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Studies were undertaken to prove that simian virus 40 (SV40) can transform the
mouse macrophage, a cell type naturally restricted from deoxyribonucleic acid
(DNA) replication. Balb/C macrophages infected with SV40 demonstrated T-anti-
gen production and induced DNA synthesis simultaneously. In the absence of
apparent division, these cells remained T antigen-positive for at least 45 days.
SV40 could be rescued from nondividing, unaltered macrophages during the
T antigen-producing period. Proliferating transformants appeared at an average of
66 days post-SV40 infection. Established cell lines were T antigen-positive and were

negative for infectious virus, but yielded SV40 after fusion with African green mon-

key kidney cells. Their identity as transformed macrophages was substantiated by
evaluation of cellular morphology, phagocytosis, acid phosphatase, 03c synthesis,
and aminoacridine incorporation.

Transformation by oncogenic deoxyribonucleic
acid (DNA) viruses in vitro has been primarily
studied in cell types which have an unlimited ca-
pacity for growth. Morphologically, these cells
are either fibroblastic or epitheloid and generally
do not possess differentiated functions. In this
case, a new protein known as tumor (T) antigen
appears in the cell nucleus shortly after infection
(3). Then, after 10 to 14 days, a fraction of this
infected population emerges as recognizable
phenotypic transformants. It is not known
whether oncogenic viruses can effect these same
events in differentiated cells which, despite the
capacity for division, remain arrested in the post-
mitotic state. The peritoneal macrophage,
naturally representative of this restriction, would
be a useful model for evaluation of this possi-
bility. Derived from progenitors which have
undergone mitosis, it maintains ribonucleic acid
(RNA) and protein synthesis (9, 18, 25) without
entering the S period of DNA replication (4, 25).
After polyoma infection, mouse peritoneal macro-
phages have been previously noted to undergo
DNA and T-antigen synthesis (14). The myocyte
another differentiated nondividing cell type, has
also been reported to undergo DNA and T-anti-
gen synthesis after either simian virus 40 (SV40) or
polyoma infection (6).

Observations in our laboratory have indicated
significant and persistent T-antigen production in
the macrophage after exposure to SV40. This
paper further documents the capacity of SV40 to
induce morphological transformation of the G1

arrested mouse peritoneal macrophage. Simul-
taneous preliminary reports of these findings
(Bacteriol. Proc., p. 188, 1970), and the similar
observations of Mauel and Defendi (Bacteriol.
Proc., p. 180, 1970) have been recently made.

MATERLALS AND METHODS
Tissue culture. Peritoneal macrophages were har-

vested from 6-week male Balb/c mice as described
elsewhere (22), but without previous stimulation to
insure homogeneity and function, and to prevent the
induction of nonspecific DNA synthesis (7, 24). These
cells were plated at a density of 2.5 X 105 in Eagle's
medium containing 10% fetal bovine serum and anti-
biotics onto 60-mm plastic petri dishes (Falcon Plas-
tics). Cultures for fluorescent-antibody (FA) and char-
acterization studies were seeded at the same density
onto glass cover slips (10 by 20 mm). One hour after
plating, the medium was changed to remove unat-
tached cells. At 48 and 72 hr, the cultures were treated
with 1 ml of 0.25% trypsin. Since normal macrophages
resist the effects of trypsin at this concentration, this
procedure aided removal of other cell types. Phase
microscopic examination of these cultures after 7 days
of incubation at 37 C in an atmosphere of 5% CO2 and
air revealed the distinct morphology of normal macro-
phages. Those cultures which were noted to have con-
taminating or questionable cell types were omitted
from further experiments.

Virus Strains. The small-plaque mutant of SV40
(SV-S) rescued from transformed cells by co-cultiva-
tion with African green monkey kidney cells (AGMK;
20) was used in all experiments. Virus titer when as-
sayed in primary AGMK was 5 X 107 plaque-forming
units (PFU) /ml. Macrophage cultures were infected
at a multiplicity of 100. After adsorption for 1 hr, the
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cultures were washed with phosphate-buffered saline,
pH 7.2 (PBS), and fresh medium was added. Controls
were mock-infected at the same time.

Ultraviolet-inactivated Sendai virus [UV-SeV,
4,000 hemagglutinating (HA) units/ml] was prepared
and used in fusion experiments as previously described
(20).
FA technique. At intervals after SV40 infection,

cover slips were harvested, washed twice in PBS, and
fixed in acetone for 5 min. They were immediately
tested for SV40 T and viral (V) antigens by the indi-
rect procedure. Anti-T and anti-V sera were produced
in hamsters by the ascites method (19). Fluorescein iso-
thiocyanate-conjugated goat, anti-hamster globulin
was obtained from the National Cancer Institute.
Lissamine rhodamine bovine serum albumin was em-

ployed as a counterstain.
DNA synthesis. At times correspondent to those

chosen for FA tests, macrophage cultures were pulse-
labeled for 60 min with 100,Ci of 3H-5-methyl-thymi-
dine ('H-TdR, AD = 20 Ci/mmole; New England
Nuclear Corp.). Cells were lysed with 0.4% sodium
dodecyl sulfate (SDS) in the presence of 0.1 M NaCl
at pH 8.0. Trichloroacetic acid-precipitable DNA
from the lysate was absorbed on cellulose nitrate
filters (Schleicher and Schuell #1B6). These filters were
dried and placed in vials, and the radioactivity was de-
termined by liquid scintillation spectrometry.

Macrophage characterization. Macrophages were
evaluated for phagocytic activity by use of a sterile
colloidal suspension of carbon particles. After ex-

posure to this material for 24 hr, the culture medium
was changed and cells were observed for the presence
of cytoplasmic carbon by phase microscopy. They
were considered active phagocytes only if ingested
material was maintained after successive passage.

The Gomori technique (10) was employed to
demonstrate acid phosphatase with the use of a f3-

glycerol phosphate substrate and (NH4)2S to precipi-
tate PbS at the sites of enzyme activity. Cells were ex-

posed to cold 2.5% glutaraldehyde for 10 min prior
to staining to damage lysosomal membranes and make
them accessible to the substrate. Incubation was
limited to 20 min to improve definition of precipitated
cytoplasmic granules. Analysis of concentrated cul-
ture fluids for beta-i-C globulin (,31, C'3), an immuno-
protein elaborated by murine macrophages, was per-
formed as described elsewhere (18).

RESULTS

At 8 hr after SV40 infection, all macrophages
became round and more refractile in appearance.
Their general morphology was similar to that of
monocytic cell types. After another 24 hr, pseudo-
podia and peripheral spikes (15) were again
visible. SV40 T antigen was first seen by FA
staining at 24 hr in less than 1% of the cells. By
144 hr, 100% of the cells were T antigen-positive.
Periodic examination of cover slips up to 45 days
after infection revealed persistent T-antigen
fluorescence of unchanging intensity in all of the
cells. V antigen was never detected.

Induced DNA synthesis was first observed 48
hr after virus infection. Trichloroacetic acid-
precipitable activity increased to a maximum of
6,000 counts/min by 72 hr and decayed to control
values by 144 hr. Thymidine incorporation into
mock-infected control cultures did not rise above
background levels. No mitotic figures were evi-
dent in replicate cultures during this interval. A
plot of these data correlated with the kinetics of
T-antigen synthesis is presented in Fig. 1.

After these events, the infected cells entered a

period of quiescence during which neither pro-

liferation nor changes in morphology or function
were apparent. During this interval, which aver-

aged 54 days in length, trypsinization failed to
yield any trypsin-sensitive cell population. All
uninfected macrophages had degenerated by this
time. Between 60 and 72 days after infection, foci
of rapidly dividing cells appeared (Fig. 2a and 2b).
Unlike normal macrophages, these cells could be
removed with trypsin. Unlike other SV40 trans-
formants, considerable pleomorphism was evi-
dent. Eight clonal lines were established and all
were positive for T antigen (Fig. 3A). These
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FIG. 1. Rate of induced DNA synthesis (0) after
SV40 infection (multiplicity ofinfection, 100) ofBalbIC
macrophages (as measured by 3H-TdR uptake into
trichloroacetic acid-precipitable DNA in a 1-hr labeling
period) compared to percentage of T-antigen-positive
cells (A) by indirect FA.
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FIG. 2. (a) Emerging colonies of dividing transformed macrophages 60 days after SV4O infection. (X 25). (b)
Higher magnlification of transformants from Fig. 2a. Pleomorphlism is evident (X 160).
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FIG. 3. (a) Intranuclear T antigen in clone 7, SV40-transformed macrophages (X 600). (b) Phagocytosis of
suspended carbon (1/100) by clone 7 after 24 hr of incubation (X 225). (c) Acid phosphatase as demonstrated
by the Gomori technique. Arrow indicates deposits ofperinuclear PbS at lysosomal sites of enzyme (X 600).
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clonal lines have undergone 21 passages during 6
months in culture and are considered permanently
established.

Rescue of SV40 from T antigen-producing, non-
dividing macrophages. Abortively infected mouse
cells which do not become transformed fail to
produce detectable T antigen after two or three
generations (16). Since SV40-infected macro-
phages were intensely T antigen-positive for at
least 45 days without evident morphological
alteration, attempts were made to rescue SV40
from these cells. SV-T antigen-producing (SV-
T +) macrophages were maintained in SV40
antiserum for 20 days beginning 3 days after
infection. As these cells could not be trypsinized,
the fusion procedure was modified in the follow-
ing manner. Uv-SeV (4,000 HA units) was
directly added to the cultures and maintained at
4 C for 15 min. Permissive cells (AGMK) in a
ratio of 10:1 were then added to this mixture.
These cultures were kept at 4 C for another 15
min and thereafter were incubated at 37 C. The
medium was changed after the monkey kidney
cells had settled (30 to 60 min), thus removing the
excess UV-SeV inoculum. After 24 hr, the plates
were washed three times in PBS, and fresh me-
dium was again added. After 20 days, these cul-
tures were frozen and thawed twice, and the
clarified supernatant fluids were assayed for
SV40 in primary AGMK cells. Subsequently,
3.5 x 103 PFU of virus per ml was recovered.
Other T antigen-producing macrophages, simi-
larly maintained in antiserum and disrupted by
freeze-thawing, were tested for residual SV40 by
inoculation of primary AGMK cells. No virus
was detected after 26 days of culture followed by
a second passage in fresh AGMK cells. Controls
of normal macrophages, uninfected AGMK, and
UV-SeV-infected AGMK were all negative for
SV40.

Recovery of infectious virus from morphologi-
cally transformed macrophages. SV40 was
rescued from three of the clonal lines by the fusion
technique. The average titer of virus recovered
was 105 PFU/ml. Infectious virus was not iso-
lated from freeze-thawed preparations of trans-
formed macrophage cultures.

Characterization of transformants. Evaluation
of the SV40 transformants was based upon the
known properties of normal macrophages.

Phagocytosis. Uptake of colloidal carbon from
medium was noted in the transformants and was
equivalent to the activity of normal macrophages
(Fig. 3b). Medium clearance required approxi-
mately 24 hr for both cell types. Carbon ingested
by the cells remained in the cytoplasm despite
medium changes and was segregated into distinct
vacuoles. Loss of this material occurred only

after numerous cell divisions. Control cultures
of secondary mouse embryo fibroblasts (20 MEF)
were not active phagocytes.

Acid phosphatase. Gomori staining revealed
highly positive cells after a 20-min incubation
with substrate (Fig. 3c). Large storage granules
were distributed throughout the cytoplasm of
the transformants. Few areas of incorporation
were present in control cells (SV-Balb/C 3T3
and 20 Balb/C fibroblasts), none of which
approached the staining levels observed in both
normal and transformed macrophages. Vital
incorporation of dilute euchrysene (1:1,000,000),
an aminoacridine which binds to lysosomal
membranes (17; the site of acid phosphatase)
confirmed this relationship among these same
cell types.

Complement. A substantial arc of f,3l was ob-
served in the immunoelectrophoretic pattern of
medium derived from transformants. Normal
macrophages elaborated equal amounts of this
protein whereas control medium did not produce
a f,3i pattern.

Attempts to induce tumors. Newborn syngeneic
animals, both thymectomized and not thymec-
tomized, were inoculated subcutaneously with up
to 107 transformed macrophages. No tumors have
developed during more than 4 months of ob-
servation.

DISCUSSION
Endocytosis, a trait commonly used to identify

the macrophage, is observed to a limited extent in
other cell types (1). Thus, the singular use of this
property for identification may be misleading. A
more accurate characterization can be made by
consideration of multiple cellular functions. In
this strict sense, many similarities between normal
and SV40-transformed macrophages are appar-
ent. The association of phagocytes with well-
developed lysosomal enzymes (presumably for
digestive processes) has been recognized (4). The
high activity of these markers more specifically
defines a cell possessing true endocytic function.
Furthermore, secondary criteria, including amino-
acridine incorporation, f31, synthesis, and morpho-
logical considerations, define the SV40 trans-
formant as a closely related counterpart of the
normal macrophage. The data reported here
clearly indicate that SV40 is capable of inducing
transformation in this naturally nondividing and
differentiated cell type.

Differing from the murine fibroblast, which
undergoes SV40 conversion in approximately 14
days (21), the macrophage required an average of
66 days to express morphological transformation.
In addition, during the preconversion interval,
the SV40-infected macrophage continued to
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produce T antigen, yet remained in the non-
dividing, phenotypically unaltered state. The fact
that infectious SV4O could be recovered during
this period would indicate that such cells harbor
viral information without manifesting morpho-
logical transformation.

In two experiments, transformants emerged
only from mature cells which approached the
estimated 60-day life span of the normal macro-
phage (5, 12). The presence of viral genome alone
was obviously not sufficient to initiate conversion.
In the macrophage, those mechanisms which
maintain the differentiated GI state may be re-
sponsible for repressing phenotypic transform-
ants. Age-associated decay of these controls
possibly contributed to the eventual appearance
of SV40-altered cells. Infection of previously
"aged" macrophages should then be expected to
yield transformants at an earlier time.
The significance of induced cellular DNA

synthesis (8, 11, 14) by SV40 or polyoma and
the function of T antigen in productive or abor-
tive infections by these viruses is not understood
at the present time. The finding that both DNA
replication and T-antigen production occur
synchronously in the Balb/C macrophage may
be fortuitous. Nevertheless, the results of Vogt
et al. (23) and Basilico et al. (2) indicate that, in
the case of polyoma, the virus is directly involved
in the induction of DNA replication since it
occurs in the same cells which are synthesizing
virus. Similar observations have been made with
SV40 (13).
Todaro and Green have reported that "fixa-

tion" of transformation requires one cell genera-
tion since they did not observe SV40 conversion
of nondividing, contact-inhibited mouse 3T3
cells (21). They also indicated that virus-induced
DNA synthesis did not occur under these circum-
stances (21). However, Henry et al. (11) demon-
strated host DNA replication in the same system
after a high multiplicity of SV40. We have noted
that transformation does occur in these contact-
inhibited mouse embryo fibroblasts under similar
conditions of infection (unpublished data). The
SV40-macrophage interaction conclusively proves
that transformation can be induced by this agent
irrespective of the host cell's preinfection inter-
phase state. Furthermore, this implies that the
period of virus-induced DNA synthesis represents
initial events which result in eventual transforma-
tion. Disregarding modifying host factors, one
may postulate that transformation can poten-
tially occur in any cell type as long as DNA
replication is induced by the infecting oncogenic
virus. Although not proven, it is possible that
induced DNA synthesis reflects the period of viral

genome integration. Further studies are necessary
to establish this hypothesis.
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