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Abstract

Recombinant (r) human (hu) manganese (Mn) and copper-zinc (CuZn) superoxide dismutase (SOD) were evaluated
for their cytotoxicity and antiviral activity against respiratory syncytial virus (RSV) in tissue culture and in cotton
rats. No apparent cytotoxicity or inhibition of RSV was observed in the tissue culture studies (both compounds had
ICs, and ECs, values = 1000 gxg/ml and a selective index = 1). However, significant reductions in mean pulmonary
RSV titers (ranging between 0.5 and 1.9 log,,/g of lung compared with the mean pulmonary viral titers detected in
similarly inoculated, placebo-treated control animals) were seen in most of the experiments, in which experimentally
infected cotton rats were exposed to continuous small-particle aerosols (reservoir concentrations 20 mg/ml)
containing either huMnSOD or rhuCuZnSOD. This protective effect was dose dependent and not observed when
either rSOD compound was administered parenterally (intraperitoneally) or intranasally. No toxic effects were noted
in any of the cotton rats exposed to aerosols of either rhuMn or CuZnSOD; nor was any evidence of drug-induced
histopathology observed in sections of lung prepared from these animals.

Keywords: Respiratory syncytial virus; Respiratory syncytial virus, RSV; Antiviral; SOD; MnSOD; CuZnSOD:
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1. Introduction can be produced intracellularly by lung parenchy-
mal cells and extracellularly by responding poly-
During serious respiratory virus infections, re- morphonuclear neutrophils (PMN) and

active oxygen species (e.g. O, OH* and H,0,) macrophages (Freeman and Crapo, 1981; Fox et
al., 1981; Shasby et al., 1982; Oda et al., 1989).

Although these reactive oxygen species may

* Corresponding author. benefit the host by contributing to the oxidative
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killing of the invading pathogens by activated
phagocytes, they may also have detrimental
effects, for example by increasing local inflam-
mation and adding to the pulmonary tissue in-
jury, morbidity and mortality induced by the
virus (Blake, 1983; Tate and Repine, 1983; Oda
et al., 1989).

Superoxide dismutase (SOD) enzymes can cat-
alyze the dismutation of O, to H,O,, thereby
reducing tissue concentrations of O, and dimin-
ishing the potential for tissue injury by the reac-
tive oxygen species induced during infection
(reviewed in Tsan, 1993). In eukaryotes, there
are at least three forms of SOD, each encoded
by a different gene, which are distinguishable by
their tissue distribution and associated metal
component. These isomers include two intracel-
lular enzymes, manganese (Mn) SOD and cop-
per—zinc (CuZn) SOD (Keller et al., 1991), and
one extracellular form which also contains Cu
and Zn as coenzymes (Fridovich, 1976;
Marklund, 1984). The dominant SOD isoenzyme
found extracellularly in the serum and on en-
dothelial cells contains Cu and Zn (Marklund,
1984).

The mouse-influenza model has been used to
study the role of oxygen free radicals in the
pathogenicity of respiratory infections (Oda et
al.,, 1989; Akaike et al., 1989; Maeda and
Akaike, 1991; Buffinton et al.,, 1992). In this
model, inoculation of mice with mouse-adapted
influenza virus usually leads to marked infiltra-
tion of lymphocytes, PMN and macrophages
around bronchi, bronchioles and interstitially, to
extensive fibrosis of the lungs, to pulmonary
hemorrhaging and widespread destruction of
pulmonary tissues, and frequently (the extent de-
pending on the dose of virus administered) to
death of the inoculated animals (Loosli, 1949;
Loosli et al., 1971; Wyde et al., 1977). Convinc-
ing evidence that oxygen free radicals contribute
significantly to this pathology was published in
1989 by Oda et al, and by Akaike et al. In
these studies, influenza virus-infected mice ad-
ministered SOD conjugated to pyran intra-
veneously (i.v.), or allopurinol (an inhibitor of
xanthine oxidase) orally, manifested significantly
reduced inflammation, morbidity and mortality

than matched animals given placebo. The pro-
tection observed from lethal infection did not
correlate with reductions in pulmonary influenza
virus titers (these were similar in both treated
and placebo control groups), but did correspond
to significant reductions in the levels of O; and
xanthine oxidase activity in the lungs of infected
SOD-treated mice. It was concluded that oxygen
radicals are important in the pathogenesis of
influenza virus infection, and that SOD-contain-
ing compounds have therapeutic potential for
this and other diseases associated with free radi-
cals.

Oxygen free radicals may play a significant
role in the pathogenesis of respiratory syncytial
virus (RSV), a leading cause of serious lower
respiratory tract infection in infants and children
under two years of age (Parrott et al., 1973 and
Glezen et al., 1982). No vaccines are currently
available for prevention of RSV disease, and
only one antiviral, ribavirin, is approved to treat
infections caused by this virus. This paucity of
available prophylactic and therapeutic agents to
prevent or treat RSV disease, as well as the en-
couraging results seen in the mouse-influenza
SOD studies, prompted us to evaluate geneti-
cally engineered recombinant human (rhu) Mn
and CuZnSOD for their cytotoxicity and thera-
peutic potential against RSV in tissue culture
and in cotton rats. The results obtained in these
studies are summarized below.

2. Materials and methods
2.1. Animals

The cotton rats (Sigmoden hispidus) used in
these studies were all descendants of six pairs of
animals obtained in 1984 from the Small Ani-
mal Section of the Veterinary Research Branch,
Division of Research Services, National Insti-
tutes of Health. All were housed in the Baylor
College of Medicine (BCM) vivarium in cages
covered with barrier filters, and all were given
water and food ad libitum. Animals of either
sex and weighing between 50 and 100 g were
used in all experiments.
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2.2. Tissue culture

Seed stocks of Hep-2 (human epithehal car-
cinoma; ATCC CCL 23), A549 (human lung
carcinoma; ATCC CCL 185) and Vero (African
green monkey kidney; ATCC CCL 81) tissue
culture cells were obtained from the American
Type Culture Collection (ATCC), Rockville,
MD. Cultures of these cell lines were grown in
monolayers using Fagle’s minimal essential
medium (MEM; BioWhittaker, Inc.), supple-
mented with 10% fetal calf serum (FCS; Sigma
Chemical Co.), 100 units/ml penicillin (GIBCO
Laboratories), 100 pg/ml streptomycin sulfate
(GIBCO), 2 mM L-glutamine (GIBCO), and
0.2% sodium bicarbonate (Sigma Chemical Co.)
as a growth medium. This same medium con-
taining only 2% FCS was used to maintain cell
cultures and as a diluent for all assays.

2.3. Viruses

The two RSV A subtypes utilized in these
studies, RSVA2 (ATCC VRI1302) and RSV
Long (ATCC VR26), were obtained from the
ATCC. The only RSV B subtype tested, RSV
18537, was obtained from Dr. Tony Piedra, De-
partment of Microbiology and Immunology,
Baylor College of Medicine. Working stocks of
each of these viruses were prepared as described
in detail previously (Wyde et al., 1993).

2.4. Compounds

Lyophilized thuMnSOD (50% compound:50%
sucrose) and CuZnSOD (no added sucrose) were
provided by BioTechnology General, Kiryat
Weizmann, Israel. The expression of both hu-
man enzymes in Escherichia coli, their specific
activity and their purification to apparent homo-
geneity have been described previously (Hart-
man et al., 1986; Beck et al., 1988). The level of
endotoxin in all preparations was < 0.4 units/
mg protein.

Just prior to each experiment, the lyophilized
rhuMn (40 mg/ml) or CuZnSOD (20 mg/ml)
was suspended in distilled water (Baxter Health-
care Corp., Deerfield, IL) to make stock solu-

tions containing 20 mg rhuSOD/ml. These
solutions were sterilized by passing them
through 0.2 mg filters (Costar). Sterile distilled
water (Baxter) was used as a placebo in experi-
ments testing the rCuZnSOD or MnSOD lack-
ing sucrose. Sucrose solution (20 mg sucrose in
sterile, distilled water) was used as the placebo
in experiments testing the rMnSOD containing
50% sucrose.

Concentrations ranging from 10 to 40 mg/ml
(dose range: 1080 mg/kg per day) were used in
cotton rat experiments in which the SOD com-
pounds were administered intraperitoneally (i.p.)
or intranasally (i.n.). In all experiments in which
the recombinant enzymes were delivered by aero-
sol, stock thuMn or rhuCuZnSOD was added to
the aerosol generating unit reservoirs (i.e. 20 mg
rSOD/ml). In these experiments, the amount of
rSOD administered to the animals was controlled
by varying the interval of time during which the
cotton rats were exposed to the aerosols.

Ribavirin was used in all in vitro and many in
vivo experiments as a positive control. This com-
pound was obtained from Viratek, Inc., Covina,
CA, in powdered form. Just prior to the start of
each experiment, sufficient ribavirin was dissolved
in distilled water to make a solution containing 90
mg ribavirin/ml. This solution was then filter ster-
ilized, and if used in in vitro experiments, diluted
in MEM supplemented with 2% FCS to a make a
new stock containing 4 mg ribavirin/ml. In in vivo
experiments, the test animals were inoculated i.p.
or i.n. with 0.10-ml volumes of the 90-mg rib-
avirin/ml stock solution, or exposed to aerosols
generated from reservoirs containing 60 mg rib-
avirin/ml.

2.5. Aerosol delivery

Collison aerosol generators were used to pro-
duce the continuous small-particle aerosols de-
scribed in this report. A detailed description of
these nebulizers and their use to generate aerosols
has been described in detail previously (May,
1973; Wilson et al., 1980; Knight and Gilbert,
1988). The concentration of SOD generated in the
aerosols and their particle size distribution were
determined by using an all-glass impinger and an
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Andersen sampler, respectively (see Andersen,
1958 and Knight and Gilbert, 1988 for a more
complete description). Samples from the all-glass
impingers were analyzed directly, while those col-
lected by the Andersen sampler were eluted from
the collecting filters by first soaking the filters in
10 ml water for 1 h prior to analysis. The SOD
eluted was then quantitated spectrophotometri-
cally (absorbance at 210 nm) using a standard
curve (range 0-50 yg/ml). Fig. 1 shows the parti-
cle size distribution and mass medium aerody-
namic diameter (MMAD) obtained in these
studies for rhuCuZnSOD. The particle size distri-
bution and MMAD obtained for rhuMnSOD
aerosols were almost identical (data not shown).

Cotton rats were exposed to the test aerosols by
placing them in sealed plastic cages connected to
the aerosol generating units by corrugated tubing
as previously described (Gilbert and Wyde, 1988).
The estimated doses of drug retained by the test
animals were calculated as reported previously
(Knight and Gilbert, 1988; Wyde et al., 1985),
and were based on the amount of drug in the
aerosol (determined using an all-glass impinger),
the minute volume of the cotton rats (Phalen,
1984), an estimated retention factor for these ani-
mals (Hatch and Gross, 1964), and the duration
of treatment. In several experiments, the actual
concentrations of rhuMn or CuZnSOD in the
lungs of cotton rats exposed to aerosols of these
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Fig. 1. Particle size distribution of recombinant human cop-
per/zinc superoxide dismutase (CuZnSOD) generated by the
Collison nebulizers utilized in the experiments presented in this
report. Sizes were determined using an Anderson sampler, The
mass median aerodynamic diameter (MMAD) and geometric
standard deviation (G.S.D.) obtained for this particle distribu-
tion are also shown.
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Fig. 2. Comparison of levels of recombinant human man-
ganese superoxide dismutase (——) or copper/zinc superoxide
dismutase (two experiments: Experiment 1, - - —. Experiment
2, - - ) in lungs of cotton rats exposed for different time
intervals to continuous small-particle aerosols of these com-
pounds. P-values were obtained by comparing the mean SOD
concentrations obtained at cach time interval with the mean
background SOD concentration (indicated at time zero) in
cach experiment, using the nonparametric Kruskal-Wallis
analysis of variance; number of animals per group = 4.

compounds were calculated after measuring the
levels of rSOD in the broncho-alveolar lavage
(BAL) fluids obtained from these animals using a
radioimmunoassay (RIA; described below) spe-
cific for SOD (see Fig. 2 for examples).

2.6. In vitro cytotoxicity assays

In vitro cytotoxicity assays were performed in
quadruplicate in sterile 96-well microtiter plates
(Falcon 3072) as described previously (Wyde et
al.. 1993), with two exceptions: (1) XTT (2,3-
bis[2-methoxy-4-nitro-5-sulfophenyl]-2 H-tetrazol-
lum-5-carboxanilide; Sigma Chemical Co.) was
used instead of MTT (3-[4,5-dimethylthiazol-2-yl}-
2,5-diphenyltetrazolium bromide; Sigma) to mea-
sure mitochondrial respiration (and indirectly cell
viability); and (2) the two compounds were tested
in A549 and Vero, as well as Hep-2, tissue culture
cells. All monolayers were observed microscopi-
cally prior to the addition of the XTT for inhibi-
tion of cellular proliferation and for evidence of
drug-induced cytopathology.

The maximum concentration of each com-
pound tested in these assays was 4 mg/ml (1
mg/ml final concentration). Test monolayers were
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approximately 30% confluent at the start of
each assay, and the optical density (OD) in each
test well was ascertained using a 96-well plate
reader (Molecular Devices UVMax spectropho-
tometer) set at a wave length of 490 nM. The
median inhibitory concentration (ICs,) for each
compound was calculated after determining the
minimum concentration (xg/ml) of test com-
pound that caused > 50% reduction in OD,
compared to the mean OD obtained for the cell
control wells, in half of the replicate wells.

2.7. In vitro antiviral assays

The assay used to assess and compare the an-
tiviral activity of rhuMnSOD, rhuCuZnSOD
and ribavirin in tissue culture has also been de-
scribed previously (Wyde et al, 1993). In these
studies, the two recombinant SOD enzymes were
always tested in quadruplicate using a maximum
final concentration of 4 mg/ml (I mg/ml final
concentration). All assay plates were incubated
at 36°C in a (5%) CO, incubator until the virus
control  wells exhibited 70-100% cytopathic
effects (CPE) including syncytia. All wells were
then observed and scored for virus-induced
CPE. The EC,, (median efficacious concentra-
tion) for each compound was calculated after
determining the lowest concentration of antiviral
that completely inhibited CPE in half of the
replicate wells. If interpolation was required to
help calculate either the IC;, or EC,, the
method of Karber (Rhodes and Van Rooyen,
1953) was used. At the conclusion of these as-
says, the 1Cs, obtained for rhuMnSOD, for rhu-
CuZnSOD and for ribavirin were divided by
their respective ECs, values to obtain a selective
index (SI) for each compound.

2.8. Collection of samples

Cotton rats were sacrificed using CO,. The
lungs from these animals were removed, rinsed
in sterile phosphate-buffered saline (PBS; pH
7.2) and weighed. Each set of lungs was then
transpleurally lavaged using 3 ml of 2% FCS-
MEM media as reported previously (Wilson et

al., 1980). The resulting BAL fluids were kept
on ice until assayed for RSV (usually within 2 h
of collecting the lungs). They were then frozen
until tested for SOD levels in the RIA assay.

2.9. Virus quantification

Quantitative viral assays to determine the me-
dian tissue culture infectious doses (TCIDg,/ml)
present in viral pools and lungs were performed
in quadruplicate or duplicate in 96-well tissue
culture plates as described previously (Wyde et
al., 1993; Gilbert et al., 1993). Median cotton
rat infectious doses (CRIDs,) in virus pools
were determined by inoculating groups of cotton
rats i.n. with serial 10-fold dilutions of RSV.
The animals in each group were sacrificed 4
days later and their lungs were removed and
assessed for the presence of RSV. The maximal
dilution of the virus pool that infected half of
the inoculated animals was then determined.
The minimum amount of virus that was de-
tectable was 1.3 log,,/g lung.

2.10. Antiviral testing in vivo

Cotton rats were lightly anesthetized with
Metofane (methoxyfurane, Pitman-Moore, Mun-
delein, IL) on day 0. While unconcious, each
animal was weighed and then inoculated i.n.
with approximately 100 CRIDs, of RSV in 0.1
ml. On days 1 through 3, the animals were ei-
ther injected i.p. or in. with placebo, ribavirin
or graded doses of rhuMn or CuZnSOD, or ex-
posed for different periods of time on each of
these days to continuous small-particle aerosols
containing these enzymes. Each day the animals
were observed for morbidity, death. diarrhea,
lethargy or other untoward behavior. On day 4
after virus inoculation, the day of maximum
RSV pulmonary infection in untreated cotton
rats, all of the test animals were killed and
weighed. The lungs of these animals were re-
moved, weighed and transpleurally lavaged
(Wilson et al., 1980). Each lavage fluid was then
assessed for pulmonary RSV titers as described
above, or for SOD levels as related below.
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2.11. Quantitation of SOD in lungs

Levels of rhuMn and CuZnSOD in BAL fluids
were determined using an RIA. This assay was
performed in 96-well multiwell plates and util-
ized antibodies specific for rthuMn or CuZnSOD,
'25]-CuZnSOD labeled by the Bolton-Hunter
reagent, and a diluent consisting of sodium chlo-
ride buffer (0.14 M NaCl, pH 7.4) containing 0.01
M sodium phosphate and 2 mg/ml of bovine
serum albumin.

At the start of each assay, the wells of each
plate contained approximately 5 ng '**I-CuZn-
SOD and an appropriate amount of monoclonal
antibody to give about 50% binding of SOD.
BAL fluid samples or standard SOD solutions
were added in 50 ul volume to these wells. After
an overnight incubation at 4°C, immunocom-
plexes were separated from the unbound label by
addition of normal mouse serum and a rabbit
anti-mouse antibody. Under these conditions, the
log displacement curve was linear between 2 and
20 ng/well of SOD. In SOD-exposed cotton rats,
serum antibody levels were too low and could not
be detected by this method.

2.12. Histologic studies

Lungs designated for histologic studies were
collected as described above and placed in
buffered formalin. After 24 h, each set of lungs
was embedded in low-melting-point paraffin, and
sectioned to S5-ym thickness. The resulting sec-
tions were deparaffinized, stained with hema-
toxylin and eosin and evaluated in a blinded
fashion for evidence of histopathology.

2.13. Statistics

The Newman-Keuls multiple comparison test
and the Kruskal-Wallis analysis of variance
(ANOVA) were used to compare geometric mean
RSV titers obtained for each cotton rat group.
BAL samples with undetectable virus titers were
assigned a value of 0.8. These same tests were also
used to compare mean rhuSOD levels in the lung
lavage fluids obtained from the different groups of
test animals. Student’s /-test was used to compare

mean body weights. These tests and the determi-
nation of all descriptive statisitics (i.e. geometric
mean titers and standard deviations) were per-
formed using True Epistat, a statistical program
designed by T.L. Gustafson of Epistat Services,
Richardson, Texas, for IBM-compatible comput-
ers.

3. Results

3.1. Cytotoxicity of rhuMn and CuZnSOD in
vitro

No evidence of cytotoxicity for either rhuMn or
CuZnSOD was seen in the in vitro cell prolifera-
tion assays performed during the course of these
studies. Thus, no significant inhibition of cell
growth or cytopathology was observed in any of
the replicate wells containing these recombinant
human enzymes, in any of these assays. Nor were
any significant reductions in mean OD readings
measured in these wells following the addition of
XTT. This was true regardless of the tissue culture
cell line (i.e. Hep-2, A549 or Vero) or concentra-
tion of rhuMnSOD or rhuCuZnSOD tested (1
mg/ml being the maximum final concentration of
both compounds tested). In contrast, the highest
dose of ribavirin tested (1 mg/ml final concentra-
tion) did inhibit tissue culture cell growth, cause
significant rounding up of test cells, and reduce
mean OD readings by approximately 50% in the
XTT assay (data not shown).

3.2, Antiviral activity of rhuMn and CuZnSOD

n vitro

The rhuMn and CuZnSOD also did not exhibit
any apparent antiviral activity in tissue culture
assays. Accordingly, no significant inhibition of
RSV-induced CPE was observed even at the rax-
imum concentrations of rhuMn or CuZnSOD
tested (i.e. 1 mg/ml final concentration; data not
shown). In contrast, RSV-induced CPE was to-
tally inhibited in all test wells containing 15.6 ug
ribavirin/ml, leading to a calculated (using inter-
polation) ECs, for this compound of 11.7 ug/ml
(data not shown). Based on the results obtained in
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Table 1

Mean RSV titers obtained in three representative experiments testing recombinant human MnSOD delivered by continuous
small-particle aerosol to cotton rats experimentally inoculated with RSV

Expt. no. Treatment Reservoir conc. Pulmonary RSV Log,, reduction pulmonary P-value*
ribavirin or SOD (GMT log,y/g lung) virus
(mg/ml) ® (+£S.D)
1 Placebo 2x 1 h 0 534+03 -
MnSOD 2x 1 h 20 3.8+03 1.5 0.004
2 Placebo 2x 1 h 0 49+04 -
MnSOD 2x 1 h 20 44401 0.5 0.04
3 Placebo 2x 1 h 0 36+04 - -
MnSOD 2x 1 h 20 31401 0.5 0.06

“ [n all three of these experiments, the cotton rats were inoculated intranasally with approximately 100 median cotton rat infectious
doses of RSV A2 on day 0 and then exposed twice daily (from 08:00-09:00 and 15:00—16:00) on days 1 through 3 to continuous
aerosols of placebo (20 mg'ml sucrose in sterile, distilled water) or MnSOD. All of the animals were sacrificed on day 4 when their
lungs were removed and assessed for levels of RSV. The other seven experiments in this series of 10 had similar experimental designs,
except that in some the animals were inoculated with RSV Long or RSV 18537, and sometimes the duration of treatment was varied.
" Abbreviations: conc. = concentration: expt. = experiment; GMT = geometric mean titer; S.D. = standard deviation; no. = number;

h = hour.

¢ P-values were obtained by comparing the mean virus titers obtained in cach experiment using the nonparametric Kruskal-Wallis

analysis of variance; number of animals per group =4 or 5.

the in vitro cytotoxicity and antiviral assays,
rhuMnSOD, rhuCuZnSOD and ribavirin were as-
signed selective indices of 1 (> 1 mg/ml divided
by >1 mg/ml=1), 1 and 85.5 (1 mg/ml divided
by 0.0117 mg/ml = 85.5), respectively.

3.3. Antivirdl activity of rhuMn and CuZnSOD
in vivo

The rhuMn and CuZnSOD also failed to ex-
hibit antiviral activity in cotton rats following i.p.
or i.n. administration. With the exception of the
control groups treated with ribavirin, in none of
the six experiments performed in this series was a
significant reduction in mean pulmonary RSV
titer seen on day 4 in any test group, compared
with the mean pulmonary virus titer seen in con-
trol animals comparably given placebo (data not
shown). This was true of even the groups of
cotton rats inoculated on days 1 through 3 with
the maximum doses of rhuMn or rhuCuZnSOD
tested (i.e. 80 mg of either rhuMn or CuZnSOD/
kg per day).

In contrast to the results obtained when the
rhuMn and CuZnSOD were administered i.p. or
i.n., significantly reduced mean pulmonary RSV

titers were observed in eight of 10 experiments
assessing the antiviral activity of rhuMnSOD ad-
ministered by aerosol, and in four of five experi-
ments evaluating the antiviral activity of
rhuCuZnSOD delivered by this route of adminis-
tration. Data obtained from three representative
experiments performed in the series of 10 experi-
ments testing rhuMnSOD are shown in Table 1.
Results obtained in the four successful experi-
ments evaluating rhuCuZnSOD are presented in
Tables 2 and 3.

As the data in Table 1 reflect, there was some
variability in the decreases in mean pulmonary
virus titer observed in the experiments testing
rhuMnSOD by aerosol. Thus in three experi-
ments, reductions in pulmonary RSV titers were
= 1.5 log,,/g lung (e.g. Experiment 1 in Table 1);
in five experiments, significant (P <0.05), but
lower reductions in mean pulmonary virus titers
ranging from 0.5 to 0.9 log,,/g were observed (e.g.
Experiment 2 in Table 1); and in two experiments,
no significant (P > 0.05) reductions in mean pul-
monary virus titers were seen (e.g. Experiment 3
in Table 1). Less variability in mean virus titer
reductions was observed in the experiments test-
ing rhuCuZnSOD. Thus in all four experiments
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Comparison of the mean pulmonary RSV titers in cotton rats experimentally inoculated with this virus and treated with either
ribavirin or recombinant human CuZnSOD delivered by continuous small-particle aerosol *

Expt.no.  Treatment Reservoir conc. ribavirin or ~ Pulmonary RSV Log,, reduction P-value*
SOD (mg/ml)® (GMT log,,/g lung) pulmonary virus
(+S.D.)

| H,O 2x1h 0 44+03 - -
Ribavirin 2x 1 h 60 25+1.2 1.9 0.01
CuZnSOD 2x1 h 20 32406 1.2 0.05

2 H,O 2x1h 0 49403 -
Ribavirin 2x 1 h 60 29407 2.0 0.01
CuZuSOD 2x 1 h 20 34+09 1.5 0.05
CuZnSOD 2x05h 20 38+0.3 1.1 Not sig.

# In each experiment, the cotton rats were inoculated intranasally with approximately 100 median cotton rat infectious doses of RSV
on day 0, and with the exception of the last group in Experiment 2, exposed twice daily for 1 h (from 08:00-09:00 and 15:00-16:00)
on days 1-3 to continuous aerosols of water, ribavirin or CuZnSOD. The last group in Experiment 2 was exposed twice daily for
30 min (from 08:00-09:30 and 16:00-16:30). All of the animals were sacrificed on day 4, when their lungs were removed and

assessed for levels of RSV.

> Abbreviations: conc. = concentrations: GMT = geometric mean titer: S.D. = standard deviation; h = hour; not sig. = not statisti-

cally significant.

¢ P-values were obtained by comparing the mean virus titers obtained in each experiment using the nonparametric Kruskal-Wallis

analysis of variance; number of animals per group = 4.

involving this recombinant enzyme in which sig-
nificant reductions in mean pulmonary RSV titers
occurred, the maximum decreases in mean pul-
monary virus titers was = 1.1 log,,/g lung.

3.4. Determination of the minimal effective dose

The minimum dose of rSOD needed to inhibit
growth of RSV in cotton rats was determined by
exposing groups of these animals for different
intervals of time to aerosols containing these en-
zymes (e.g. Experiment 3 in Table 2, and both
experiments in Table 3), while keeping the starting
concentrations of rSOD in the aerosol reservoirs
constant (i.e. 20 mg rSOD/ml). In these experi-
ments, statistically significant reductions in mean
pulmonary RSV titer occurred only in groups of
cotton rats exposed to aerosols for a minimum of
2 h/day (1 h each morning and | h each after-
noon), and not in groups exposed to aerosols of
the rSOD enzymes for <1 h/day. Using this
information and the equation for calculating the
dosage of drug delivered to the animals by aerosol
(see Knight and Gilbert, 1988 and Wyde et al.,
1985), the estimated minimal effective dose for

both rhuMnSOD and CuZnSOD was determined
to be between 8.4 (the dose estimated to be deliv-
ered to animals exposed for 2 h) and 4.2 (the dose
estimated to be delivered to animals exposed for 1
h) mg/kg per day.

3.5. Pulmonary rSOD levels and protection

The mean concentrations of rhuMn and CuZn-
SOD measured by RIA in the lungs of cotton rats
exposed to aerosols of rhuSOD for different inter-
vals of time in three different experiments are
shown in Fig. 2. As the curves in this figure
indicate, in each test, the levels of rhuMn (——)
and CuZnSOD ( — — — or — * —) measured in the
BAL fluids initially rose slowly and did not reach
statistically significant levels (P < 0.05) in any ex-
periment (compared to the levels of SOD mea-
sured in control cotton rats not exposed to the
aerosols [i.e. the values shown at time 0]), until 0.5
h after initiating aerosolization. Moreover, in all
three experiments, a more rapid accumulation of
SOD was observed after this time, resulting in
highly statistically different (i.e. P <0.01) differ-
ences at the 1 h interval. The marked increases in
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Table 3

Comparison of the mean pulmonary RSV titers in lungs of RSV-inoculated cotton rats exposed to continuous small-particle aerosols

of recombinant human CuZnSOD for different periods of time *

Expt. no. Treatment Reservoir conc. Pulmonary RSV Log,, reduction P-value ©
ribavirin or SOD (GMT log,,ig lung)  pulmonary virus
{mgimi) (+S8.D.)
1 H,O2x1h 0 44+03 -
Ribavirin 2x 1 h 60 37+03 0.7 0.05
CuZnSOD 2x0.25 h 20 42+0.38 0.2 Not sig.
CuZnSOD 2x0.5 h 20 39403 0.5 Not sig.
CuZnSOD 2x 1 h 60 25+1.3 1.9 0.001
2 H,O 2x2h 0 40+03 -
CuZnSOD 2x0.5h 20 35403 0.5 Not sig.
CuZnSOD 2x1 h 20 31+03 0.9 Not sig.
CuZnSOD 2x2 h 20 2840 1.2 0.01

“ In each experiment. the cotton rats were inoculated intranasally with approximately 100 median cotton rat infectious doses of RSV
on day 0. exposed to aerosols of water or CuZnSOD for different intervals of time on days | 3. and killed on day 4, when their

lungs were assessed for levels of RSV.

b Abbreviations: conc. = concentration: GMT = geometric mean titer: $.D. = standard deviation: h = hour(s); Not sig. = not signifi-

cant.

¢ P-values were obtained by comparing the mean virus titers obtained in each experiment using the nonparametric Kruskal-Wallis

analysis of variance: number of animals per group =4 or 5.

rhuSOD seen in the lungs of test animals in these
experiments after 1 h of aerosolization coincided
with the minimal interval of aerosolization needed
for protection (see Experiment 2, Table 2 and
both experiments in Table 3 for examples).

3.6. Characterization of the aerosolized rSOD
particles

The size distribution and MMAD of the parti-
cles of rhuCuZnSOD generated in the aerosol
experiments performed in these studies are shown
in Fig. 1. Virtually identical results were obtained
in similar testing of rhuMnSOD aerosols. As the
bars in Fig. 1 indicate, the distribution of the
rhuCuZnSOD particles produced in these experi-
ments was essentially normal. Morcover, the
MMAD was determined to be 1.4 um (+ a GSD
2.1.

3.7. Preliminary toxicity testing in cotton rats
No diarrhea. morbidity, death, weight loss or

other untoward symptoms were evident in any of
the cotton rats inoculated or exposed to aerosols

of rhuMn or CuZnSOD in these studies. More-
over, no significant histopathologic findings
(leukocyte infiltration, hyperplasia, edema) were
evident in hematoxylin- and cosin-stained lung
sections prepared from lungs obtained from unin-
fected cotton rats exposed to aerosols of placebo,
rhuMnSOD or rhuCuZnSOD. A predominantly
peribronchilar infiltration of leukocytes (PMN
and mononuclear leukocytes) was evident in
stained lung sections obtained from both RSV-in-
fected cotton rats treated with placebo, and those
exposed for different intervals to aerosols of either
recombinant enzyme. However, there was no sig-
nificant difference between the degree of infiltra-
tion or histopathology seen in the placebo- and
rSOD-treated infected animals. Thus, in these
studies, neither rfSOD compound appeared to be
cytotoxic.

4. Discussion

The studies described in this report were di-
rected at evaluating the antiviral potential of ge-
netically engineered rhuMn and CuZnSOD
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against RSV. No evidence of antiviral activity was
seen in in vitro testing of either compound. Nor
was any significant inhibition of RSV observed
when either of the rSOD enzymes was adminis-
tered parenterally or in. to cotton rats. (Intra-
venous administration was not considered because
the unusual architecture of cotton rat tails make
the veins in this appendage virtually inaccessable
for injection.) In contrast, when rhuMn or CuZn-
SOD was administered directly to the pulmonary
tract by aerosol, significant reductions in pul-
monary RSV titers were observed in infected
treated cotton rats (see Table 1).

A total of 10 experiments administering
rhuMnSOD by aerosol were performed. The rea-
son for this repetition was three-fold: 1) the inhi-
bition of pulmonary RSV replication did not
correspond with what had been reported in the
mouse-influenza model, nor with the results ob-
tained in our own in vitro antiviral assays. There-
fore, it was important to ascertain that the finding
of inhibition of virus following aerosol delivery
was accurate; 2) notwithstanding that in 8 of 10 of
the experiments performed significant reductions
in pulmonary RSV titers compared with placebo
control animals were seen, variations in the mag-
nitude of protection were observed from experi-
ment to experiment (see Table 1 and Section 3
above); and 3) while the initial experiments in this
series looked at a single dose of SOD and treat-
ment interval (i.e. 20 mg rhuMnSOD/mi reservoir
concentration administered twice daily for 1 h),
later experiments looked at the effects of this
compound administered for different intervals of
time. At the end of this set of experiments it was
concluded that rhuMnSOD administered by aero-
sol indeed inhibits RSV replication in the lungs of
cotton rats.

All of the findings with thuMnSOD were dupli-
cated in the succeeding studies performed with
rhuCuZnSOD. Thus, as with the rhuMnSOD,
antiviral activity was not seen in in vitro testing or
in cotton rats following i.p. or i.n. administration
(data not shown), but was observed when the
rhuCuZnSOD was delivered by aerosol (see Ta-
bles 2 and 3). In these experiments, the reductions
in pulmonary RSV titers seen in animals exposed
twice daily to 1-h treatments of rhuCuZnSOD

ranged from 0.9 to 1.9 log,,/g of lung, which was
generally higher than the magnitude of reductions
seen in infected cotton rats similarly exposed to
rhuMnSOD (i.e. most of the reductions in pul-
monary virus titers seen in the experiments testing
rhuMnSOD ranged from 0.5 to 0.9 log,,/g lung).

In no experiment performed during the course
of these studies was a significant decrease in mean
pulmonary virus titer seen in any group of ani-
mals exposed to aerosols of either rhuMn or
CuZnSOD twice daily for less than 1 h/treatment.
However, significant reductions in mean pul-
monary virus titers were usually observed in cot-
ton rats exposed two times/day for at least 1
h/treatment (see Tables 1-3). It thus appeared
that the minimal effective dose for both rhuMn-
SOD and CuZnSOD was between 8.4 and 4.2
mg/kg per day.

It should be noted that in all of the assays
measuring rSOD levels in the lungs of cotton rats
exposed for different intervals to aerosols of either
rhuMn or CuZnSOD, the pulmonary concentra-
tions of these compounds appeared to still be
rising at the time that the aerosolizations were
stopped (1.e. after 1 or 2 h; see Fig. 2). This failure
to see a plateauing of pulmonary drug levels in
these studies suggest that most longer therapy
intervals may have provided greater protection
against virus infection than were seen. Although
this supposition was testable, it was not due to the
limited amount of rhuMn and CuZnSOD avail-
able to us.

The mechanism of action by which the rhuMn
or CuZnSOD used in these studies inhibited the
growth of RSV in cotton rats is not clear. The
inability of even the highest doses of either rSOD
compound to inhibit RSV replication in tissue
culture suggests that the inhibition seen in cotton
rats was not due to a direct antiviral activity, but
more likely to an indirect mechanism (for exam-
ple, by activating macrophages and/or natural
killer cells). However, in preliminary experiments
looking at the number and activation states of the
cells obtained by lavage from lungs of RSV-in-
fected cotton rats exposed to aerosols of placebo
or rSOD cells (95% macrophages, lymphocytes
and PMN), we have not been able to detect
significant differences. Although uninformative,
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these results are in agreement with our observa-
tion (stated above in the Section 3) that there was
no significant difference in the number of inflam-
matory cells present in sections of lungs prepared
from RSV-infected cotton rats treated with
placebo or either rhuSOD in these studies.

It is possible that the antiviral activity of the
rSOD enzymes was mediated by interferon. Very
recently data has been published that indicates
that MnSOD is involved in the establishment of
the antiviral states induced in mice by alpha and
gamma interferons (Raineri et al., 1996). Experi-
ments are currently being designed to investigate
whether a similar relationship is taking place in
the cotton rat-RSV model.

It 1s also not known why virus-inhibition was
observed in the present studies and not in those
performed in the mouse-influenza model. How-
ever, comparisons are difficult because the differ-
ent studies utilized different host animals (mice
versus cotton rats), viruses (influenza versus RSV)
and routes of drug administration (intravenous
versus aerosol).

It has previously been established that aero-
solized particles exceeding a MMAD of 5 ym
deposit primarily in the upper respiratory tract
where they are swallowed rapidly, whereas parti-
cles with an MMAD of 3 um or less penetrate
throughout the respiratory tract (Hatch and
Gross, 1964). It was thus of interest to determine
if the aerosol particles of SOD generated in the
present studies were of the appropriate size to
account for the antiviral activity seen. As indi-
cated by the data shown in Fig. 1, the Collison
nebulizers used in these studies generated rSOD
containing particles with a MMAD of 1.4 ym
( £+ 2.1 geometric mean standard deviation). Thus,
the particles were likely to be distributed through-
out the lungs of the treated cotton rats. On the
other hand, it is likely that neither compound was
efficacious when given i.p., due to failure to get
enough compound to the lungs, or when adminis-
tered 1.n., because of poor or uneven distribution
of the compounds throughout the respiratory
tract when given by this route of administration.

Although only preliminary toxicity testing was
performed in these studies, no evidence of unto-
ward activity was observed. It should be noted

that rhuCuZnSOD enzyme has been used in hu-
man trials to treat reperfusion injuries following
myocardial infraction and in kidney transplanta-
tions without any apparent adverse activity (per-
sonal communication, Biotechnology General).
Based on the apparent safety of this material in
these clinical trials, and on the toxicity and
efficacy results presented in this report, further
investigations of rhuMn and CuZnSOD enzymes
to treat RSV infections in humans appear war-
ranted.
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