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Natural orthopoxvirus outbreaks such as vaccinia, cowpox, cattlepox and buffalopox continue to cause
morbidity in the human population. Monkeypox virus remains a significant agent of morbidity and
mortality in Africa. Furthermore, monkeypox virus’s broad host-range and expanding environs make it
of particular concern as an emerging human pathogen. Monkeypox virus and variola virus (the etiological
agent of smallpox) are both potential agents of bioterrorism. The first line response to orthopoxvirus dis-
ease is through vaccination with first-generation and second-generation vaccines, such as Dryvax and
ACAM2000. Although these vaccines provide excellent protection, their widespread use is impeded by
the high level of adverse events associated with vaccination using live, attenuated virus. It is possible that
vaccines could be used in combination with antiviral drugs to reduce the incidence and severity of
vaccine-associated adverse events, or as a preventive in individuals with uncertain exposure status or
contraindication to vaccination. We have used the intranasal mousepox (ectromelia) model to evaluate
the efficacy of vaccination with Dryvax or ACAM2000 in conjunction with treatment using the broad
spectrum antiviral, brincidofovir (BCV, CMX001). We found that co-treatment with BCV reduced the
severity of vaccination-associated lesion development. Although the immune response to vaccination
was quantifiably attenuated, vaccination combined with BCV treatment did not alter the development
of full protective immunity, even when administered two days following ectromelia challenge. Studies
with a non-replicating vaccine, ACAM3000 (MVA), confirmed that BCV’s mechanism of attenuating the
immune response following vaccination with live virus was, as expected, by limiting viral replication
and not through inhibition of the immune system. These studies suggest that, in the setting of post-
exposure prophylaxis, co-administration of BCV with vaccination should be considered a first response
to a smallpox emergency in subjects of uncertain exposure status or as a means of reduction of the
incidence and severity of vaccine-associated adverse events.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Variola virus (VARV), the etiological agent of smallpox, was offi-
cially declared eradicated in 1980 following a global vaccination
campaign (Fenner et al., 1988). Although stated repositories are
maintained in the United States and Russia, smallpox remains a
threat to humans as a potential agent of bioterrorism (Buller
et al., 2008). Monkeypox virus (MPXV) also remains a significant
cause of morbidity/mortality in parts of Africa where mortality
approaches 10% in humans, depending on the strain (Parker
et al., 2007). The large host-range of MPXV makes eradication via
a smallpox-like vaccination campaign virtually impossible
(Parker and Buller, 2013). Like VARV, virulent MPXV strains also
have key characteristics that would make them attractive vectors
for weaponization, including stability in the environment, infection
by the respiratory route, long incubation times, and the ability to
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cause significant morbidity and mortality (Fenner et al., 1988).
Finally, orthopoxviruses (OPVs) can readily be created and modi-
fied using modern synthetic DNA and recombinant DNA technolo-
gies. One such modification is the incorporation of the interleukin-
4 (IL4) gene into the genome as this cytokine has been shown to
dramatically increase ectromelia (ECTV) virus-induced mortality
in vaccinated hosts and hosts receiving antiviral therapy (Chen
et al., 2011; Jackson et al., 1998, 2001; Robbins et al., 2005).

Vaccination with live, replication-competent, vaccinia virus
vaccines is highly effective, providing excellent protection in
humans and in animal models. These live vaccines are considered
the ‘gold standard’ in prophylactic treatment (Handley et al.,
2007; Rosenthal et al., 2001). The main disadvantage to these vac-
cines is their sub-optimal safety profile (Lederman et al., 2009,
2012); for example, it is postulated that vaccination is contraindi-
cated in about 25% of the US population (Kemper et al., 2002).
Safer, non-replicating vaccines, such as ACAM3000 (MVA) and
LC16m8, are also available; however, these vaccines often require
multiple administrations to achieve 100% protection which
reduces their utility in an emergency scenario (Handley et al.,
2007; Vollmar et al., 2006).

Because of the diminished threat of VARV and the poor-safety
profile of available live vaccines, most governments discontinued
routine vaccination decades ago. For this reason, the population
lacks herd immunity. In the event of an OPV outbreak, antivirals
such as cidofovir (CDV), brincidofovir (BCV) and tecovirimat (ST-
246) would likely be employed (Parker et al., 2008a). CDV is an
antiviral with activity against dsDNA viruses. While CDV is highly
efficacious against OPVs (Israely et al., 2012; Neyts et al., 2004;
Quenelle et al., 2003; Smee et al., 2001, 2004), it is limited by its
requirement for intravenous administration and its significant risk
of nephrotoxicity (De Clercq, 2002). A second antiviral, tecovirimat,
has recently been added to the U.S. Strategic National Stockpile for
use in a smallpox emergency. Tecovirimat has been shown to be
highly efficacious against OPVs in multiple animal models and is
well tolerated by humans when administered orally (Berhanu
et al., 2009; Duraffour et al., 2007; Grosenbach et al., 2010;
Jordan et al., 2008; Mucker et al., 2013; Nalca et al., 2008;
Quenelle et al., 2007a; Yang et al., 2005). Unfortunately, antiviral
resistance to tecovirimat can be achieved through a single point
mutation in the F13L gene (Lederman et al., 2012; Yang et al.,
2005), potentially limiting its clinical utility. An investigational
antiviral, BCV, is a lipid conjugate of CDV under a development
agreement with BARDA as a potential medical countermeasure
for smallpox (Ciesla et al., 2003; Hostetler, 2007). BCV is orally
bioavailable, has demonstrated efficacy in animal models, and
has accumulated a safety database in humans which includes
approximately 1000 patients and healthy volunteers with no evi-
dence of dose-limiting nephrotoxicity or hematologic toxicity
(Buller et al., 2004; Lederman et al., 2012; Parker et al., 2008b,c;
Quenelle et al., 2004, 2007b). Unlike tecovirimat, resistance to
CDV or BCV is difficult to generate, requiring multiple mutations
(Smee et al., 2002; Yang et al., 2005). Both tecovirimat and BCV
have been used in emergency situations to treat severe cases of
progressive vaccinia – a potentially lethal adverse effect of vaccina-
tion (Lederman et al., 2012). BCV is in development for multiple
indications leading with prevention of CMV infection in transplant
recipients and for treatment of disseminated adenovirus infection,
for which the pilot phase of a Phase 3 study is currently enrolling.
Both BCV and tecovirimat are in advanced development for treat-
ment of OPVs.

Although current smallpox antivirals offer therapeutic options
for treatment, they are not appropriate for long-term prophylactic
use. In the event that en masse vaccination is required, most gov-
ernments will likely rely on first- and second-generation vaccines
such as Dryvax and ACAM2000 to vaccinate individuals that do
not have a contraindication. In healthy adults, smallpox vaccines
are usually administered via scarification with a bifurcated needle.
A successful vaccination is described as a ‘take’ and is characterized
by the development of a large lesion at the vaccination site (Fenner
et al., 1988) which transitions from papule to pustule, followed by
scabbing and healing by about six weeks post-vaccination.
Typically, all vaccinees will experience at least one mild to moder-
ate adverse event associated with vaccination; these are typically:
pruritus (>93%), lymph node pain (81%), injection site pain (78%),
fatigue (69%), headache (60%), myalgia (59%), and malaise (58%).
In one study, about 10% of vaccinees experienced more severe
adverse events (Frey et al., 2007). The lesion sheds live virus and
must remain sequestered while healing; in addition, patients must
be closely monitored for any vaccine-associated adverse events. It
may be possible to limit the severity of vaccination by co-adminis-
tering an antiviral at the time of vaccination. The use of cidofovir in
conjunction with vaccination was evaluated previously and found
to successfully reduce viral load and vaccination side-effects while
maintaining the development of protective immunity against sub-
sequent challenge (Israely et al., 2012). The efficacy of co-adminis-
tration of tecovirimat with vaccine has also been studied in mice
(Grosenbach et al., 2008). In these studies it was found that teco-
virimat did not compromise the development of protective immu-
nity following vaccination, and although tecovirimat did not
reduce the severity of lesion formation following vaccination with
Dryvax, it did reduce lesion severity when a more virulent VACV
vaccine was used (strain Western Reserve) (Grosenbach et al.,
2008). Similar studies in non-human primates also revealed that
tecovirimat did not compromise protective immunity (Silvera
et al., 2009). Interestingly, further studies reported that tecovirimat
reduced lesion severity and time to lesion resolution without com-
promising protection in several immunocompromised murine
strains (Berhanu et al., 2010).

In this report, we have evaluated the concurrent administration
of Dryvax, ACAM2000 and ACAM3000 vaccines with BCV in mice.
We observed that BCV facilitated healing of lesions without com-
promising vaccine protection, although BCV did alter the immune
response compared to vaccination alone.
2. Materials and methods

2.1. Cells and viruses

BSC-1 cells (ATCC CCL 26) were grown in DMEM (Lonza, Basel,
Switzerland) containing 10% fetal calf serum (FCS) (HyClone III,
Logan, UT), 2 mM L-glutamine (GIBCO, Grand Island, NY), 100 U/
ml penicillin (GIBCO, Grand Island, NY), and 100 lg/ml streptomy-
cin (GIBCO, Grand Island, NY). A plaque-purified isolate of the MOS
strain of ECTV (ATCC VR-1374) designated MOS-3-P2, was propa-
gated in an African green monkey kidney cell line, BSC-1 (Chen
et al., 1992). ECTV was purified through a sucrose cushion as
described elsewhere (Moss and Earl, 1998). Virus infectivity was
estimated as described previously (Wallace and Buller, 1985).
Briefly, virus suspensions were serially diluted in PBS + 1% FCS
(Fetal Clone II, HyClone), absorbed to monolayers for 1 h at 37 �C,
and overlaid with a suspension of 1% carboxyl methyl cellulose
in DMEM + 5% FCS. After 4 days at 37 �C, virus plaques were visu-
alized and virus inactivated by the addition to each well of a
0.3% crystal violet/10% formalin solution.
2.2. Animals

Four to six week old female A and C57BL/6 mice were obtained
from the National Cancer Institute, Frederick MD., or Jackson
Laboratories, Bar Harbor ME., housed in filter-top microisolator



Fig. 1. BCV and CDV reduce lesion severity following vaccination with Dryvax in
mice. A-strain mice were vaccinated at the base of the tail with either (A) 2500 PFU
or (B) 250 PFU of Dryvax. Following vaccination, mice were treated orally with a
10 mg/kg dose of BCV given at Day 0 followed by 4 mg/kg doses given at Day 1, 2, 3,
and 4. CDV was used as a control and 12.5 mg/kg of CDV was given by
intraperitoneal injection on Day 0, 1, 2, 3, and 4 post vaccination. Representative
experiment of N = 5 mice. Error bars indicate SEM. Significance compared to no drug
is indicated by ⁄. Significance compared between BCV and CDV is indicated by a #.

44 S. Parker et al. / Antiviral Research 111 (2014) 42–52
cages and fed commercial mouse chow and water ad libitum. The
randomized mice were housed in an animal biosafety level 3 con-
tainment area, with sample sizes indicated in the tables. Animal
husbandry and experimental procedures were approved by the
Institutional Animal Care and Use Committee. Mice were
monitored every day until the termination of the experiment.

2.3. Antivirals

BCV was a gift from Chimerix Inc., (Durham, NC). BCV was
freshly prepared prior to each experiment by dissolution in sterile,
distilled water. BCV was administered by oral gavage in a volume
of 0.1 ml/20 g mouse. Formulated drug was stored at 4 �C. CDV
(Vistide) was a gift from Gilead Sciences (Foster City, CA) and
was diluted in sterile saline and injected IP in a volume of
0.1 ml/20 g mouse. Doses and regimens are described in the figure
legends and were determined based on the evolution of the BCV/
ectromelia model in each mouse strain.

2.4. Vaccines

For Dryvax and ACAM2000 (gifts from the CDC, Atlanta, GA),
mice were vaccinated with the indicated dose in a volume of
2.5 ll (the volume that fills the bifurcated needle) by scarification
at the base of the tail with 15 punctures of the bifurcated needle
(Precisions Medical Products, Denver, PA). Dryvax and ACAM2000
were provided at doses of approximately 2.5 � 108 and
2 � 108 PFU/ml, respectively; these doses provide neat vaccination
doses of approximately 2.5 � 105 and 2 � 105 PFU/mouse, respec-
tively. ACAM3000 (a gift from the NIAID-NIH, Bethesda, MD) was
provided at a dose of 2 � 108 PFU/ml and was injected in 0.1 ml
between the skin and underlying layers of tissue in the scapular
region on the backs of mice.

2.5. Virus challenge

Mice were anesthetized with 0.1 ml/10 g body weight of keta-
mine HCl (6 mg/ml) and xylazine (0.5 mg/ml) by intraperitoneal
injections. Anesthetized mice were placed in a dorsally recumbent
position with their bodies angled so that the anterior end was
raised 45� from the surface; a plastic mouse holder was used to
ensure conformity (Esteban et al., 2012). ECTV was diluted in PBS
without Ca2+ and Mg2+ to the required concentration and slowly
loaded into each nare (5 ll/nare). Mice were subsequently left
in situ for 2–3 min before being returned to their cages.

2.6. Statistics

T-tests were used to compare means between groups of mice
and to determine the mean time to death. Mortality rates were
compared using the Fisher’s exact test. Blinded lesion pictures
were measured qualitatively using a scoring system ranging 0–4
in severity. P values <0.05 were considered statistically significant.

3. Results

3.1. BCV and CDV facilitate lesion healing following vaccination with
Dryvax

To determine if BCV or CDV accelerate the healing of the pri-
mary vaccination lesion, A-strain mice were vaccinated with
250 PFU or 2500 PFU of Dryvax. These doses are approximately
3.5 to 35-fold higher than the Dryvax dose given to humans
(2.5 � 105 PFU/person) based on PFU/bodyweight (assuming
70 kg human weight and 20 g mouse weight). Following
vaccination, mice were treated at Day 0 with BCV or cidofovir
(CDV) by oral gavage and intraperitoneal injection, respectively.
Lesions were scored based on erythema, edema and eschar forma-
tion. At the 2500 PFU dose of Dryvax (Fig. 1A), there was no statis-
tical difference between mice treated with CDV and those not
receiving treatment, however, mice treated with BCV had signifi-
cantly lower lesion scores on Days 9, 14 and 16 when compared
to mice not receiving treatment (P < 0.05). When comparing
between CDV- and BCV-treated mice, we found that BCV-treated
mice had significantly lower lesion scores on day 9 and 14
(P < 0.05). For the 250 PFU Dryvax groups (Fig. 1B), we found that
both CDV- and BCV-treated mice had significantly lower lesions
scores compared to mice not receiving treatment (P < 0.05); how-
ever, no differences in lesion scores were identified when compar-
ing CDV-treated mice with BCV-treated mice. These data suggest
that both BCV and CDV facilitate healing, but that BCV has greater
efficacy than CDV in this model at the doses evaluated. Fig. S1
(Supplemental) shows example photographs of lesions on the tails
of CDV-treated and BCV-treated mice at Days 7 and 9 post
vaccination.

3.2. Co-administration of BCV and Dryvax does not diminish protective
immunity against a lethal ECTV challenge

We next examined whether co-administration of BCV with Dry-
vax vaccination affected the generation of protective immunity
against a lethal, heterologous ECTV challenge. At Day 0, A-strain
mice were vaccinated with decreasing doses of Dryvax vaccine
ranging from neat (2.5 � 105 PFU/mouse) to 1:625 (400 PFU/
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mouse) dilutions. Concurrently, these mice received a BCV regimen
starting at Day 0 of 10 mg/kg followed by 2.5 mg/kg given every
other day until Day 14. Prior to ECTV challenge, blood samples
for ELISAs obtained from each mouse demonstrated a statistically
significant decrease in the antibody response in mice administered
BCV compared to those receiving vehicle (P = 0.0001) (Fig. 2). At
Day 50 (36 days post last BCV dosing), mice were challenged with
ECTV (Day 0 relative to challenge, rtc) via the intranasal (IN) route.
Mice in cage 2 received Dryvax-vehicle (Vac-Veh) and BCV-vehicle
(Anti-Veh) and experienced 100% mortality with a mean day of
death of 8.3 ± 0.2 rtc (Table 1). Mice in cage 3 received Vac-Veh
and BCV; these mice also experienced 100% mortality. All mice that
were vaccinated with Dryvax (groups 4–13) were protected
against subsequent challenge (P 6 0.002). Weight-change was
measured from Day 0 rtc and mice receiving Vac-Veh (cages 2
and 3) lost weight rapidly at a similar rate (Fig. 3A). When compar-
ing cages that received Dryvax + Anti-Veh with cages receiving
Dryvax + BCV, we found that in all cases the mice receiving the lat-
ter regimen lost more weight; however, these differences were
only significant (P < 0.05) in the Dryvax-neat and Dryvax-1:5 dilu-
tion groups at Days 10, 12, 14, and 15 rtc (Fig. 3 A and B). No dif-
ferences in weight were observed when comparing the Dryvax-
1:125 and Dryvax-1:625 groups (Fig. 3C). These data indicate that
Dryvax can be diluted to at least 1:625 and still provide significant
protection against death with no statistical difference between
Dryvax vaccinated mice receiving vehicle or BCV; however
protection, as measured by morbidity (weight-change), is superior
when vaccination is used without BCV therapy.

3.3. Co-administration of BCV and Dryvax protects A-strain mice when
given up to two days post challenge

Given our previous finding that lesion severity is reduced when
Dryvax vaccination is accompanied by BCV therapy and protection
is not compromised, we sought to ascertain if post-exposure Dry-
vax vaccination could protect against lethal challenge both with
and without simultaneous administration of BCV. To this end, we
Fig. 2. Co-administration of BCV and Dryvax does not diminish the antibody
response against a lethal ECTV challenge in mice. A-strain mice were vaccinated
with decreasing concentrations (from neat to 1:625 dilution) of Dryvax vaccine at
Day 0 and treated by oral gavage with 10 mg/kg of BCV on day 0 followed by
2.5 mg/kg treatments on Day 2, 4, 6, 8, 10, 12, and 14. Prior to challenge, blood was
obtained from each animal to perform an ELISA. At Day 50 (day 0 rtc) mice were
challenged with 20 PFU (10� LD50) of ECTV via the IN route. Neat dilutions of
Dryvax are shown. Representative experiment of N = 2 with 10 mice/group. Error
bars indicate SEM.
treated groups of A-strain mice with a Dryvax + Anti-Veh or a Dry-
vax + BCV regimen (Table 2). The combined Dryvax + BCV regimen
was initiated on Day �4 (prophylactic treatment), Day 0, Day 2, or
Day 4 rtc and an ECTV challenge was administered via the IN route
on Day 0. Control animals experienced 100% mortality with a mean
time of death (MTD) of 8.6 ± 0.4 with rapid weight-loss from Day
5 rtc (group 1) (Fig. 4). Dryvax + the Anti-Veh regimen, the BCV
regimen, or both Dryvax + BCV regimen protected against a lethal
ECTV challenge when given 4 days prior to challenge (P 6 0.0004,
groups 2–4). The Dryvax-only regimen (group 5) did not protect
when given on the day of challenge (Day 0); however, the BCV-only
regimen (group 7) and the Dryvax + BCV regimen (group 6) both
protected mice from ECTV disease related mortality (P 6 0.0004),
thus indicating that the BCV provided the protection and not the
vaccination with Dryvax. As expected, mice administered Dry-
vax-only at Day 2 (group 8) were not protected; however, protec-
tion was provided when the Dryvax + BCV regimen was used
(group 9, P = 0.02). The highest level of Day 2 protection (100% sur-
vival) was afforded by the BCV-only regimen. At Day 4, no combi-
nations were completely protective, including the BCV-only
regimen (P = 0.2).

Morbidity was measured by weight-change. As expected, un-
challenged control mice gained weight (groups 14–17) throughout
the study. Weight-change data at Day 7 indicated that in the Day
�4 groups the BCV-only regimen was slightly superior to the reg-
imens involving Dryvax (Fig. 4); however, this was only significant
when comparing against the Dryvax + BCV group (group 4 Vs.
group 3, P = 0.006). Supporting the mortality data, we found that
the Dryvax-only groups experienced the most weight-loss when
the regimen was given on the day of challenge (Day 0, group 5)
or post exposure (Day 2, group 8). For Day 2 groups, the BCV-only
mice (group 13) experienced slightly less weight-loss than the
Dryvax + BCV mice (group 12); however, weight-loss was not sig-
nificant and neither of these groups were protected from mortality.
All surviving mice that had been challenged at Day 0 (groups 1–13)
were re-challenged at Day 91. Re-challenged mice experienced
100% survival, indicating that a memory response had been
achieved, and that treatment with BCV had not prevented the
generation of protective immunity.

3.4. Co-administration of BCV with ACAM2000 attenuates the immune
response as measured by ELISA, but not the formation of protective
immunity in C57BL/6 mice

ACAM2000 is a second-generation smallpox vaccine derived
from the same viral seed-stock as first generation vaccines like
Dryvax. Unlike Dryvax, which is cultured and harvested in the skin
of calves, sheep and rabbits, ACAM2000 does not contain a hetero-
geneous population of viruses but rather a single VACV clone. This
ACAM2000 clone was selected based on its similar virologic pheno-
type compared to Dryvax. The ACAM2000 vaccine has not been
demonstrated to be any safer, or provide enhanced efficacy, com-
pared to Dryvax; indeed, the vaccines are strikingly comparable
(Handley et al., 2009). Due to the similarity between Dryvax and
ACAM2000, the US Government selected ACAM2000 as a replace-
ment for Dryvax and therefore all future studies used ACAM2000
as Dryvax stocks were destroyed.

We next examined the efficacy of BCV administration with
ACAM2000 in the IN C57BL/6 mouse model. The C57BL/6 strain
was chosen because it has been shown to more closely recapitulate
smallpox in humans compared to A-strain mice (Parker et al.,
2009) and we wished to evaluate the BCV + Dryvax/ACAM2000
vaccination regimen in more than one strain. Accordingly, mice
were vaccinated with ACAM2000 and received either Anti-Veh or
20 mg/kg of BCV starting at Day �1, Day 0 or Day 1 followed by
4 more 20 mg/kg doses given every-third-day. Mice were bled at



Table 1
Protection against a lethal ECTV challenge in A-strain mice vaccinated with Dryvax (DVX) in conjunction with BCV or vehicle (Anti-Veh).a At T = 0 days, A-strain mice were
vaccinated with decreasing doses of Dryvax (DVX)c and administered BCV via oral gavage starting at T = 0 days (10 mg/kg) followed by 2.5 mg/kg doses on T = 2, 4, 6, 8, 10, 12, and
14 days. At T = 50 days, mice were challenged via the IN route with 20 PFU (10� LD50) of ECTV.

Group Cage # of mice DVXb dilution BCVb ECTV (T = 50 days) Day of death (rtc)b MTD ± SEMb Mortality (%)

1 1 10 N/A N/A � 0

2 2 10 Veh Veh + 8,8,8,8,8,8,8,9,9,9 8.3 ± 0.2 100
3 10 + 8,8,8,8,8,9,9,9,9,9 8.5 ± 0.2 100

3 4 10 Neatc Veh + 0
⁄

5 10 + 10 10 10
⁄

4 6 10 1:5c Veh + 0
⁄

7 10 + 0
⁄

5 8 10 1:25c Veh + 0
⁄

9 10 + 0
⁄

6 10 10 1:125c Veh + 0
⁄

11 10 + 0
⁄

7 12 10 1:625c Veh + 12 12 10
⁄

13 10 + 9,9,10 9.3 ± 0.3
⁄

30
⁄

* P < 0.05 compared to controls.
a Protocol is described in the legend of Fig. 2.
b DVX, Dryvax; BCV, Brincidofovir; MTD, mean time to death; SEM, standard error of mean; rtc, relative to challenge.
c PFU/mouse dilutions are 2.5 � 105 (for Neat), 5 � 104 (for 1:5), 1 � 104 (for 1:25), 2 � 103 (for 1:125), and 400 for (1:625).

Fig. 3. Weight-change of ECTV-challenged mice vaccinated with graded doses of
vaccine in the presence and absence of BCV. Mice were treated as indicated in the
legend of Fig. 2. At Day 50 (Day 0 relative to challenge) mice were challenged with
20 PFU (10� LD50) of ECTV via the IN route and monitored for morbidity as
indicated by weight-change. Representative experiment of N = 2 with 10 mice/
group. Error bars indicate SEM.
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Day 21 and Day 50 post-vaccination for measurement of antibody
(ELISA) and CD8+ T cell responses; and were challenged at Day 52
(Day 0 rtc) by the intranasal route with ECTV to assess both
immune response to vaccination, as well as formation of protective
immunity in the presence and absence of BCV.

ELISAs performed at Day 21 and Day 50 revealed that all vacci-
nated mice were seropositive. Mice receiving BCV consistently had
lower ELISA values compared to mice receiving Anti-Veh, but this
decrease was only significant when BCV was administered at Day
�1 and Day 0 (P < 0.05) (data not shown). There was no statistical
difference in IFN-c secreting CD8 T cells between ACAM2000 vac-
cinated mice versus mice vaccinated and treated with BCV (data
not shown). Following challenge, Anti-Veh and BCV-treated mice
(group 2) experienced 89% and 90% mortality, respectively
(Table 3). No statistical differences in the MTD and weight changes
were observed. None of the vaccinated mice (groups 3–5) experi-
enced mortality; however, we did observe that mice treated with
BCV at Day �1 and Day 0 lost more weight than their Anti-Veh
counterparts from approximately Day 10 (P < 0.05) (Fig. 5). These
data suggest that BCV treatment given in conjugation with
ACAM2000 vaccination does not affect mortality or morbidity
when BCV is initiated at Day 1, and that BCV does not affect
mortality and only mildly affects morbidity when given at Day 0
or Day �1. In summary, these data confirm our previous findings
that suggest that BCV can be given with vaccinia vaccination
without impeding vaccination efficacy in this model.
3.5. BCV does not alter the immune response following vaccination
with a non-replicating vaccinia vaccine (ACAM3000) in A-strain mice

We have shown that CDV and BCV do not compromise protec-
tion against an ECTV challenge when co-administered with Dryvax,
although a reduction in the virus-specific antibody response to the
vaccine was observed. We next conducted experiments to deter-
mine whether the reduced immune response to vaccine was due
to BCV limiting viral replication and thereby reducing the antigenic
mass of vaccinia virus or due to an effect on the immune system.

To determine whether BCV has a direct impact on the immune
system, we examined the effect of BCV on the immunity and
protection induced by a single immunization with ACAM3000, a
non-replicating smallpox vaccine (Handley et al., 2009). We exam-



Table 2
Protection against a lethal ECTV challenge when a combination of Dryvax (DVX) and BCV are given as pre- and post-exposure prophylaxis to A-strain mice.a Mice were
administered Dryvax (2.5 � 105 PFU/mouse) and co-administered an initial dose of BCV (or vehicle) via oral gavage at 10 mg/kg on T = �4, 0, 2, or 4 days followed by 2.5 mg/kg
doses of BCV given on Days 2, 4, 6, 8, 10, 12, and 14 following the initial dose. At T = 0 days, mice were challenged via the IN route with 40 PFU (20� LD50) of ECTV.

Group # of mice Vaccine Antiviral Treatment (T=, day) ECTV Day of Death (rtc)b MTD ± SEMb Mortality (%)

DVXb Veh BCVb Veh

1 10 + + �4 + 7,7,8,8,8,9,9,10,10,10 8.6 ± 0.4 100

2 10 + + �4 + 42 42 10*

3 10 + + �4 + 0*

4 10 + + �4 + 26,27 26.5 ± 0.5* 20*

5 10 + + 0 + 8,8,8,8,8,8,8,8,9,13 8.6 ± 0.5 100

6 10 + + 0 + 0*

7 10 + + 0 + 53,15 34 ± 19* 20*

8 10 + + 2 + 7,7,8,8,8,8,8,8,9,9, 8 ± 0.2 100

9 10 + + 2 + 9,10,10,10,10 9.8 ± 0.2* 50*

10 10 + + 2 + 0*

11 10 + + 4 + 7,7,8,8,8,8,8,8,8,9 7.9 ± 0.2 100

12 10 + + 4 + 10,10,12,12,12,14,15,29 14.3 ± 2.2* 80

13 10 + + 4 + 9,11,11,11,12,12,13,20 12.4 ± 1.2* 80

14 10 + + 0 � 0*

15 10 + + 0 � 0*

16 10 + + 0 � 0*

17 10 + + 0 � 0*

18 5 N/A N/A N/A N/A N/A N/A 0*

* P < 0.05 compared to controls.
a Protocol is described in the legend of Fig. 4.
b DVX, Dryvax; BCV, Brincidofovir; MTD, mean time to death; SEM, standard error of mean; rtc, relative to challenge.
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ined the effect of adding a constant amount of BCV to decreasing
doses of ACAM3000 on the generation of a neutralizing antibody
response, specific anti-ECTV CD8+ T cell responses, and protection
from an intranasal challenge with ECTV.

Mice were vaccinated with 1 � 107, 2 � 106, 4 � 105, and
8 � 104 TCID50 (tissue culture infectious dose) of ACAM3000 in
the presence of BCV or Anti-Veh on Day 0. BCV was administered
at 20 mg/kg followed by a further 3 doses of 20 mg/kg given at
Days 2, 4 and 6 relative to the initial dosing. All mice challenged
52 days later (Day 0 rtc) experienced rapid weight-loss from Day
6 rtc with surviving mice regaining weight from about Days 12
to 16 rtc (Fig. 6A and B). Mice vaccinated with 1 � 107 and
4 � 105 TCID50 of ACAM3000 and treated with BCV experienced
greater weight loss compared to mice receiving Anti-Veh in the
same group (P < 0.05 at Days 11–23 p.i. for 1 � 107 and at days
13, 14, 15, and 17 p.i. for 4 � 105). Interestingly, there was no dif-
ference in mean weight loss between mice receiving 2 � 106 and
8 � 104 TCID50. As expected, mice receiving Vac-Veh + BCV experi-
enced 100% mortality by Day 8 p.i. A statistically significant
decrease in mortality was observed in mice vaccinated with
increasing doses of ACAM3000 (1 � 107, 2 � 106 and 4 � 105 PFU;
P = 60.02 for cages 3–8; Fig. 6C and D and Table 4). No difference
in mortality was observed between mice receiving Anti-Veh or
BCV within the same group; thus indicating that BCV did not alter
protective immunity conferred by the vaccine. The MTD was statis-
tically increased with mice vaccinated with 2 � 106 TCID50 and
receiving BCV or Vehicle, and those vaccinated with 4 � 105 TCID50

and receiving BCV. Although mice receiving 8 � 104 TCID50 were
not significantly protected, their MTDs were significantly increased
(P = 0.008 and 0.005) relative to the respective control. Comparing
cages within each group revealed that the BCV regimen did not
alter the MTD.
Anti-OPV antibodies were measured at Day 50 (1/100 dilution)
with the intention of comparing vaccinated cages (group 3–6) to
the appropriate vehicle controls (cages 1 and 2). We found that
mice in group 3, which were vaccinated with the highest
ACAM3000 dose, were the only animals that were statistically
positive by ELISA (P = 0.003 and 0.009, respectively; Table 4).

Taken together, these data indicate that a single ACAM3000
dose of P4 � 105 PFU is required to provide protection against a
lethal ECTV challenge. At the lowest dose of 8 � 104 PFU, protec-
tion was not provided but their MTDs were extended significantly.
Interestingly, a positive ELISA score cannot be used as a predictor
of protection, as groups 4 and 5 were ELISA negative but were
statistically protected against challenge. BCV did not alter mortal-
ity, ELISA, or MTD data; however, weight-change suggested that in
some cases the BCV regimen had an effect on body weight. These
data suggest that the reduced immune response when BCV was
co-administered with ACAM2000 is due to inhibition of ACAM2000
replication, and thus BCV may be restricting the amount of antigen
being made, which therefore corresponds to a lowered immune
response.

4. Discussion

The current prophylactic approach to preventing new OPVs
infections is to use vaccines similar to those developed by Edward
Jenner over 200 years ago. The U.S. now vaccinates individuals at
risk of exposure with ACAM2000, which replaced the first-genera-
tion Dryvax vaccine; however, the safety profile of ACAM2000 is
not significantly improved compared to Dryvax and its efficacy
remains untested in naturally transmitted VARV infections in
humans. ACAM2000 is considered a second-generation vaccine;
these vaccines are derived from the same seed-stock as first gener-



Fig. 4. Co-administration of BCV and Dryvax protects A-strain mice from a lethal ectromelia virus challenge when given up to 2 days post-challenge and protects against
weight-loss when given at Day -4 or Day 0. Groups of A-strain mice were vaccinated at the base of the tail with Dryvax and/or co-administered 10 mg/kg of BCV via oral
gavage starting on Day -4 (prophylactic treatment), Day 0, 2, or 4 p.i., 2.5 mg/kg doses of BCV were given also on Day 2, 4, 6, 8, 10, 12, and 14 following the initial BCV
treatment. A 40 PFU (20� LD50) ECTV challenge was administered via the IN route on Day 0. Mice were weighed daily as was mortality and time to death. 10 mice/group.

Table 3
Protection against a lethal ECTV challenge in C57BL/6 mice vaccinated with ACAM2000 in conjunction with BCV or vehicle (Anti-Veh).a Mice were vaccinated with ACAM2000
(2 � 105 PFU/mouse) at Day 0 and received 20 mg/kg of BCV via oral gavage beginning on Day �1, 0 or 1 relative to vaccination. A further 4 doses of 20 mg/kg of BCV were
administered every third day relative to the initial dose. At T = 52 days, mice were challenged with 4000 PFU (40� LD50) of ECTV via the IN route.

Group # of mice Treatment 1. (T = 0) Treatment 2. ECTV
(T = 52 days)

Day of death (rtc)b MTD ± SEMb Mortality
(%) at T = 21

Vaccine Vehicle Dilution BCVb Vehicle T=, Day

1 20 N/A N/A N/A N/A N/A N/A N/A 0

2 19 + N/A + 0 + 8,8,8,8,8,9,9,9,9,9,10,10,10,10,10,10,13 9.3 ± 0.3 89
20 + N/A + 0 + 8,8,8,8,8,8,8,8,9,9,9,9,10,10,10,10,10,11 8.9 ± 0.2 90

3 18 + Neatc + �1 + 0*

20 + Neatc + �1 + 0*

4 20 + Neatc + 0 + 0*

19 + Neatc + 0 + 0*

5 20 + Neatc + 1 + 0*

19 + Neatc + 1 + 0*

* P < 0.05 compared to controls.
a Protocol is described in the legend of Fig. 5.
b BCV, Brincidofovir; rtc, relative to challenge; MTD, mean time to death; SEM, standard error of mean.
c PFU/mouse dilutions are 2 � 105 (for Neat).
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Fig. 5. Co-administration of BCV and ACAM2000 protects C57BL/6 mice from a
lethal ectromelia virus challenge when given up to 1 day post-challenge but does
not protect against weight-loss. C57BL/6 mice were vaccinated with ACAM2000
(2x105 PFU) or vehicle and treated with BCV or Anti-Veh at Day -1, 0 or 1 relative to
vaccination. The BCV dosing regimen consisted of a 20 mg/kg oral gavage
treatments followed by an additional 4 treatments of 20 mg/kg administered every
3 days for a total of 5 doses. The same regimen was used for vehicle treated animals.
Blood was obtained at 21 and 50 days post-vaccination for measurement of
antibody (ELISA) and CD8+ T cell responses. Mice were challenged at Day 52 (Day 0
relative to challenge) by the intranasal route with 4000 PFU (40� LD50) of ECTV and
weight changes are shown. Representative experiment of N = 2 with 18–20 mice/
group. Error bars indicate SEM.

Fig. 6. Weight-change and survival of A-strain mice vaccinated with decreasing
doses of ACAM3000 in the presence and absence of BCV. Groups of A-strain mice
were vaccinated subcutaneously with 1 � 107, 2 � 106, 4 � 105, and 8 � 104 TCID50

of ACAM3000 in the presence of BCV or Anti-Veh. The BCV dosing regimen
consisted of an initial 20 mg/kg oral gavage dose followed by 3 further treatments
of 20 mg/kg administered on Days 2, 4 and 6, relative to the initial dosing. Mice
were bled at Day 50 days post-vaccination for measurement of antibody (ELISA) and
were challenged at Day 52 (Day 0 rtc) by the intranasal route with 120 PFU (60�
LD50) of ECTV. Mice were weighed daily (Panels A and B) and mortality measured
(Panels C and D). Representative experiment of N = 3 with 12–15 mice/group.
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ation vaccines. The primary advantage of ACAM2000 compared to
its predecessor is simply its modern and sterile method of manu-
facture. Although first- and second-generation vaccines have been
demonstrated to induce a robust immune response with proven
efficacy in humans, the high level of associated adverse events lim-
its their utility if en-masse vaccination were ever required; for
example, approximately 25% of the US population would be at risk,
or would place a close-contact at risk, of adverse events following
vaccination (Kemper et al., 2002).

Third-generation vaccines are derived from virus strains that
are attenuated and are typically safer than first- and second-gener-
ation vaccines. The improved safety profile generally comes from
reduced viral replication which also reduces the amount of viral
antigen and therefore the immune response. Two third-generation
vaccines are of most importance: LC16m8 and ACAM3000. LC16m8
is an attenuated vaccine that is not replication deficient. The vac-
cine is primarily used in Japan; however, a phase 1/2 clinical trial
in the US compared the vaccine to Dryvax and reported a similar
number, and severity, of adverse events between both groups,
although the vaccine lesion was reportedly smaller with less
swelling (Kennedy et al., 2011). ACAM3000 is a highly attenuated,
replication-incompetent, virus that was passaged 570 times in
chicken embryo fibroblasts which dramatically reduced its
virulence and rendered it incapable of replicating in humans. The
vaccine has been safely used in more than 2000 humans without
any reported significant adverse events (Frey et al., 2007;
Vollmar et al., 2006). In animal models, ACAM3000 has demon-
strated efficacy against lethal challenges with several different
OPVs (Earl et al., 2004, 2008; Garza et al., 2009; Munz et al.,
1993). The main limitation of ACAM3000 is that its immunogenic-
ity is several-fold lower than that produced by non-attenuated vac-
cines which means that it often requires a booster vaccination
about 30 days after the initial vaccination. This limitation becomes
a significant handicap in the event that rapid vaccination is
required, as non-attenuated vaccines typically provide protection
within a few days of being administered (Handley et al., 2009;
Parker et al., 2008a). Some progress has been made towards devel-
oping subunit DNA-, peptide-, and protein-vaccines (Edghill-Smith
et al., 2005; Fang et al., 2006; Fogg et al., 2004; Heraud et al., 2006;
Hirao et al., 2011; Hooper et al., 2000, 2004; Pulford et al., 2004;
Snyder et al., 2004); however, these vaccines are still in the early
stages of development.
Live vaccines using attenuated viruses, like Dryvax and
ACAM2000, provide the most robust immune responses to OPVs
and have been demonstrated to be efficacious in human and ani-
mal models (Fenner et al., 1988; Handley et al., 2007, 2009;
Nalca and Zumbrun, 2010). One approach that could be taken is
to combine these ‘gold standard’ vaccines with antiviral therapy
to reduce the incidence and severity of adverse events associated
with vaccination. This approach has been successfully evaluated
using both CDV and tecovirimat, both of which reduced vaccine
associated side effects without interfering with the development



Table 4
Survival of A-strain mice vaccinated with decreasing doses of ACAM3000 in the presences of absence of BCV or vehicle (Anti-Veh).a Mice were vaccinated with 1 � 107, 2 � 106,
4 � 105, or 8 � 104 TCID50 of ACAM3000 at Day 0. At Day 0, 2, 4, and 6 mice also received via oral gavage 20 mg/kg of BCV. At Day 52 (Day 0 rtc), mice were challenged via the IN
route with 120 PFU (60� LD50) of ECTV.

Group Cage # of
mice

Vaccine treatment (T = 0) Antiviral ELISA
(T = 50,
days)

ECTV
(T = 52,
DAYS)

Time of death (rtc)b MTD ± SEMb Mortality (%)
at T = 25

Vaccine Dose Vehicle BCVa Vehicle

1 1 15 � N/A + + � 0

2 2 11 � N/A + + � + 8,8,8,8,8,8,8,8,8,8,8 8 ± 0 100

3 3 15 + 1x107 � + + + 8,8 8 ± 0 13*

4 14 + + 10,14, 12 ± 2 14*

4 5 15 + 2 � 106 � + � + 9,9,9,9,10,13,16,20,23 13.1 ± 1.8* 60*

6 15 + � 7,8,8,9,12,14,14,14,14 11.1 ± 1* 60*

5 7 15 + 4 � 105 � + � + 8,8,9,11 9 ± 0.7 27*

8 14 + � 8,9,13,14,15,16,20 13.6 ± 1.6* 50*

6 9 14 + 8 � 104 � + � + 9,9,9,9,10,10,10,10,14,15,19 11.3 ± 1* 79
10 12 + � 9,9,9,9,9,10,14,14,15,16 11.4 ± 0.9* 83

ELISA positive animals at T = 50 post vaccination.
* P < 0.05 compared to controls (group 2).
a Protocol is described in the legend of Fig. 6.
b BCV, Brincidofovir; rtc, relative to challenge; MTD, mean time to death, SEM, standard error of mean.
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of protective immunity against subsequent OPV challenge
(Grosenbach et al., 2008; Israely et al., 2012; Silvera et al., 2009)
although this observation was not universal since there is one
report in which a combined CDV and vaccine regimen did not
result in protective immunity (Wei et al., 2009). In the studies
described in this report, we evaluated the efficacy of Dryvax and
ACAM2000 smallpox vaccines when administered with a BCV
regimen. BCV has been shown to be efficacious against poxvirus
infection in several animal models of smallpox (Lanier et al.,
2010) and is currently in Phase 3 clinical development for
prevention of cytomegalovirus infection in immunocompromised
hematopoietic transplant patients and for treatment of dissemi-
nated adenovirus disease in immunocompromised individuals.
When co-administered with Dryvax vaccination, BCV accelerated
the healing process of the lesion compared with vehicle treated
mice with efficacy equal to or superior to its parent compound,
CDV. This finding is significant because the lesion sheds live virus
and is a significant source of auto-inoculation and transmission
to unvaccinated individuals. Following a Dryvax + BCV regimen,
we found that ECTV challenged mice were equally protected
against ECTV-related mortality compared to mice treated with
Dryvax alone, however, we did find that the immune response
was attenuated as indicated by reduced antibody levels in serum.
These findings may explain why mice that received Dryvax alone
were more resistant to morbidity following ECTV challenge (as
measured by weight-loss). The finding that Dryvax could be
diluted several fold and still provide protection when given with
or without BCV is consistent with previous studies that have
shown that diluting Dryvax 1:10 does not compromise the
immune response generated in humans (Frey et al., 2002).

In the event of an act of bioterrorism involving the intentional
release of an OPV, public health authorities may not become aware
of the attack until after the event. Therefore, one key advantage to
any anti-OPV regimen is the ability to protect following exposure to
the virus. Several antiviral drugs have been demonstrated to pro-
vide post-exposure protection in animal models (Nalca et al.,
2008; Parker et al., 2008b,c; Quenelle et al., 2007a,c; Smith et al.,
2011; Stabenow et al., 2010) and some studies have indicated that
smallpox vaccines can also be given post-exposure and still provide
protection (Keckler et al., 2013). Others have shown that vaccinat-
ing C57BL/6 or BALB/c mice with VACV-Lister (a first-generation
smallpox vaccine similar to Dryvax) or ACAM3000 provides
post-exposure protection up to 2–3 days post IN ECTV challenge
(Paran et al., 2009). Our studies reveal that Dryvax vaccination at
the time of exposure, or after exposure, does not protect A-strain
mice against a lethal ECTV challenge; importantly however, we
found that the dual BCV + Dryvax regimen provided protection
when given up to 2 days post challenge with ECTV and provided
protection, via vaccination, against subsequent re-challenge. These
findings suggest that the BCV + Dryvax regimen may not only
reduce vaccine-associated adverse events, but may also provide
long-term protection when given post-exposure. Testing the effi-
cacy of these regimens in other mouse strains would be revealing.

The A-strain mouse is highly sensitive to ECTV with low LD50

(<1 PFU) values reported following IN, subcutaneous (SC) and foot-
pad (FP) challenge (Parker et al., 2010). Thus, the A-strain mouse
offers a sensitive model to evaluate therapeutic and prophylactic
drugs. That said, the C57BL/6 strain more accurately recapitulates
the course of VARV and MPXV disease in humans, i.e. an LD50 of
about 100 PFU following an IN challenge, resistance to FP and SC
challenges, a prolonged disease course, and a more robust immune
response to challenge (Parker et al., 2009). We evaluated the effi-
cacy of a dual regimen in C57BL/6 mice with BCV + ACAM2000,
where BCV was given at the same time as vaccination, 1 day before,
or 1 day after. We found that mice receiving the dual-regimen of
vaccine and BCV generated an immune response to vaccination,
but this response was reduced compared to mice receiving
ACAM2000 alone, except when BCV was given at Day +1 rtc, in
which case no difference in antibody levels were observed. Follow-
ing lethal challenge with ECTV, all mice survived challenge; how-
ever, the mice that received BCV at Day 1 after vaccination were
better protected against morbidity, as measured by weight-loss.
These data suggest that beginning a BCV regimen shortly after vac-
cination may provide the best protection against a challenge given
several weeks post-vaccination in C57BL/6 mice and may be indic-
ative of the clinical utility of a combination therapeutic/vaccine
strategy in the event of an outbreak.

In summary, our findings demonstrate that adding BCV to vacci-
nation with Dryvax or ACAM2000 reduces the immune response
generated by the vaccine but does not alter the formation of protec-
tive immunity following vaccination in mice. The dual-regimen sig-
nificantly reduced vaccination-associated lesions and facilitated
healing; hence, it may be useful to reduce the incidence and sever-
ity of adverse events associated with vaccination and accidental
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exposure. Moreover, humans for whom vaccination is contraindi-
cated could possibly be vaccinated in conjunction with a BCV regi-
men. Lastly, our findings reveal that the dual-regimen can be
administered post-exposure with BCV providing protection against
the challenge and the vaccine preventing disease following any
subsequent re-challenge in this model. The findings of this research,
in whole, are that although there is detectable attenuation of the
immune response there is no significant reduction in protective
immunity in animals administered a combination regimen of BCV
and vaccine compared with mice administered vaccine alone. BCV
also reduced the severity of vaccine related events and extended
the period of time post-exposure that vaccine remained effective
(as measured by prevention of mortality) in mice. Hence, combin-
ing BCV with vaccine is a strategy that may be useful in a post-expo-
sure scenario or in immunocompromised patients for whom
vaccination would otherwise be contraindicated. Consideration
should also be given to developing a combination regimen of BCV
in combination with a non-replicating vaccine, such as ACAM3000.
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