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Smallpox is considered a biological threat based upon the possibility of deliberate reintroduction into the
population, creating an urgent need for effective antivirals. The antiviral drug cidofovir (Cr) has shown to
be effective against poxviruses, although route-specific nephrotoxicity has hampered its development for
emergency post-exposure prophylaxis (PEP). In this study, we use a micronized dry powder formulation
of pharmaceutical-grade Cr (NanoFOVIRTM; Nf) to treat rabbits exposed to aerosolized rabbitpox virus
(RPXV) to further evaluate the effectiveness of direct drug delivery to the lung. Naïve rabbits were
infected with RPXV by aerosol; three subsets received aerosolized Nf at 0.5, 1.0 or 1.75 mg/kg daily for
3 days post-exposure, positive and negative control groups received intravenous (IV) Cr treatments
and no treatment, respectively. Nf groups showed an antiviral-dose associated survival of 50% (0.5 mg/
kg), 80% (1.0 mg/kg) and 100% (1.75 mg/kg). All animals (100%) from the IV-Cr treatment group and none
(0%) from the untreated controls survived. Nf (1.75) protected rabbits from RPX at approximately 10% of
the equivalent IV-Cr dose. A dose-related effect was observed in clinical development of RPX disease in Nf
groups. Significant reduction of RPX-induced pathological changes was observed in Nf (1.75) and IV-Cr
groups. Results suggest that Nf may be a viable antiviral for emergency post-exposure prophylaxis and
should be evaluated in other models of poxviral disease.

� 2011 Elsevier B.V. All rights reserved.
Variola virus, the etiological agent of smallpox, is naturally
transmissible from person to person in aerosols and is the most
highly feared agent of bioterrorism (Rotz et al., 2002). There are
currently no recommended drugs for the treatment of smallpox
patients or for post-exposure prophylaxis of exposed persons.
Cidofovir (Cr), an antiviral compound originally developed for
treatment of cytomegalovirus infection, has been shown to be ac-
tive against a number of DNA viruses including poxviruses (Baker
et al., 2003; De Clercq, 2002a,b). Since the respiratory system
would be the primary and most probable affected tissue in the
event of a deliberate release of Variola virus (Bray et al., 2002),
drug delivery by aerosol could enhance efficiency of treatment.
The effectiveness of direct delivery of cidofovir has already been
demonstrated for the prevention of orthopoxvirus infections in a
murine model of cowpox infection (Bray et al., 2002; Roy et al.,
ll rights reserved.
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2003). The aim of this work, therefore, was to evaluate the effi-
ciency of aerosol treatment with a pharmaceutical-grade powder
version of Cr (NanoFOVIRTM; Nf) on an animal model demonstrat-
ing pathological reactions similar to human smallpox. The rabbit-
pox virus (RPXV) infecting rabbits was chosen as a model for its
very similar manifestations when compared to human smallpox
(Adams et al., 2007; Westwood et al., 1966). This orthopoxvirus
model has already been used to study a new antipoxvirus com-
pound, ST-246 (Nalca et al., 2008) and is ideal for studying antip-
oxvirus agents (Roy and Voss, 2010). This model of poxviral
infection is exceedingly acute and severe in terms of clinical onset
of signs (+2d PI) and mean time to death (+6d PI) at the experimen-
tal aerosol dose levels of RPXV used in these studies.

Naïve mixed sex New Zealand white rabbits (Oryctolagus
cuniculus) weighing between 1.9 and 2.3 kg were purchased from
Charles River Laboratories (Austin, TX) and implanted subcutane-
ously with preprogrammed temperature transponder chips (Bio
Medic Data Systems, DE) to determine animal identification
and body temperature. This study and all procedures were ap-
proved by the Institutional Animal Care and Use Committee at
Tulane University, and all animals were handled in accordance
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with the American Association for Accreditation of Laboratory
Animal Care.

RPXV was obtained from ATCC (Manassas, VA) and propagated
on African green monkey kidney fibroblast CV-1 (ATCC CCL-70)
maintained in Eagle’s Minimum Essential Media (EMEM) with
10% Fetal Bovine Serum (FBS) supplemented with 1% Glutamine,
1% L-Glutamine, 1% non-essential amino acids, and 1% Penicillin/
Streptomycin solution. Viral stock solutions were prepared as de-
scribed by Garza et al. (2009). Rabbits were individually challenged
by RPXV aerosol (target dose; 250 pfu inhaled) using a muzzle-
only dynamic inhalation exposure system set within a class III bio-
safety cabinet as described elsewhere (Garza et al., 2009; Pitt et al.,
2001). The aerosol was generated with a Collison three-jet nebu-
lizer (BGI Inc., Waltham, MA) and characterized with an aerody-
namic particle sizer (Model 3321, TSI Instruments, St. Paul, MN);
median mass aerodynamic diameter was 1 lm with a geometric
standard deviation of 1.4. Air samples were collected from the
chamber during exposure in EMEM media supplemented with
antifoam using an all-glass impinger (AGI-4). Presented doses were
calculated as described by Roy and Pitt (2005) using an estimation
of the inhaled volume of air according to Bide’s formula (Bide et al.,
2000) and the viral concentration in the aerosol as determined by
plaque assays of all glass impinger (AGI-4) samples.

After aerosol infection, all animals were treated once daily for 3
consecutive days starting at time 0 immediately post-exposure.
Two groups of animals were treated by intravenous injections (IV)
of either Cr (n = 9) at 10 mg/kg (as determined by previous experi-
ments; unpublished data) or of PBS (n = 9) for untreated controls.
Three other groups of animals were treated with the micronized
dry powder formulation of Cr, NanoFovirTM (Nf), by aerosol at pre-
sented concentrations of 0.5 mg/kg (n = 6), 1.0 mg/kg (n = 6) and
1.75 mg/kg (n = 6). Experiments were performed in three indepen-
dent studies, each including three animals from each control group
and one of three Nf treatment groups. Dry powder aerosol was gen-
erated into a six port nose-only aerosol chamber (CH Technologies,
NJ) with a RBG 1000 rotating brush powder generator (Palas,
Fig. 1. Kaplan–Meier survival analysis of aerosol-treated animals. All animals
treated with 10 mg/kg IV-Cidofovir survived until the end of the study; all
untreated controls died from RPX. Aerosol treatments with NanoFOVIRTM pro-
tected 50% (3/6), 83% (5/6) and 100% (6/6) of animals treated with 0.5, 1.0 and
1.75 mg/kg against lethal RPX infection. Differences are significant (P < 0.05)
between positive and negative controls and between untreated controls and
animals treated with either 0.5, 1.0 or 1.75 mg/kg aerosol. Circles indicate
termination of study.
Karlsruhe, Germany); three animals were treated simultaneously.
Integrated aerosol samples were collected during each treatment
with a filter cassette operated at 2 L/min; Nf aerosol concentration
was determined by gravimetric analysis. Clinical signs including
body temperature and weight were recorded daily until euthanasia
or termination of the study (9–12 days). Preselected termination of
the study was based upon a mean time to death of +6d PI established
in our laboratories (Roy and Voss, 2010). All animals were necrop-
sied to determine cause of death and to collect tissue samples for
microscopy (hematoxylin/eosin), and qPCR analysis.

Plaque assays on AGI samples were conducted on CV-1 cells.
Total DNA was isolated from infected tissues (DNeasy Tissue kit,
Qiagen, Valencia, CA) and analyzed by quantitative PCR (qPCR)
with a 7900HT Fast Real-Time PCR System (Applied Biosystems)
in 96-well plates. For viral genome quantification, an 83 bp region
(positions 167680–167762 of the rabbitpox genome; GenBank
Accession Number is AY484669) of the hemagglutinin (HA) gene
(GenBank Accession Numbers AF375118 and AF375119) of the
rabbitpox virus genome (Li et al., 2005) was targeted using a dual
labeled probe (50-/56-FAM/ATCATACAGTWACAGACACTGTCTCA/
3B HQ-1/-30) and forward (50-GAGACTCCGGAACCAATTAC-30) and
reverse (50-CCAGATGATGTACTTACTGTAGTG-30) primers. Amplifi-
cation protocol was 95 �C for 10 min followed by 40 cycles of
95 �C for 15 s and 60 �C for 1 min. A 232 bp fragment (positions
167564–167795 of the rabbitpox genome; GenBank Accession
Number is AY484669) of the HA gene (forward primer: 50-
AAATCGCGACTCCGGAAC-30; reverse primer: 50-AAATCGCGACT-
CCGGAAC-30) containing the target region for viral DNA
Fig. 2. Clinical signs after experimental infection with aerosolized RPXV. (A)
Variation of body weight. (B) Variation of body temperature. Absent markers denote
missing data. Significant differences (P < 0.05) from untreated controls are denoted
by hollow markers. Error bars are standard error.



Fig. 3. Quantification of rabbitpox virus genomes in tissues obtained after death of animals (qPCR). Data from every sample analyzed is presented in genomes/106 cells of
tissue. Treatment groups are separated on the X axis. Tissues are separated on different graphs: kidney; spleen; brain; bronchial lymph node; liver; and lung. Fractions over
the data sets represent the number of samples over the limit of detection versus the total number of samples tested in duplicate by qPCR. Data sets were compared to
untreated controls (Mann–Whitney Rank Sum Test); asterisks (⁄) are shown when differences are significant (P < 0.05). Limit of detection is represented by a dotted line at
104 genomes/106 cells.

Fig. 4. Lungs from animals exposed to aerosolized RPXV. (A) Treated with 10 mg/kg IV-Cr: mild to moderate pneumonia with scattered areas of edema and inflammation
throughout the lung. (B) Control: severe pneumonia, bronchiolar epithelium is necrotic with severe congestion, edema, and hemorrhage in adjacent alveoli. (C) Treated with
1.75 mg/kg inhaled Nf: tissue is considered normal (Hematoxylin and Eosin).
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quantification was cloned into vector pCR2.1 using the TA cloning
kit (Invitrogen, Carlsbad, CA), the purified plasmid was used for
the construction of the standard curve for the quantification of
viral genome copies. Tissue DNA was quantified using the Taq-
Man� RNase P Control Reagents kit (Applied Biosystems, Foster
City, CA). Cell copy number was used to normalize the quantifica-
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tion of viral genome copies in tissues. Viral DNA concentration
was then expressed as viral genomes per 106 cells (Baigent
et al., 2005).

Statistical analysis was performed with the SigmaPlot software
(Systat Software, Inc., San Jose, CA). Viral genome concentrations
in tissues from treated animals were compared to that of untreated
control animals by Mann–Whitney rank sum test. Differences in
clinical signs (body weight and temperature) between untreated
controls and treated groups were compared by t-test. Survival was
analyzed by Kaplan–Meier survival analysis (log-rank). All pairwise
multiple comparison procedures were done with the Holm-Sidak
method. Differences were considered significant for P < 0.05.

Exposure to RPXV aerosols was lethal to all untreated controls
(9/9, 100%) within 6 days post-exposure (PE) (Fig. 1). All treatment
groups were protected from lethality (P < 0.05) in a dose-depen-
dent manner; survival was 50% (3/6), 83% (5/6) and 100% (6/6)
for the 0.5, 1.0 and 1.75 mg/kg Nf treatment groups, respectively,
and 100% (9/9) for the 10 mg/kg IV-Cr treatment group. A 5-fold
lower concentration of drug delivered directly to the lung achieved
protection against lethality at the same level as the IV-Cr treat-
ment. It has been suggested that the currently accepted dose for
the treatment of cytomegalovirus (5 mg/kg) in human patients
would necessitate a 5- to 10-fold increase in order to provide the
adequate protection for people exposed to Variola virus (McSharry
et al., 2009). The nephrotoxic effects of the 5 mg/kg dose have al-
ready been documented (Lalezari et al., 1997), increasing dosage
could further increase nephrotoxicity. These results show that
the delivery of the drug directly to the lung could circumvent the
necessity to increase dosage; however, further investigations
would be required to confirm this.

Although Nf treated animals were significantly protected from
lethality, clinical observations showed that aerosol treated animals
exhibited a similar pattern of fever as control animals; fever re-
solved by the end of the study in all surviving animals from the
Nf 1.0 and 1.75 mg/kg groups, whereas protection from variations
in body temperature was significant for the IV-Cr 10 mg/kg group
on days 2, 3 and 4 (Fig. 2B). Untreated animals showed significant
weight loss on days 5 and 6 PE compared to the 10 mg/kg IV-Cr,
1.0 mg/kg Nf and 1.75 mg/kg Nf groups and on days 4 and 6 when
compared to the Nf 0.5 mg/kg group (Fig. 2A). Other notable clini-
cal signs of disease such as accelerated mucus production, and
appearance/development of a characteristic poxviral rash were
more apparent in untreated control groups than the IV-Cr and
Nf-treated groups, although these differences were not quantifi-
able to the extent that meaningful statistical comparisons could
be made.

Viral concentrations found in the kidney, spleen, brain, bron-
chial lymph node, liver and lung tissues were not significantly re-
duced by the 0.5 mg/kg Nf treatment (Fig. 3). Significant reductions
were observed in the 10 mg/kg IV-Cr, 1.0 mg/kg Nf and 1.75 mg/kg
Nf groups in all tissues with the exception of the bronchial lymph
node tissue for the 1.75 mg/kg treatment group. Comparative his-
tologic analysis of lung tissue showed animals in the group treated
with the 1.75 mg/kg Nf with minimal to no resulting pathology
from experimental infection (Fig. 4C). This contrasted with mild
to moderate lung pathology in animals treated with 10 mg/kg IV-
Cr (Fig. 4A) and relatively severe pathology observed in the con-
trols (Fig. 4B). The protection of the lungs against RPX-induced
pathological changes and the absence of detectable concentrations
of viral genomes in the lung suggest that targeting the lungs for
antiviral treatment could protect animals from respiratory distress.

The results of the clinical observations indicate that the IV-Cr
10 mg/kg and the Nf 1.75 mg/kg group were nearly equivalent in
suppressing weight loss and fever, both of which are clinical indi-
cators of suppression of viral replication and infection (Nalca et al.,
2008). The primary difference between these two treatment
groups is therapeutic dose – the IV-Cr 10 mg/kg group received
nearly a log more cidofovir by mass than the Nf 1.75 mg/kg treat-
ment group, yet measured clinical outcome was essentially equiv-
alent. Targeting the organ of entry (the lung) with the antiviral
significantly reduced the viral load when compared to the group
receiving treatment by IV administration (Fig. 2); the viral load
in the lung of the 1.0 and 1.75 mg/kg Nf treated groups was unde-
tectable by qPCR, whereas lung tissue in the 10 mg/kg IV-Cr group
indicated the presence of high levels of virus at +6–10d PI. This is a
significant distinction between the treatment groups and overall
an important finding relative to the primary replication of the
virus. Poxviruses, when transmitted via the airborne route, have
been shown to replicate in the lung and infect virtually every cell
type found in lung tissues (Chapman et al., 2010). The secondary
systemic spread of the virus is contingent, at least in part on the
level of viral titer achieved in the primary infection site which in
this case of aerosol infection is the lung. The aerosolized treatment
significantly reduced the primary replication of virus in the lung,
thus further reducing the systemic spread of the virus into the
periphery. The histopathological analysis of lung tissue further
demonstrated the reduction of primary viral replication in the tar-
get tissue. The 10 mg/kg IV-Cr-treated animals fared much worse
in pathological outcome (Fig. 4) than animals treated with the
1.75 mg/kg Nf aerosol treatment. Poxviral infection in the lung
was apparent in the intravenously-treated animals, with mild to
moderate congestive pneumonia, edema, and inflammation noted
in the lung tissue. The 1.75 mg/kg Nf-treated animals, conversely,
showed minimal histologic changes associated with experimental
infection (Fig. 4C) when compared to the compromised lung
(Fig. 4A) or the untreated controls (Fig. 4B) which showed pathol-
ogy that was consistent with fulminant infection.

These results indicate that an inhalable reformulated form of Cr
(NanoFOVIRTM) is a promising antiviral for emergency post-expo-
sure prophylaxis for aerosol poxviral disease. The RPXV aerosol
model that was used to assess the therapeutic potential of a repur-
posed drug (cidofovir) in an inhalable form showed to be effective
in blocking disease at an inhalable dose approximately one log lower
than by IV injection (at 10 mg/kg). In addition, the inhaled formula-
tion significantly reduced primary viral spread in the lung, the target
organ thought to be the primary point of entry for both naturally-de-
rived and experimental infection (Nalca et al., 2008). These results
provide data appropriate for justification of future therapeutic eval-
uation studies using other relevant disease models of poxviruses,
notably aerosolized monkeypox in nonhuman primates.
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