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Summary. We have studied the pathogenesis of murine cytomegalovirus 
(MCMV) pneumonitis in immunocompetent ICR mice and in mice treated with 
cyclophosphamide (CP). Intranasal infection of immunocompetent mice with 
MCMV resulted in transient and self-limited pulmonary lesions. When mice 
were given 200 mg/kg of CP one day before virus infection, transient splenic 
atrophy and subsequent splenic hypertrophy were induced, and the lesions in 
the lung were markedly augmented in their number and size although there 
was no significant enhancement of the virus growth. The augmentation coin- 
cided with the period of splenic hypertrophy. A marked increase in the number 
of pulmonary lesions was also induced in mice given 100 mg/kg of CP every 4 
days following the initial dose of 200 mg/kg. In these mice, however, continuous 
splenic atrophy and augmented replication of MCMV in the lung were observed. 
When the activity of xanthine oxidase (XO) in lung tissue homogenates was 
measured, the activity was found to significantly increase after intranasal in- 
fection with MCMV irrespective of CP administration and there was a good 
correlation between the elevation of XO activity and the degree of pathological 
changes in the lung. In addition, we found that the administration of allopurinol, 
a specific inhibitor of XO and superoxide dismutase, a superoxide radical scav- 
enger, reduced the number of the pulmonary lesions. These results suggest that 
superoxide radicals are involved in the pathogenesis of MCMV-associated pneu- 
monitis in ICR mice. 

Introduction 

Infection with human cytomegalovirus (HCMV) is an important cause of mor- 
bidity and mortality in severely immunocompromised patients, particularly in 
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those who have had allogeneic bone marrow or solid organ transplantation, 
or who have the acquired immunodeficiency syndrome (AIDS), and HCMV- 
associated interstitial pneumonitis is now a major cause of death in those 
patients. However, the pathogenesis of HCMV pneumonitis is not completely 
understood. On clinical setting, graft-versus-host disease (GVHD) is often as- 
sociated with HCMV-associated interstitial pneumonitis after bone marrow 
transplantation; no cases of HCMV pneumonitis were found among 100 re- 
cipients of syngeneic bone marrow from identical twins in which no GVHD 
occurred [2]. HCMV pneumonitis after allogeneic bone marrow transplantation 
have not been successfully treated with ganciclovir (9-[2-hydroxy-l-(hydroxy- 
methyl)ethoxymethyl]guanine) alone despite its excellent antiviral activity, but 
better therapeutic effects of ganciclovir were obtained when the drug was given 
in combination with anti-HCMV immunogtobulin [10, 23]. In murine models 
of CMV pneumonitis, immunosuppression is often required to produce path- 
ological changes [6]. However, immunosuppression is not mandatory [16, 22, 
25]. On the contrary, immunosuppression inhibited the formation of pulmonary 
lesions in an animal model [27]. From these studies, it is suggested that CMV 
pneumonitis is an immunopathological condition [-13]. Similar observations 
have been made in murine models of influenza virus pneumonitis, it has been 
suggested that the lethal effect of influenza infection is determined by immu- 
nopathological consequences of the host rather than the direct cytopathic effect 
of viral replication [14]. Furthermore, recent studies have shown that the 
enhanced production of superoxide radicals by xanthine oxidase (XO) plays a 
key role in the pathogenesis of influenza virus-induced pulmonary infection [1, 
193. 

In this study, we have established a model of murine cytomegalovirus 
(MCMV) pneumonitis in ICR mice, measured XO activity in tung tissues, and 
evaluated the effect of superoxide dismutase (SOD) and allopurinol in this 
model. The degree of the pathological changes expressed as the number of foci 
correlated well with XO activity but not with virus titers, and both SOD and 
allopurinot administration suppressed the formation of pulmonary lesions. We 
suggest that superoxide radicals generated by XO are involved in the patho- 
genesis of MCMV-associated pneumonitis in mice. 

Materials and methods 

Mice 

Specific pathogen free male ICR mice (4-weeks-old) were purchased from Japan SLC 
(Shizuoka, Japan) and used throughout this study. Infected mice were maintained in groups 
of 3 to 6 in isolator units, and given water and food (Oriental Yeast Co., Ltd., Japan) ad 
libitum. 

Virus 

The Smith strain of MCMV has been kindly provided by Dr. Y. Minamishima (Department 
of Microbiology, Miyazaki Medical College, Miyazaki, Japan). The virus was maintained 
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by serial passage in ICR mice and was harvested as a 10% (wt/vol) homogenate of salivary 
gland tissue. Since it has been reported that such a salivary gland tissue homogenate itself 
induces a non-specific bronchiolitis [ 16, 27], virus stocks were prepared from tissue culture 
supernatants after a single passage in mouse embryo fibroblasts. The stocks, which usually 
contained 1 ~ 2 x 10 6 PFU of MCMV per ml, were stored at - 70 °C until use. 

Intranasal inoculation of virus 

For infection mice were anesthetized with 200 mg/kg body weight of 2,2,2-tribromoethanol 
(Avertin; Aldrich Chemical Co., Milwaukee, WI, U.S.A.) and 0.05ml of virus stock 
(7 x t04pFU) was instilled into the nose. Control mice were inoculated in parallel with 
an equivalent volume of culture medium. 

Quantitation of virus 

Lungs and other organs were excised from lethally anesthetized mice. Homogenates of 
these organs (10% wt/vol) were prepared in Eagle's minimal essential medium (MEM) 
containing 2% fetal calf serum (FCS) and were stored at - 70 °C until virus assay. Mouse 
embryo fibroblasts were prepared from embryos of late-term pregnant ICR mice by tryp- 
sinization, and were maintained in MEM containing 10% FCS. Infectivity of MCMV was 
titrated by plaquing on secondary mouse embryo fibroblasts in duplicate 35mm dishes 
(Falcon Labware, Becton-Dickinson & Co., Oxnard, CA, U.S.A.). After a 1 h adsorption 
period at 37 °C, the cultures were overlaid with 2ml of 0.5% agarose in MEM containing 
2% FCS. The monolayers were fixed with 5% formalin 4 days after infection and stained 
with crystal violet, and the number of plaques were counted by using a dissecting microscope 
at x 20 magnification. 

Cyclophosphamide administration 

Cyclophosphamide (CP) (Sigma Chemical Co., St. Louis, MO, U.S.A.) was prepared as a 
20 mg/ml solution in phosphate-buffered saline (PBS) and given intraperitoneally. 

Xanthine oxidase activity 

Lung tissues excised from mice were immediately homogenized with 5 ml of ice-cold PBS 
containing 2 mM EDTA, 2 mM phenylmethanesulfonyl fluoride (PMSF), and 10 mM di- 
thiothreitol (DTT) in Potter-Elvehjem homogenizer. The homogenates were centrifuged at 
10,000 g for 10 rain at 4 °C. The supernatants were assayed for XO activity according to 
the method described by Avis et al. [3]. The conversion of xanthine to uric acid was followed 
at wave length of 295 nm in a 1 ml reaction volume containing 0.1 mM xanthine (Katayama 
Chemical Co., Osaka, Japan) in 0.01 M PBS, pH 7.4 for 20 min at 25 °C. One unit of enzyme 
activity is defined as the amount of enzyme that caused the formation of 1 gmol of uric 
acid per minute using an extinction coefficient difference at 295 nm of 9.6 x t03 cm-  t M -  1 

[17]. 

Histology 

For histologic evaluation of tissues, lungs were fixed with 10% buffered formalin. Lungs 
and hearts were taken en bloc from lethally anesthetized animals and were perfused with 
the buffered formalin via the pulmonary artery. Then the lungs were gently inflated by 
intratracheal instillation of the fixative. The paraffin-embedded sections were stained with 
hematoxylin and eosin (H & E). To estimate the magnitude of pathologic changes, inflam- 
matory foci per section were counted under light microscope at x 40 magnification. 
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Immunohistochemistry 

Some of the sections were immunohistochemically analyzed using a monoclonal antibody 
to a nuclear antigen of MCMV-infected cells, as described previously [32]. This monoclonal 
antibody, when tested in cultured mouse fibroblasts, reacted with the nuclear antigen 2 h 
after infection and also reacted with nuclear inclusions in a late phase of infection. The 
sections were treated with 0.15% periodic acid in distilled water at room temperature for 
15rain to inactivate endogenous peroxidase, washed with PBS three times, and then in- 
cubated with the monoclonal antibody at room temperature for 45 rain. After washing with 
PBS, the sections were incubated with peroxidase-conjugated antimouse IgG (Cappel Lab., 
Cochranville, PA, U.S.A.) for 45min at room temperature. Then, the diaminobenzidine 
reaction was performed as described previously [32]. 

Administration of SOD and allopurinol 

Recombinant human SOD was provided by Research Laboratories, Pharmaceutical Group, 
Nippon Kayaku Co., Ltd., Tokyo, Japan. SOD was prepared as a 20 kU/mI solution in 
normal saline. Mice were intravenously given 2,000 U/body of SOD every 12 h. Allopurinol 
(Tanabe Seiyaku Co., Ltd., Osaka, Japan) was prepared as a 10 mg/ml solution in normal 
saline. Mice were intraperitoneally given 2 mg/body of allopurinol every 24 h. Control mice 
were treated with an equivalent volume of vehicle (normal saline). 

Statistics 

Values are expressed as mean ± standard error (SE). Student's t-test was used for statistical 
analysis. Significant difference is defined as p < 0.05. 

Results 

Establishment and characterization of  M C M V  pneumonitis in ICR mice 

Replication of M C M V  and pathological changes in the lung of normal mice 

Experiments were performed to determine the susceptibility of  ICR mice to 
M C M V  infection. Mice were intranasally infected with M C M V  Smith strain 
at a dose of 7 x 104pFU. Viruses were readily recovered from a number  of 
major  organs including spleen, liver and salivary gland (data not  shown), but 
mortality was not observed. As shown in Fig. 1 B, panel a, virus titers in lung 
tissues already reached the plateau by day 3, and decreased gradually after day 
10, but significant amounts  of  infectious virus were detectable even after 20 
days after infection. 

Light microscopic observation of lung tissues showed focal peribronchiolar 
mononuclear  cell infiltration with occasional extension into the interstitium of 
alveolar septae. These inflammatory foci first appeared on day 3, reached the 
maximum in number between day 6 and day 10, and then disappeared in spite 
of the presence of substantial titers of M C M V  (Fig. 1 C, panel a). 

Effect of cyclophosphamide administration 

In order to modulate the immune system, we used two kinds of CP adminis- 
tration regimens similar to that described by Shantey et al. [27]; one group of  
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mice (CP 1 mice) was administrated 200 mg/kg of CP one day before virus 
inoculation and the other group of mice (CPn mice) was administrated 100 rag/ 
kg of CP every four days after an initial dose of 200 mg/kg one day before 
virus infection. As reported previously [27], a single dose of CP (200 mg/kg) 
resulted in marked splenic atrophy on day 3 but induced marked hypertrophy 
on day 10 (Fig. 1 A, panel b). There was no significant difference in the virus 
growth between MCMV-infected mice and MCMV-infected CP 1 mice (Fig. 1 B, 
panels a and b). However, a single dose of CP before MCMV infection resulted 
in a marked increase in the number of foci in the lung (Fig. 1 C, panel b). No 
mortality was seen. On the other hand, MCMV-infected CPn mice exhibited a 
marked increase in MCMV titers in the lung on and after day 6 (Fig. 1 B, panel 
c). In this regimen of CP administration spleen remained atrophic (Fig. 1 A, 
panel c). About a half of mice were killed by day 15 and mortality reached 
100% by day 20. The number of foci on day 6 in MCMV-infected CPn mice 
was similar to that of mice infected with MCMV alone, but markedly increased 
thereafter (Fig. 1 C, panels a and c). It was also noted that there was a marked 
increase in the lung index (lung weight/body weight ratio) (Fig. 1 D, panel c). 

Histopathology of the lung 

Lungs were taken from mice for histological examination on day 3, 6, 10, 15 
and 20. Neither tissue damage nor MCMV-antigen positive cells were seen in 
the tissues from mock-infected mice (Fig. 2 a) or CP-treated mock-infected mice. 
Inflammatory foci were detectable on day 3 in all of the three groups of MCMV- 
infected mice irrespective of CP administration. As described above, the number 
of foci in the lung was much larger in MCMV-infected CP 1 mice and MCMV- 
infected CPn mice than in MCMV-infected mice. There was essentially no 
histological difference between MCMV-infected CP 1 mice and MCMV-infected 
mice, except that the sizes of the foci in MCMV-infected CP 1 mice were larger 
than those of MCMV-infected mice. The lesions consisted of peribronchiolar 
mononuclear cell infiltration with nuclear debris and fibrin (Fig. 2 b and c). In 
the foci, a few MCMV-antigen positive cells were detected by immunohisto- 
chemistry (Fig. 2 d), but there were few MCMV-antigen positive cells in the 
other areas of the lung. 

MCMV-infected CPn mice showed different histopathological abnormali- 
ties. The number of MCMV-antigen positive cells in the foci was significantly 
larger in MCMV-infected CPn mice than in MCMV-infected mice or MCMV- 
infected CP 1 mice (Fig. 3 b). The foci consisted of much less cellular components 
and much more fibrin when compared with those in MCMV-infected CP 1 mice 
(Figs. 2 c and 3 a). In MCMV-infected CPn mice, MCMV antigens were fre- 
quently detected in alveolar macrophages, bronchial epithelial cells (Fig. 3 c) 
and vascular endothelial cells (Fig. 3 d). 

Activity of xanthine oxidase (XO) 
In order to elucidate the role of superoxide radicals in the pathogenesis of 
MCMV-associated pneumonitis, we measured XO activity in the lung tissue 
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Fig. 1. Characteristics of lung infection with MCMV in ICR mice, Mice were intranasally 
inoculated with 7 x 10 4 PFU of MCMV on day 0. At appropriate times after infection, 
mice were sacrificed and examined on A spleen index, spleen weight/body weight ratio, B 
titers of MCMV in the lung, C number of pathological foci per section, D lung index, lung 
weight (mg)/body weight (g) ratio, and E XO activity in lung tissue homogenates, a MCMV- 
infected mice (e ) ;  b MCMV-infected CP 1 mice (&); c MCMV-infected CPn mice (m). 
The results of mock-infected mice (©), mock-infected CP 1 mice (A), and mock-infected 
CPn mice ([2]) are also shown. Each point represents mean 4- standard error (SE) in three 

animals 
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homogenates. As shown in Fig. 1 E, panel a, intranasal infection with MCMV 
in normal mice resulted in an increase in the level of XO activity. The activity 
reached the maximum level (34.8 + 1.6 mU/g tissue) on day 6, and then rapidly 
decreased. In MCMV-infected CP 1 mice, however, the increase in XO activity 
persisted until day 10 although the overall time-course of this elevation of XO 
activity was similar to that of MCMV-infected mice (Fig. 1 E, panel b). In 
MCMV-infected CPn mice, XO activity continued to increase until day 10, and 
the activity (45.2 ± 1.5mU/g tissue) on day' 10 was significantly higher than 
that of MCMV-infected mice (27.6 + 1.6 mU/g tissue) or MCMV-infected CP 1 
mice (35.5 ± 0.8 mU/g tissue) (Fig. 1 E, panels a -  c). The time-course well cor- 
related with the development of pathological changes in the lung (Fig. 1 C and 
E). The XO activity in the sera of MCMV-infected mice was also elevated on 
day 6 and day 10 (data not shown). 

Effect of SOD and allopurinol 

The above results suggest that superoxide radicals produced by XO may be 
involved in the pathogenesis of MCMV pneumonitis in our mouse model. We 
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Fig. 2. Histopathotogy of the lung after intranasat MCMV infection of ICR mice. a Lung 
of mock-infected mice 6 days after infection. No histopathological abnormalities can be 
seen (H & E, x 40). b Lung of MCMV-infected CP 1 mice 6 days after infection. A focal 
interstitial pneumonitis is evident (H &E, x 40). e Inflammatory focus in the lung of 
MCMV-infected CP 1 mice 6 days after infection. The focus consisted of mononuclear cell 
infiltration with nuclear debris and fibrin (H & E, x 200). d Same microscopic field as in 
e, stained for MCMV antigen using immunoperoxidase technique. Dark reaction products 

are present in the inflammatory focus (x 200) 
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Fig. 3. Histopathology of the lung from MCMV-infected CPn mice 10 days after infection. 
a Inflammatory focus in the lung. The focus consisted of smaller numbers of inflammatory 
cells and more abundant fibrin than those shown in Fig. 2 c (H & E, x 200). b Inflammatory 
focus stained for MCMV antigen using immunoperoxidase technique. More numerous 
reaction products per focus were seen when compared with the focus of MCMV-infected 
CP 1 mice (Fig. 2 d) ( x 200). e Bronchial epithelial cells stained for MCMV antigen using 
immunoperoxidase technique. Reaction products were frequently seen in bronchial epithelial 
cells which were not positive in MCMV-infected mice or MCMV-infected CP 1 mice ( x 200). 
d Endothelial cells stained for MCMV antigen using immunoperoxidase technique. Reaction 

products are evident in endothelial cells ( x 200) 
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therefore studied the effects of  SOD and allopurinol on the format ion  of  tbcal 
inf lammatory  lesions in MCMV-infec ted  CP 1 mice, and  found  that  SOD ad- 
ministrat ion significantly reduced the number  of  foci in MCMV-infec ted  CP 1 
mice (Table 1) without  significant reduct ion of  virus titers in the lung (data no t  
shown). Allopurinol  also tended to reduce the number  of  foci. 

Discussion 

We have investigated the pathogenesis of  MCMV-associa ted  pneumoni t is  in 
immunoc om pe t e n t  ICR  mice and in mice treated with the immunosuppress ive  
agent, cyclophosphamide.  Intranasal  infection of  immunocompe ten t  mice with 
M C M V  resulted in transient and self-limited pu lmonary  lesions which consisted 
of  peribronchiolar  foci with mononuc lear  cell infiltration into the intersti t ium 
of  alveolar septae. In the MCMV-infec ted  CP 1 mice, the focal lesions in the 
tung were markedly augmented  in their number  and size a l though there was 
no significant enhancement  of  the virus growth. A single dose o f  CP admin- 
istration caused transient splenic a t rophy and subsequent  splenic hyper t rophy,  
and  the increase in the number  of  focal lesions coincided with the period of  
splenic hyper t rophy.  These observations were similar to those made  by Shanley 
et al. with BALB/c mice [27]. Al though  CP is known  to suppress humora l  and 
cellular immuni ty  t-29, 34], the drug can also induce the augmenta t ion  of  natural  
killer (NK) cell activity, cytotoxic T cell activity and delayed hypersensitivity 
reactions under  certain condit ions [11, 24, 26]. M C M V  infection itself increases 
N K  cell activity in the early period of  infection and augments  cytotoxic T cell 

Table 1. Effect of allopurinol and superoxide dismutase on histopathology of lungs a 

Drug Dose (/body/day) Number of foci per section ( x 40) 
(mean 4- SE) 

Saline (i.p.) - 75.0 ± 11.2 
Allopurinol (i.p.) 0.2 mg b 53.4 4- 11.2 

2mg 42.94- 9.7 d 
Saline (i.v.) - 61.1 4- 6.2 
SOD (i.v.) 4000 U ° 28.8 4- 4.3 e 

a Mice were administrated 200 mg/kg of CP one day before infection, intranasally 
infected with 7 x 10 4 PFU of MCMV, and treated either allopurinot or SOD. Drug treat- 
ment was started at 24 h after infection. At 6 days after infection, mice were sacrificed and 
lungs were removed for the histological examination. The histologic evaluation of lungs 
was done by counting the number of inflammatory foci 

b Allopurinol dissolved in 0.2 ml of normal saline was given intraperitoneally every 
24 h. Control mice were treated with vehicle (normal saline) in the same manner 

° 2000U of SOD dissolved in 0.2ml of normal saline was given intravenously every 
12 h. Control mice were treated with vehicle in the same manner 

d p = 0.051 compared with saline control, n = 7 
e p < 0.01 compared with saline control, n = 8 
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activity in the later period [20, 21]. In addition, it has been shown that NK 
cells are involved in the pathogenesis of MCMV interstitial pneumonitis [22]. 
Therefore, the enhanced pathological changes observed in MCMV-.infected CP 1 
mice could be due to augmented NK cell and cytotoxic T cell activities against 
MCMV infection. On the other hand, a marked increase in the number of loci 
was also observed in MCMV-infected CPn mice, but histopathological features 
of the lesions were different from those observed in MCMV-infected CP 1 mice. 
The foci in the CPn mice were characterized by lesser extent of mononuclear 
cell infiltration and much more content of fibrin. Since the spleens of CPn mice 
remained atrophic, the immunological potential is considered to be kept sup- 
pressed during the period of observation. Thus it seems that severe pneumonitis 
in MCMV-infected CPn mice was the consequence of enhanced virus replication 
in the lung rather than augmented immune response. 

Recent studies have shown that oxygen-derived free radicals may play im- 
portant roles in the pathogenesis of pulmonary diseases associated with in- 
flammation, including pulmonary 02 toxicity [5], the adult respiratory distress 
syndrome (ARDS) [9, 31], pulmonary emphysema [8] and idiopathic pul- 
monary fibrosis [7, 30]. It has been further demonstrated that the activity of 
XO, which generates superoxide radicals, increases in plasma of ARDS [12] 
and in the serum and lung of influenza-associated pneumonitis [1, 19], sug- 
gesting that XO mediates lung injury through the production of toxic oxygen 
metabolites. In the present study, we found that XO activity in the lung sig- 
nificantly increased after intranasal infection with MCMV, and that there was 
a good correlation between the elevation of XO activity and the development 
of pathological changes in lung tissues. Moreover, allopurinol, a specific in- 
hibitor of XO, and SOD, a specific superoxide radical scavenger were found 
to reduce the number of the focal lesions in MCMV-infected CP 1 mice. These 
results suggest that superoxide radicals are involved in the pathogenesis of 
MCMV-associated pneumonitis in ICR mice. Viral infection itself or host im- 
mune response to virus-infected cells may raise the level of superoxide radicals 
in the microenvironment around the infected cells, probably by accelerating the 
conversion of xanthine dehydrogenase to XO. Since superoxide radicals can 
directly cause cellular injury [28] and also act to produce chemotactic substances 
that attract additional leukocytes to the site of inflammation [18], a rise of the 
level of the superoxide radicals in the microenvironment could induce further 
production of superoxide radicals by the secondary cellular injury. Although 
the precise role of superoxide radicals in the pathogenesis of MCMV pneu- 
monitis is still unknown, such a process seems to be involved in the formation 
of pulmonary lesions in MCMV-infected mice. 

Oxygen free radicals including superoxide radicals are highly reactive, short 
lived and exist only at low concentrations, and hence their detection in vivo is 
generally very dit~cult. Up to now, we have been unsuccessful in identifying 
the cells or the sites producing superoxide radicals. However, it is known that 
metabolically activated inflammatory cells release a considerable amount of the 
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radicals into the suspending med ium [4] and the level of  XO activity increases 
in activated leukocytes and macrophages  [33]. Besides, capillary endothelial  
cells, which are a c o m m o n  target of  CMV infection, are shown to contain 
xanthine dehydrogenase in high concentrat ions [15]. These cells could be cogent 
candidates for superoxide-producing cells. Fur ther  studies will be required to 
clarify this point.  
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