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Abstract. A plaque-type variant of mouse adenovirus, strain FL was isolated using L-cell
monolayer cultures for the plaque assay. Intraperitoneal inoculation of this variant strain
was observed to cause death accompanied by hemorrhagic lungs and interstitial pneumonia
in adult C3H/HeN mice. Suckling mice developed patchy interstitial pneumonia after intra-
nasal inoculation. Lethal disease was associated with infectivity (LD;, = 5.0 x 10® PFU) and
the virus was detected in the lungs by electron microscopy. This plaque-type variant may
provide a useful model that heretofore was unavailable for the study of adenovirus

pathogenesis in pulmonary disease.

A paucity of information regarding the
pathogenesis of human adenovirus respi-
ratory infections exists due to the marked
species specificity of adenoviruses and a
lack of a suitable laboratory animal model.
In regard to natural adenovirus infection of
lower animals, certain strains of canine,
porcine, bovine, simian, and equine adeno-
viruses are associated with respiratory dis-
ease in their respective hosts (1—10). How-
ever, the size and cost of these species im-
peded their development as animal models
for the study of adenovirus respiratory in-
fection.

Type 1 mouse adenovirus (MAd1), a
member of the Adenoviridae family (11—
15), is not considered a candidate virus
for the study of respiratory infection, since
MAJ]1 is generally associated with a sys-
temic disease in mice (16—19). Respiratory
disease or pathologic changes in lung tis-
sues following MAd1 infection of mice have
not been reported. This report describes the
isolation of an MAdI plaque-type strain
that induces respiratory disease in the form
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of a classic adenovirus interstitial pneu-
monia.

Materials and Methods. Virus. MAd1
(American Type Culture Collection: Rock-
ville, Md.) was propagated on monolayer
cultures of L cells (NCTC Clone 929,
American Type Culture Collection) main-
tained with Eagle’s MEM supplemented
with 5% fetal calf serum, streptomycin
(0.1 mg/ml), and penicillin (100 units/ml).
Virus titrations were performed by using
a plaque assay (20) with L-cell monolayer
cultures in 60-mm dishes. Infectivity was
expressed as plaque-forming units (PFU).
The median lethal dose of virus was cal-
culated by the method of Reed and Muench
(21). Isolation of MAd1 plaque types was
obtained by inserting a bacteriological
inoculating needle through the agar over-
lay medium to the center of a well-isolated
plaque. Culture medium (1 ml) was then
inoculated with the needle and plaques
were developed directly from the inoculated
medium. This technique resulted in 5 to
50 plaques per dish.

Animals and housing. Male C3H/HeN
(ru/+) mice were bred and housed as de-
scribed previously (22). Male C3H/Hel
mice were supplied by Dr. John Hackney
(Department of Pharmacology and Ther-
apeutics, College of Medicine, University
of South Florida, Tampa, Fla.) and ‘were
housed under conventional conditions.

Light and electron microscopy. Fixation
of the lungs removed at necropsy was car-
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ried out by either immersion of the lungs
in a fixative (2% p-formaldehyde—3% glu-
taraldehyde in 0.1 M cacodylate buffer,
pH 7.3), or perfusion of the lungs by infu-
sion of fixative through the right ventricle.
Six-micrometer paraffin-embedded sec-
tions were stained with hematoxylin—eosin
and ultrathin epon-embedded sections (60
to 70 nm) were stained with uranyl acetate
and lead citrate as described previously (22).

Neutralization tests. Antiserum titers
were obtained using a microtiter system.
All sera to be tested were diluted fivefold in
saline and incubated at 56° for 30 min.
Twofold dilutions of the sera were incu-
bated at 37° for 3 hr with 100 median tissue
culture infective doses (TCID,,) of virus
challenge. The virus—serum reactions were
added to triplicate L-cell cultures in flat-
bottom microtest plates and cytopathic ef-
fects (CPE) were recorded after 10 days.
Control serum consisted of pooled serums
obtained from random bleeding of the
C3H/HeN colony. Reference mouse ade-
novirus antiserum was obtained from
Dr. Jack Gruber (National Cancer Institute,
Bethesda, Md.). Antiserum against the
plaque-type variant strain was obtained
from C3H/HeN mice 24 days after intra-
peritoneal inoculation with 3.2 x 105 PFU.

Results. Isolation of a plaque-type strain
of MAdI. Development of mouse adenovi-
rus plaques in L-cell monolayer cultures
revealed a variety of plaque morphologies
upon neutral red staining. Plaque diameters
ranged from 0.3 to 3.4 mm. One distinct
plaque morphology appeared as a minor
component of the plaque population. This
plaque-type morphology exhibited a rela-
tively large, variable size and a defined
border when compared to the remaining
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plaque population. Microscopic examina-
tion of these plaques indicated that defined
border plaques resulted from essentially
100% cell death within the plaque. Plaque
specimens were propagated and the cul-
tures that exhibited defined plaques exclu-
sively were used for three subsequent cy-
cles of plaque isolation. High-titer stock
virus was prepared from a representative
plaque obtained on the third cycle of plaque
purification. The defined border plaque
type appeared to be a stable trait, and this
strain was designated type 1 mouse adeno-
virus, plaque type 4 (MAdipt4).

Dose response of MAdIpt4 and MAdI in
adult mice. Inoculation (ip) of adult C3H/
HeN mice with high doses of MAdI1p¢4 re-
sulted in clinical disease (marked physical
inactivity, hunched back, and puffed fur)
and death (Table I). Death occurred 3—-5
days after infection. Lower doses of the
virus resulted in decreased mortality and
increased survival times. All mice exhibit-
ing lethal disease died within 10 days and
collapsed hemorrhagic lungs were observed
on necropsy. Mice surviving 10 days of in-
fection recovered apparent health.

Inoculation (ip) of adult C3H/HeJ mice
with comparable high doses of the MAd1
parent strain also resulted in clinical disease
and death (Table I). However, hemorrhagic
lungs were not observed on necropsy.
Death occurred 4—5 days after infection. A
median lethal dose of 3.0 x 10% and 5.0 X
105 PFU was calculated for MAd1 and
MAdI1pr4, respectively. Although MAdipr4
did not appear to be more virulent than the
parent MAdI1, the new plaque-type strain
possessed a distinct pulmonary tropism.

Histology of the MAdI pt4-induced pneu-
monia. Extensive infiltration of erythro-

TABLE 1. DOSE—RESPONSE OF MOUSE ADENOVIRUSES IN ADULT MICE

Inoculum Mortality Time of death Macroscopic lesions
Strain (PFU) (death/total) (days) (No. observed)
MAdIpt4 1.0 x 10% 15/15 3-5 154
1.0 x 107 8/10 6—10 81
1.0 x 10¢ 1/10 9 1
MAdI 1.0 x 107 18/18 4-5 0
1.0 x 10° 179 7 0

“ Hemorrhagic lungs.
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cytes and lymphocytes into the interstices
was observed in hemorrhagic lungs ob-
tained at necropsy of adult mice inoculated
with 108 PFU (Fig. 1). Examination of
bronchiole epithelium revealed a hyper-
plastic response and patchy necrosis. Plugs
of sloughed epithelial cells were observed
in terminal bronchioles. Mice that were
inoculated ip with sublethal doses of vi-
rus (10 PFU) and sacrificed 4 days after
infection exhibited interstitial pneumonia,
but with less extensive involvement. In ad-
dition, intranasal inoculation of suckling
C3H/HeN mice with MAd1pt4 resulted in a
patchy interstitial pneumonia without obvi-
ous signs of clinical disease. Although the
lungs appeared normal macroscopically,
microscopic examination revealed patchy
interstitial pneumonia in all inoculated mice
7 days after infection.

Association of replicating MAdl pt4 with
the interstitial pneumonia. Adult C3H/HeN
mice were inoculated with high doses of
MAdI1pt4 (1 x 108 PFU). The animals were
sacrificed by cervical dislocation just prior
to the expected time of death (3.5 days after
infection). The vascular beds of the lungs
were fixed by perfusion of fixative through
the right ventricle and sections for electron
microscopy were prepared. Intranuclear
adenovirus particles were observed in en-
dothelial cells of the lung tissue (Fig. 2).
Thus, replicating MAd1pr4 was associated
with the pulmonary lesion.

Serologic confirmation of MAdIpt4 as a
mouse adenovirus. MAdl and MAdIpt4
were closely related serologically. Refer-
ence mouse adenovirus antiserum (raised
against serotype 1 mouse adenovirus) neu-
tralized the CPE of both MAd1 and
MAd1pt4 (Table II). In addition, reaction of
reference MAd1 antiserum with high doses
of MAd1pt4 (1 x 108 PFU) abrogated the
lethal effects of infection (unpublished
data). Antiserum raised against MAdlpt4
neutralized the CPE of both MAd1 and
MAdI1pt4 also.

Discussion. A variety of factors are in-
volved in viral virulence and plaque forma-
tion. Consequently, it is difficult to corre-
late a given plaque characteristic with vir-
ulence in animal studies (23). However, the
initial approach to isolation of MAd1
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strains, which might exhibit enhanced vir-
ulence, was directed toward the isolation of
relatively large plaques that could result
possibly from a high degree of cell lethality
and increased efficacy of replication in
murine cells. Tentatively, MAdlpt4 ful-
filled these criteria. The isolated plaque type
was stable, in vitro and in vivo. Three con-
secutive plaque isolations exhibited the
same morphology as the original plaque
isolate and the plaque type remained un-
changed after passage through mouse in-
fection. MAd1pt4 did not appear to have a
notable degree of increased virulence, as
compared to MAdl. The median lethal
doses of MAd1pt4 and the MAd] parent
strain (5 X 10% and 3 x 10% PFU, respec-
tively) were similar, but MAdlpt4 pos-
sessed a distinct pulmonary tropism.

The histology of MAd1pt4-infected lungs
mimicked human adenovirus respiratory
disease (24). Development of the charac-
teristic pulmonary lesions was not depen-
dent on the route of inoculation, since both
intraperitoneal and intranasal inoculation
resulted in the interstitial pneumonia. The
degree of pneumonia following intranasal
inoculation appeared to be less severe;
however it was difficult to evaluate quan-
titatively due to the inaccuracy of the in-
oculation method.

The question remains as to why MAd1
did not induce the pulmonary lesions when
it apparently contained MAd1pr4 within its
plaque population. One explanation could
be that the number of MAdI1pt4 virions
within the MAd1 plaque population was in-
sufficient to cause pulmonary disease. A
second explanation could be that an inter-
ference phenomenon between MAd1p?4 and
other plaque types within the MAd1 popu-
lation existed. A third explanation could be
that the selection process for MAdlpt4
might have isolated a newly derived mutant
strain due to serendipity. Thus, the true
size of the apparent MAdlpt4 population
within MAd] might be overestimated on
the basis of plaque morphology alone. Se-
rologic analysis of MAdl and MAdlpt4
established that MAd1pt4 was closely re-
lated to MAd1, however, the serologic re-
latedness did not rule out the selection of a
newly derived strain that had mutated in an
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Fic. 1. Hematoxylin—eosin-stained section of adult mouse lung following intraperitoneal MAd[pr4
inoculation. (A) Lung section from an uninfected mouse. (B) Lung section obtained from an
MAd1pt4-infected mouse after death. Note the extensive collapse of the alveolar structure, infiltration
of mononuclear cells, and hyperplastic response of the bronchiole epithelium.
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F1G. 2. Ultrathin sections of MAd1p#4-infected adult mouse ldngs‘ (A) Low-magnification electron
micrograph of an endothelial cell. Note the intranuclear particles. (B) High-magnification electron
micrograph demonstrating adenovirus morphology.
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TABLE II. SEROLOGIC RELATIONSHIP OF
MAd! anD MAdIpt4

Titer
Serum MAdI challenge MAdIpt4 challenge
Control” <50 <50
Anti-MAd1” 800 1600
Anti-MAd1pt4 1600 1600

“ Serum pool obtained from animal colony.

" Reference mouse adenovirus antiserum obtained from
NCL

“ Serum obtained after MAdIpt4 infection.

as yet undefined gene responsible for pul-
monary tropism. Isolation of additional
plaque-type strains from MAJdI, including
additional defined border plaque isolations,
will be necessary to address this question.
On the basis of the notable pulmonary
tropism of MAdIpt4, additional compara-
tive studies of the plaque-type strains con-
tained within MAdIl are warranted and
might lead to the definition of adenovirus
characteristics that are responsible for pul-
monary tropism.

The well-characterized features of mouse
immunogenetics coupled with the ability to
perform experiments with relatively large
mouse populations makes this animal a
most suitable model for the study of adeno-
virus pathogenesis. Thus, MAdI1pz4 pre-
sents a unique opportunity to develop a
laboratory model for the comprehensive in-
vestigation of adenovirus pathogenesis in-
volved in respiratory tract infection.
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