction of
the mouse anti-MCMIV serum was coupled with FITC in a ratio of 0.0123 mg FITC mg
globulin using the method of Cherry et al.'3 The conjugated serum was dialyzed against
PBS and passed over a Sephadex G50 column; the fractions containing the conjugated
serum were pooled. This conjugate gave a positive immunofluorescent reaction at dilutions
up to 1 :40 when tested against CMV-infected mouse embryo fibroblasts, but no reaction
w-as discernible with uninfected mouse embryo fibroblasts.

Results
Effects of Drug Aftinistration

The spleen/body weight ratios, white blood cell counts, and anti-
MCMIV antibody titers of latently infected and uninfected control mice
were followed to monitor the effects of the immunosuppressive regimen.
As shown in Table 1, these measurements did not differ from the two
groups of animals prior to the initiation of treatment. After 14 days of

Table 1-Spleen/Body Weight Ratio, Total White Blood Cell Counts, and Antibody Titers
Against MCMV of Uninfected Mice and Mice With Latent MCMV Infection During ALS and
Cortisone Treatment

Uninfected mice Mice with latent MCMV infection
Day of
drug Spleen/body Total Antibody* Spleen/body Total Antibody*

treatment weight WBC count titer weight WBC count titer

0 0.0045 5125 <20 0.0055 5555 40
14 0.0010 2644 <20 0.0025 2047 20
21 - - <20 0.0027 - 40
28 - - - 0.0026 - 80
35 - - - - - 80
42 - - - - - 40

Indirect fluorescent antibody titer expressed as reciprocal of highest dilution showing
specific fluorescence
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immunosuppression, the spleen/body weight ratios and white blood
counts had significantly declined in both groups of animals, and contin-
uation of the regimen for 4 weeks in infected mice resulted in a per-
sistently low spleen/body weight ratio. Two related findings are also of
interest: First, 1 week after deletion of cortisone acetate from the regimen
(at 14 days), the spleen/body weight ratio reverted to 0.0078, indicating
that splenic hypertrophy had occurred. Second, discontinuation of all
drug administration (also at 14 days) resulted in return of spleen/body
weight ratio to normal in 7 days.

Data presented in Table 1 also show that all latently infected mice
processed significant serum antibody titers against MCMV and that these
did not change significantly during ALS and cortisone acetate administra-
tion. None of the uninfected control animals had detectable antibody
against the virus.

Virus Isolations

Reactivation and dissemination of latent virus occurred in 100% of
animals after 21 days of ALS and cortisone acetate administration. The
sequence and frequency of virus isolation from various tissues during
immunosuppression are illustrated in Text-figure 1. Liver was the earliest
tissue consistently yielding virus, usually on Day 4. Although MCMV was
also found in spleen homogenates of 3 of 9 animals on Day 4, isolation
from this tissue was inconsistent until disseminated infection had oc-
curred. After the early appearance of virus in liver, infection became
generalized and was detected with increasing frequency in all tissues
examined. By Day 21, virtually all mice had generalized infection.
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Quantitative assays for virus content of various tissues during immuno-
suppression are shown in Text-figure 2. It can be seen that, although
MCMV was detected as early as Day 4 in the liver and Day 9 in the
salivary glands, titers in all tissues remained less than 300 PFU/g until
Day 11. Subsequently, virus titers increased rapidly in lung, liver, and
salivary glands. It should also be noted that significant amounts of virus
did not appear in the kidneys until 28 days of immunosuppression.

Finally, as illustrated in Text-figure 3, discontinuation of cortisone
acetate after 14 days of administration resulted in rapid decline in virus
titer in the lung and liver and, to a lesser extent, in the salivary glands.
Discontinuation of both ALS and cortisone at that time resulted in rapid
disappearance of virus in all tissues except the salivary glands (data not
shown).

Hisopatol

Histologic changes closely paralleled the virologic findings and were
first detected in the liver. Although virus could be recovered as early as
the fourth day of immunosuppression, no specific histopathologic altera-
tions were noted prior to the 14th day. At this time, 7 of 15 animals
showed hepatic changes indicating CMV infection. The earliest specific
finding was the presence of isolated hepatocytes containing MCMV intra-
nuclear inclusions. Foci of inflammatory cells and infected hepatocytes
scattered randomly throughout the liver parenchyma (Figure 1) repre-
sented more advanced alterations. Hepatocytes in these lesions were in
various stages of degeneration, which progressed from intranuclear in-
clusions with margination of nuclear chromatin to cytoplasmic basophilia
and cvtomegaly. Ultimately, cellular degeneration occurred, leaving only
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an acidophilic residue. Inflammatory cell infiltrates, comprised mainly of
mononuclear cells and some polymorphonuclear leukocytes, began to
appear and surround the hepatocytes as they became cytomegalic. The
intensity of this inflammatory infiltrate progressed with continued degen-
eration of hepatocytes, and the number and size of inflammatory foci
increased progressively as immunosuppression was continued. Finally, it
is important to note that no virus-specific changes were noted in cells
other than hepatocytes.

Salivary glands showed no virus-specific changes prior to Day 14, when
acinar cells with intranuclear inclusions were detected, primarily in the
serous portion of the gland (Figure 2). Although inclusion-bearing cells
were occasionally seen in mucinous areas of the gland, they were always
located between mucinous alveoli, appearing to involve the serous demi-
lunes, and evidence of infection was never detected in ductal cells,
connective tissues, blood vessels, or other structures. In addition, lesions
in all parts of the gland were highly focal, bearing no consistent relation-
ship to other structures. There was no accompanying inflammatory cell
infiltrate, and only minimal disruption of histologic architecture was
apparent.

As was predicted by the decline in spleen/body weight ratio, the
administration of ALS and cortisone acetate resulted in marked splenic
atrophy. Although white follicles were still recognizable, they were very
small and comprised solely of large lymphocytes. The red pulp was
uniformly devoid of small lymphocytes and contained primarily red blood
cells, reticuloendothelial cells, megakaryocytes, and other blood elements.
Occasionally, an inclusion-bearing cell of unknown identity was found in
the red pulp area. Cessation of cortisone administration resulted in rapid
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reversal of these changes, and within 1 week spleens and other lymphoid
structures demonstrated active lymphocyte division and replication.
No CMV-specific lesions were found in kidneys until 23 days of immu-

nosuppression, when inclusion-bearing cells were found in the proximal
tubular epithelium and in the cells of the glomerular tuft. After more
prolonged immunosuppression, cytomegalic inclusion-bearing cells were
found in additional tissues such as the acini of the pancreas, the fibrous
capsule of the ovaries, the mesentery adjacent to the pancreas, and the
adrenals. Little or no inflammatory reaction surrounded infected cells in
these sites. No lesions were ever noted in the myocardium, esophagus,
trachea, or thymus.

In the lung, histopathologic changes induced by cytomegalovirus were
difficult to assess because of intercurrent pulmonary processes. Localized
bronchopneumonia was present in 1 of 8 latently infected mice which
were not immunosuppressed and in 6 of 19 latently infected animals early
in the course of immunosuppression (before CMV could be isolated from
lung tissue). Sporadic bronchopneumonia was also found throughout the
course of immunosuppression, occuring in both CMV-infected and un-
infected control mice. In all cases, the pneumonia involved both airways
and alveoli, with secondary interstitial infiltration of inflammatory cells.
Generally, the cellular infiltrates were polymorphonuclear, although
foamy mononuclear cells and giant multinucleated syncytial cells were
occasionally found. Alveolar and airway debris was common, and special
strains frequently revealed bacteria or fungi in both areas. Occasionally,
an intranuclear inclusion-bearing cell was found among the other inflam-
matory cells.

Despite the obvious problem of concurrent bronchopneumonia due to
other agents, certain observations concerning the effect of reactivated
MCMV on the lung can be made. Although treatment with ALS and
cortisone for up to 42 days did not result in significant virus-specific
effects, interstitial changes clearly due to MCMV were produced when the
immunosuppressive regimen was altered. Latent MCMV was reactivated
using the standard immunosuppressive procedure, but cortisone was dis-
continued after 14 days. Eight of 10 mice inspected 7 days after cessation
of cortisone treatment had interstitial hypercellularity and 2 had frank
interstitial pneumonitis. None of the uninfected control animals showed
these alterations. As shown in Figure 3, the pulmonary abnormalities
consisted of scattered focal interstitial accumulations of mononuclear cells
with intranuclear inclusions. In more advanced cases, the septums were
markedly thickened and hypercellular. These abnormalities were similar
to early changes described by Brody and Craighead in the interstitial
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pneumonia of acutely infected mice treated with ALS.14 Finally, mice
inspected 14 days after cessation of cortisone treatment showed no pul-
monary abnormalities.

Immunofluorescence Studies

Immunofluorescence studies corroborated the other analyses. Thus,
CMV-specific antigens were first detected in the liver. After 14 days of
immunosuppression, small numbers of hepatocytes bearing virus-specific
cytoplasmic and nuclear antigens were scattered throughout liver pa-
renchyma. With continued immunosuppression, infection progressed to
produce larger areas of parenchymal disruption containing multiple fluo-
rescent cells. These foci coincided with the areas of inflammatory cell
infiltration seen on light microscopy. Viral antigens appeared to be re-
stricted to hepatocytes and were not detected in inflammatory cells. No
specific fluorescence was observed in any other hepatic cell.

After 18 days of immunosuppression, numerous cells bearing viral
antigens were found in the serous portion of the salivary gland. As was
noted by light microscopy, these cells were scattered throughout the
parenchyma (Figure 4) and appeared to be acinar cells. Viral antigens
were only rarely detected in the mucinous portion of the gland, and here
they seemed to be nonmucinous acinar cells. No specific fluorescence was
noted in ductal cells, blood vessels, connective tissue, or lymphoid aggre-
gates.

Discussion
The importance of disseminated cytomegalovirus infections among

immunocompromised patients has been increasingly recognized in recent
years (as many as 90% of renal allograft recipients develop active infec-
tion3). Among bone marrow transplant patients, the problem is even
more critical in that interstitial pneumonia, frequently associated with
CMV infection, has severely limited the potential success of the trans-
plantation procedure.15 As previously mentioned, the source of the viral
infection in these patients is often unclear, although many infections are
thought to result from reactivation of latent virus previously dormant in
the host. Since systematic study of latent CMV infection and the events
involved in reactivation and disease is not possible in humans, the experi-
ments described here were conducted in a murine model.

In the mice used in our experiments, MCMV could no longer be
detected in the tissues 16 weeks after infection. However, immuno-
suppression with antilymphocyte serum and cortisone acetate caused
reactivation and widespread dissemination of virus in all animals. Analysis
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of the temporal course of events during reactivation revealed that MCMV
was usually detected earliest in the liver, frequently by the fourth day of
immunosuppression. Subsequently, viremia occurred and MCMV dissem-
inated to involve all organs assayed. The highest viral titers were reached
in salivary gland, which is the most permissive tissue for replication of
MCMV.9
As indicated grossly by splenic atrophy and histologically by dis-

appearance of splenic lymphocyte follicles, the degree of immuno-
suppression achieved with ALS and cortisone acetate in these animals was
severe. A marked depression in numbers of circulating white blood cells,
predominantly lymphocytes, was also documented. It is clear that the
cortisone acetate played a critical immunosuppressive role, since discon-
tinuation of this agent after 14 days was accompanied by regeneration of
lymphoid structures in the spleen and cessation of MCMV replication in
the liver and lung. In this regard, the ability of corticosteroids to perpetu-
ate replication of MCMV in the salivary glands of mice during the acute
phase of infection, presumably as a result of an anti-inflammatory effect,
has previously been noted by Henson et al.16

Histopathologic studies of the reactivated MCMV infection demon-
strated significant abnormalities in several organs, and, as in humans, the
liver was severely involved. Typical MCMV intranuclear inclusions were
found in hepatocytes scattered widely throughout the parenchyma. A
mononuclear inflammatory cell infiltrate usually surrounded the infected
cells and became progressively more severe as immunosuppression contin-
ued. Immunofluorescence studies demonstrated that the MCMV replica-
tion was restricted to the hepatocytes. In the salivary glands MCMV
intranuclear inclusions and specific viral antigens were found almost
exclusively in acinar cells of serous epithelium and only rarely in the
mucinous cells. Thus, the histopathologic changes in the liver and salivary
glands resulting from reactivation of latent MCMV were similar to those
seen in acute infection 10,16,17 and in wild mice with chronic MCMV
infection which disseminated following treatment with anti-thymocyte
serum. is

Because of the high incidence of interstitial pneumonitis in patients
with disseminated CMV infection, the pulmonary alterations in the mu-
rine model merit specific discussion. Replication of MCMV to high titer in
the lungs occurred uniformly among mice with reactivating viral infec-
tion. In some of these animals, pneumonitis with characteristic cyto-
megalic inclusion-bearing cells in the interstitial areas did develop. How-
ever, interstitial pneumonia also occurred among uninfected control
animals during immunosuppression and was also seen at times in infected
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mice before MCMV could be recovered from lung tissue. Finally, super-
imposed bacterial and fungal infection in the lungs of immunosuppressed
mice made interpretation of the pulmonary histologic changes difficult.
Thus, the profound immunosuppression achieved with ALS and cortisone
predisposed animals to develop intercurrent pulmonary infections which
made it impossible to assess concisely the role of MCMV in pneumonitis.
Since characteristic CMV pneumonitis could be produced when cortico-
steroid administration was discontinued after 14 days, alternative regi-
mens which cause less severe immunosuppression are under investigation.
Possibly, germfree animals will also assist in such a delineation.

Finally, a brief consideration of the site(s) in which the latent virus is
maintained should be presented. The studies of reactivation and dissemi-
nation described here do not establish sites in which the virus is harbored.
In contrast to other models of latent MCMV infection in which different
virus strains and routes of infection were employed,'9'20 we have not been
able to activate latent MCMV in vitro by co-cultivation or explantation of
tissues or in vivo by transplantation experiments. The early appearance of
MCMV in the liver and, less often, in the spleen during immuno-
suppression does not necessarily implicate these organs as sites of latent
virus infection, since either might have been seeded as a result of viremia
arising elsewhere. Reactivation and dissemination of virus occur consis-
tently following immunosuppression of splenectomized mice,2' indicating
that in this model MCMV cannot be harbored exclusively in the spleen.
Our application of in situ molecular hybridization methods may resolve
this issue, which is basic to understanding the pathogenesis of cyto-
megalovirus infections.
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Figure 1-Photomicrograph of liver from a mouse killed after 21 days of antilymphocyte serum and cortisone
treatment. A focal area of necrosis with mononuclear cell infiltration and inclusion-bearing hepatocytes (arrows)
in various stages of degeneration is shown. (x 125) (with photographic reduction of 10%) Figure 2-
Photomicrograph of salivary gland from a mouse killed after 21 days of antilymphocyte serum and cortisone
treatment. Cytomegalic serous acinar cells containing intranuclear inclusions (arrows) can be seen. (x 125)
(with photographic reduction of 10%)
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Figure 3 Photornicrograph of lung from a mouse killed after 21 days ofantiymphocyteserum and cort isone,.
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Figure 3-Photomicrograph of lung from a mouse killed after 21 days of antilymphocyte serum and cortisone
treatment. A cytomegalic intraseptal cell containing an intranuclear inclusion (arrow) is present. (X 200) (with
photographic reduction of 10%) Figure 4-Photomicrograph of salivary gland from a mouse killed after 21
days of antilymphocyte serum and cortisone treatment. The section was stained by immunofluorescent methods
for cytomegalovirus antigens. Cells in the serous portion of the gland (right) stain selectively for viral antigens.
The positive reaction in ducts of the mucinous portion represents nonspecific autofluorescence. (X 240) (with
photographic reduction of 10%)


