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Abstract

The Brighton strain of cowpox virus causes lethal bronchopneumonia when delivered as a small-particle (1 pm)
aerosol to weanling BALB/c mice. We showed previously that this disease can be prevented or cured with one
subcutaneous injection of cidofovir (HPMPC, Vistide®). To determine whether even better results could be obtained
by delivering the drug directly to the respiratory tract, we administered cidofovir by small-particle aqueous aerosol
before or after aerosolized cowpox infection. In a series of five experiments, aerosol doses of 0.5-5 mg/kg were always
more effective than 25 mg/kg and sometimes more effective than 100 mg/kg injected subcutaneously, as measured by
changes in body and lung weight, lung viral titers, pulmonary pathology and survival. A cyclic analog ((1-[(S)-2-hy-
droxy-2-0x0-1,4,2-dioxaphosphorinan-5-yl)methyl] cytosine) ((HPMPC) was less protective. The results suggest that
aerosolized cidofovir would be effective for prophylaxis or early post-exposure therapy of human smallpox or
monkeypox virus infection. Published by Elsevier Science B.V.
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eradication in 1977, has rendered most of the
world’s population vulnerable to severe or fatal

1. Introduction

Virulent orthopoxviruses continue to pose a
threat to human health. The discontinuation of
vaccination against smallpox, as a result of global
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infection, in the event that any illicitly preserved
stocks of variola virus, the agent of smallpox,
were to be employed as a biological weapon (Fen-
ner et al., 1988; Henderson, 1998; Orent, 1998;
O’Toole, 1999). In addition, monkeypox virus
continues to circulate in animal reservoirs in rain
forest regions of Africa, causing sporadic out-
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breaks of human disease (Fenner et al., 1986;
Hutin et al., 2001). Although monkeypox appears
to be both less virulent and less contagious than
variola, nothing is known about its potential for
epidemic spread in populous areas. The disease
could potentially become more prevalent in
Africa, and the agent could also be used as a
bioterrorist weapon.

Both smallpox and monkeypox viruses spread
from sick to healthy persons in the form of res-
piratory droplets, usually over short distances
(Fenner et al., 1986, 1988). However, in one well-
documented case, variola virus spread from a
single patient throughout a three-story hospital,
resulting in 20 cases and four deaths (Wehrle et
al.,, 1970). It is in this highly infectious aerosol
form that orthopoxviruses are most likely to be
encountered if they are used as biological
weapons. Small-particle (1-5 um) aerosols are
distributed throughout the entire respiratory tree,
including terminal bronchioles and alveolar
spaces, a target area measuring approximately 75
m? in adult humans (Byron and Patton, 1994).
The lack of mucociliary clearance from alveolar
spaces provides time for virus to encounter sus-
ceptible cells, increasing the efficiency of infection.

The few antiviral medications available in the
1970s were only weakly active against variola
virus (De Clercq, 2001). Even had effective drugs
been available, they would have played a minimal
role in the global eradication campaign, since at
that time all governments still performed exten-
sive smallpox vaccination, adequate supplies of
vaccine were available to immunize exposed pop-
ulations in remaining endemic regions, and vacci-
nation was only contraindicated for rare
individuals. Thirty years later, the situation has
changed: most of the world’s population (essen-
tially all persons under 25) have never been immu-
nized, only limited stockpiles of vaccine are
available, and the emergence of the human im-
munodeficiency virus has ruled out vaccination
for millions of people. If smallpox were to re-ap-
pear, there would clearly be an urgent need for an
antiviral medication that could help to curtail an
epidemic by blocking the initiation of infection,
mitigating illness, reducing secondary transmis-
sion and preventing death.

The acyclic cytidine analog cidofovir (HPMPC,
Vistide®™) is currently under consideration as a
potential therapeutic agent for smallpox or mon-
keypox infection. Cidofovir is in clinical use in the
USA for the treatment of cytomegalovirus (CMYV)
retinitis complicating the acquired immune defi-
ciency syndrome (Hitchcock et al., 1996; De
Clercq, 2001). The drug has potent activity in
vitro against a range of orthopoxviruses, includ-
ing variola; its in vivo efficacy has been demon-
strated in murine models of vaccinia and cowpox
infection and in a cynomolgus monkey model of
monkeypox infection (Neyts and De Clercq, 1993;
Naesens et al., 1997; Bray et al., 2000; Smee et al.,
2000; Bray and Huggins, unpublished data). In
contrast to some compounds used to treat her-
pesvirus infections, cidofovir undergoes phospho-
rylation in uninfected cells. The end-product,
cidofovir diphosphate, forms an adduct with
choline and has an intracellular half-life of several
days, permitting treatment at 1-2 week intervals
(Soike et al., 1991; Ho et al., 1992). This has
important implications for the emergency prophy-
laxis or early post-exposure therapy of virulent
orthopoxvirus infections: even if an individual is
only treated once, the drug will be retained in
tissues and continue to act for a week or more. In
mice, for example, a single treatment 1 week
before exposure prevented death from an other-
wise lethal cowpox virus challenge (Bray et al.,
2000).

Although cidofovir thus appears to be ideally
suited for orthopoxvirus therapy, it has some
limitations. It is poorly absorbed when taken by
mouth, and causes localized fibrosis if injected
(Wachsman et al.,, 1996). Current therapeutic
guidelines therefore require the drug to be admin-
istered intravenously (i.v.). In addition, because
cidofovir is actively transported into renal proxi-
mal tubular cells more rapidly than it is secreted,
it may accumulate to toxic levels, and has occa-
sionally caused renal insufficiency (Cundy, 1999).
It is therefore necessary to increase hydration and
co-administer probenecid to prevent nephrotoxic-
ity. These therapeutic requirements would signifi-
cantly limit the usefulness of cidofovir under the
disruptive conditions of a large-scale biowarfare
attack or in the limited medical facilities of rural
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Africa. It is therefore a priority to develop simpler
and safer methods of treating severe ortho-
poxvirus infections.

One approach would be to create modified
forms of cidofovir, with reduced nephrotoxicity,
that could be taken by mouth. None are yet
available. A form of cidofovir in which the sugar
component is cyclized (cyclic HPMPC) is less
nephrotoxic than cidofovir, apparently because it
is more readily excreted (Bischofberger et al.,
1994; Cundy et al., 1999). cHPMPC is converted
to cidofovir intracellularly, giving tissue levels
similar to those produced by equivalent doses of
cidofovir. Unfortunately, cHPMPC has low oral
bioavailability. To overcome the requirement for
1.v. administration, modified forms of cidofovir
and cHPMPC bearing lipophilic side chains have
been synthesized; these have not yet undergone
clinical evaluation (Oliyai et al., 1999). Even were
such compounds available, it is not known
whether an orally administered drug that is effi-
ciently excreted by the kidneys could achieve high
enough tissue levels to protect against a virulent
aerosolized orthopoxvirus.

An alternative approach would be to deliver
cidofovir directly to the same cells in the respira-
tory tract that are the targets of infection. Once
taken up, the drug would create a barrier against
the initiation or spread of infection in the lung.
High systemic doses and consequent nephrotoxic-
ity could thus be avoided by delivering cidofovir
only where it is needed. The drug’s remarkably
long intracellular half-life would mean that a sin-
gle low dose delivered to the lung could provide
protection for a week or longer. Along this line,
Smee et al. have shown that intranasally adminis-
tered cidofovir was protective against an in-
tranasal cowpox virus challenge, and suggested
that the aerosolized drug would be protective
against aerosolized virus (Smee et al., 2000). We
decided to use our murine model of aerosol cow-
pox infection to test the hypothesis that a single
dose of aerosolized cidofovir would be more effec-
tive than the same amount of drug injected s.c.
We reported previously that a small-particle aero-
sol of cowpox virus causes uniformly lethal bron-
chopneumonia in weanling BALB/c mice, and
that the disease can be prevented or treated with

one s.c. injection of cidofovir (Bray et al., 2000;
Martinez et al., 2000). In the present study, we
infected groups of mice with aerosolized cowpox
virus and treated them with aerosolized or s.c.
cidofovir, either the day before, 2 h after, or 1 or
2 days after virus challenge, and measured a
number of parameters of illness for three weeks
postinfection, as described below.

2. Materials and methods

2.1. Viruses, cells and antiviral compounds

The Brighton strain of CPV was provided by
Dr J. Esposito, Centers for Disease Control and
Prevention, Atlanta, GA. The virus was prepared
for aerosolization as described (Bray et al., 2000;
Martinez et al., 2000). Vero C1008 (ATCC CRL
1586) monkey kidney cells were propagated in
Eagle’s minimal essential medium with Earle’s
salts (EMEM), nonessential amino acids, 10%
fetal bovine serum (FBS), glutamine, penicillin,
and streptomycin at 37 °C in a 5% CO, atmo-
sphere. Cidofovir [(S-1-[3-hydroxy-2(phosphonyl-
methoxy) propyl] cytosine] (HPMPC, Vistide®)
and cyclic HPMPC [(1-[(S)-2-hydroxy-2-oxo-
1,4,2-dioxaphosphorinan-5-yl)methyl]  cytosine)]
(cHPMPC) were provided by Dr Norbert Bischof-
berger, Gilead Sciences Inc., Foster City, CA.

2.2. Experimental design

Female weanling (9—11 g) BALB/c mice were
obtained from the National Cancer Institute,
Frederick, MD, transferred to a Biosafety Level 3
containment area, housed in filtertop microisola-
tor cages and given commercial mouse chow and
water ad libitum. Five experiments were per-
formed, in which groups of mice infected with
aerosolized cowpox virus were treated with aero-
solized or s.c. cidofovir or cHPMPC dissolved in
phosphate-buffered saline solution (PBS), or with
aerosolized PBS only (‘placebo’). Two different
aerosol doses were produced by loading the nebu-
lizer with a solutions of 10 mg/ml (‘high dose’) or
I mg/ml (‘low dose’) of cidofovir or cHPMPC.
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Control groups were either exposed to aerosolized
PBS, then treated with aerosolized cidofovir or
cHPMPC (‘sham-infected’), or left uninfected and
untreated (‘naive’). Treatment was performed ei-
ther 24 h before challenge (‘day —1°), 2 h after
challenge (‘day 0°), or 24 or 48 h after challenge
(‘day I’ or ‘day 2’). All groups were weighed daily
as a group and observed for 21 days postinfection
for illness and death. [Weighing mice as a group
did not allow statistical comparisons of weight
change of different groups, but permitted observa-
tion of trends, as described below.] In some exper-
iments, all surviving mice were observed for up to
day 108 postinfection, to ensure that there were
no delayed effects of infection or treatment. In
two of the experiments, treatment and control
groups consisted of 20—30 mice, of which a sub-
group of ten was observed, while on every fourth
day from day 4-20, four mice were randomly
selected from the remainder of each group and
killed, and their lungs were weighed, frozen,
thawed and ground in a sterile mortar and the
viral titers were determined (Bray et al., 2000). In
a third experiment, these studies were performed
on day 8 only. In two experiments, three mice
were killed on day 8 and their lungs were fixed in
formalin for pathology study (Martinez et al.,
2000).

2.3. Generation of viral and therapeutic aerosols

Aerosols were generated using a Collison nebu-
lizer (BGI Inc., Waltham, MA) contained within
a Class III biocabinet (‘glove box’) (May, 1973).
The unit was supplied with high efficiency particu-
late-filtered air at a pressure of 18 pounds per
square inch, nebulizing the solution at a constant
rate of 300 ul/min. Analysis with an aerodynamic
particle sizer (APS 3320, TSI Instruments, St.
Paul, MN) showed that the aerosol consisted of
highly respirable particles with a mass mean aero-
dynamic diameter (MMAD) of 0.9 um.

For each exposure, up to 40 mice were placed
in groups of ten in four stainless steel mesh cages
within a dynamic 0.01 m® temperature- and hu-
midity-controlled whole-body exposure chamber.
Nebulized virus or drug was mixed with air to
provide a flow rate through the chamber of

19.5 4 0.5 I/min, maintained at atmospheric pres-
sure. The aerosol was continuously sampled using
a 6 I/min all glass impinger (AGI; Ace Glass,
Vineland, NJ) containing EMEM or PBS for
virus or drug collection, respectively (Brachman et
al., 1964). The samples were frozen, stored and
analyzed as a batch after each exposure, as de-
scribed below. Virus exposures were carried out
for 10 min and drug exposures for 30 min. Be-
cause no more than 40 mice could be exposed at
one time, several rounds of aerosolization were
required to infect all mice on the day of challenge;
the mean and standard deviation of the virus dose
were calculated. Only one exposure was required
to deliver aerosolized drug to each treatment
group.

2.4. Assays of virus and drug

For viral exposures, the titers of the nebulizer
suspension and of the AGI samples were deter-
mined by plaque assay (Bray et al., 2000). For
drug exposures, the concentrations of cidofovir or
cHPMPC in the nebulizer solution and in the
AGI samples were determined by high-perfor-
mance liquid chromatography (HPLC), using a
Varian Dynamax HPLC system (Varian Analyti-
cal Instruments, Walnut Creek, CA) with a 4.6 x
250 mm Whatman Partisil 10 SAX analytical
column (Whatman Inc., Newton, MA). The mo-
bile phase consisted of a linear gradient of pH 3.5
10-40 mM potassium phosphate buffer. A stan-
dard curve was constructed using a series of dilu-
tions of cidofovir and cHPMPC of known
concentration. Drug peaks were identified on the
basis of their elution time. Concentrations were
determined by measuring the area under the curve
(AUC), which varied linearly with concentration
over the range of interest (not shown).

The quantity of virus or drug delivered to the
mice over the course of exposure could not be
directly measured, rather, the dose was estimated
by multiplying the concentration of virus or drug
in the aerosol (C,), in pfu/l or mg/l, respectively,
by the total volume () of air respired by a mouse
of given body weight over the exposure time ¢,
using the formula determined by Guyton (1947),
V., =2.1x (weight)*’. For 10 g mice, V,; = .0118
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I/min. The ‘presented dose’ thus calculated some-
what overestimates the actual quantity of virus or
drug taken up by the mice, since it assumes that
all inhaled particles are retained in the respiratory
tract.

The value of C, was determined in two differ-
ent ways. The first used the characteristics of the
exposure system to predict its value, using the
equation

tween the predicted and measured doses. This did
not result from an error in assaying cidofovir or
cHPMPC, since analysis of samples of known
concentration by HPLC showed that the AUC
varied linearly with concentration (not shown).
Rather, it appears that the AGI was less efficient
in capturing drug than virus. Thus, the predicted
value of C, based on a nebulizer concentration of
10 mg/ml was 160 pg/l, giving an average dose per

C, = (concentration of nebulizer solution, mg/ml) x (total quantity nebulized, ml)

(total volume of aerosol, 1)

For virus infection, we used C, to calculate the
dose per mouse in pfu; for drug treatment, the
dose was expressed in mg/kg of body weight.
Because this predicted presented dose is that
which the mice would receive if all virus or drug
introduced into the nebulizer were optimally aero-
solized and completely taken up on inhalation, it
represents the largest dose that the animals could
receive, i.e. the upper boundary of the dose range.

C, was also determined by drawing a portion
of the aerosol through an AGI at a constant rate
throughout each exposure, measuring the amount
of virus or drug collected in the sampling
medium, and calculating

mouse of approximately 50 pg, or 5 mg/kg. By
contrast, the measured dose calculated from AGI
samples was 4.7 + 1.2 pg, or approximately 0.5
mg/kg. For a nebulizer concentration of 1 mg/ml,
the predicted dose was 0.5 mg/kg, but the mean
measured dose was approximately 6 pg per
mouse, or approximately 0.06 mg/kg. For cH-
PMPC, the predicted high and low doses were the
same as for cidofovir, but the measured doses
were 0.9 and 0.09 mg/kg. Since it is reasonable to
assume that the mice were exposed to at least the
measured dose, but less than the predicted dose,
we concluded that the actual mean dose fell

Cx = (concentration of AGI medium, mg/ml) x (volume of AGI medium, ml)

(rate of air flow through AGI, 1/min) x (time, min)

This value was used to determine the measured
presented dose in pfu of virus or mg/kg of drug.

For virus exposures, the predicted and mea-
sured doses were in close agreement. The pre-
dicted value of C,, based on a nebulizer
concentration of 6 x 10% pfu/ml, was approxi-
mately 107 pfu/l, resulting in a presented dose of
10° pfu per mouse. The measured doses calculated
in experiments 1-5 ranged from 5.4 x 10° to
1.2 x 10° pfu (Table 1), averaging 9 x 10° pfu per
mouse. In Experiment 3, the virus was inadver-
tently prepared for nebulization at a lower con-
centration, which gave a measured dose of 5 x 10*
pfu/mouse. The effect of this lower dose on the
outcome of infection is described below.

For drug exposures, there was a difference be-

within the range of 0.5-5 mg/kg for ‘high dose’
and 0.06-0.5 mg/kg for ‘low dose’ cidofovir ther-
apy (Table 1). For cHPMPC, these values were
0.9-5 and 0.09-0.5 mg/kg, respectively.

2.5. Statistical analysis

Analysis of data was performed using SAS
Version 8.0 software (SAS Institute, Cary, NC).
Because of small sample sizes, differences in
group means were tested by two-sided non-para-
metric Wilcoxon analysis. Differences in group
means of groups followed over time were com-
pared by analysis of variance (ANOVA) at each
time point, followed by multiple comparisons.
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3. Results

3.1. Aerosolized cidofovir protects mice against
aerosolized cowpox virus

Aerosolized cidofovir administered on day — 1
or 0 was highly effective in preventing weight loss,

Table 1

Experimental conditions and outcomes of five experiments in which weanling BALB/c mice were infected with aerosolized cowpox

illness and death. In experiment 1, placebo-treated
mice began to lose weight on day 5, and all were
dead by day 9 (Table 1, Fig. 1A). By contrast, all
mice treated with 0.5-5 mg/kg of aerosolized
cidofovir on day — 1 or day 0 continued to gain
weight briskly and were still healthy on day 28.
Treatment on day | was less effective. The lower

M. Bray et al. / Antiviral Research 54 (2002) 129142

virus and treated with the indicated doses of aerosolized or subcutaneously injected cidofovir (HPMPC) or cHPMPC

Expt Mean virus Drug
dose and wt.
Aerosol S.c.
Day treated  Dose (mg/kg)  Survival  Day treated  Dose (mg/kg)  Survival
1 9.2 x 10° pfu Cidofovir —1 0.5-5 10/10* 0 10 0/10
94 g —1 0.06-0.5 3/10 0 0/10
0 0.5-5 10/10*
0 0.06-0.5 1/10
1 0.5-5 7/10%
1 0.06-0.5 0/10
Placebo - 0/10
cHPMPC  —1 0.9-5 0/10 0 10 0/10
—1 0.09-0.5 0/10 0 1 0/10
0 0.9-5 1/10
0 0.09-0.5 0/10
1 0.9-5 0/10
1 0.09-0.5 0/10
2 1.2 x 10° pfu Cidofovir  —1 0.5-5 10/10* -1 100 10/10*
102 g —1 0.06-.5 9/10* —1 75 10/10*
Placebo - 0/10 -1 50 10/10*
—1 25 8/10*
-1 10 6/10%
CHPMPC -1 0.9-5 8/10* —1 100 6/10*
—1 0.09-0.5 0/10 -1 75 5/10%*
Placebo - 0/10 -1 50 2/10
-1 25 0/10
—1 10 2/10
3 5.2 10* pfu Cidofovir  —1 0.5-5 10/10%* -1 100 10/10*
105 ¢ —1 0.06-0.5 10/10* 0 100 10/10*
0 0.5-5 9/10*
0 0.06-0.5 10/10*
Placebo - 3/10
4 5.4x10° Cidofovir 0 0.5-5 10/10* 0 25 7/10*
pfu 89 g 1 0.5-5 9/10* 1 25 6/10%
2 0.5-5 5/10* 2 25 5/10*
Placebo - 0/10
5 8.5x10° Cidofovir —1 0.5-5 8/8%* —1 25 8/8%*
pfu9.0 g -1 0.06-0.5 5/8* 0 25 7/8*
0 0.5-5 8/8*
0 0.06-0.5 8/8*
Placebo - 0/8

* The percent of mice surviving differs significantly from that of the placebo group (P <0.05), by Fisher’s exact test.
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Fig. 1. Experiment 1. (A) Percent change in mean body weight
of groups of ten mice infected by aerosol with cowpox virus
and treated with a 0.5-5 mg/kg of aerosolized cidofovir on
day — 1, 0 or 1, or with aerosolized PBS (placebo) on day 0,
with respect to viral challenge. (B) Same experiment, 0.06—0.5

mg/kg.

aerosol dose slowed weight loss and delayed death
(Fig. 1B), but most treated mice died. In contrast
to the solid protection provided by 0.5-5 mg/kg
of aerosolized cidofovir, 10 mg/kg s.c. did not
prevent death (Table 1).

Experiments 2—5 compared the efficacy of aero-
solized cidofovir to larger s.c. doses. In experi-
ment 2, infected mice treated with 0.5-5 mg/kg of
cidofovir by aerosol on day — 1 gained weight at
almost the rate of sham-infected drug-treated
mice, and slightly faster than the infected group
treated with 100 mg/kg s.c. (Fig. 2A). The weight
loss of mice treated with the lower aerosol dose
(0.06—0.5 mg/kg) was similar to that of the group
given 25 mg/kg s.c. S.c. doses of 50 mg/kg or
higher were required to achieve 100% survival
(Table 1).

The effects of treatment on the development of
lung disease were compared by Kkilling subsets of
mice at time points postexposure and examining
the lungs. In experiment 2, although small group
sizes (n=4) did not permit differences in mean
lung weight to reach the level of statistical signifi-
cance, trends were clearly evident (Fig. 3A).
Placebo-treated infected mice had heavier lungs
than naive animals on day 8. Treatment with
0.5-5 mg/kg of cidofovir by aerosol or with 100
mg/kg s.c. prevented the increase in lung weight.
Those that received 0.06—-0.5 mg/kg by aerosol
had intermediate values, while those treated with
25 mg/kg s.c. did not differ from placebo controls.
Placebo-treated mice had a mean lung viral titer
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Fig. 2. Experiment 2. (A) Percent change in mean body weight
(g) of groups of ten mice infected by aerosol with cowpox
virus and treated on day — 1 with a 0.5-5 or 0.06-0.5 mg/kg
of aerosolized cidofovir, or with 100 or 25 mg/kg injected s.c.,
or with aerosolized PBS (placebo) or mock-infected with PBS
and treated with 0.5-5 mg/kg of aerosolized cidofovir (sham).
(B) Same experiment, treatment with cHPMPC.
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T

Fig. 3. Experiment 2. (A) Lung weight (g) on day 8 postinfec-
tion of mice infected by aerosol with cowpox virus and treated
by aerosol or s.c. with the indicated drug (each value is the
mean of four animals). White bar: uninfected. Light stippling:
0.5-5 mg/kg (aerosol) or 100 mg/kg (s.c.). Heavy stippling:
0.06-0.5 mg/kg (aerosol) or 25 mg/kg (s.c.). Black bar:
placebo. (B) Log,, of the geometric mean viral titer, in pfu/g,
of the same groups.

of 1.2 x 107 pfu/g (Fig. 3B). Mice treated by
aerosol with 0.5-5 mg/kg of cidofovir showed a
greater than 100-fold reduction in mean viral titer.
This difference was statistically significant (P =
0.0286) by Wilcoxon non-parametric analysis.
Those treated with 100 mg/kg s.c. also had signifi-
cantly lower mean titers than the placebo group.
Other groups had intermediate titers, which did
not differ significantly from the placebo group.
The pattern of viral titers among the various
groups mirrored that of lung weights (Fig. 3A).
In experiment 3, treatment on day — 1 and day
0 produced a similar outcome; the results of cid-
ofovir or placebo treatment on day —1 are
presented. The 20-fold lower dose of virus
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Fig. 4. Experiment 3. (A) Percent change in mean body weight
of groups of ten mice treated on day — 1 with 0.5-5 or
0.06—0.5 mg/kg of aerosolized cidofovir, or with 100 mg/kg
s.c., or with aerosolized PBS (placebo), or left uninfected and
untreated (naive). (B) Ratio of lung weight to body weight
(percent) over the course of infection of mice infected by
aerosol with cowpox virus and treated by aerosol or s.c. on
day — 1 with the indicated drug (each value is the mean of
four animals). (C) Log,, of the geometric mean viral titer, in
pfu/g, of the specimens in Fig. 4B.
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administered in this experiment did not delay
the onset of weight loss of placebo-treated mice
(Fig. 4A). All became severely ill, but their
weight loss stabilized at about day 10. The last
three placebo-treated mice still alive on day 16
were killed to collect lung tissues for pathology
studies. Infected mice treated with 0.5-5 mg/kg
of cidofovir by aerosol gained weight as rapidly
as naive controls. By contrast, those treated
with 100 mg/kg s.c. lost weight to approximately
the same extent as those that received 0.06—0.5
mg/kg by aerosol. The higher aerosol dose was
also the most effective in preventing an increase
in lung weight. The ratio of lung weight to
body weight proved to be a sensitive measure of
disease progression (Fig. 4B). Mice treated with
0.5-5 mg/kg of cidofovir by aerosol had signifi-
cantly lower mean ratios of lung to body weight
than placebo-treated mice on days 8, 12 and 16
postinfection (P =0.0055, <0.0001 and <
0.0001, respectively, by analysis of variance
[ANOVA]). The mean ratios of mice treated
with the lower aerosol dose or s.c. did not differ
significantly from the placebo group at any time
point. ‘High dose’ aerosol therapy was also the
most effective in reducing viral replication (Fig.
4C). The mean viral titer of placebo-treated
mice on day 8 (8 x 107 pfu/g) was more than
1000-fold higher than that of mice treated with
0.5-5 mg/kg by aerosol (3 x 10* pfu/g), and still
differed significantly on day 12 (P < 0.0001 for
both days [ANOVA]). Mice treated by s.c. injec-
tion also had significantly lower mean lung viral
titers on day 8 (P <0.0001); titers of those
treated with the lower dose by aerosol did not
differ significantly from placebo controls.

The result of experiment 4 is discussed below.
Experiment 5 confirmed earlier findings. Aerosol
or s.c. treatment on day — 1 and day 0 again
produced similar results (Table 1; other data not
shown). An aerosol dose of 0.5-5 mg/kg was
much more effective than 25 mg/kg s.c. in main-
taining the normal increase in body weight, pre-
venting an increase in lung weight, and
restricting viral replication, while the lower aero-
sol dose was less effective.

3.2. Aerosolized cidofovir prevents
bronchopneumonia

In experiment 2, microscopic examination of
the lungs on day 8 revealed significant differ-
ences among the groups (not shown). Placebo-
treated mice showed severe bronchiolitis and
incipient bronchopneumonia. Mice treated with
100 mg/kg of cidofovir s.c. showed minimal
bronchiolitis, while those treated with 0.5-5 mg/
kg by aerosol developed slightly more prominent
bronchiolar changes, to the same degree as mice
treated with 25 mg/kg s.c.; none developed
bronchopneumonia. The lungs of mice treated
with the lower dose of aerosolized cidofovir re-
sembled those of placebo controls.

In experiment 3, the lungs of mice treated on
day —1 or day 0 showed similar changes; re-
sults from day —1 treatment are shown. The
lungs of mice treated with 0.5-5 mg/kg of aero-
solized cidofovir showed no significant lesions
(Fig. 5A), while mice treated with 0.06—-0.5 mg/
kg by aerosol (Fig. 5B) developed severe, necro-
tizing bronchopneumonia with peribronchiolar
hemorrhage, similar to the placebo group (Fig.
SD). S.c. treatment with 100 mg/kg resulted in
mild bronchiolitis, without bronchopneumonia
(Fig. 5C). The results thus differed slightly from
experiment 2, in which 100 mg/kg s.c. was more
effective than 0.5-5 mg/kg by aerosol in pre-
venting the development of bronchiolitis.

3.3. Aerosolized cidofovir is most effective when
given prophylactically

Experiment 4 examined the efficacy of aero-
solized cidofovir for post-exposure therapy by
treating mice with 0.5-5 mg/kg by aerosol or 25
mg/kg s.c. on day 0, 1 or 2 (Fig. 6A,B, Table
1). Aerosol therapy on day 0 was the only regi-
men that resulted in continuous weight gain and
the survival of all mice. Aerosol treatment on
day 1 or 2 and s.c. treatment on day 0, 1 or 2
all resulted in the survival of at least half of the
animals. Treatment on day 0 was most effective
in minimizing loss of body weight, while delay-
ing therapy to day 1 or 2 resulted in a progres-
sive decrease in benefit (Fig. 7A). The same
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Fig. 5. Experiment 3. Representative fields from sections of lung tissue collected on day 8 postinfection from the mice described in
Fig. 4, which were treated on day — 1 with 0.5-5 or 0.06-0.5 mg/kg of aerosolized cidofovir, or with 100 mg/kg s.c., or with
aerosolized PBS (placebo). In all figures, short arrows indicate thickened bronchiolar mucosal epithelium; arrowhead, edema fluid
in airway; long arrows, peribronchiolar hemorrhage; asterisk, inflammatory cells and edema in peribronchovascular and alveolar
spaces; b, bronchiole; ba, bronchoalveolar junction; ad, alveolar duct; a, bronchiolar artery. Hematoxylin and eosin. Original
magnification 200 x . (A) Aerosol treatment with 0.5-5 mg/kg of cidofovir: no lesions are observed. (B) Aerosol treatment with
0.06-0.5 mg/kg: bronchopneumonia and extensive pulmonary disease. (C) S.c. treatment with 100 mg/kg: mild bronchiolitis. (D)
Placebo: bronchopneumonia and extensive pulmonary disease.

pattern of loss of efficacy with delay in treatment
was observed for the ratio of lung to body weight
(Fig. 7B). This ratio was significantly lower for mice
treated on day 0 by aerosol (P =0.0079) or s.c.
(P =0.0159) than for the placebo group (Wilcoxon
nonparametric analysis). By contrast, mice treated
by either route on day 1 or 2 had lung/body weight
ratios that did not differ significantly from the
placebo group. The pattern of lung viral titers
resembled the pattern of the ratio of lung weight
to body weight (Fig. 7C). The mean titer of mice
treated by aerosol on day 0 was significantly lower
than that of the placebo group (P = 0.0079), as was
that of mice treated s.c. on day 0 (P = 0.0079) or

by aerosol on day 1 (P=0.0079). For all three
parameters studied there was a small advantage of
aerosol over s.c. therapy for each treatment day.

34. cHPMPC is less protective than cidofovir

Because the molecular weights of cidofovir and
cHPMPC are almost identical, the efficacy of the
two drugs can be compared on a weight-for-weight
basis. In experiment 1, treatment with 0.9—-5 mg/kg
of aerosolized cHPMPC increased the mean time
to death, but all treated mice died (Table 1). Groups
treated with the lower aerosol dose, or with 10
mg/kg s.c., did not differ from placebo controls. In



M. Bray et al. / Antiviral Research 54 (2002) 129142 139

experiment 2, mice treated with 0.9-5 mg/kg of
cHPMPC lost weight as rapidly as those that
received 0.06—0.5 mg/kg of cidofovir, while those
that received 0.09—-0.5 mg/kg of cHPMPC did not
differ from placebo controls (Fig. 2B). Even 100
mg/kg of cHPMPC s.c. did not give 100% survival.
cHPMPC was also less effective than cidofovir in
preventing increase in lung weight and restricting
pulmonary viral replication postinfection (Fig. 4A,
B).

3.5. Aerosolized cidofovir is not toxic to the lung

In all experiments, cowpox-infected mice treated
with the higher dose of aerosolized cidofovir or
cHPMPC fared better than those that received the
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Fig. 6. Experiment 4. (A) Percent change in mean body weight
of cowpox-infected mice treated with 0.5-5 mg/kg of aero-
solized cidofovir on day 0, 1 or 2 postinfection. (B) Percent
change in mean body weight of cowpox-infected mice treated
with 25 mg/kg of cidofovir s.c. on day 0, 1 or 2 in the same
experiment.

lower dose of the same drugs, consistent with a lack
of drug toxicity. In those experiments in which
uninfected mice were treated with aerosolized cid-
ofovir or cHPMPC, they gained weight as rapidly
as uninfected mice treated with aerosolized PBS. In
experiment 3, three uninfected mice treated with
0.5-5 mg/kg of aerosolized cidofovir and three
treated with aerosolized PBS were killed on day 9
for pathology studies. The lungs of the former
showed no changes suggestive of drug toxicity. In
experiment 2, all mice surviving on day 21 were
retained for study through day 108. All groups
remained healthy and gained weight and no deaths
were observed. On day 108, three mice per group
were killed for pathology studies. Microscopic
examination revealed residual chronic inflamma-
tory cells in the peribronchiolar tissues of infected,
treated mice, but there was no evidence of fibrosis
or persistent infection. Uninfected mice treated
with aerosolized cidofovir or cHPMPC showed no
pulmonary changes indicative of drug toxicity.

4. Discussion

As hypothesized, cidofovir was much more po-
tent when delivered by aerosol than when injected
s.c. in preventing the initiation and early spread of
pulmonary cowpox virus infection. A dose of 0.5-5
mg/kg on day — 1 or 0 was much more potent than
10 mg/kg s.c. (experiment 1), more efficacious than
25 mg/kg s.c. (experiments 2, 4 and 5) and either
nearly as effective or even more effective than 100
mg/kg s.c. (experiments 2 and 3) in ensuring
survival, limiting loss of body weight and increase
in lung weight, restricting pulmonary viral replica-
tion, and preventing the development of bronchio-
lar lesions. cHPMPC was less protective than
cidofovir. We had expected that the two com-
pounds would give similar results, since cHPMPC
is converted to cidofovir intracellularly (Bischof-
berger et al., 1994). The outcome suggests that
HPMPC may be taken up less efficiently than
cidofovir by pulmonary cells.

Our findings indicate that cidofovir is most
potent when delivered directly to target tissues of
infection before or soon after the arrival of virus.
They mirror the results of Smee et al., who found
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Fig. 7. Experiment 4. (A) Percent change in mean body weight of groups of five mice from the same experiment as Fig. 6 on day
8 postinfection. White bar: uninfected. Light stippling: aerosol treatment. Dark stippling: s.c. treatment. Black bar: placebo. (B)
Mean ratio of lung weight to body weight (per cent) of four animals per group in the same experiment on day 8 postinfection. (C)
Log,, of the geometric mean lung viral titer (pfu/g) of the same specimens as in (B).

that intranasally administered cidofovir was highly
protective against a intranasal cowpox challenge
(Smee et al., 2000). They are also consistent with
earlier studies in animal models of pulmonary viral
infection (respiratory syncytial virus [RSV], CMV
and influenza), which have shown that aqueous or
dry-powder aerosols of antiviral medications result
in higher drug concentrations in the lung than
systemic administration and are therapeutically
effective (Wilson et al., 1980; Debs et al., 1988;
Gilbert and Wyde, 1988; Gilbert et al., 1993; Sudo
et al., 1999). Such work has led to the introduction
of two aerosol medications for human antiviral
therapy: ribavirin and zanamivir. Ribavirin is used
to treat RSV infection in hospitalized infants and
immunocompromised adults. Its short half-life ne-
cessitates repeated and prolonged administration
as an aqueous mist (Knight and Gilbert, 1988;
Mills, 1999). Zanamivir, by contrast, is self-admin-
istered as a dry powder aerosol from a metered-
dose inhaler. The recommended dose of 10 mg
twice daily for four days produces significant de-
creases in the severity and duration of influenza
symptoms, and reduces secondary transmission
(Monto et al., 1999; Hayden et al., 2000).

This initial study serves as a ‘proof of concept’
that aerosolized cidofovir would be highly effica-
cious for pre-exposure or immediate post-exposure
prophylaxis of aerosolized smallpox or monkeypox

infection. The method employed is not intended to
be a model for human therapy, since it required the
mice to be exposed to an aqueous aerosol for 30
min. For human use, treatment would probably
take the form of a self-administered dry-powder
aerosol, resembling the zanamivir inhaler. In con-
trast to zanamivir, the long intracellular half-life of
cidofovir might permit single-dose treatment. Once
taken up by cells in the respiratory tract, cidofovir
would restrict viral replication, limit the severity of
lung disease, reduce infectivity and provide time
for the immune system to mobilize a protective
response. The aerosol route was much more effec-
tive than s.c. injection in mice treated on day — 1
or 0, but the difference diminished when treatment
was deferred to day 1 or 2 (experiments 1 and 4).
This suggests that aerosolized cidofovir would be
most useful for pre- or early post-exposure prophy-
laxis for aerosolized orthopoxvirus infections,
while i.v. cidofovir would be more appropriate if
therapy is begun later in infection.

The fact that aerosol treatment was equally
protective on day — 1 and day O (experiments 1
and 3) suggests that a significant fraction of the
inhaled drug was taken up and retained by pul-
monary cells, with a long half-life. We did not
attempt to study the pharmacokinetics of aero-
solized cidofovir in these experiments, because our
assay would not have been sensitive enough to
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measure low drug levels in blood and tissue sam-
ples over time. However, we are about to com-
mence a pharmacokinetic study of aerosolized
and s.c.-injected cidofovir in mice, using '*C-la-
beled drug, basing our work on a previously
reported study of the parmacokinetics of i.v.- and
s.c.-injected cidofovir in rats (Cundy et al., 1996).
We also plan to compare the efficacy of aqueous
and dry-powder aerosols as we move forward to
evaluate aerosolized cidofovir in large animal
models of virulent aerosolized orthopoxvirus
infection.
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