DNA and propose that strand scission of
modified DNA occurs by an attack of
the C-9 hydroxyl group of the adduct on
the triester group. The sequence prefer-
ence of the observed cleavage can imply
that phosphotriesters do not account for
the majority of the scission events, as the
rate of phosphotriester formation should
not depend on nucleotide sequence.
Although a number of alterations
created by benzo[a]pyrene in DNA have
been characterized, it is not evident
which if any are responsible for the cyto-
toxic, mutagenic, and carcinogenic ef-
fects of the compound. These effects
could be due to strand scission events
that occur at site of DNA modification.
Although the base modifications that
lead to strand scission may be a small
fraction of the total number of altera-
tions, they may have a major biological
effect. The site specificity of strand
breakage suggests that the susceptibility
of different genes may differ with respect
to their sensitivity to the effects of ben-
zo[a]pyrene. The chemical nature of the
alterations that lead to strand breakage
and the differential effect of benzola]-
pyrene on different genetic loci remain
to be determined.
WiLLiaM A. HASELTINE
Kwok MING Lo
ALAN D. D’ANDREA
Sidney Farber Cancer Institute,
Harvard Medical School,
Harvard School of Public Health,
Boston, Massachusetts 02115
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Ozone Selectively Inhibits Growth of Human Cancer Cells

Abstract. The growth of human cancer cells from lung, breast, and uterine tumors
was selectively inhibited in a dose-dependent manner by ozone at 0.3 to 0.8 part per
million of ozone in ambient air during 8 days of culture. Human lung diploid fibro-
blasts served as noncancerous control cells. The presence of ozone at 0.3 to 0.5 part
per million inhibited cancer cell growth 40 and 60 percent, respectively. The non-
cancerous lung cells were unaffected at these levels. Exposure to ozone at 0.8 part
per million inhibited cancer cell growth more than 90 percent and control cell growth
less than 50 percent. Evidently, the mechanisms for defense against ozone damage

are impaired in human cancer cells.

The effects of ozone on human health
have been a focus of public concern and
scientific investigation for more than two
decades (I 4). Considerable attention has
been devoted to assessing its cellular ef-
fects (5) because it is the major constitu-
ent of the ground-level oxidants in pol-
luted air. Much has been learned about
the effects of ozone on normal tissues,
but little is known about its action on
cancer cells. We have conducted experi-
ments in which continuous exposure to
ozone at 0.3 ppm (6) selectively inhibited
the growth of human cancer cells 40 per-
cent in 8 days.

Controlled levels of ozone (0.3 to 0.8
ppm) were continuously generated by ul-
traviolet irradiation of filtered ambient
air. The ozonated air, containing 5 per-
cent carbon dioxide, was introduced at a
constant flow rate of 4.0 liter/min into an
environmental chamber in an incubator
maintained at 37°C (Fig. 1). The ozone
levels were assayed daily with a spectro-
photometric ozone analyzer. For com-
parison, noncancerous human lung dip-
loid fibroblasts (7) were cultured in the
chamber along with the cancer cells. The
cancer cells were from alveolar (lung)
adenocarcinomas (8), breast adenocarci-
nomas (9), uterine carcinosarcomas, and
endometrial carcinomas (/0). All the
cells were grown in 60-mm petri dishes

CO2

in 10 ml of medium and were placed in
the chamber at the same time. Control
cells were incubated in an adjoining com-
partment receiving filtered ambient air
containing 5 percent carbon dioxide (4.0
liter/min). Three petri dishes for each cell
type were removed from each of the two
compartments every 48 hours for 8 days,
and the number of cells per plate were
counted. All of the cancer cells showed
marked dose-dependent growth inhibi-
tion in ozone at 0.3 and 0.5 ppm (Fig. 2).
There was no growth inhibition of the
noncancerous lung cells at these ozone
levels, and they were morphologically
identical to the corresponding control
cells. At 0.8 ppm, the growth of the non-
cancerous cells was inhibited 50 percent,
but all four types of cancer cells were in-
hibited more than 90 percent.

After being cultured through 14 pas-
sages, the noncancerous cells exhibited
measurable growth inhibition and mor-
phological changes (vacuolation) in
ozone at 0.5 ppm, suggesting that aging
increases the sensitivity of normal lung
cells to ozone (Fig. 3). In cultured hu-
man diploid fibroblasts, morphological
changes and a gradual decrease in rate of
growth have been attributed to a buildup
of cellular damage with each successive
division (/1, 12). Ozone may accelerate
processes similar to those naturally

Fig. 1. Schematic diagram (not
to scale) of the system used for

culturing human cells in 0zo-
nated ambient air. Filtered
ambient air was mixed with
carbon dioxide (5 percent) and
introduced into a dual cham-
ber incubator (National 3331).

Filter L
d |
| 3 % 1

Half was conducted through a
calibrated ozone generator (G)
consisting of a quartz glass

tube irradiated with ultraviolet
light and then into a hermeti-

288

G

cally sealed (20 by 20 by 20
cm) glass and stainless steel
environmental chamber (E)
containing a gasketed access

g = Regulator-flow meter

door. Output of ozone from the generator varied less than 1 percent per day. The ozone content
of the vented air (V) from the chamber was measured daily with a spectrophotometric ozone
analyzer (Dasibi 1003-AH). Malignant and normal human cells were incubated in chamber E
saturated with water vapor. Corresponding cells serving as controls were incubated in the ad-
joining compartment (C), also saturated with water vapor.
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causing cellular damage and may de-
crease the growth rate of the aging
fibroblast colony. However, in ozone at
0.5 ppm, all of the human cancer cells
(which do not age) had growth rates
several times lower than that of the
aged, noncancerous cells (Fig. 2).

100 —

Evidently, cancer cells are less able to
compensate for the oxidative burden of
ozone than normal cells. The marked
sensitivity of cancer cells to ozone raises
questions about the possible mecha-
nisms of oxidative inhibition of their
growth. Virtually every major com-

Fig. 2. Inhibition by ozone of
growth of malignant and non-
malignant cells in culture on
day 8. Each of the cell types
were grown in 10 ml of Dul-
becco’s modified Eagle’s mini- 80
mum essential medium con-
taining 10 percent calf serum.
In a typical experiment, 12
dishes per cell line (usually
three or four cell lines were
tested per experiment) were
loaded into the environmental
chamber with an equal number
of control dishes in the adjoin-
ing compartment (Fig. 1). The
initial population was 3 x 10%
cells per dish. Every 48 hours
three dishes for each cell type
were removed from both com-
partments and the cells were
tested for viability with 0.4
percent trypan blue and -
counted with a hemocytom-
eter. Each data point repre-

60 |

s |

Percentage of control growth

20

X

I ) L I bk 1 1 I

sents the number of experi-
mental cells divided by the
number of corresponding con-

0.3 0.5 0.8
Ozone (ppm)

trol cells per dish multiplied by 100 (the percentage of control growth) and is plotted against the
measured level of ozone in the environmental chamber. The percentage of growth inhibition is
calculated by subtracting the percentage of growth from 100. The data are from cell counting on
day 8 of incubation. There is a nearly linear relation between inhibition of the growth of the
cancer cells and increasing ozone levels. The noncancerous cell line IMR-90 (A) began to dis-
play measurable growth inhibition only when ozone levels exceeded 0.5 ppm, a level that pro-
duced approximately 60 percent inhibition in all of the cancer cell lines tested [A, alveolar
adenocarcinoma (A-549); O, breast adenocarcinoma (MCF-7); O, uterine carcinosarcoma (10);
®, endometrial adenocarcinoma (/0)]. There was some growth inhibition in noncancerous cells
aged through 14 passages (@®). The mean populations of the cells serving as controls were as
follows (per dish on day 8): IMR-90, 34.8 x 10% A-549, 36.5 x 10%; MCF-7, 57.0 x 10 en-
dometrial adenocarcinoma, 64.2 X 10% myometrial carcinosarcoma, 121.1 x 10%.

alveolar adenocarcinoma cells after 8 days of incubation in ozone at 0.5 ppm. (A) Control A-549
cells. (B) Ozone-treated A-549 cells showing vacuole formation, a typical morphological
change associated with growth inhibition.
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ponent of normal cells has been found to
be affected by elevated ozone levels (5).
However, glutathione in its reduced
form (GSH) has been credited with pro-
viding the first line of defense against the
peroxides and free radicals generated in
all cells by ozone and oxygen (/, 13-15).
It deactivates peroxides and radicals by
donating one hydrogen atom to the reac-
tive species. Loss of a GSH hydrogen
(oxidation) results in formation of oxi-
dized glutathione (GS-SG). The cellular
respiratory system is responsible for re-
ducing GS-SG to GSH. The GSH-linked
respiratory system in normal and cancer
cells, before and after exposure to
ozone, must be examined to learn wheth-
er a functional impairment of this system
is associated with the marked sensitivity
of cancer cells to the oxidant.

These findings lead us to believe that
ozone—alone, in combination with radi-
ation therapy (/6), or in chemotherapy
utilizing electrophilic compounds (17)—
may have therapeutic value for patients
with certain forms of lung cancer.

FREDERICK SWEET
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SoNG-CHiAu D. LEE
Department of Obstetrics and
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School of Medicine,
St. Louis, Missouri 63110
WiLL L. HAGAR
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Two Coronaviruses Isolated from Central Nervous System

Tissue of Two Multiple Sclerosis Patients

Abstract. Two coronaviruses were isolated from brain material obtained at autop-
sy from two multiple sclerosis patients. The viruses were neutralized by serum and
spinal fluid from these patients. Although most of the population have antibody to
these virus isolates, multiple sclerosis patients have slightly higher concentrations of
serum antibody than controls. The results suggest that coronaviruses should be con-
sidered as one additional virus with a potential implication in the etiology of multiple

sclerosis.

Multiple sclerosis (MS) is a disease
characterized by a variety of neurologic
signs and symptoms resulting from dam-
age to myelin in the central nervous sys-
tem. The suspicion that MS has a viral
etiology has intensified as a result of epi-
demiologic observations that MS occurs
more frequently in specific geographic
locations and that higher risk is related to
exposure to an environmental agent be-
fore age 15 (/). Furthermore, the spinal
fluids of MS patients contain antibody to
viruses which is not present in the spinal
fluids of control patients (2).

Virus isolations from MS tissue have
been reported (3), but none has been
confirmed and no single infectious agent
has been consistently associated with the
disease. When suckling mice or cell cul-
tures particularly sensitive to coronavi-
ruses were inoculated with fresh brain
specimens obtained at autopsy from two
MS patients, we were able to isolate two
coronaviruses. Viruses of this family are
known to cause upper respiratory infec-
tions in humans (4), but they had not pre-
viously been isolated from human brain
material. Coronaviruses represent an at-
tractive candidate for a role in the etiol-
ogy of MS since viruses of this group
cause a demyelinating-remyelinating dis-
ease in mice (5). Furthermore, using
electron microscopy, Tanaka et al. have
identified coronavirus-like particles in
the brain of one MS patient (6).

SCIENCE, VOL. 209, 22 AUGUST 1980

Our first virus (S.D. virus) was isolat-
ed from a 5S5-year-old MS patient with
brainstem dysfunction. An autopsy per-
formed within 4 hours after death re-
vealed typical MS plaques in the cere-
brum, cerebellum, brainstem, and spinal
cord. Histologic sections of medulla and
pons showed areas of demyelination
surrounded by reactive astrocytes in-
dicating active disease. A 10 percent ho-
mogenate of fresh, unfrozen brainstem
material in saline solution was inoculated
intracerebrally into weanling BALB/c
mice. Seven of the ten mice died be-
tween 2 and 6 months after inoculation.
Seizures, myoclonic jerks, and limb pa-

Fig. 1. Electron mi-
crograph of virus iso-
late S.D. negatively
stained with phospho-
tungstic acid. Aver-
age diameter of the vi-
rus particle is 100 nm
with 20-nm corona-
like peplomers. Scale
bar, 100 nm.

ralysis were observed. When fresh brain-
stem material from a mouse that died 99
days after inoculation was inoculated in-
tracerebrally into weanling mice, they
developed neurological signs in approxi-
mately 50 days. Brainstem material ob-
tained from these mice was inoculated
intracerebrally into newborn BALB/c
mice, and they died in 12 days. In sub-
sequent serial passages the time between
inoculation and death decreased to 3 to 5
days. We discovered during early pas-
sage attempts that the freezing of brain
material from weanling and newborn
mice resulted in the loss of transmissibil-
ity. Reinoculation of suckling mice with
the original brainstem homogenate,
which had been prepared after autopsy
and frozen, failed to produce illness.

After failing to produce viral-induced
changes in 16 different cell culture sys-
tems with homogenates prepared from
brain material of infected suckling mice,
we observed formation of syncytial tis-
sue (giant cells) in a spontaneously trans-
formed 3T3 Balb/c mouse cell line
(17C1-1). Electron microscopy revealed
coronavirus-like particles in the cell cul-
ture system and in the livers and brains
of infected suckling mice. Negative-stain
electron microscopy of virus released in-
to supernatants in the infected cell cul-
ture revealed typical coronavirus parti-
cles (Fig. 1).

The second virus (S.K. virus) was iso-
lated from an 89-year-old woman with
weakness, spasticity, cerebellar dys-
function, and extraocular movement
dysfunction. The disease was slowly pro-
gressive over a 30-year period exclud-
ing an initial period of 20 years of epi-
sodes of exacerbations and remissions.
An autopsy performed within 4 hours
after death revealed demyelinated areas
in paraventricular white matter, brain-
stem, cerebellum, and spinal cord. A
mild glial reaction was noted around
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