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Abstract

Orthopoxviruses, including smallpox, monkeypox and molluscipox, pose risks to human health through bioterrorist acts or natural
transmission. There is no approved therapy for orthopoxvirus infections; however, cidofovir (CDV) has been approved as an inves-
tigational new drug for emergency treatment of adverse effects following smallpox vaccination. For evaluation of new therapies di-
rected against orthopoxvirus infections, we have utilized immunocompetent, hairless mice (SKH-1) inoculated by a cutaneous route
with cowpox virus (CV) or vaccinia virus (VV). Mice subsequently developed skin lesions and virus was recovered from the site
of inoculation and quantified. Skin biopsies were evaluated microscopically, revealing brick-like eosinophilic, intracytoplasmic inclu-
sion bodies characteristic of orthopoxvirus infection. SKH-1 mice fully recovered from either CV or VV infection. Immunodeficient
Athymic or Rhino mice inoculated with CV or VV had more lesions and severe disease than SKH-1 mice. CV-infected SKH-1 mice
were treated either with systemic or topical CDV. Although some protection was achieved with systemic treatment, 5% topical CDV
was most effective at reducing virus titers in skin, lung, kidney, and spleen. These models may provide a means for evaluating ef-
ficacy of new therapies directed against orthopoxvirus diseases and further confirm the topical activity of CDV against cutaneous
infections.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction in the HIV-infected populationEpstein, 1992 The dis-
ease prevalence in HIV positive patients may be as high
The intentional release of smallpox by bioterrorists is as 5-18% and the severity of lesions is related inversely
considered to be a small but significant threBul§initi to CD4 T-lymphocyte countsK@uffman and Yoon, 2001
et al., 2003n and vaccination was offered to health care Transmission occurs through direct contact, but large quan-
workers and first responders during 2002—2003 in order to tities of virus can be recovered from a single lesion and
increase national preparedness. Adverse events to vaccinaautoinoculation can occufields et al., 1996 Treatments
tion of immunosuppressed individuals include progressive for this disease have been largely unsuccessful. A report
vaccinia which can be life threatening. Treatment options of successful topical CDV therapy was published in which
include administration of vaccinia immune globulin (VIG) two HIV-infected children exhibiting mollusca lesions were
or intravenous cidofovir (CDV) which has recently been treated topically with CDV for 2 months and showed signif-
given investigational new drug approval for use in com- icant improvement without any adverse effecterp et al.,
plications to smallpox vaccinatiorQlginiti et al., 2003[p. 2000.
Currently there are few models to evaluate the effectiveness Seventy-one human cases of monkeypox, another or-
of topical or parenteral therapies for progressive vaccinia thopoxvirus disease, were documented during the recent US
or other cutaneous orthopoxvirus infections. outbreak CDC, 2003h. The majority of people purchased
The number of cases of human molluscum contagiosum, or had contact with prairie dogs which had been exposed
caused by molluscipox virus, has also increased, especiallyto imported monkeypox-infected giant Gambian r&®(C,
MMWR, 2003a,h Enserink, 2003; Maskalyk, 20D3Con-
sidering the trace back data in this outbreak, the rapid
* Corresponding author. Tek:1-205-934-1990; faxs1-205-975-1992.  dissemination of imported infected animals within the US
E-mail addressKern@uab.edu (E.R. Kern). raised awareness concerning the potential for future foreign
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animal disease outbreaks and helped to prompt perma-2. Materials and methods

nent changes in importation and quarantine policies. Thirty

people were vaccinated as a result of this outbreak, but no2.1. Mice

requests for VIG were made. Widespread vaccination is im-

practical for control of these orthopoxvirus infections dueto  Female SKH-1 mice, 4-6 weeks of age, were obtained
the increasing numbers of immunodeficient patients affected from Charles River Laboratories (Raleigh, NC). SKH-1 mice
by infectious disease processes such as HIV, pregnancy, oare hairless and have normal immunity. Female Athymic,
immunosuppressive therapy for organ transplantation, etc. immunodeficient (Crl:NU/NU-BR, Charles River Laborato-

Worldwide cases of monkeypox have also increased in ries) and Rhino mice (RHJ/LeJ k¥/ Jackson Laboratories,
recent decades with previous outbreaks in 1996-1997 of upBar Harbor, ME), which are immunocompromised due to an
to 88 clinical cases in the Republic of Congo with a 3.7% impaired antibody response to T-dependent antigens, were
case-fatality rateHutin et al., 200)and an outbreak in 2001  used as models for immunocompromised hosts. Mice were
also in the Republic of Congo with a 33% case-fatality rate group-housed in microisolator cages and utilized at a quan-
(Meyer et al., 2009 It is also known that human-to-human tity of 10-15 mice per treatment group. Mice were obtained,
transmission of monkeypox occurs by aerosol route and ap-housed, utilized and euthanized according to policies of
proximately 30% of cases occur in this wayutin et al., USDA and Association for Assessment and Accreditation
2001; Melnick, 1988 While investigational intravenous ad-  for Laboratory Animal Care. All animal procedures were
ministration of CDV may be effective in treating this dis- approved by University of Alabama at Birmingham, Insti-
ease, CDV infusions would require hospital admission and tutional Animal Care and Use Committee prior to initiation
monitoring each patient for renal toxicity. It may be that of studies.
development of topical preparations of CDV, or other an-
tiviral agents, could provide some benefit for treatment of 2.2. Virus
cutaneous lesions.

Topical treatment of acute adenoviral keratoconjunctivi-  Cowpox virus, strain Brighton, was kindly provided by
tis with cidofovir or cidofovir plus cyclosporine has also John W. Huggins (Department of Viral Therapeutics, Vi-
been shown to be beneficial and without adverse effectrology Division, U.S. Army Medical Research Institute of
(Gordon et al., 1994; Hillenkamp et al., 2Q0ITopical Infectious Disease, Frederick, MD). Vaccinia virus, strain
CDV treatment of acyclovir-resistant herpes simplex virus WR, was obtained from American Type Culture Collection,
in HIV-infected patients proved efficacious without signif- Manassas, VA.
icant side effectsl{alezari et al., 19977 Animal studies in
rabbits, however, have shown increases in CDV absorp-2.3. Antiviral compounds
tion through abraded skin with bioavailabilities up to 41%

(Cundy et al., 1991 There is one report of CDV-induced Cidofovir (Gilead Pharmaceuticals, Foster City, CA) was
renal failure in a bone marrow recipient who was treated weighed and dissolved in sterile saline to yield the desired
topically for genital condyloma with 1% CDV for 5 days dosages withina 0.1 mlvolume. It was administered i.p. once
and 4% for 12 days. The patient had prior renal insuffi- daily or three times weekly, depending on the experimental
ciency but renal recovery occurred after CDV treatment protocol. A 5% CDV topical formulation was prepared in

was terminatedRienvenu et al., 2002 1.5% carbopol gel (Noveon Inc., Cleveland, OH, 980NF).

Development of appropriate small animal models, ade- This was applied to the orofacial area three times daily for
guately simulating human disease, is essential for further 7 days beginning 24 h post-viral inoculation using approxi-
progress in evaluation of antiviral chemotherapies for or- mately 0.03 ml of gel per mouse per treatment.
thopoxvirus infections. There are relatively few animal mod-
els available for evaluation of antiviral compounds against 2.4. Virus quantitation
these infections, particularly for cutaneous disease. The sys-
temic murine models of orthopoxvirus disease, using cow- To determine the effect of treatment on viral replication
pox virus (CV) or vaccinia virus (VV) given intravenously, on the orofacial area, swabs of the area were obtained every
intranasally or by aerosol routes, are currently the only small 48 h through day 15 post-infection. Swabs were placed in
animal models available for screening new compounds for tubes containing 2.0 ml of media and frozen-at0°C until
antiviral activity Boyle etal., 1967; Bray et al., 2000; Buller, titrated for CV or VV. When all samples had been collected
1985; De Clercq and De Somer, 1968; De Clercq et al., they were thawed, diluted serially 10-fold with an autodi-
1976, 1989; Martinez et al., 2000; Mims, 1968; Neyts and lutor machine, and viral titers determined in Vero cells us-
De Clercq, 1993, 2001; Quenelle et al., 2003, 20B¢hee ing a microtiter cytopathic effect (CPE) assay. Wells were
et al., 2000a,p For evaluation of topical preparations we seeded with 1®cells per well and inoculated in triplicate
have utilized immunocompetent hairless orimmunocompro- 24 h later. The plates were read under a microscope 5 days
mised mice infected with VV and CV by applying the virus later and the presence/absence of viral CPE in each well were
onto abraded skin. recorded.
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Tissue samples were collected aseptically and preparedfacial area affected. Likewise, lesions which occurred over
as 10% (w/v) homogenates in minimal essential medium the body were scored from O to 1.5 based on the percentage
(MEM) with 10% fetal bovine serum (FBS) and standard of the body affected. Finally, the pock-like vesicular lesions
antibiotics and stored at70°C until assayed for virus.  were scored from 0 to 1.5 based on the regions of the body
Samples were thawed and assayed on Vero cells using araffected.
agarose overlay plague assay to determine VV titers. Briefly, Histopathology was performed on pock-like vesicular le-
samples of organ homogenates were diluted serially and asions of SKH-1 mice that were inoculated cutaneously with
0.2 ml volume placed in duplicate into each of 12-wells of CV. Skin biopsies were obtained from anesthetized mice and
Vero cell monolayers and incubated for 1 h. An overlay so- fixed in 10% neutral-buffered formalin. Samples were pro-
lution containing % MEM and 1% SeaKeff, ME agarose cessed and stained with hematoxylin-eosin.
in equal volumes (FMC BioProducts, Rockland, ME) was  To determine the extent of systemic viral replication,
added to each well and the cultures incubated for 3 days.samples of liver, lung, spleen, kidney, or orofacial skin
Cultures were stained with Neutral Red (Gibco, Grand Is- were obtained at days 1, 3, 5, 7, and 10 post-viral inocu-
land, NY) for approximately 6 h prior to enumeration of viral lation. Samples were weighed and homogenized as a 10%

plaques. (w/v) solution in MEM with 10% FBS. Virus titers were
determined using a plaque assay in Vero cells, as described
2.5. Experimental infections previously Kern et al., 2002

For all studies, mice were quarantined for at least 3 days 2.6. Statistical evaluations
after arrival. SKH-1 mice were routinely placed on antibi-
otic therapy (sulfamethoxazole-trimethoprim) provided in  Mortality rates were analyzed by two-tailed Fisher’s exact
the drinking water just prior to viral inoculation. On the day test and mean day of death, and virus titers in tissues using
of infection, mice were anesthetized (20 mg/ml ketamine per Mann—-WhitneyU rank sum test. Peak lesion scores, peak
0.6 mg/ml xylazine) with 0.1 ml anesthetic per 25g mouse Virus titers, areas under virus titer—day and lesion score—day
given i.p. Mice were individually identified by implanta- curves were compared using the Mann—-Whitblayank sum
tion of electronic microchips (Stoelting, Wood Dale, IL). test. AP-value of 0.05 or less was considered significant.
Skin over the snout area was abraded using a variable speed
Dremmel Tool (Racine, WI) with a no. 193 bit at 4500 rpm.
The procedure was performed so that superficial abrasions3. Results
were created without bleeding. Ther 20* to 4x 10° pfu/ml
of CV or 5x 10° to 5x 10° pfu/ml of VV was applied tothe ~ 3.1. Cutaneous infections of SKH-1 mice with CV or VV
abraded area for 10s using a Dacron swab saturated with
virus solution. For efficacy studies, an inoculum ok 4.0° SKH-1 mice readily became infected with either VV or
or 1 x 10° pfu/ml was selected for CV or VV, respectively. CV when virus was applied to abraded skin on the orofacial
To quantify local viral replication, the site of inoculation on region. All SKH-1 mice developed orofacial skin lesions
the snout was sampled at intervals after viral inoculation us- when inoculated with either CV at-410° to 4x 10* pfu/ml
ing a moistened Dacron swab. Swabs were placed into tubesdr VV at 5x 10° to 5x 10° pfu/ml with area under the curve
containing 2 ml of media and frozen-a70°C until assayed = (AUC) values of 37—44. Vesicular lesions developed in
on Vero cells using a CPE assay to determine virus titers. CV- and VV-inoculated mice in a dose-dependent manner
Clinical signs and skin lesions were scored and recorded (Table 1. No mortality was observed in mice infected with
daily. Lesions that occurred on the orofacial site of inocula- VV or CV. Skin lesions that developed in these mice were
tion were scored from 0 to 3 based on the percentage of oro-categorized into three types and scored daily for severity.

Table 1
Virus titers and vesicular lesion development in a cutaneous cowpox or vaccinia virus infection in SKH-1 mice
Virus? No. of virus positive/no. Virus titer—day Mean peak No. of mice with Lesion Mean peak
(pfu/ml) of inoculated AUC virus titer lesions/no. of inoculated day AUC lesion score
Cowpox

4 x 10° 10/10 46.1 5.2 8/10 3.8 0.8

4 x 10° 10/10 32.0 4.0 7/10 4.3 0.7

4 x 10* 10/10 8.4 2.2 6/10 1.7 0.6
Vaccinia

5 x 1P 10/10 31.9 4.9 8/10 1.8 0.6

5 x 10 10/10 35.7 4.9 9/10 5.3 0.8

5 x 10° 10/10 14.9 2.8 6/10 1.0 0.5

2Virus was delivered using a virus-soaked Dacron swab applied to the snout for approximately 10s in 0.02 ml doses.
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Fig. 1. (A) Orofacial area of SKH-1 mouse. White arrow indicates site of inoculation. Yellow arrow indicates general location of facial skin(EBsions.
Rash-like lesions on infected SKH-1 mouse. (C) Vesicular lesions on lateral thorax. (D) Histopathology of biopsy of vesicular lesion from &¥/-infect
SKH-1 mouse 6 days post-viral inoculation.

The first type of lesion occurred at the site of virus inocu- were highest in mice inoculated with the highest inoculum
lation, the snout area, beginning on days 3 and 4 post-viraland lowest in mice inoculated with the lowest inoculum.
inoculation. The severity of these lesions peaked on days 9Virus was first detected beginning 1 day after infection and
and 10 and continued through day Zbd. 1A). The sec- persisted through 15 days post-infection.
ond type of skin lesion developed over the body beginning
on day 4 and severity peaked on days 10-E#.(1B). 3.2. Cutaneous infection of immunocompromised mice
This particular rash was follicular in distribution and no with CV or VV
virus was isolated from this generalized follicular skin rash.
A third type of skin lesion consisted of distinct vesicular Neither orofacial nor the rash-like body lesions seen in
“pock-type” lesions appearing on all skin surfacEgy( 10 the SKH-1 mice occurred in the immunodeficient Athymic
by day 6 post-inoculation and severity peaked on days 10—14or Rhino mice (data not shown). The vesicular lesions,
and continued through day 21. Biopsies of these vesicular however, were more numerous, severe and prolonged in ap-
lesions were obtained on day 12 from CV-inoculated mice pearance in both Athymic and Rhino mice than the SKH-1
for histopathology. Sections stained with hematoxylin-eosin mice. The AUC values were higher in both strains of im-
showed large intracytoplasmic, eosinophilic brick-shaped munodeficient mice compared to the SKH-1 mitelfle 2.
inclusion bodies Kig. 1D), indicative of orthopoxvirus  Samples for virus quantitation from the orofacial site of
infection. In addition, lesion scores and AUC values inoculation indicated that CV or VV replicated well in oro-
were analyzed statistically for orofacial and vesicular facial areas from each strain of mice. Virus was recovered
lesions. from 1 day post-viral inoculation through day 15, indicating
Swab samples from the orofacial area were assayed forprolonged viral replication in the skin of all mice inoculated
virus quantitation. Both CV and VV were isolated from sam- with CV or VV. Since Athymic mice had a 100% mortality
ples of the orofacial areadgble 1), and all samples were rate to CV or VV and CV also produced mortality in Rhino
positive for CV or VV at all virus concentrations used. Gen- mice, treatment studies were not performed using these
erally, mean peak virus titers and virus—titer day AUC values immunocompromised animals.
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Table 2
Virus titers and vesicular lesion development in a cutaneous cowpox or vaccinia virus infection in Athymic, Rhino, or SKH-1 mice
Virus? No. of virus positive/no. Virus titer—day Mean peak No. of mice with Lesion day Mean peak
(pfu/ml) of inoculated AUC virus titer lesions/no. of inoculated AUC lesion score
Cowpox (4x 10°)
Athymic 10/10 81.3 8.1 10/10 16.1 15
Rhino 8/10 88.7 8.2 10/10 20.8 15
SKH-1 10/10 55.7 6.0 9/10 51 0.9
Vaccinia (5x 10%)
Athymic 10/10 90.2 8.0 10/10 13.3 15
Rhino 10/10 64.5 7.4 10/10 7.2 15
SKH-1 10/10 52.5 7.0 8/10 5.0 14

2Virus was delivered using a virus-soaked Dacron swab applied to the snout for approximately 10s in approximately 0.02 ml doses.

Table 3
Effect of i.p. treatment with CD¥ on virus titers and vesicular lesion development in SKH-1 mice inoculated cutaneously with cowpox virus
Treatment No. of virus Virus P-value Mean peak P-value No. of mice Lesion—day P-value Mean Peak P-value
positive/no.  titer—day virus titer with lesions/no. AUC lesion score
of inoculated AUC of inoculated
Experiment no. 1
Untreated 15/15 47.6 - 54 133 - 719 7.9 - 0.9t 0.6 -
Vehicle 15/15 57.6 - 6.3 1.06 - 11/15 5.0 - 0.& 0.5 -
CDV 20mg/kg  15/15 53.8 NS 59+ 124 NS 11/15 35 NS 0.6 0.46 NS
CDV 6.7mg/kg 15/15 48.8 NS 54141 NS 11/15 6.8 NS 0.8 0.63 NS
CDV 2.2mg/kg 15/15 45.4 NS 54142 NS 11/15 5.8 NS 0.8 0.59 NS
Experiment no. 2
Untreated 9/9 56.7 - 6.3 125 - 7/9 7.9 - 0.9+ 0.6 -
Vehicle 9/9 57.3 - 6.4t 1.24 - 6/9 2.7 - 0.5+ 0.5 -
CDV 50mg/kg  10/10 56.6 NS 6.8 1.54 NS 7/10 4.4 0.02 0.6 0.44 0.05
CDV 25mg/kg  10/10 41.5 0.07 4% 1.70 0.09 8/10 4.1 NS 0. 0.48 NS

aCDV was prepared in sterile saline and administered i.p. in 0.1 ml volume begiriddn after viral inoculation, three times weekly for 1 week.
bNS: not statistically different from placebo-treated group.

3.3. Efficacy of cidofovir against CV or VV infections in facial swab samplesTéble 3. No toxicity was observed at
SKH-1 mice the highest dosage given.
When SKH-1 mice infected with VV were treated with

SKH-1 mice were inoculated with CV and treated 50mg/kg of CDV i.p. or topically with a 5% CDV prepa-
i.p. with 50, 25, 20, 6.7, or 2.2mg of CDV/kg beginning ration, both treatment regimens significantly reduced the
24 h post-inoculation. Only mice treated with 50 mg/kg had lesion—day AUC and mean peak scores of the vesicular le-
significantly reduced lesion—day AUC and mean peak lesion sions (P < 0.01, Table 4. Also, topical 5% CDV treat-
scores for vesicular lesions when compared to untreatedment reduced facial lesions, but increased severity of body
controls {Table 3. CDV at 25 mg/kg also slightly reduced lesions (data not shown). Virus titers from orofacial swabs
virus-titer day AUC and mean peak virus titers in the oro- indicated that only topical CDV treatment significantly re-

Table 4

Effect of parenteral or topical CDV on virus titers and vesicular lesion development in a cutaneous vaccinia virus infection in SKH-1 mice

Treatment No. of virus  Virus P-value Mean peak P-value No. of mice Lesion—day P-value Mean peak P-value
positive/no. of titer—day virus titer with lesions/no. AUC lesion score
inoculated AUC of inoculated

Vehicle? 15/15 54.0 - 6.5+ 0.48 - 8/15 31 - 1.0 -

CDV 50mg/kg  15/15 45.7 N8 6.4+ 046 NS 0/15 0.0 <0.01 0.0 <0.01

Vehicle-carbopdl 15/15 495 - 6.7+ 0.40 - 6/15 4.0 - 0.8 -

CDV 5%° 14/15 9.3 0.001 2% 0.99 0.001 1/15 0.2 <0.01 0.0 <0.01

aTreatment was initiated 24 h post-inoculation once a day i.p. for 7 days at 0.1 ml per dose.
bNS: not statistically significant when compared to appropriate control or placebo-treated group.
¢ Treatment was initiated 24 h post-inoculation three times a day topically for 7 days at 0.03 ml per dose.
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Fig. 2. Alteration of VV-WR virus titers in organs of SKH-1 mice treated topically three times daily with 5% CDV or i.p. once daily with 50 mg/kg
CDV beginning at 24 h after infection and continued through day 7.

duced both virus titer—day AUC and mean peak virus titers and then recover fully from infection. Virus is shed from
(Table 4. There was, however, some toxicity associated the site of inoculation in untreated mice for as long as 15
with topical administration of 5% CDV which was most days post-viral inoculation.
pronounced in infected animals which had weight loss and The pathogenesis of these orthopoxviruses in the SKH-1
20% mortality. Weight loss was also observed in uninfected model was documented by viral quantitation from tissue
animals. homogenates obtained from untreated or treated mice over
Virus titers obtained from organ samples indicated that the initial course of disease. Viral replication occurred first
topical 5% CDV was the most effective treatment in the in the orofacial skin on day 1 post-infection and later in
cutaneous VV infection. Skin samples from the site of virus systemic organs, including lung, spleen and kidney with vi-
inoculation had a minimum of 2lqg reduction in virus ral replication beginning by day 5, just prior to appearance
titers after treatment began and was sustained through theof vesicular skin lesions on day 6. These lesions occurred
course of the studyH{g. 2. In addition, in mice treated with  in skin covering all parts of the body including ears, nose,
topical 5% CDV there was no virus detected in lung, kidney, thorax, abdomen, digits, neck, and tail and developed ap-
or spleen. proximately 6 days post-viral inoculation. This CV or VV
pathogenesis is quite similar to the well described mouse-
pox disease caused by ectromelia virus infection in mice
4. Discussion (Fenner, 1948 In mousepox, virus invades the skin, repli-
cates, enters the bloodstream as a primary viremia, repli-
SKH-1 mice-infected cutaneously with CV or VV pro- cates in organs such as liver and spleen by day 3, enters the
vide excellent, easily reproducible models for human or- blood for a secondary viremia on day 5, and then goes to
thopoxvirus disease and provide a means for evaluation ofthe skin for focal infection and multiplication on day 6. The
new antiviral compounds. These mice exhibit self-limiting resultant ectromelia virus papules also contain numerous
disease, including typical vesicular dermatological lesions, intracytoplasmic type A inclusions.
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In our models using CV or VV, several different types ment initiated up to 24 h post-viral inoculation was protec-
of skin lesions were associated with infection. The most tive against disseminated diseabkeyts et al., 2008 These
significant lesion was the vesicular “pock-type” lesion that two observations are in agreement with our results which
was demonstrated to contain characteristic pox-like inclu- clearly indicated that a topical 5% CDV preparation was
sion bodies. Both strains of immunodeficient mice also had more effective in the treatment of cutaneous CV or VV le-
more numerous, severe, persistent, and extensive vesiclesions than a high dose of CDV delivered parenterally.
and significant mortality which again supports the concept These models provide a means for determining efficacy
that the vesicular “pock-type” lesion is the most signifi- of new chemotherapeutic agents, vaccine candidates or im-
cant, virally-induced dermatological pathology. Other facial munomodulatory agents for cutaneous orthopoxvirus infec-
or body type lesions in CV and VV dermal infections of tions. Both systemic and topical applications of potential
SKH-1 did not contain virus and are likely to be associ- antiviral agents can be evaluated in these animal model sys-
ated with an immunological response to the orthopoxvirus tems to identify local versus systemic effects of treatment.
infections. Athymic mice and rhino mice did not exhibit the
facial or body lesions which would support the concept of
immune-mediated processes for those lesions. Acknowledgements
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