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Abstract: Smallpox (variola) virus is considered a Category A bioterrorism agent due to its ability
to spread rapidly and the high morbidity and mortality rates associated with infection. Current
recommendations recognize the importance of oral antivirals and call for having at least two smallpox
antivirals with different mechanisms of action available in the event of a smallpox outbreak. Multiple
antivirals are recommended due in large part to the propensity of viruses to become resistant to
antiviral therapy, especially monotherapy. Advances in synthetic biology heighten concerns that
a bioterror attack with variola would utilize engineered resistance to antivirals and potentially
vaccines. Brincidofovir, an oral antiviral in late stage development, has proven effective against
orthopoxviruses in vitro and in vivo, has a different mechanism of action from tecovirimat (the only
oral smallpox antiviral currently in the US Strategic National Stockpile), and has a resistance profile
that reduces concerns in the scenario of a bioterror attack using genetically engineered smallpox.
Given the devastating potential of smallpox as a bioweapon, preparation of a multi-pronged defense
that accounts for the most obvious bioengineering possibilities is strategically imperative.
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1. The Need for Smallpox Antivirals

Despite official eradication in 1980, smallpox is still viewed as a significant threat due to its
potential as a biological weapon [1]. The current confirmed stocks of variola virus, the etiologic agent
of smallpox, are maintained at two World Health Organization sanctioned laboratories: in the United
States at the Centers for Disease Control and Prevention in Atlanta, Georgia, and in Russia at the
VECTOR Institute in Koltsovo, Novosibirsk Region. However, given the ubiquity of smallpox prior
to its eradication, it seems likely that stocks of variola virus exist outside of these labs. Indeed, a US
administration intelligence review concluded that four nations, Iraq and North Korea among them,
held undeclared stocks of variola virus [2]. According to Ken Alibek, a former Soviet Union official
who defected to the US, tons of highly lethal weaponized variola virus were created under a Soviet
era bioweapons program [3]. In 2016, Canadian researchers formally demonstrated that synthetic
biology techniques could be used to recreate an orthopoxvirus when they produced live horsepox
virus from synthetic DNA obtained by mail order [4]. The ability to create replication-competent
orthopoxviruses (including variola) from synthetic DNA brings additional concerns in that it would
be relatively simple to modify the virus to increase infectivity or lethality, or to include resistance to
antivirals and potentially vaccines.

The US Institute of Medicine concluded that antiviral agents with oral bioavailability would
be important for containing the spread of smallpox in an immunologically naive population and
that at least two therapeutics with different mechanisms of action should be available due to
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the potential for development of viral resistance [5]. Currently, tecovirimat and cidofovir are
stockpiled in the US; however, cidofovir requires intravenous infusion, which would limit its utility in
a widespread outbreak.

2. Experience with BCV

Brincidofovir (BCV, CMX001, HDP-CDV) is comprised of a lipid moiety,
3-hexadecyloxy-1-propanol (HDP), conjugated to the phosphonate of cidofovir (CDV), an acyclic
nucleotide analog of deoxycytidine monophosphate. BCV retains the broad-spectrum activity of
CDV against dsDNA viruses, while lipid conjugation counters two major limitations of CDV, namely
nephrotoxicity and the lack of oral bioavailability [6,7]. Improvements in oral bioavailability and
antiviral potency are attributable to the more efficient cellular uptake of BCV facilitated by the
lipid moiety. Once inside cells, the lipid ester linkage of BCV is cleaved to liberate CDV, which is
then phosphorylated to produce cidofovir diphosphate (CDV-PP). CDV-PP inhibits orthopoxvirus
replication by inhibiting viral DNA polymerase-mediated synthesis of viral DNA [8].

In vitro studies have demonstrated that BCV inhibits orthopoxvirus replication, including variola
virus, with enhanced potency compared to CDV [7,9]. The 50% effective concentration (ECsp) for BCV
against variola virus was estimated to be in the range of 0.05-0.21 uM, with an average of 0.11 uM
across five strains chosen to represent distinct DNA polymerase genotypes [9]. The EC5y of BCV
against rabbitpox and mousepox (ectromelia) viruses is approximately 0.5 uM; the ECsy against other
orthopoxviruses has been reported to be in the range of 0.2-1.2 uM [6,10,11].

Initial studies of BCV efficacy in the rabbitpox model of orthopoxvirus infection were performed
in the laboratory of Richard Moyer at the University of Florida [12,13]. Rabbits infected with rabbitpox
virus present with a similar pattern of clinical disease as humans with smallpox, with a period
of asymptomatic infection followed by fever, skin lesions, and progressive organ dysfunction;
the key differentiator is that the course of rabbitpox infection is more rapid than that of human
smallpox by at least two-fold. BCV efficacy was subsequently demonstrated in randomized,
blinded, placebo-controlled studies in the rabbitpox model, first at the University of Florida [14]
and then at a contract research laboratory (Battelle Biomedical Research Center, West Jefferson, OH,
USA) [15]. A pivotal study has been completed in compliance with Good Laboratory Practice (GLP)
regulations [16]. In each study, a statistically significant survival benefit was demonstrated when
treatment was initiated at the onset of clinical signs of disease in the rabbits, i.e., after detection of
lesions or, in the GLP study at up to 48 h after the onset of fever [15,16]. In the GLP study, rabbits
treated with BCV immediately upon the development of fever had 100% survival; 93% of those treated
24 h or 48 h after the onset of fever survived. The survival advantage was statistically significant for
these three arms when compared to a survival rate of 48% in the placebo group [16].

Figure 1 displays a forest plot of the study specific risk difference estimates and corresponding
95% confidence intervals (CI) for the key BCV efficacy studies in the rabbitpox model. For calculation
of the risk difference in each study, the treatment groups were combined into one group of BCV-treated
animals per study, regardless of the level of efficacy in each dose group. In this regard, the risk
differences may be underestimated due to the inclusion of groups with less efficacious BCV regimens
or delayed BCV dosing. Specifically, in Study CMX001-VIR-039, the risk estimate includes a lower BCV
dose group, and in Study CMX001-VIR-041, the risk estimate includes the 72 h delayed treatment group.
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Figure 1. Forest plot of BCV efficacy data in the rabbitpox model. The vertical dotted line is a reference
for no risk difference (i.e., no drug effect). All studies included equal numbers of male and female
rabbits. Studies CMX001-UFL-010, -011, and -012 were conducted at the University of Florida [14].
In these studies, BCV was administered orally at 20 mg/kg beginning at the first observation of
lesions. In Study UFL-010, animals received a total of three doses of 20 mg/kg, one dose every
48 h (20/20/20 mg/kg q48h), while in Studies UFL-011 and -012, the animals received 1 or 2 doses,
respectively. Studies CMX001-VIR-039 and -041 were conducted at Battelle [15,16]. In Study VIR-039,
BCV was administered at the first observation of lesions. Animals received 5/5/5,20/5/5, or 20/20/20
mg/kg q48h. In the pivotal study VIR-041, BCV was administered at the first observation of fever,
or was delayed by 24, 48, or 72 h after fever. Animals received 20/5/5 mg/kg q48h. Treatment
effect was estimated by calculating the risk difference for each study. A pooled estimate of the risk
difference across all studies was estimated using meta-analysis methodology. For calculation of the risk
difference in each study (right column (95% CI)), the treatment groups were combined into one group
of BCV-treated animals, regardless of the level of efficacy in each dose group. The pooled estimate of
the risk difference is 52% (95% CI: 65% to 38%), meaning the average mortality in BCV-treated animals
is 52% lower on an absolute basis. Removing BCV doses above those used in Study CMX001-VIR-041
(20/5/5 mg/kg q48 h) from the analysis (i.e., 20/20/20 mg/kg q48h and 20/20 mg/kg q48h) shifts the
pooled estimate of the risk difference to 41% (95% CI: 55% to 27%).

A predicted effective dose for the treatment of smallpox in humans was established by comparing
the pharmacokinetic (PK) exposure of BCV in rabbit plasma to the PK of BCV in human plasma.
At a dose of 200 mg of BCV once weekly for 3 weeks, the mean exposure in humans exceeds that
observed at the efficacious dose in rabbits [15,16]. Furthermore, mean PK exposure of the active
BCV metabolite, CDV-PP, in peripheral blood mononuclear cells (PBMCs) in humans was equal to or
exceeded the PK exposure of CDV-PP in rabbit PBMCs. Based on these observations, 200 mg of BCV
administered at Days 0, 7, and 14 in adults is predicted to provide an efficacious exposure of BCV for
the treatment of smallpox.

Efficacy of BCV in a second animal model, the mousepox (ectromelia virus) model of
orthopoxvirus infection, has been established across numerous studies in the laboratory of Mark
Buller at Saint Louis University exploring different mouse strains, viral inoculums, and BCV dosing
regimens [17-19]. A statistically significant survival benefit was demonstrated when treatment was
started as late as 6 days post-inoculation with ectromelia virus when the mean day of death of the
placebo control animals was 11.3 in the same experiment [19]. Figure 2 shows a pooled analysis
across several BCV efficacy studies in the mousepox model, illustrating the survival benefit based on
the timing of treatment initiation. Thus, mousepox offers a second model of BCV efficacy in which
treatment initiated up to the midpoint of the disease demonstrates a survival benefit.
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Figure 2. Survival by day of treatment initiation in the intranasal inoculation mousepox model.
Data were pooled across studies and include different mouse strains, viral inoculum levels,
and BCV dosage regimens. Data included for Studies CMX001-SLU-005, -006, -007, -008, -009, -011,
-012, -013, -014, and CMX001-VIR-102 (initial BCV doses of 10 mg/kg to 30 mg/kg or placebo,
single + maintenance doses, treatment initiation Day 0 to Day 7, A Strain (A/NCR, A/J), SKH-1,
C57Bl/6, and BALB/c mice). Individual studies included either male or female mice. All SKH-1,
C57B1/6, and BALB/c mice represented in the figure were female (N = 132, 110, and 55, respectively).
A Strain mice included both males and females (N = 266 and 179, respectively). The numbers above
the bars indicate the percentage survival. The number of animals for each treatment initiation day:
Day 0 =35, Day 1 = 20, Day 2 = 30, Day 3 = 75, Day 4 = 115, Day 5 = 144, Day 6 = 168, Day 7 = 44,
PBO =111. * Two-sided Fisher’s exact test, p < 0.0001 vs. placebo. No adjustments were made for
multiple comparisons. These results have been previously published [17-19], with the exception of the
BALB/c results (Study CMX001-VIR-102).

Data from over 1400 human subjects have contributed to the BCV safety database, which includes
over 1000 complex immunocompromised adult and pediatric patients, many of whom participated in
studies with a nominal 12-week treatment period. Over 500 of these immunocompromised individuals
received a minimum of 3 weeks of BCV at the anticipated treatment regimen for smallpox, i.e., a total
weekly dose of 200 mg administered orally for 3 consecutive weeks (or 4 mg/kg in individuals with
a body weight <50 kg) [20]. The majority of BCV associated adverse events reported during the first
3 weeks of treatment were gastrointestinal in nature or consisted of asymptomatic elevations in serum
transaminases; these were typically mild to moderate in intensity and were transient, with no lasting
effects [20].

Recognizing the available data that indicate efficacy against orthopoxviruses, BCV has been
made available for use under emergency investigational new drug applications in the US and under
equivalent regulations outside of the US for the treatment of progressive vaccinia [21] and cowpox [22].
In the progressive vaccinia case, BCV (6 weekly doses totaling 700 mg) was added to the regimen after
numerous doses of vaccinia immune globulin and tecovirimat. While the complicated treatment of the
patient makes assessment of the contribution of any single intervention difficult, tecovirimat-resistant
virus was detected in the progressive vaccinia patient [21], which suggests that BCV was an important
component of the patient’s treatment and ultimate survival.

Because BCV has activity against other DNA viruses, it has multiple potential uses [6,7] and
has been used to treat patients infected with a variety of non-poxvirus DNA viruses, including
cytomegalovirus and other herpesviruses, adenoviruses, BK virus (human polyomavirus 1),
and papillomavirus.
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3. Drug-Resistant and Enhanced Virulence Viruses

When considering the potential clinical impact of resistance on antiviral efficacy and durability,
it is important to recognize the concept of “barrier to resistance”. Barrier to resistance relates to the
relative ease with which viruses can become resistant to an active antiviral and encompasses numerous
factors, including the genetic barrier to resistance, PK coverage, and viral fitness [23]. The genetic
barrier is defined as the number of primary mutations needed for antiviral drug resistance to emerge:
the more mutations required, the higher the genetic barrier [23]. PK coverage relates to the fold change
in phenotypic sensitivity conferred by specific mutations and the ability or inability of attainable
drug exposures to overcome whatever level of resistance is under consideration. The concept of viral
fitness relates to “the relative ability to produce stable infectious progeny in a given environment”,
i.e., the better a virus can replicate, the greater its fitness [24]. In order for drug resistance to be
manifested in the context of antiviral treatment, the virus must acquire mutation(s) that confer
resistance sufficient to overcome the available drug concentration, and the mutant virus must be
able to replicate and retain virulence.

Orthopoxviruses resistant to antivirals (e.g., BCV/CDV or tecovirimat) can be selected in cell
culture experiments. Numerous studies with orthopoxviruses have been conducted with CDV
to investigate the development of resistance, which are relevant to BCV due to the shared active
metabolite, CDV-PP. BCV/CDYV resistance-associated mutations occur in the viral DNA polymerase
gene. Single amino acid substitutions generally result in resistance of <10-fold (e.g., 10x higher drug
concentration is needed to impact viral replication), whereas two or more substitutions can result
in resistance of up to 30-fold [25]. However, in all cases tested, BCV/CDV-resistant viruses have
attenuated virulence in mice [25,26]. The most common sites of BCV /CDV resistance-associated
mutations are at DNA polymerase amino acid positions A314 and A684. Vaccinia virus containing the
A314T and A684V displayed attenuated virulence in mice; even infection of mice with an elevated
inoculum produced limited mortality (20%) and weight loss. Importantly, treatment of these mice
with CDV still provided protection [26]. These observations argue that BCV has a high barrier to
resistance because (1) multiple mutations are needed for high level resistance; (2) the resulting viruses
have reduced virulence; and (3) attainable drug concentrations may retain efficacy against the resistant
virus in vivo.

Consistent with its mechanism of action, tecovirimat resistance-associated mutations occur in
the F13L gene, which is involved in the production of enveloped orthopoxvirus virions. A single
mutation of G277C resulted in a cowpox virus with >800-fold phenotypic resistance [27]. Other single
and multiple amino acid changes in F13L that resulted in resistance have been identified in several
orthopoxviruses [28]. While the virulence of these resistant viruses has not been reported in vivo,
some appeared to have little or no replication defect in cell culture and produce an enveloped virus,
as evidenced by the formation of comet-shaped plaques [28]. As previously noted, tecovirimat-resistant
virus (up to 50-fold) was detected in swabs from a patient with progressive vaccinia following
tecovirimat treatment [21]. Sequence analysis revealed two mutations in F13L from the same swabs
(A290V and L315M) that increased in frequency during treatment [21]. These findings underscore the
risk of resistance with a single antiviral with a low barrier to resistance, and the need for multiple
anti-orthopoxvirus agents with different mechanisms of action.

In the context of smallpox and bioterrorism, resistance takes on additional importance.
Since resistant viruses can be created in the lab, either by cell culture selection or by synthetic biology,
bioweapons could be created that render an existing antiviral ineffective. Equally concerning is the
potential creation of viruses with enhanced virulence and/or resistance to vaccines. Ectromelia virus
expressing murine interleukin 4 (IL-4) displayed increased virulence, killing mouse strains that are
normally resistant to the virus, as well as mice that had been previously vaccinated [29,30]. Having
available several antivirals with different resistance profiles mitigates these risks, as it increases the
number of mutations required for viral breakthrough and decreases the chance that the resulting
virus will retain full pathogenicity. Brincidofovir’s high barrier to resistance, as well as the significant
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impact on replication competence and pathogenicity observed for viruses with engineered BCV/CDV
resistance, provides additional protection against these synthetic viral threats.

4. Combination Therapy

Antiviral therapy using combinations of drugs is often more effective and durable than
monotherapy. Properly designed combination therapy has the potential to improve antiviral
response and reduce the risk of resistance development [31]. In HIV treatment, standard antiviral
regimens evolved to include three antivirals from at least two classes, typically two nucleoside
reverse transcriptase inhibitors and one integrase inhibitor, protease inhibitor, or non-nucleoside
reverse transcriptase inhibitor [32-35]. Similarly, antiviral combinations are standard in treating the
most prevalent genotypes of hepatitis C [36]. As expected, based on their different viral targets,
the combination of tecovirimat and BCV was synergistic against orthopoxviruses in cell culture and
in studies of cowpox virus infection of mice [37]. The combination of tecovirimat and BCV was also
superior to either agent alone in experiments using enhanced virulence ectromelia virus expressing
murine IL-4; neither tecovirimat nor BCV alone (at the doses used in the study, 100 mg/kg and
4 mg/kg, respectively, daily for 14 days) was effective in improving survival, whereas the combination
effectively reduced mortality [30]. In the previously noted case of progressive vaccinia, BCV was added
to the patient’s regimen following initial treatment with tecovirimat and emergence of tecovirimat
resistance [21]. The authors noted that, “in such severely ill patients, combination therapy may
best be initiated at the outset, which might reduce the viral load and subsequent development of
antiviral resistance mutations” [21]. This proposal aligns with current therapeutic guidance for other
viral diseases.

5. Conclusions

Given the established ability to “weaponize” variola virus and the potential for synthesis
of drug-resistant or enhanced virulence variants, it is imperative our medical countermeasure
strategy encompasses multiple therapeutic options, including vaccination and antivirals with different
mechanisms of action and no cross-resistance. BCV has demonstrated a significant survival benefit
even after treatment initiation was delayed to the mid-point of disease progression in two relevant
animal models of orthopoxvirus infection. In addition, BCV is progressing in clinical development
as a treatment for life-threatening viral infection in patients with impaired immune response due
to transplant or congenital immunodeficiency. BCV’s mechanism of action complements that of
the currently stockpiled tecovirimat and could be a critical component in an effective response to
a smallpox outbreak involving drug-resistant or enhanced virulence virus. In the face of an increasing
threat posed by smallpox as a bioweapon, including BCV in our readiness planning is supported by
its demonstrated survival benefit in animal models, relevant clinical experience in high-risk adult
and pediatric populations, robust clinical safety database, synergy with tecovirimat, and high barrier
to resistance.

Acknowledgments: The authors of this work received funding from the Biomedical Advanced Research and
Development Authority (BARDA), under Contract No. HHSO100201100013C. We thank Thangam Arumugham
for the rabbitpox efficacy meta-analysis.

Author Contributions: Scott A. Foster and Randall Lanier conceived and wrote the manuscript. Scott Parker
planned and performed the mousepox studies and contributed to writing the manuscript.

Conflicts of Interest: Scott A. Foster and Randall Lanier are employees of Chimerix, the developer of brincidofovir.
Scott Parker has provided consulting services to Chimerix. The authors declare no other conflict of interest.

References

1.  Henderson, D.A.; Inglesby, T.V.; Bartlett, ].G.; Ascher, M.S.; Eitzen, E.; Jahrling, P.B.; Hauer, J.; Layton, M.;
McDade, J.; Osterholm, M.T.; et al. Smallpox as a biological weapon: Medical and public health management.
JAMA 1999, 281, 2127-2137. [CrossRef] [PubMed]


http://dx.doi.org/10.1001/jama.281.22.2127
http://www.ncbi.nlm.nih.gov/pubmed/10367824

Viruses 2017, 9, 320 70f8

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Gellman, B. 4 nations thought to possess smallpox: Iraq, N. Korea named, two officials say. Washington Post,
5 November 2001; p. Al.

Alibek, K.; Handelman, S. Biohazard: The Chilling True Story of the Largest Biological Weapons Program in the
World; Random House: New York, NY, USA, 1999; pp. 107-122. ISBN 978-0-385-33496-9.

Kupferschmidt, K. Labmade smallpox is possible, study shows: Reconstitution of horsepox virus from
mail-order DNA reignites synthetic biology debate. Science 2017, 357, 115-116. [CrossRef] [PubMed]
Arvin, AM.; Patel, D.M. Live Variola Virus: Considerations for Continuing Research; The National Academies
Press: Washington, DC, USA, 2009; p. 133. ISBN 13978-0-309-13690-7.

Hostetler, K.Y. Alkoxyalkyl prodrugs of acyclic nucleoside phosphonates enhance oral antiviral activity and
reduce toxicity: Current state of the art. Antivir. Res. 2009, 82, A84-A98. [CrossRef] [PubMed]

Lanier, R.; Trost, L.; Tippin, T.; Lampert, B.; Robertson, A.; Foster, S.; Rose, M.; Painter, W.; O’'Mahony, R.;
Almond, M.; et al. Development of CMX001 for the treatment of poxvirus infections. Viruses 2010, 2,
2740-2762. [CrossRef] [PubMed]

Magee, W.C.; Hostetler, K.Y.; Evans, D.H. Mechanism of inhibition of vaccinia virus DNA polymerase by
cidofovir diphosphate. Antimicrob. Agents Chemother. 2005, 49, 3153-3162. [CrossRef] [PubMed]

Olson, V.A,; Smith, S.K; Foster, S.; Li, Y.; Lanier, E.R.; Gates, L; Trost, L.C.; Damon, LK. In vitro efficacy of
brincidofovir against variola virus. Antimicrob. Agents Chemother. 2014, 58, 5570-5571. [CrossRef] [PubMed]
Kern, E.R.; Hartline, C.; Harden, E.; Keith, K.; Rodriguez, N.; Beadle, J.R.; Hostetler, K.Y. Enhanced
inhibition of orthopoxvirus replication in vitro by alkoxyalkyl esters of cidofovir and cyclic cidofovir.
Antimicrob. Agents Chemother. 2002, 46, 991-995. [CrossRef] [PubMed]

Buller, RM.; Owens, G.; Schriewer, J.; Melman, L.; Beadle, ].R.; Hostetler, K.Y. Efficacy of oral active ether
lipid analogs of cidofovir in a lethal mousepox model. Virology 2004, 318, 474-481. [CrossRef] [PubMed]
Adams, M.M_; Rice, A.D.; Moyer, R.W. Rabbitpox virus and vaccinia virus infection of rabbits as a model for
human smallpox. J. Virol. 2007, 81, 11084-11095. [CrossRef] [PubMed]

Rice, A.D.; Adams, M.M.; Wallace, G.; Burrage, A.M,; Lindsey, S.F.; Smith, A ].; Swetnam, D.; Manning, B.R.;
Gray, S.A.; Lampert, B.; et al. Efficacy of CMX001 as a post exposure antiviral in New Zealand white
rabbits infected with rabbitpox virus, a model for orthopoxvirus infections of humans. Viruses 2011, 3, 47-62.
[CrossRef] [PubMed]

Rice, A.D.; Adams, M.M.; Lampert, B.; Foster, S.; Lanier, R.; Robertson, A.; Painter, G.R.; Moyer, R.W. Efficacy
of CMXO001 as a prophylactic and presymptomatic antiviral agent in New Zealand white rabbits infected
with rabbitpox virus, a model for orthopoxvirus infections of humans. Viruses 2011, 3, 63-82. [CrossRef]
[PubMed]

Trost, L.C.; Rose, M.L.; Khouri, J.; Keilholz, L.; Long, J.; Godin, S.J.; Foster, S.A. The efficacy and
pharmacokinetics of brincidofovir for the treatment of lethal rabbitpox virus infection: A model of smallpox
disease. Antivir. Res. 2015, 117, 115-121. [CrossRef] [PubMed]

Grossi, .LM.; Foster, S.A.; Gainey, M.R;; Krile, R.T.; Dunn, J.A.; Brundage, T.; Khouri, ].M. Efficacy of delayed
brincidofovir treatment against a lethal rabbitpox virus challenge in New Zealand White rabbits. Antivir. Res.
2017, 143, 278-286. [CrossRef] [PubMed]

Parker, S.; Schriewer, J.; Oberle, C.; Robertson, A.; Lanier, R.; Painter, G.; Buller, R.M. Using biomarkers to
stage disease progression in a lethal mousepox model treated with CMXO001. Antivir. Ther. 2008, 13, 863-873.
[PubMed]

Parker, S.; Siddiqui, A.M.; Oberle, C.; Hembrador, E.; Lanier, R.; Painter, G.; Robertson, A.; Buller, R.M.
Mousepox in the C57BL/6 strain provides an improved model for evaluating anti-poxvirus therapies.
Virology 2009, 385, 11-21. [CrossRef] [PubMed]

Parker, S.; Chen, N.G; Foster, S.; Hartzler, H.; Hembrador, E.; Hruby, D.; Jordan, R.; Lanier, R.; Painter, G.;
Painter, W.; et al. Evaluation of disease and viral biomarkers as triggers for therapeutic intervention in
respiratory mousepox—An animal model of smallpox. Antivir. Res. 2012, 94, 44-53. [CrossRef] [PubMed]
Chittick, G.; Morrison, M.; Brundage, T.; Nichols, W.G. Short-term clinical safety profile of brincidofovir:
A favorable benefit-risk proposition in the treatment of smallpox. Antivir. Res. 2017, 143, 269-277. [CrossRef]
[PubMed]

Lederman, E.R.; Davidson, W.; Groff, H.L.; Smith, S.K.; Warkentien, T.; Li, Y.; Wilkins, K.A.; Karem, K.L.;
Akondy, R.S.; Ahmed, R.; et al. Progressive vaccinia: Case description and laboratory-guided therapy with
vaccinia immune globulin, ST-246, and CMXO001. . Infect. Dis. 2012, 206, 1372-1385. [CrossRef] [PubMed]


http://dx.doi.org/10.1126/science.357.6347.115
http://www.ncbi.nlm.nih.gov/pubmed/28706017
http://dx.doi.org/10.1016/j.antiviral.2009.01.005
http://www.ncbi.nlm.nih.gov/pubmed/19425198
http://dx.doi.org/10.3390/v2122740
http://www.ncbi.nlm.nih.gov/pubmed/21499452
http://dx.doi.org/10.1128/AAC.49.8.3153-3162.2005
http://www.ncbi.nlm.nih.gov/pubmed/16048917
http://dx.doi.org/10.1128/AAC.02814-14
http://www.ncbi.nlm.nih.gov/pubmed/24957837
http://dx.doi.org/10.1128/AAC.46.4.991-995.2002
http://www.ncbi.nlm.nih.gov/pubmed/11897580
http://dx.doi.org/10.1016/j.virol.2003.11.015
http://www.ncbi.nlm.nih.gov/pubmed/14972516
http://dx.doi.org/10.1128/JVI.00423-07
http://www.ncbi.nlm.nih.gov/pubmed/17686856
http://dx.doi.org/10.3390/v3010047
http://www.ncbi.nlm.nih.gov/pubmed/21373379
http://dx.doi.org/10.3390/v3020063
http://www.ncbi.nlm.nih.gov/pubmed/21369346
http://dx.doi.org/10.1016/j.antiviral.2015.02.007
http://www.ncbi.nlm.nih.gov/pubmed/25746331
http://dx.doi.org/10.1016/j.antiviral.2017.04.002
http://www.ncbi.nlm.nih.gov/pubmed/28392420
http://www.ncbi.nlm.nih.gov/pubmed/19043920
http://dx.doi.org/10.1016/j.virol.2008.11.015
http://www.ncbi.nlm.nih.gov/pubmed/19100593
http://dx.doi.org/10.1016/j.antiviral.2012.02.005
http://www.ncbi.nlm.nih.gov/pubmed/22381921
http://dx.doi.org/10.1016/j.antiviral.2017.01.009
http://www.ncbi.nlm.nih.gov/pubmed/28093339
http://dx.doi.org/10.1093/infdis/jis510
http://www.ncbi.nlm.nih.gov/pubmed/22904336

Viruses 2017, 9, 320 80f8

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Gazzani, P.; Gach, ].E.; Colmenero, I.; Martin, J.; Morton, H.; Brown, K.; Milford, D.V. Fatal disseminated
cowpox virus infection in an adolescent renal transplant recipient. Pediatr. Nephrol. 2017, 32, 533-536.
[CrossRef] [PubMed]

Tang, M.W.; Shafer, R.W. HIV-1 antiretroviral resistance: Scientific principles and clinical applications. Drugs
2012, 72, el-e25. [CrossRef] [PubMed]

Domingo, E.; Holland, J.J. RNA virus mutations and fitness for survival. Annu. Rev. Microbiol. 1997, 51,
151-178. [CrossRef] [PubMed]

Duraffour, S.; Andrei, G.; Topalis, D.; Kre¢merova, M.; Crance, ].M.; Garin, D.; Snoeck, R. Mutations
conferring resistance to viral DNA polymerase inhibitors in camelpox virus give different drug-susceptibility
profiles in vaccinia virus. J. Virol. 2012, 86, 7310-7325. [CrossRef] [PubMed]

Andrei, G.; Gammon, D.B.; Fiten, P.; de Clercq, E.; Opdenakker, G.; Snoeck, R.; Evans, D.H. Cidofovir
resistance in vaccinia virus is linked to diminished virulence in mice. J. Virol. 2006, 80, 9391-9401. [CrossRef]
[PubMed]

Yang, G.; Pevear, D.C.; Davies, M.H.; Collett, M.S.; Bailey, T.; Rippen, S.; Barone, L.; Burns, C.; Rhodes, G.;
Tohan, S.; et al. An orally bioavailable antipoxvirus compound (5T-246) inhibits extracellular virus formation
and protects mice from lethal orthopoxvirus challenge. J. Virol. 2005, 79, 13139-13149. [CrossRef] [PubMed]
Duraffour, S.; Lorenzo, M.M.; Zoller, G.; Topalis, D.; Grosenbach, D.; Hruby, D.E.; Andrei, G.; Blasco, R.;
Meyer, H.; Snoeck, R. ST-246 is a key antiviral to inhibit the viral F13L phospholipase, one of the essential
proteins for orthopoxvirus wrapping. J. Antimicrob. Chemother. 2015, 70, 1367-1380. [CrossRef] [PubMed]
Jackson, R.J.; Ramsay, A.J.; Christensen, C.D.; Beaton, S.; Hall, D.F.; Ramshaw, I.A. Expression of mouse
interleukin-4 by a recombinant ectromelia virus suppresses cytolytic lymphocyte responses and overcomes
genetic resistance to mousepox. J. Virol. 2001, 75, 1205-1210. [CrossRef] [PubMed]

Chen, N.; Bellone, C.J.; Schriewer, J.; Owens, G.; Fredrickson, T.; Parker, S.; Buller, R.M. Poxvirus interleukin-4
expression overcomes inherent resistance and vaccine-induced immunity: Pathogenesis, prophylaxis,
and antiviral therapy. Virology 2011, 409, 328-337. [CrossRef] [PubMed]

Bean, B. Antiviral therapy: Current concepts and practices. Clin. Microbiol. Rev. 1992, 5, 146-182. [CrossRef]
[PubMed]

Hammer, S.M.; Squires, K.E.; Hughes, M.D.; Grimes, ].M.; Demeter, L.M.; Currier, ]J.S.; Eron, J.J., Jr.,;
Feinberg, J.E.; Balfour, H.H., Jr.; Deyton, L.R.; et al. A controlled trial of two nucleoside analogues plus
indinavir in persons with human immunodeficiency virus infection and CD4 cell counts of 200 per cubic
millimeter or less. N. Engl. . Med. 1997, 337, 725-733.

Gulick, RM.; Mellors, J.W.; Havlir, D.; Eron, J.J.; Gonzalez, C.; McMahon, D.; Richman, D.D.; Valentine, ET.;
Jonas, L.; Meibohm, A.; et al. Treatment with indinavir, zidovudine, and lamivudine in adults with human
immunodeficiency virus infection and prior antiretroviral therapy. N. Engl. ]. Med. 1997, 337, 734-739.
[CrossRef] [PubMed]

Gulick, RM.; Ribaudo, H.J.; Shikuma, C.M.; Lustgarten, S.; Squires, K.E.; Meyer, W.A., III; Acosta, E.P;
Schackman, B.R.; Pilcher, C.D.; Murphy, R.L; et al. Triple-nucleoside regimens versus efavirenz-containing
regimens for the initial treatment of HIV-1 infection. N. Engl. J. Med. 2004, 350, 1850-1861. [CrossRef]
[PubMed]

Guidelines for the Use of Antiretroviral Agents in HIV-1-Infected Adults and Adolescents. Available online:
www.aidsinfo.nih.gov/guidelines (accessed on 11 September 2017).

HCV Guidance: Recommendations for Testing, Managing, and Treating Hepatitis C. Available
online: http:/ /www.hcvguidelines.org/sites/default/files/full-guidance-pdf/HCVGuidance_April _12_
2017_b.pdf (accessed on 11 September 2017).

Quenelle, D.C,; Prichard, M.N.; Keith, K.A.; Hruby, D.E.; Jordan, R.; Painter, G.R.; Robertson, A.; Kern, E.R.
Synergistic efficacy of the combination of ST-246 with CMX001 against orthopoxviruses. Antimicrob. Agents
Chemother. 2007, 51, 4118-4124. [CrossRef] [PubMed]

® © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s00467-016-3534-y
http://www.ncbi.nlm.nih.gov/pubmed/27796621
http://dx.doi.org/10.2165/11633630-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/22686620
http://dx.doi.org/10.1146/annurev.micro.51.1.151
http://www.ncbi.nlm.nih.gov/pubmed/9343347
http://dx.doi.org/10.1128/JVI.00355-12
http://www.ncbi.nlm.nih.gov/pubmed/22532673
http://dx.doi.org/10.1128/JVI.00605-06
http://www.ncbi.nlm.nih.gov/pubmed/16973545
http://dx.doi.org/10.1128/JVI.79.20.13139-13149.2005
http://www.ncbi.nlm.nih.gov/pubmed/16189015
http://dx.doi.org/10.1093/jac/dku545
http://www.ncbi.nlm.nih.gov/pubmed/25630650
http://dx.doi.org/10.1128/JVI.75.3.1205-1210.2001
http://www.ncbi.nlm.nih.gov/pubmed/11152493
http://dx.doi.org/10.1016/j.virol.2010.10.021
http://www.ncbi.nlm.nih.gov/pubmed/21071055
http://dx.doi.org/10.1128/CMR.5.2.146
http://www.ncbi.nlm.nih.gov/pubmed/1576586
http://dx.doi.org/10.1056/NEJM199709113371102
http://www.ncbi.nlm.nih.gov/pubmed/9287228
http://dx.doi.org/10.1056/NEJMoa031772
http://www.ncbi.nlm.nih.gov/pubmed/15115831
www.aidsinfo.nih.gov/guidelines
http://www.hcvguidelines.org/sites/default/files/full-guidance-pdf/HCVGuidance_April_12_2017_b.pdf
http://www.hcvguidelines.org/sites/default/files/full-guidance-pdf/HCVGuidance_April_12_2017_b.pdf
http://dx.doi.org/10.1128/AAC.00762-07
http://www.ncbi.nlm.nih.gov/pubmed/17724153
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	The Need for Smallpox Antivirals 
	Experience with BCV 
	Drug-Resistant and Enhanced Virulence Viruses 
	Combination Therapy 
	Conclusions 

