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ARTICLE INFO ABSTRACT

Keywords: Orthopoxviruses such as variola and monkeypox viruses continue to threaten the human population. Monkeypox
Immunoglobulin virus is endemic in central and western Africa and outbreaks have reached as far as the U.S. Although variola
Smallpox virus, the etiologic agent of smallpox, has been eradicated by a successful vaccination program, official and likely
Ectromelia landesti ks of the vi . di ith lia vi he etiological £

Vaccinia clandestine stocks of the virus exist. Moreover, studies with ectromelia virus (the etiological agent of mousepox)
Antiviral have revealed that IL-4 recombinant viruses are significantly more virulent than wild-type viruses even in mice
Monkeypox treated with vaccines and/or antivirals. For these reasons, it is critical that antiviral modalities are developed to

treat these viruses should outbreaks, or deliberate dissemination, occur. Currently, 2 antivirals (brincidofovir and
tecovirimat) are in the U.S. stockpile allowing for emergency use of the drugs to treat smallpox. Both antivirals
have advantages and disadvantages in a clinical and emergency setting. Here we report on the efficacy of a
recombinant immunoglobulin (rVIG) that demonstrated efficacy against several orthopoxviruses in vitro and in
vivo in both a prophylactic and therapeutic fashion. A single intraperitoneal injection of rVIG significantly
protected mice when given up to 14 days before or as late as 6 days post challenge. Moreover, rVIG reduced
morbidity, as measured by weight-change, as well as several previously established biomarkers of disease. In
rVIG treated mice, we found that vDNA levels in blood were significantly reduced, as was ALT (a marker of liver
damage) and infectious virus levels in the liver. No apparent adverse events were observed in rVIG treated mice,
suggesting the immunoglobulin is well tolerated. These findings suggest that recombinant immunoglobulins
could be candidates for further evaluation and possible licensure under the FDA Animal Rule.

1. Introduction

Smallpox was once considered one of the biggest scourges of hu-
manity. Characterized by high-level transmissibility and environmental
stability, the disease caused significant mortality and morbidity (Fenner
et al., 1988). The etiologic agent of smallpox is variola virus (VARV), an
orthopoxvirus (OPV). VARV was declared eradicated in 1980 following
a large-scale vaccination campaign and is stored in two official re-
positories in the U.S. and Russia; however, anecdotal evidence suggests
that unofficial stocks of VARV exist in countries that may have a
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propensity towards terrorism. The re-appearance of VARV in the human
population would likely be the result of bioterrorism or biowarfare and
would have a massive impact on public health, infrastructure, and the
economy. Monkeypox virus (MPXV) (also an OPV) remains a significant
cause of morbidity and mortality in endemic areas in central and
western Africa (Parker et al., 2007). Although the symptoms of
human-MPX are milder than those of smallpox, the virus is almost
impossible to eradicate because it can infect multiple animals of African
and non-African origin (Parker and Buller 2013). Since its discovery,
MPXV has emerged as a growing problem with increasingly frequent
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outbreaks (Beer and Rao 2019). Similar to VARV, MPXV would be an
attractive vector for weaponization based on its capacity for respiratory
transmission, extended incubation period, and environmental stability
(Parker et al., 2008a,b,c; Chen et al., 2011). Furthermore, a recent study
using horsepox (an OPV closely related to VARV and MPXV) demon-
strated that these viruses can be made de novo in most laboratories
(Noyce et al. 2018).

Vaccination remains the most effective way to prevent both VARV
and MPXV disease (Handley et al, 2009); however, the live
replication-competent vaccines (Dryvax and ACAM2000) have
sub-optimal safety profiles (Lederman et al., 2009) and are contra-
indicated for a large portion of the population. Some reports suggest that
25% of the U.S. population would have vaccine contraindications
(Kemper et al. 2002). Safer, non-replicating vaccines such as modified
vaccinia Ankara (MVA) are also available. The main disadvantage to
these vaccines is the requirement for multiple administrations to achieve
100% protection, making them less useful in an emergency (Handley
et al., 2009; Vollmar et al., 2006). Therefore, developing therapies for
OPV disease is urgent. Two drugs have led the field in development:
brincidofovir (BCV, previously CMX001) and tecovirimat (previously
ST-246). BCV is a lipid conjugate of cidofovir (CDV) (Ciesla et al., 2003;
Hostetler 2007), an antiviral with broad-spectrum efficacy against
dsDNA viruses. Unlike CDV, BCV is orally bioavailable and has no evi-
dence of dose-limiting nephro- or hematologic toxicity (Lanier et al.,
2010). BCV has been extensively evaluated and demonstrates good ef-
ficacy against OPV challenges (Buller et al., 2004; Parker et al., 2014;
Parker et al., 2008a,b,c; Crump et al., 2017; Quenelle et al., 2007a,b).
Tecovirimat is the only anti-OPV drug approved for use in the U.S. (Hoy
2018; Laudisoit et al. 2018). Like BCV, tecovirimat has demonstrated a
good efficacy -safety profile in testing (Berhanu et al., 2009; Duraffour
et al., 2007; Grosenbach et al., 2010; Jordan et al., 2008; Quenelle et al.,
2007a,b). The main drawback to tecovirimat is a single point mutation
can cause antiviral resistance (Lederman et al., 2012; Yang et al., 2005),
whereas resistance is difficult to generate to BCV (Smee et al., 2002).

Therapeutic antibodies reactive with key antigens on OPVs use a
mechanism of action different from both BCV and tecovirimat by
neutralizing virus infectivity and mediating effector mechanisms
including complement activation and phagocytosis of virus particles and
infected cells. Passive immunotherapy constitutes an alternative
approach providing immediate immunity to recently exposed in-
dividuals and long-lasting protection to those at risk of exposure.
Vaccinia virus (VACV) immunoglobulin (VIG), which is purified from
plasma of vaccinated donors, is licensed for treatment of complications
due to smallpox vaccination (Kempe et al., 1961); however, the efficacy
of VIG is low, very likely due to the small fraction of antibodies targeting
the antigens of interest in the pooled immunoglobulin. In treating
adverse events such as eczema-vaccinatum and progressive-vaccinia,
VIG seems to have limited effect. Furthermore, vast amounts of VIG
may be required to treat OPV infections. In one report, a patient with
progressive-vaccinia was treated with 30 times the amount estimated to
be needed for one person (Centers for Disease and Prevention 2009). It
should be noted that VIG has never been subjected to any controlled
clinical trials; it became approved at a time when no alternative thera-
peutics existed (Xiao and Isaacs 2010).

To circumvent the disadvantages of VIG, we have developed a re-
combinant VACV-immunoglobulin (rVIG) comprising 26 unique human
IgG1 antibodies targeting different VACV proteins (Lantto et al., 2011).
This recombinant product captures the diversity and specificity of the
natural immune response to smallpox vaccination while having much
higher specificity and activity than VIG (Lantto et al., 2011). In addition,
the recombinant format allows for consistent manufacturing leading to
unlimited supply and an improved safety profile.

In this study, we have further characterized the biological activity of
rVIG in multiple in vitro and in vivo models to assess its potential as a
therapy against OPV infections. rVIG was found to exhibit markedly
higher in vitro neutralizing activity than commercially available VIG
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against a range of OPVs, including VACV, cowpox (CPXV), ECTV, and
MPXV. rVIG also protected in vivo against multiple OPVs, both when
given prophylactically and therapeutically. Furthermore, rVIG did not
interfere with the development of humoral or cellular immunity against
ECTV infection in mice. Altogether, these results establish rVIG as a
potential prophylactic or therapeutic treatment of OPV infections.

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 pg/mL streptomycin (GIBCO,
Grand Island, NY). Viruses (strains ECTV-MOS, VACV-COP, MPXV-
Zaire) were purified through a sucrose cushion as described (Moss and
Earl 1998). Animals were sacrificed and bled by heart-sticks to deter-
mine viral titers. Tissues were removed and ground in PBS (10% FBS
w/v). Following grinding, samples were freeze-thawed thrice inter-
rupted by 20 s sonications. Virus infectivity was calculated by titration
on BSC1 monolayers (Esteban et al., 2012). Plaques were visualized by
addition of 0.5 mL 0.3% crystal violet/10% formalin to each well.
Arithmetic means above the limit of detection (1 x 102 plaque-forming
unit (PFU)/mL) were calculated as PFU/g or PFU/mL (Wallace and
Buller 1985).

2.2. Animals

The Institutional Animal Care and Use Committee at Saint Louis
University and Utah State School of Veterinary Medicine approved all
experimental protocols. A-strain mice were purchased from the National
Cancer Institute (Frederick, MD). Cast/EiJ mice were sourced from
Jackson Laboratory (Bar Harbor, ME). BALB/c mice were sourced from
Charles River (Wilmington, MA).

All experimental and animal procedures using ECTV and VACV were
completed at ABSL-2. MPXV procedures were completed at ABSL-3.
Animals were housed in filter-top microisolator cages with corncob
bedding (no more than 5 animals/cage), fed commercial mouse chow
(Teklad Global 18% Protein Rodent Diet, Envigo, Huntingdon, UK) and
provided water ad libitum. Animals were acclimatized for at least 1 week
prior to infection. Female mice were used unless otherwise stated. For
MPXV and ECTV studies, animals were 6-12 weeks old. For VACV
studies, animals were 13-15 g. Experiments consisted of 4-5 animals per
group unless otherwise stated. Animals were monitored daily and
weighed 5 times per week. Experiments were performed at least thrice
unless otherwise indicated.

For ECTV/MPXV challenges, mice were anesthetized by intraperi-
toneal (IP) injection of 9 mg/mL ketamine HCl and 1 mg/mL xylazine at
a ratio of 0.1 mL/10 g body weight. Intranasal (IN) inoculations with 5
pL/nare of virus were used to seed the upper respiratory tract as
described previously (Parker et al., 2008a,b,c) (Esteban and Buller
2005). For VACV challenges, mice were anesthetized with ketamine
(100 mg/kg) via IP injection followed by IN challenge with approxi-
mately 50 pL 1 x 10° PFU as described previously (Smee et al., 2004).

2.3. ELISAs

Direct anti-OPV ELISAs were performed using lysates from BSC1 cells
infected with VACV (WR strain). Clarified cell lysate was diluted in 50
mM carbonate-bicarbonate buffer (pH 9.6) at a 1:2500 dilution, and
used to coat 96-well microtiter ELISA plates at 4 °C overnight. Plates
were blocked with blocking buffer (PBS + 0.05% Tween 20 + 2%
normal goat serum) (Vector, Burlingame, CA) at room temperature for
30 min, and serial dilutions of mouse sera were added to wells.
Following incubation at room temperature for 1 h, wells were washed
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with PBS-T + 0.05% Tween 20. Bound antibody was detected using
biotin-conjugated goat anti-mouse IgG (Invitrogen, Carlsbad, CA) at
1:2500 dilution followed by streptavidin-HRP (Invitrogen, Carlsbad,
CA) at 1:4000 and orthophenylenediamine (0.4 mg/mL) in 50 mM cit-
rate buffer (pH 5.0) as a chromogen. Optical density was measured at
490 nm.

2.4. Determination of ECs values

BSC-1 cells were plated in 24 well-plates. Monolayers were infected
with ~75 PFU of indicator virus in 0.1 mL of DMEM +5% Fetal clone III
for 60 min at 37 °C. Media was aspirated and standard virus overlay
media containing no drug or the test drug at concentrations ranging
from 0.05 to 50 pM was added. The plates were incubated at 37 °C for
3-4 h, monolayers were stained, and plaques counted using a stereo-
microscope. Each assay was performed 3-times with an N = 3 for each
virus/assay. The ECsy concentration for each drug was calculated
(Esteban et al., 2012).

2.5. Statistics

T-tests were used to compare means between paired groups of ani-
mals. Survival analysis was performed using Kaplan-Meier curves and
log rank (Mantel Cox) test. Comparisons of weight-change over time or
qPCR results between multiple groups of animals were made using one
way ANOVA, Dunnett’s multiple comparisons test, and Fisher’s exact
test. Endpoints or lowest weight points were analyzed for significance.
Throughout the manuscript ‘significant’ indicates P values < 0.05.

2.6. Disease biomarker and rVIG plasma levels

Alanine amino transferase (ALT) analysis was performed on a Cobas
Mira Plus Chemistry Analyzer (Roche Diagnostics, Basel, Switzerland).
Samples were diluted as needed to provide adequate volume and bring
the results within the linear range of the machine. For qPCR, blood was
collected in EDTA microfuge tubes (BD Biosciences; San Diego, CA) and
run directly in the PCR mix using Omniklentaq buffer and enzyme (DNA
Polymerase Technology, St. Louis, MO) as described (Parker et al.,
2012).

The levels of rVIG were measured in murine serum samples using a
quantitative human IgG ELISA. Briefly, goat anti-human (Fc) IgG
(Serotec, Oxford, UK) was diluted in a 50 mM sodium-carbonate buffer
(pH 9.6) at a 1:500 dilution, and used to coat 96-wells microtiter ELISA
plates at 4 °C overnight. Plates were blocked with blocking buffer (PBS
+ 0.05% Tween 20 + 2% skim milk) at room temperature for 60 min,
and serial dilutions of mouse sera were added to wells. Following in-
cubation at room temperature for 1 h on shaker, wells were washed with
PBS +0.05% Tween-20. Bound antibody was detected using HRP-
conjugated goat anti-human IgG (Serotec, Oxford, UK) at 1:25000
dilution. After 1 h of incubation at room temperature, TMB-Plus sub-
strate was added followed by addition of 1M Sulfuric acid. Optical
density was measured at 450 nm.

2.7. Antivirals

rVIG was provided by Symphogen, Inc. (Ballerup, Denmark). VIG
was purchased from Cangene (Mississauga, Canada) for VACV studies
and Southern Research Institute (Birmingham, AL) for ECTV/MPXV
studies. Cidofovir (Vistide) was obtained from Gilead Sciences (Foster
City, CA). Compounds were diluted in sterile saline to the desired dosage
in a volume of 100 pL for IP injection. VIG (Southern Research Institute,
Birmingham, AL) was IP injected according to the provider’s in-
structions to make 2 mg/mouse.
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3. Results
3.1. Recombinant rVIG neutralizes orthopoxviruses

To determine if rVIG can neutralize OPVs we performed a plaque-
neutralization assay on 4 different OPVs encompassing 5 viral strains:
VACV (WR and Copenhagen strains), CPXV, ECTV, and MPXV. The ef-
ficacy of rVIG (measured by ECs() was compared to VIG, the only other
antibody platform approved for OPV treatment. Assays were performed
3-times with N = 3 per test. As shown in Table 1, rVIG exhibited potent
antiviral activity against all OPVs tested. In the case of VACV, CPXV and
ECTV, the ECsq value was >160 fold less than for VIG. For MPXV, the
ECsp value of rVIG was ~2-fold less than for VIG. These data revealed
that rVIG qualified for further evaluation.

OPVs morphogenesis is complex and results in production of at least
2 different infectious particles: an enveloped intracellular mature virus
(IMV) which typically remains cell-associated and are believed to be
important for virus dissemination in the general environment and be-
tween different host organisms following cell lysis; and an extracellular
enveloped virus (EEV) which are released from the infected cells as
double-membrane enveloped virions and are thought to mediate sys-
temic virus dissemination within an infected organism. Due to the na-
ture of the plaque-neutralization assay using overlay media, the
measurement of EEV could not be determined in this type of assay;
however, removal of the overlay media results in the formation of
comet-shaped plaques, which are thought to form because the EEV
particles are no longer restricted in their movements. To this end, we
measured EEV-specific activity of rVIG in a comet-inhibition assay using
VACV (Copenhagen strain). In the comet-inhibition assay, rVIG was
found to inhibit the formation of comet-tails with an ECsg of 0.23 pg/mL
(data not shown). These data indicate that rVIG neutralizes both IMV
and EEV particles.

3.2. rVIG protects mice against a lethal ECTV challenge

ECTV is the etiological agent of mousepox which is arguably the best
respiratory challenge model of VARV (smallpox) infection in humans.
Mousepox is similar to smallpox in at least 4 ways: ECTV requires a low
virus inoculum in the upper respiratory tract to induce a severe and
systemic lethal disease; during early disease, there appears to be no lung
involvement although virus can be detected in respiratory gasses during
the pre-exanthem period; disease presents with a rash similar in char-
acter to that of smallpox; and finally, mousepox is thought to fairly
accurately reflect the progress of natural infection in humans (Parker
et al., 2012; Parker et al., 2008a,b,c; Parker et al., 2009). However,
unlike smallpox, mousepox has a shorter disease course of 7-15 days
compared to 23-28 in smallpox and the major pathology appears to
involve the liver and spleen. Furthermore, rash development in
mousepox is dependent on mouse strain, challenge dose, route of inoc-
ulation, and virus strain (Buller and Fenner 2007; Parker et al., 2010).

Since the ECTV/mousepox murine model is a good small-animal
model of smallpox, we challenged A-strain mice with 0.6 PFU of ECTV
via the IN route. Challenged mice were treated with either 160, 40 or 10
pg of rVIG via the IP route at T = —1 day post infection (T = —1 d.p.i) or
T = +1 d.p.i. We also treated mice with 2 mg of VIG administered IP and

Table 1

rVIG neutralizes a broad range of OPVs at a lower concentration than VIG.
Virus (Strain) rVIG EC50° VIG EC50°
VACV (Copenhagen) 0.1 24.2
VACV (WR) 0.1 16.6
CPXV (Brighton) 0.2 65.9
ECTV (Moscow) 1.2 203
MPXV (Zaire) 14 31.1

# Measured as pg/mL.



S. Parker et al.

used CDV as a control (2 mg administered at T = —1). As expected, mice
that were challenged and treated with vehicle experienced 100% mor-
tality by +10 d.p.i (Fig. 1A). Mice that were mock-infected and treated
with vehicle had 100% survival; however, mice treated with VIG at T =
—1 and T = +1 experienced significantly reduced survival with mor-
tality rates of 60% (p = 0.008) and 80% (p = 0.03), respectively. As
expected, none of the CDV treated control mice experienced mortality
(Fig. 1A). Mice treated with the highest dose of rVIG (160 pg) survived
the challenge regardless of the day of treatment (Fig. 1B). The 40 pg dose
of rVIG resulted in 40% mortality when given at T = —1, but this was
reduced to 10% mortality when rVIG was administered at T = +1. None
of the mice in the 10 pg groups survived the challenge (Fig. 1B).
Morbidity was measured by weight-change; mice in the VIG T = —1
group lost ~25% weight compared to mice in the VIG T = +1 group
which lost only ~10% weight (Fig. 1C). None of the CDV or mock-
infected control mice had weight-loss. In the 160 pg group, mild
weight-change (~5%) over the first 10 days of the experiment was
recorded when rVIG was administered on T = —1 d.p.i.; however, no
weight-change was observed in mice administered rVIG at T = +1 d.p.i.
(Fig. 1D). Mice in the 10 pg rVIG group lost weight rapidly from T = +7
with day of death not significantly extended compared to vehicle-treated
controls (Fig. 1B and D). Taken together, these data reveal that mice
treated with 160 pg of r'VIG at T = +1 or —1 p.i. are better protected than
those treated with VIG (p = 0.01 and 0.04, respectively). Moreover, at
the 160 pg dose of rVIG, mice are protected against both mortality and
morbidity to a similar level as those treated with CDV (no significant
difference).

3.3. Determining the therapeutic window of rVIG in mousepox

Because the 160 pg treatment of rVIG protected mice comparably to
CDV, and because treatment demonstrated efficacy prior to challenge
(prophylactically), we decided to determine the therapeutic window of
rVIG from T = —14 d.p.i. to T = +6 d.p.i. When 160 pg rVIG was given
prophylactically at T = —14 d.p.i or T = —7 d.p.i, we found that the
mortality rates were 20% (p < 0.0001) and 0% with negligible levels of
weight-loss, respectively (Fig. 2A and B). These results indicate that
efficacious levels of rVIG remain in the mouse even when given up 2
weeks prior to challenge, and that rVIG is fully protective when given 7
days prior to challenge. When 160 pg rVIG was administered thera-
peutically on T = 0, +1, +2, +3, +4, +5, or +6 d.p.i. we found

(a) (c)
130
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~m- virus + vehicle (-1)

m

j=2]
== Virus +VIG 2 mg (-1) E 110
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" £ o0
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Q
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significant levels of protection in all groups compared to challenged
mice treated with vehicle, even when rVIG was administered as far out
as T = +5 and + 6 d.p.i. (p < 0.0001 both days). Indeed, no mortality
was observed in the T = 0, +1, +2, and +3 groups. The maximum
mortality rate was 25% when rVIG administered at T = +5 or +6, with
20% mortality in the T = +4 group (Fig. 2C). Inspection of the morbidity
data reveals that mice in groups with 100% survival (rVIG given at T =
0, +1, +2, or +3) did not experience significant weight-loss. As ex-
pected, groups with some mortality (rVIG given at T = +4, +5, or +6)
experienced some weight-loss but this did not exceed 10% (Fig. 2D).

The data presented here demonstrates a remarkably wide thera-
peutic window for rVIG, with significant protection achieved following a
single IP injection of rVIG from 14 days prior to challenge up to +6 d.p.i.
(the last time point measured). Mice that survived challenge were bled 6
weeks later and found to be ELISA positive for anti-ECTV antibodies
(data not shown). Not surprisingly, when these mice were re-challenged
with a lethal ECTV dose of 0.5 PFU 63 days after the initial challenge, no
mice experienced morbidity or mortality (data not shown) revealing
that rVIG did not impede the generation of a memory response to
challenge.

3.4. Evaluating the impact of rVIG on mousepox biomarkers

To further dissect the efficacy of rVIG, we analyzed disease bio-
markers to stage the disease course and monitor the efficacy in rVIG
treated animals. Several ECTV biomarkers have been previously evalu-
ated (Parker et al., 2012); however, we focused our studies on the most
robust biomarkers: viral DNA (vDNA) in whole-blood was measured by
qPCR,; infectious virus was measured by titers in organs; and ALT levels
were determined in plasma.

Using vDNA levels as a biomarker of ECTV disease is well established
in whole blood and buccal swabs; previous studies have revealed that
VvDNA levels increase over the course of infection and can be used
effectively as a trigger to initiate antiviral drug treatment (Crump et al.,
2017; Parker et al., 2008a,b,c; Parker et al., 2012). We found that mice
challenged with a lethal dose (0.5 PFU) of ECTV experienced 100%
mortality by day +10 p.i (Table 2); however, mice receiving a single
160 pg rVIG treatment had significantly reduced mortality on all treat-
ment days. Blood was taken from groups of mice via the sub-mandibular
route on days +6, +8, +10 and + 15 d.p.i. In mice that were infected and
treated with vehicle (group 2, Table 2), we found vDNA levels increased
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Fig. 1. Mortality and morbidity of female A-strain mice following a lethal ECTV challenge and treatment with VIG, CDV or rVIG. (A and B) At T = 0 d.p.i.
mice were challenged via the IN route with 0.6 PFU of ECTV or PBS (control challenge). (A) At T = —1 d.p.i., mice were treated once with either vehicle, VIG (2 mg)
or CDV (2 mg). At T = +1 d.p.i., a group of mice were treated once with VIG (2 mg). (B) Groups of mice were treated once with decreasing volumes of rVIG (160, 40
or 10 pg) at T = —1 d.p.i. (prophylactic) or T = +1 d.p.i. (therapeutic). Both A and B were conducted at the same time as 1 experiment and are separated in the figure
for clarity. (C and D) Mice were weighed daily Monday to Friday to measure morbidity and represent data from (A) and (B), respectively. The Figure represents data

combined from three experiments performed at separate times. N = 15/group.
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Fig. 2. Therapeutic and prophylactic efficacy of rVIG following a lethal challenge with ECTV. (A and B), Female A-strain mice were challenged with 0.6 PFU of
ECTV and treated once with 160 pug of rVIG at T = —14 or T = —7 d.p.i. Mortality (A) and morbidity (B) were recorded. (C and D), mice were challenged as per (A and
B) and treated once with 160 pg rVIG at either T = 0, +1, +2, +3, +4, +5, or +6 d.p.i. Mortality (C) and morbidity (D) were recorded. (A-D) data were collected at
the same time in a single experiment and are separated for clarity. The Figure represents data combined from three experiments performed at separate times. N =

15/group.

Table 2
Mortality of A-strain mice following a 0.5 PFU challenge with ECTV and treat-
ment with 160 pg rVIG ®".

Group  # of Challenge  Article Time of % Mortality (Mean
mice treatment (p.i.) day of death)

1 5 PBS vehicle 0 0

2 5 ECTV vehicle 0 100 (9.4)

3 5 ECTV rVIG -14 20 (13)

4 5 ECTV rVIG -7 0

5 5 ECTV rVIG 0 0

6 5 ECTV rVIG 4 0

7 5 ECTV rVIG 5 40 (9)

8 5 ECTV rVIG 6 20 (10)

@ A second group for each group shown in the table was also included. These
groups were sacrificed on day 6 p.i. (not shown for clarity).
b Data is representative from 1 of 2 studies. All studies had similar results.

over the course of the disease up to ~10* copies/pL before death (Fig. 3).
However, in mice treated with a single rVIG IP treatment on day —7, 0 or
+4 d.p.i. (groups 4, 5 and 6, Table 2) we found that vDNA levels were
undetectable (below 13 copies/pL, the lower sensitivity level of the
assay). Mice treated 14 days prior to challenge (group 3, Table 2) had
detectable levels of VDNA in samples taken on day +8 and + 10 p.i.;
however, the levels were significantly lower than mice infected and
treated with vehicle (group 2) (p < 0.001 day + 8 and p < 0.0001 day +
10). Unsurprisingly, when rVIG was administered on either day +5 or
+6 p.i. (groups 7 and 8), we found that vDNA levels in blood were higher

10000 Il virus + vehicle (0)
B B virus + VIG 160 ug (-14)
3 1000 Bl virus +1VIG 160 g (-7)
£ ik Il virus +1VIG 160 pg (0)
3 I virus + 1VIG 160 g (+4)
g 100 e B virus +1VIG 160 g (+5)
> B virus + VIG 160 g (+6)
10

6 8 10 15
Day of Harvest Post-Infection

Fig. 3. A single treatment of rVIG suppresses blood vDNA copies following
alethal ECTV challenge. A-strain mice were challenged with a 0.5 PFU dose of
ECTV via the IN route and treated with either vehicle or 160 pg of rVIG at T =
—14, -7, 0, +4, +5, or +6 d.p.i. At T = +6, +8, +10, and +15 mice were bled
via the sub-mandibular vein to determine vDNA copies. Data representative of 3
independent experiments with each group having an N = 5.

compared to groups that received rVIG earlier. These higher levels
corresponded with increased mortality. These data suggest that rVIG
administration between day —1 through day +4 p.i., reduces vDNA
levels in whole-blood to undetectable or almost undetectable levels.
Although vDNA levels in whole-blood provide a good readout of
disease progression, they do not quantify infectious virus. To this end, at
+6 d.p.i. we sacrificed groups of mice that were treated following the
same regimen as shown in Table 2 and harvested spleen, liver and lungs.
In spleen and lungs, we found that viral titers fluctuated between 10°
and 107 PFU/g, regardless of treatment regimen; however, liver titers
were significantly reduced in all groups receiving rVIG (p < 0.05)
(Fig. 4). These findings are interesting because it is thought the cause of
death in mice infected with ECTV is generalized liver failure (Fenner
1981; Esteban et al., 2012). Supporting the findings from liver titers are
the results of ALT levels from plasma samples taken at days +6, +8, +10,
and +15 p.i. (Fig. 5) from the same groups of mice sampled in Table 2.
ALT is used as a readout of damaged liver cells and has been shown to
increase dramatically following ECTV infection (Parker et al., 2008a,b,c;
Parker et al., 2009). Mice challenged with ECTV and treated with
vehicle (group 2 in Table 2) had low but detectable levels (~60 U/L) of
ALT at day +6 p.i. and these levels increased rapidly to almost 800 U/L
on day +8 p.i. (note, insufficient plasma was recovered from sick mice at
day +10 p.i. for ALT analysis). Conversely, mice that received a single
rVIG treatment on any administration day (groups 3-7 in Table 2)
except for day +6 p.i. (group 8) had levels of ALT that did not increase

10°-

virus +vehicle

virus + rVIG 160 pg (-14)
virus + rVIG 160 pg (-7)
virus + rVIG 160 pg (0)
virus + rVIG 160 pg (+4)
virus + rVIG 160 pg (+5)
virus + rVIG 160 pg (+6)

o

Spleen

Fig. 4. A single treatment of rVIG suppresses infectious virus levels har-
vested from the liver following a lethal ECTV challenge. Mice were chal-
lenged and treated with rVIG as per Fig. 3. At T = +6 d.p.i. groups of mice were
sacrificed and virus titers were determined from the liver, spleen and kidney.
Data representative of 3 independent experiments with each group having an N
= 5.
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Fig. 5. A single treatment of rVIG suppresses ALT elevation following a
lethal challenge with ECTV. Mice were challenged and treated with rVIG as
per Fig. 3. At T = +6, +8, +10, and +15 d.p.i. mice were bled and ALT levels
were determined from the plasma. Data representative of 3 independent ex-
periments with each group having an N = 5.

over time. Mice in group 8 (rVIG treatment on day +6 p.i.) had an in-
crease in ALT between day +6 and + 10 p.i.; however, ALT reduced
dramatically by day +15 p.i. to similar levels to those of mice in groups
3-7.

Taken together, these data suggest that rVIG not only protects mice
against mortality and morbidity (as measured by weight-change), but
also has a profound impact on several biomarkers of mousepox disease.

3.5. rVIG levels remain at detectable levels up to 29 days post
administration

Our animal studies revealed that rVIG was protective even when
administered 14 days prior to challenge. To gain insight into the phar-
macokinetics of rVIG, we administered a single 160 pg IP injection at
day —14, -7, 0, +4, +5, or +6 with respect to challenge (on day 0).
These groups of mice were bled at day +6, +8, +10 and + 15 p.i. and
plasma was analyzed using a quantitative human IgG ELISA. As shown
in Fig. 6, the highest level of rVIG was recorded at day +6 p.i. in mice
that received rVIG also on day +6 p.i. (approximately 6 h earlier than
being bled). Levels of rVIG dropped precipitously over time, reaching
~20 pg/mL by day +15. Inspection of the graph reveals that levels of the
recombinant human IgG in plasma were similar in the other groups, with
higher levels of the drug at time points closer to administration and
levels dropping precipitously to ~20 pg/mL. Even when rVIG was
administered 14 days prior to challenge, the level was still ~20 pg/mL at
+15 days p.i., or 29 days following rVIG administration. These data
indicate that rVIG levels decrease rapidly in the first 4 days following
administration, subsequently the curve flattens and plasma levels
remain stable for several weeks and continue to provide significant
protection (Fig. 6).
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T 400 —=— virus +1VIG 160 pg (-14)
El == virus +rVIG 160 pg (-7)
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g —e— virus +1VIG 160 pg (+5)
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Fig. 6. rVIG levels remain detectable 14 days after injection following a
lethal challenge with ECTV. Mice were challenged and treated with rVIG as
per Fig. 3. At T = +6, +8, +10, and +15 mice were bled via the submandibular
vein to determine plasma levels of rVIG. Data representative of 3 independent
experiments with each group having an N = 5.
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3.6. rVIG protects against lethal VACV and MPXV challenges in mice

Our findings that rVIG is protective in a lethal mousepox model is
encouraging; moreover, the data presented in Table 1 revealed that rVIG
is active against several other OPVs. Therefore, we employed two other
small-animal models of smallpox using VACV in BALB/c mice and MPXV
in Cast/EiJ mice. It is prudent to use several other models because no
animal model entirely recapitulates VARV disease in humans (Adams
et al. 2007; Americo et al. 2010).

We challenged BALB/c mice with 1 x 10° PFU of VACV (IHD strain)
and treated them with a rVIG IP injection 24 h following challenge. rVIG
was administered at 200, 100, 30, 10, 3, 1, or 0.3 pg/mouse and 400 pg/
mouse of VIG was used as a control. At T = 5 d.p.i., groups (N = 5) of
mice from each treatment regimen were sacrificed to determine viral
titers in the lungs. As shown in Fig. 7A, VIG failed to protect mice against
challenge; however, the 200 pg and 100 pg doses of rVIG protected
100% of mice against mortality. Doses below 100 pg/mouse were not
protective. Surprisingly, unlike in the ECTV studies, we found that all
mice treated with rVIG had similar levels of weight-loss (~30%)
regardless of the dose administered (Fig. 7B). When lung tissue titers
were calculated, there was no significant reduction in viral titers in the
lungs of mice treated with SYM002 compared to the control (data not
shown). These findings are consistent with what was observed in mice
challenged with ECTV and treated with rVIG (Fig. 4).

The MPXV studies were smaller in scale but were performed to
demonstrate proof-of-principle that rVIG protects against lethal OPV
challenges. Wild-type mice are typically resistant to MPXV; however,
129 statl™’~ mice were sensitive to MPXV and established the first
murine small-animal model (Stabenow et al., 2010). Shortly thereafter,
a second inbred mouse strain (Cast/EiJ) was demonstrated to exhibit
mortality and morbidity at fairly low inocula of MPXV (Americo et al.
2010). This sensitivity is believed to be due to an augmented IFN-y
response (Earl et al. 2012). We challenged Cast/EiJ mice IN with 2.4 x
10* PFU of MPXV. At T = +1 d.p.i. mice were treated with a single 160
pg/mouse IP rVIG injection. Mice challenged with MPXV experienced
80% mortality with rapid weight loss from T = +5 d.p.i. (Fig. 8);
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Fig. 7. Mortality and morbidity of female BALB/c mice following a lethal
VACV challenge and treatment with VIG or rVIG. At T = 0 d.p.i. mice were
challenged via the IN route with 1 x 10°> PFU of VACV or vehicle (control
challenge). At T = +1 d.p.i., a group of mice were treated once with VIG (IP
injection of 400 pug) or groups of mice were treated once with decreasing vol-
umes of rVIG (IP injections of 200, 100, 30, 10, 3, 1, or 0.3 pg). Mortality of
mice was scored daily (A) and mice were weighed (as a group) 3-times per week
to measure morbidity (B). The data is representative of 1 of 4 studies. All studies
had similar results. N = 10/group. Note, groups receiving the 1 and 0.3 pg doses
are not shown for graph clarity.
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Fig. 8. Mortality of Cast/EiJ mice following a lethal MPXV challenge and
treatment with rVIG. At T = 0 d.p.i. 2 groups of mice were challenged with
2.4 x 10* PFU of MPXV via the IN route. At T = +1 d.p.i., 1 group was IP
injected with vehicle and the other group was IP injected with 160 pg of rVIG.
Mortality of mice was scored daily (A) and mice were weighed daily (B) to
measure morbidity. The data is a combination of 2 studies with N = 10 mice
per group.

however, mice treated with rVIG experienced no mortality or morbidity
as measured by weight-change. These data indicate that rVIG protects
mice against a lethal challenge with MPXV.

4. Discussion

rVIG demonstrated excellent efficacy in vitro with ECsq values out-
performing those of VIG, the most similar drug in its class. Treatment
with VIG was only minimally protective against challenge. A single
treatment with rVIG reduced viremia, measured as both vDNA in whole-
blood and infectious virus in liver. ALT levels were also near normal,
indicating strong protection from liver disease and hepatocellular
damage. PK studies revealed that rVIG levels decreased rapidly after
injection but were still detectable 29 days post injection. Animals
treated with rVIG had no obvious toxicity or morbidity. Our findings are
consistent with a similar study that evaluated a smaller rVIG cocktail in
mice challenged with recombinant VACVs expressing luciferase. Chal-
lenged mice were protected from mortality and had significantly
reduced viral replication in the lungs, liver and spleen (as measured by
bioluminescence) (Zaitseva et al., 2011).

rVIG was highly efficacious when given as a prophylactic or thera-
peutic regimen. A-strain mice challenged with <5 PFU of ECTV typically
experience 100% mortality between T = +10 to +13 d.p.i. (Parker et al.,
2008a,b,c; Parker et al., 2009), thus consistent with our findings here.
We found rVIG was statistically significantly protective when given up
to T = +6 d.p.i., approximately half-way through the disease course.
Previously we have shown that vDNA can be detected in the blood from
T = 46 d.p.i. (Parker et al., 2008a,b,c) in A-strain mice and the results
presented here are consistent. These data suggest that vDNA can be used
as a biomarker to trigger intervention with rVIG within the therapeutic
window of protection. Results from other mouse strains suggest that
early detection of disease biomarkers can be used as a trigger to initiate
treatment and are critical for providing protection (Parker et al., 2012).
Other studies have evaluated the use of buccal swabs for the detection of
vDNA and found vDNA appeared in blood and buccal mucosa nearly
simultaneously (Parker et al., 2012; Crump et al., 2017). Although
buccal swab studies (which are significantly less invasive and easier to
execute than submandibular bleeds) were performed in C57BL/6 mice,
they suggest that buccal swabs would have utility as a technique to
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detect disease in A-strain mice within the therapeutic window of rVIG.

A-strain mice are highly susceptible to ECTV compared to C57BL/6
and SKH1 strains. These strains are both sensitive to ECTV IN challenges
(with significantly higher LDsg values than A-strain mice) but, unlike A-
strain mice, are resistant to ECTV footpad (FP) challenges (Parker et al.,
2012). These strains are thought to be better animal models of smallpox
because: 1) the FP challenge models variolation, a technique where
VARV was inoculated into superficially wounded skin of humans which
results in a significantly milder disease course with little to no mortality
(Fenner et al., 1988); and 2), the immune response in these strains ap-
pears to be mediated by a stronger Th1l response compared to A-strain
mice, similar to what is thought to occur in VARV naturally infected
humans (Parker et al., 2009). Evaluating rVIG in these strains, along
with biomarker assays, should be considered as a next step to determine
the overall efficacy of rVIG.

To date, BCV and tecovirimat are the most evaluated antivirals in the
ECTV/mousepox model of smallpox. We have previously found that
following a medium/low-dose IN challenge (~50 PFU), A-strain mice
experienced 100% mortality by ~ day +9 d.p.i.; however, intervention
with BCV was protective up to day+5 d.p.i. and to at least day+3 d.p.i.
for tecovirimat (evaluation beyond day+3 d.p.i. was not evaluated in A-
strain mice) (Quenelle et al., 2007a,b; Parker et al., 2008a,b,c). These
findings suggest that rVIG will have a therapeutic window similar to
BCV and tecovirimat; however, only 1 treatment with rVIG was required
for protection whereas for tecovirimat, and BCV to a lesser extent,
multiple administrations were required (Quenelle et al., 2007a,b; Parker
et al., 2008a,b,c; Parker et al., 2009; Yang et al., 2005). Evaluation of
rVIG should be considered in comparison to BCV and tecovirimat in a
controlled fashion where challenge doses are matched.

The advent of synthetic-biology and the ease with which OPVs can be
genetically modified has revealed that a recombinant ECTV expressing
murine IL-4 causes increased virulence and mortality even in mice
vaccinated with the Dryvax vaccine — a vaccine which provides uni-
formly robust protection against wild-type ECTV challenges in all
immunocompetent mouse strains (Jackson et al., 2001; Chen et al.,
2011). These findings have been of significant concern to the
bio-defense community for >20 years and played a large part in the
decision to develop antivirals against OPVs, in particular VARV. Previ-
ous small-scale studies have found that the most effective strategies to
protect against ECTV-IL-4 are either: 1) vaccination with Dryvax fol-
lowed by a booster vaccination (28 days later) and treatment with CDV
on the day of challenge; or 2) a combination treatment with BCV and
ST-246 for 14 days starting on the day of challenge. Neither treatment
regimen protected against significant morbidity and some mortality
(insignificant) was observed (Chen et al., 2011). Consideration should
be given to evaluating rVIG as a stand-alone or combination regimen
against recombinant IL-4 ECTV. This is particularly important because
most of the US population is not vaccinated against VARV and a sig-
nificant proportion have vaccine contraindications; however, a
pre-exposure (prophylactic) treatment with rVIG could be a significant
treatment option.

5. Summary

rVIG provided excellent protection against multiple OPVs. In animal
models it appears to offer equal, and perhaps superior, protection when
compared to BCV and tecovirimat. rVIG should be considered for further
evaluation in small-animal models of smallpox and consideration should
be given to evaluating it against recombinant IL.4 OPVs.
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