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ABSTRACT

FELDMAN, LAWRENCE A. (Baylor University College of Medicine, Houston,
Tex.), JANET S. BUTEL, AND FRED RAPP. Interaction of a simian papovavirus and
adenoviruses. I. Induction of adenovirus tumor antigen during abortive infection
of simian cells. J. Bacteriol. 91:813-818. 1966.-Adenovirus types 2, 7, and 12
undergo an abortive growth cycle in green monkey kidney cells; they induce the
formation of adenovirus tumor antigen, but synthesis of adeno capsid antigen and
infectious adenovirus was observed only when cultures were concomitantly infected
with a simian papovavirus (SV40). Several other viruses, including herpes simplex
and measles which replicate in monkey cells, and rabbit papilloma and human
wart papovaviruses which do not, failed to stimulate adenovirus replication in the
monkey cells. Adenovirus tumor antigen was detected 8 to 10 hr postinfection by
immunofluorescent techniques. The antigen induced by adenovirus types 2 and 7
appeared as intranuclear masses; adenovirus type 12 tumor antigen also appeared as
cytoplasmic and nuclear flecks. Sera from hamsters bearing tumors induced by
adenovirus type 12 cross-reacted with tumor antigens induced by types 2 and 7 but
not with antigens induced by SV40.

Previous reports have indicated that a simian
papovavirus (SV40) enhances the replication
of adenovirus types 5, 12, and 7 (3, 14, 17) in
African green monkey kidney (GMK) cells. In
the absence of SV40, nuclear stippling was ob-
served by electron microscopy, but this was un-
accompanied by the production of any particles
resembling adenovirus (15). The purpose of the
present investigation was to study in greater
depth the effect of SV40 and other viruses on the
replication of adenoviruses in simian cells. One
particular aim was to determine whether adeno-
viruses which do not multiply in simian cells can
induce the synthesis of new cellular antigens
related to those found in adenovirus-induced
tumors (9).

MATERIALS AND METHODS
Cell cultures. Primary GMK cells were grown in

1-oz (ca. 30-ml) bottles as previously described (13)
in Melnick-Hanks lactalbumin hydrolysate (M-H) me-
dium containing 2% calf serum. Secondary cultures
grown on 15-mm cover glasses in plastic petri dishes
were utilized for the detection of antigens by immuno-

fluorescence (20). Primary human embryonic kidney
(HEK) cells were grown in 35-mm plastic petri dishes
or in 1-oz bottles in M-H medium with 10% fetal calf
serum. BSC-1 cells, a continuous line of green monkey
kidney cells (7), were grown in 1-oz bottles in Eagle's
medium supplemented with 10% calf serum.

Viruses. The SV40 virus used in these studies was
the Baylor reference strain described in detail else-
where (12, 19); the virus had been passaged six times
in GMK cells in this laboratory. Type 7 adenovirus
was derived from an adenovirus-SV40 "hybrid" pop-
ulation (8, 22, 24), and was plaque-purified three times
in HEK cells. This purified strain replicates in HEK
cells, but does not induce the synthesis of SV40 tumor
antigen (2). Similar results were obtained with a strain
of adenovirus type 7 isolated and propagated exclu-
sively in HEK cells (1).
The parent strain of the "hybrid" virus contained

small 20-m, particles (11), but after the plaque-puri-
fication the adenovirus progeny were free from these
particles. The adenovirus type 2 (a fresh Baylor iso-
late) and type 12 (obtained from Robert J. Huebner)
were propagated in KB cells. Although these virus
strains had previously been shown to be devoid of the
20-mi particles (11), all adenovirus stocks used in this
study were re-examined extensively by electron micro-
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scope techniques and were shown to be free from the
small particles.

Assays. SV40 was assayed in GMK cells by the
plaque technique (25), and adenovirus plaque titers
were obtained in HEK cells (2, 3). Adenovirus yields
from double infections were obtained by direct plating
of the virus on HEK cells, since SV40 did not interfere
with the assay. SV40 in mixed harvests was titrated
after the virus suspension was heated at 50 C for 30
min to inactivate the adenovirus (26).

Immunofluorescent techniques. Procedures used in
this laboratory for the immunofluorescent detection
of SV40 tumor (T) and viral (V) antigens have been
described in detail (12, 19, 20). Adenovirus antigens
were detected by similar techniques. To detect the
adenovirus T antigen, infected cells on cover slips were
reacted with sera from hamsters bearing tumors in-
duced either by the adenovirus-SV40 "hybrid" or by
adenovirus type 12 followed by fluorescein-labeled
antihamster globulin. Sera from hamsters with pri-
mary tumors, as well as from hamsters carrying trans-
planted tumors, were used. The reactions seen with
both types of sera were similar. The adenovirus V
antigen was detected by reacting infected GMK
cultures with antiadenovirus sera prepared in rabbits.
Tests for SV40 and adenovirus T antigens were carried
out 24 hr after infection except where otherwise
noted; those for the respective V antigens were
performed 48 hr postinfection. All tests included non-
infected cells which failed to react with the positive
sera and infected cells which failed to react with
proven negative sera. Preparations were examined
with a Zeiss fluorescence microscope equipped with a
dark-field condenser and with an Osram HBO 200
mercury arc vapor lamp for illumination.

RESULTS

Enhancement experiments were carried out by
simultaneously infecting GMK cells (about 106
cells in 1-oz bottles) with SV40 and with adeno-
virus. Each culture was inoculated with a multi-
plicity of 4 plaque-forming units (PFU) of
adenovirus per cell (representing 105-8 PFU per
ml) and with 2 PFU of SV40 per cell. The viruses
were allowed to adsorb for 1 hr at 37 C, and the
monolayers were then washed twice with warm
tris(hydroxymethyl)aminomethane (Tris)-saline
buffer (pH 7.4) to remove unadsorbed virus.
Cultures were harvested by three cycles of quick
freezing and thawing at various intervals after
infection, and total adenovirus yields (intra- and
extracellular) were determined by titrating the
suspensions in HEK cells. The results of a typical
experiment, in which the two viruses were
inoculated simultaneously, are presented in Table
1. A rapid decrease in infectious adenovirus
occurred during the 1st hr after inoculation. In
cultures infected only with adenovirus, a gradual
decrease in titer continued; at no time (through-
out the 72-hr observation period) was an in-
crease in infectious virus detected. This decrease in

TABLE 1. Effect ofS V40 on replication ofadenovirus
types 2 and 7 in green monkey kidney

cells

Titer of adenovirus
"Enhancing" Adenovirus (loglo PFU/ml) Enhancement

viu dnvirus at 72 hr
I hr* 24 hr 72 hr

None Type 7 4.7 3.9 3.8
SV40 Type 7 4.5 4.7 6.8 1 ,000-fold
None Type 2 4.9 4.5 4.0
SV40 Type 2 5.0 5.6 7.3 1, 800-fold

* Time postinfection.

infectious virus in the cultures infected only with
adenovirus contrasted sharply with the amount of
adenovirus recovered from cultures simul-
taneously inoculated with SV40. In such mixed
infections, the adenovirus titers after 72 hr were
1,000- to 1,800-fold higher than the correspond-
ing titers from cells infected only with adenovirus.
Cultures infected with adenovirus and SV40
showed a progressive cytopathic effect (CPE)
typical of adenovirus, whereas only about 10% of
the cells in the cultures infected singly with adeno-
virus showed cytopathic changes, and the CPE
in such cultures failed to progress. Even when
cultures were held for 120 hr, adenovirus failed
to replicate.
Enhancement studies with other viruses were

carried out to determine whether enhancement
of adenoviruses in GMK cells was specific for
SV40. The results of these experiments (Table 2)
indicate the specificity of the enhancement
phenomenon. Neither herpes simplex virus, an
intranuclear deoxyribonucleic acid (DNA) virus,
nor measles virus, a cytoplasmic ribonucleic
acid (RNA) virus, enhanced replication of
adenovirus type 7, although the "enhancing"
viruses were capable of replicating in GMK cul-
tures (18). The two papovaviruses (rabbit
papilloma and human wart virus) did not cause
CPE in these cultures and did not enhance
replication of the adenovirus. Conversely, replica-
tion of herpes simplex or of measles virus was not
enhanced by the co-infecting adenovirus (Table
2).
Enhancement experiments in BSC-1 cells in

which SV40 was inoculated 24 hr prior to adeno-
virus type 7 yielded results similar to those ob-
tained in GMK cultures. SV40 did not enhance
the replication of adenovirus type 7 in HEK
cultures, and the replication of SV40 in GMK
cultures was not affected by the presence of
adenovirus, confirming earlier results (3).

Induction of virus-specific antigens, detectable
by immunofluorescence, was compared in singly
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TABLE 2. Failure of other viruses to enhance the replicationi of adenlovirus
in green monkey kidney cells

Yield of adenovirus Yield of "enhancing" Enhancement of
Virus tested for enhancing activity Adenovirus* (logl5 PFU/culture) virus (loglo adenovirus 72 hr

72 hr postinfection PFU/culture) postinfection

None Type 7 5.7
Herpes simplex Type 7 6.0 7.Ot Twofold
Herpes simplex - 6.6

None Type 7 5.6
Measles Type 7 5.5 6.0 None
Measles _ _ 6.3

None Type 7 5.2 Not done
Rabbit papilloma Type 7 5.0 Not done None

None Type 7 5.2 Not done
Human wart Type 7 5.0 Not done None

* Adenovirus input per culture was 107 0 PFU.
t Herpes simplex titers 72 hr postinoculation of virus; input per culture was 105-3 PFU.
t Measles titers 96 hr postinoculation of virus; input per culture was 104 ° PFU.

TABLE 3. Formationi of anttigens in GMK cells
infected with adentovirus in the presenice

and absence of SV40*

Adenovirus-in- SV40-induced
duced antigens antigens

Virus

Tumor Viral Tumor Viral

Adenovirus type 2. + 0 0 0
Adenovirus type 7 + 0 0 0
Adenovirus type 12... + 0 0 0
SV40 ............. 0 0 + +
SV40 + adenovirus
types 2, 7, or 12....+. + + +

* Symbols: + = presence of antigen detectable
by immunofluorescence; 0 = absence of antigen
detectable by immunofluorescence.

and doubly infected cultures of GMK cells
(Table 3). In cells infected only with type 2, 7, or
12 adenovirus, T antigen was synthesized, but the
corresponding V antigen was not detected. T
antigen was detected in 75 to 100% of the cells
when the multiplicity of adenovirus was greater
than 3 PFU per cell. GMK cultures infected with
SV40 and adenoviruses produced adenovirus T
and V (in 100%/, of the cells) antigens in addition
to SV40 T and V antigens.
The adenovirus T antigens induced by adeno-

virus types 2 and 12 in GMK cultures are shown
in Fig. 1 and 2. The type 2 T antigen appeared as
large, intranuclear masses with little cytoplasmic
involvement (Fig. 1); localization and morphol-
ogy of type 7 T antigen was similar to that of type
2. The type 12 T antigen (Fig. 2) also appeared as

intranuclear masses but intranuclear and cyto-
plasmic "flecks" were also commonly observed.
When high multiplicities of infection were used,
the adenovirus T antigens could be detected 8 to
10 hr postinfection. The appearance of the T
antigens agreed with the previous observations
of Pope and Rowe (16), and differed from SV40 T
antigen; the latter antigen is also intranuclear
but is generally represented by fine, granular
bodies. Furthermore, the SV40 T antigen could
not be detected in GMK cells prior to 18 hr post-
infection and, therefore, both its appearance and
time of synthesis serve to differentiate it from the
adenovirus T antigen.
The specificity of the positive sera used to detect

the different tumor antigens is illustrated in Table
4. Sera from animals bearing adenovirus type
12-induced tumors reacted with T antigens in
GMK cells infected with adenovirus types 2, 7,
and 12 but not with SV40 T antigen. Serum from
an animal bearing an adenovirus-SV40 "hybrid"-
induced tumor reacted with both the adenovirus
and SV40 T antigens, whereas sera from animals
bearing tumors induced by SV40-transformed
cells reacted with T antigen induced by SV40
but did not react with adenovirus antigens.

DISCUSSION
The results of these experiments indicate that

adenovirus types 2, 7, and 12 fail to replicate in
GMK cultures in the absence of SV40. Since the
adenoviruses were able to induce the synthesis of
adenovirus T antigen, the inability of the viruses
to replicate does not appear to be due to a failure
of the virus to penetrate or become uncoated. It is
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FIG. 1. Immunofluorescent photomicrograph ofgreen
monkey kidney cells inoculated 24 hr previously with
adenovirus type 2. Reacted with serum from hamster FIG. 2. Immunofluorescent photomicrograph ofgreen

bearing tumor induced by adenovirus type 12 and with monkey kidney cells inoculated 24 hr previously with

fluorescein-labeled anti-hamster globulin X 330. adenovirus type 12. Reacted with serum from hamster
bearing tumor induced by adenovirus type 12 and with
fluorescein-labeled anti-hamster globulin. Arrow points

noteworthy that the adenovirus T antigens can be
detected as early as 8 to 10 hr after infection of
GMK cells. The early appearance of the adeno-
virus T antigen was recently reported by Gilead
and Ginsberg (4). The T antigens induced by
adenoviruses appear earlier than those induced by
SV40 in GMK cells. In GMK cells infected with
adenovirus, O'Conor et al. (15) observed an
intranuclear stippling that may represent accumu-
lation of adenovirus T antigen. Since viral DNA
synthesis is not required for the induction of
SV40 or adenovirus T antigens (4, 19), the abor-
tive cycle of adenoviruses in GMK cells may be
due to a lack of replication of viral DNA. This
would be reflected by failure of the cells to
synthesize viral capsid antigen, a process re-
quiring DNA synthesis (4).
The helper virus activity of SV40 for adeno-

virus replication, first observed by O'Conor et al.
(14), appears to be virus-specific, since measles,
herpes simplex, human wart, and rabbit papilloma
viruses failed to enhance replication. The en-
hancement phenomenon, therefore, does not
appear to be a generalized effect attributable to
the papovavirus group, but only to that papova-

to a cell containingflecks of adenovirus type 12 tumor
antigen. X 330.

TABLE 4. Specificity ofsera usedfor the detection
of tumor antigens in simian cells

GMK cells infected with

Serum
Adeno- Adeno- Adeno- SV
virus 2 virus 7 virus 12 40

SV40-tumor hamster
serum* ............. 0 0 0 +

SV40-adenovirus 7
hybrid tumor ham-
ster serumit......... + + + +

Adenovirus type 12
tumor hamster
serum t ............. + + + 0

* Sera from animals bearing tumors induced by
hamster cells transformed by SV40, diluted 1:10.

t Sera from hamsters bearing tumors induced
by the adenovirus-SV40 hybrid, diluted 1:2.

t Sera from hamsters bearing tumors induced
by adenovirus type 12, diluted 1:4.
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virus which replicates in GMK cells. Extracts of
GMK cells infected with SV40 and filtered
through a 10-m,u Millipore filter were also unable
to initiate adenovirus replication.
The failure of the adenoviruses tested to

replicate by themselves in monkey kidney cells is
in accord with recent findings that certain adeno-
viruses capable of replicating in simian cells were
contaminated with SV40 or with particles con-
taining SV40 genetic material (8, 22, 24). It is
the presence of such particles, named PARA
(21), that enables the adenovirus particles in the
population to replicate (21, 23). Similar situations
of helper virus activity have also been described
among the RNA viruses: RAV as a helper for
Rous sarcoma virus (5) and hog cholera (10)
and parainfluenza (6) for Newcastle disease
virus.
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