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Abstract ……..
Antibodies have great potential for countering biothreat agents that are not addressed by current
medical countermeasures. They are highly versatile defence molecules naturally produced in the
body and can be developed against any biothreat agent. Antibodies can directly neutralize
biothreat agents and/or invoke destruction of them through the assistance of the immune system.
Unlike vaccines, which require time to induce protective immunity and depend on the host’s
ability to mount immune responses, therapeutic antibodies can confer instant and consistent
immunity against biothreat agents once administered regardless of the immune status of the host.
In addition, therapeutic antibodies have substantial advantages over antimicrobial drugs, such as
high specificity, low toxicity, and long serum half-life (around 20 days). Therapeutic antibodies
can be used, either prophylactically to prevent diseases before, or therapeutically to treat diseases
after biothreat attacks. It is these properties that make antibodies attractive for medical
countermeasures against biothreat agents. As reviewed here, the development of therapeutic
antibodies against biothreat agents is summarized in the following areas: history of using
antibodies against infectious diseases, current status of development of therapeutic antibodies
against an extensive list of biothreat agents, and a table summarizing the development stages
(discovery, pre-clinical, and clinical) of each anti-biothreat agent antibody.

Résumé ….....
Les anticorps sont des outils très prometteurs pour contrer les agents de menace biologique non
neutralisés par les contre-mesures médicales actuelles. Ce sont des molécules de défense très
polyvalentes naturellement fabriquées par l’organisme et qu’on peut mettre au point contre tout
agent de menace biologique. Les anticorps peuvent directement neutraliser les agents de menace
biologique ou amener leur destruction par le système immunitaire. Contrairement aux vaccins,
qui nécessitent un délai pour induire une immunité protectrice et qui dépendent de la capacité de
l’hôte à bâtir une réponse immunitaire, une fois administrés, les anticorps thérapeutiques
confèrent une immunité instantanée et constante contre un agent de menace biologique, quel que
soit l’état immunitaire de l’hôte. En outre, les anticorps thérapeutiques présentent des avantages
appréciables par rapport aux antimicrobiens, par exemple une grande spécificité, une faible
toxicité et une longue demi-vie sérique (environ 20 jours). Les anticorps thérapeutiques peuvent
être utilisés dans un but prophylactique, pour prévenir les maladies, ou dans un but thérapeutique,
pour traiter les maladies après une attaque par un agent biologique. Ce sont ces propriétés qui
rendent les anticorps si intéressants comme contre-mesures médicales en présence d’agents de
menace biologique. Dans le présent document, divers aspects de la mise au point d’anticorps
thérapeutiques contre les agents de menace biologique sont résumés : historique du recours aux
anticorps pour lutter contre les maladies infectieuses, état actuel de la mise au point d’anticorps
thérapeutiques dirigés contre de nombreux agents de menace biologique et tableau résumant les
étapes de la mise au point (découverte, essai préclinique et essai clinique) de chacun des anticorps
dirigés contre un agent de menace biologique.
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Executive summary
Development of Antibodies as Medical Countermeasures to
Biothreat Agents
Wei-Gang Hu; DRDC Suffield TM 2012-120; Defence R&D Canada – Suffield;
December 2012.
Introduction: Current medical countermeasures against biothreat agents consist primarily of
vaccines and antimicrobial drugs. Both suffer from certain limitations. Vaccinations take a
number of weeks and possibly several administrations of vaccine before they are effective, while
resistance to antibiotics is becoming increasingly widespread and only a limited number of
antiviral drugs are available. Antibodies — proteins which are naturally produced in the body as
part of the immune response to infectious agents, many noxious substances, and vaccines — can
also be introduced artificially to treat diseases, provided an external source of antibodies is
available. Antibodies from animals were first employed to treat disease over a century ago, but
their use was always limited, as they themselves produce an adverse immune response in humans.
However, through advances in biotechnology, it is now possible to produce human or humanized
antibodies on a large scale in vitro for use as therapeutics.
Results: This technical memorandum reviews the state of development of therapeutic antibodies
against a wide range of biothreat agents, including emerging diseases, that the Canadian Armed
Forces (CAF) may potentially encounter during operations. In the case of anthrax (Bacillus
anthracis, agent N), effective therapeutic antibodies have already entered production and others
are in advanced stages of development. While little work has yet been conducted some threat
agents, significant advances have been achieved against many others. However, against some
threat agents, notably intracellular parasites such as Burkholderia pseudomallei (agent HI), the
causative agent of melioidosis, candidate therapeutic antibodies have shown meagre efficacy and
effective antibodies might never be developed.
The research and development program at DRDC Suffield in this area compares favourably with
that underway elsewhere. DRDC Suffield has established a series of novel approaches to
developing therapeutic antibodies against biothreat agents, which have resulted in a number of
therapeutic antibodies developed to Technology Readiness Levels 3 or 4. Its recent humanized
anti-ricin antibody is the most efficacious ever developed.
Significance: Therapeutic antibodies offer the potential for instant, consistent, and high-level
protection against a biothreat agents and emerging diseases, and could afford significant
protection to Canadian Armed Forces personnel, especially those engaging in rapid deployment
missions.
Future plans: DRDC Suffield’s efforts in this area are focused on developing its humanized antiricin antibody to the preclinical stage, in a project supported by the Canadian Forces Health
Services. The United States National Institutes of Health is also considering providing NIHfunded services for the further development of this antibody.
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Sommaire .....
Development of Antibodies as Medical Countermeasures to
Biothreat Agents
Wei-Gang Hu ; DRDC Suffield TM 2012-120 ; R & D pour la défense Canada –
Suffield; décembre 2012.
Introduction ou contexte : Les contre-mesures médicales utilisées actuellement contre les agents
de menace biologique comprennent principalement des vaccins et des antimicrobiens. Les vaccins
et les antimicrobiens présentent toutefois certaines limites. Les vaccins nécessitent plusieurs
semaines et possiblement plusieurs administrations avant d’être efficaces. Par ailleurs, la
résistance aux antibiotiques est de plus en plus répandue, et les antiviraux sont peu nombreux.
Des anticorps — protéines fabriquées naturellement par l’organisme dans le cadre d’une réponse
immunitaire contre des agents infectieux, de nombreuses substances toxiques et des vaccins —
peuvent aussi être introduits dans l’organisme de façon artificielle pour traiter des maladies, si
une source externe est existante. Les anticorps d’animaux ont d’abord été employés pour traiter
les maladies il y a un siècle, mais leur utilisation a toujours été limitée, car ils stimulent
eux-mêmes une réponse immunitaire indésirable chez l’humain. Cependant, grâce aux progrès de
la biotechnologie, il est maintenant possible de produire des anticorps humains ou humanisés à
grande échelle in vitro à des fins thérapeutiques.
Résultats : Dans le présent document technique, les auteurs examinent l’état d’avancement des
travaux de mise au point d’anticorps thérapeutiques dirigés contre une vaste gamme d’agents de
menace biologique, notamment des agents causant des maladies émergentes, avec lesquels les
Forces armées canadiennes (FAC) pourraient entrer en contact pendant les opérations. Dans le cas
du charbon (Bacillus anthracis, agent N), des anticorps thérapeutiques efficaces sont déjà en
cours de production, et la mise au point d’autres anticorps est à un stade avancé. Jusqu’à
maintenant, peu de travaux ont été menés sur certains agents de menace, mais des progrès
importants ont été réalisés pour de nombreux autres. Toutefois, dans le cas de certains agents de
menace, notamment les parasites intracellulaires comme Burkholderia pseudomallei (agent HI),
l’agent responsable de mélioïdose, il est peut-être impossible de mettre au point des anticorps
efficaces étant donné que les anticorps thérapeutiques candidats se sont révélés peu efficaces.
Le programme de recherche et de développement de RDDC Suffield en ce domaine se compare
favorablement aux programmes en cours ailleurs. RDDC Suffield a établi plusieurs nouvelles
méthodes de mise au point d’anticorps thérapeutiques dirigés contre des agents de menace
biologique, qui ont donné plusieurs anticorps thérapeutiques dont le stade de développement
technologique est de 3 ou de 4. L’anticorps anti-ricine humanisé récemment mis au point est le
plus efficace jamais créé.
Importance : Les anticorps thérapeutiques offrent la possibilité d’une protection instantanée,
durable et d’envergure contre des agents de menace biologique et des agents causant des
maladies émergentes, et pourraient conférer une bonne protection aux militaires des Forces
armées canadiennes, en particulier ceux qui doivent partir rapidement en mission.
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Perspectives : Les efforts déployés par RDDC Suffield dans ce domaine sont axés sur la mise au
point d’un anticorps anti-ricine humanisé jusqu’au stade préclinique, dans le cadre d’un projet
financé par les Services de santé des Forces canadiennes. Les National Institutes of Health des
États-Unis envisagent aussi de fournir des services financés par eux et destinés aux futures étapes
de la mise au point de cet anticorps.
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Introduction

In the course of their duties, Canadian Armed Forces (CAF) personnel are potentially at risk of
being deliberately exposed to biological warfare/bioterrorism agents and are also at risk of
exposure to endemic diseases in areas to which they are deployed, as well as to emerging
pathogens. These biological hazards can be collectively considered to be “biothreat agents”.
Possible medical countermeasures against biothreat agents mainly include vaccines, antimicrobial
drugs, and antibodies.
Vaccination can induce protective immune responses and then reduce the susceptibility of a
population against specific biothreat agents. Unfortunately, vaccines require time (weeks) to
induce protective responses. The required time is usually longer than the one between exposure
and onset of infectious diseases. Moreover, many vaccines require multiple doses over a time
course of weeks or even months to achieve protective responses. Meanwhile, vaccination does not
guarantee that all vaccine recipients would mount protective responses. For example, around 10%
of individuals receiving vaccine against hepatitis B virus do not elicit any protective responses
[1]. These drawbacks of vaccines would limit their usefulness during an emergency response to a
potential biothreat situation. Therefore, vaccination is not appropriate for post-exposure medical
countermeasures against biothreat agents. Meanwhile, it is also controversial to vaccinate a whole
population or large number of individuals for pre-exposure prophylaxis against an uncertain and
unpredictable biothreat attack unless there is a clear and present threat.
Antimicrobial drugs are effective to kill bacteria, but ineffective to eliminate viral infections.
Although antimicrobial drugs can provide protection when administered after exposure, their
serum half-lives are short (hours) and the resistance often occurs after repeated use [2]. More than
70% of the bacteria causing hospital-acquired infections are resistant to at least one of the drugs
specially used to combat them. Resistance to multiple drugs is increasing. Clearly there is a
critical need for new antimicrobial drugs not only for biodefense, but also for treatment of
naturally occurring infectious diseases.
Antibodies, which are glycosylated proteins, naturally produced in the body, have a high
specificity and affinity to foreign substances, playing an important role in the immune defence.
Antibodies are far more versatile natural reagents than once thought. Antibody functions include
two principal actions. The first is direct effects [3], which appear to be a function of antibody
antigen-binding fragment (Fab) for toxin neutralization, viral neutralization, and interference with
microbial attachment or replications. The second is indirect effects also called effector functions
[4], which result from the interaction of antibody constant region, also called crystallisable
fragment (Fc) with immune components. Through Fc, antibodies can recruit either the
complement cascade, leading to the formation of pores in the targeted cell membrane to exert
complement-defendant cytotoxicity (CDC), or effector cells to destroy the target cells to induce
antibody-dependent cellular toxicity (ADCC).
Unlike vaccines, therapeutic antibodies can provide immediate immunity to all recipients when
administered regardless of recipient’s ability to mount immune responses. Antibodies may be
administered in high levels, which exceed that elicited by vaccines, and thus provide a higher
level of protection, which is useful because biothreat exposure could be involved with much
higher levels of agents than natural exposure. Therefore, therapeutic antibodies can provide
DRDC Suffield TM 2012-120
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higher-than-natural protection. In addition, therapeutic antibodies have substantial advantages
over antimicrobial drugs, such as high target specificity, lower toxicity, and long serum half-life
(around 20 days). Antibodies can be used for both pre- and post-exposure protection against
biothreat agents [5, 6].
Antibody therapy against infectious diseases in humans was first developed a century ago [7, 8],
when German physiologist, Emil Adolf von Behring discovered an effective therapeutic use of
serum against diphtheria. He was then awarded the first-ever Nobel Prize in Physiology or
Medicine in 1901 for his contribution [9]. At that time, human hyperimmune sera obtained from
convalescent donors was used to treat some infections caused by microorganisms, currently
classified as biothreat agents, such as Bacillus anthracis, Brucella species, and variola virus.
Therefore, antibody therapy had its beginnings as serum therapy. Serum or plasma used in such
therapies contains a population of antibodies of which only a small fraction is antigen specific. In
today’s practise, only purified antibodies from human plasma can be approved for treatment of
several infectious diseases, such as tetanus, rabies, measles, and hepatitis. Despite unquestioned
efficacy in the fight against infectious diseases, human plasma-derived antibody therapy suffers
from a number of clear drawbacks, such as the limited availability of donor blood, batch-to-batch
variation, the risk of infectious disease transmission, and the high cost of production.
The limited availability of suitable human plasma source materials led to the development of
animal plasma-derived antibodies. However, there is a major disadvantage of these products,
notably serum sickness of recipients due to foreignness to humans. In other words, the animal
antibody products are foreign to humans and then could elicit an immune response in humans.
Repeat administration of these antibodies may result in rapid clearance of the animal antibodies
to decrease the effectiveness of treatment and anaphylaxis, an allergic reaction to the animal
antibodies that can range from a mild form, like a rash, to a more extreme and life-threatening
response, such as renal failure [10]. A potential solution to this problem is to develop transgenic
animals which carry human antibody genes. Following immunization with specific antigens, the
transgenic animals will develop human antibodies [11]. The challenges for the human antibodies
from transgenic animals are potential batch to batch variation, contamination with plasma-derived
animal proteins, and presence of infectious pathogens.
The development of monoclonal antibodies (mAbs) by mouse hybridoma technology in the late
1970s opened a new era in antibody therapy. MAbs are monospecific, homogeneous, and
reproducible [12]. The major benefit afforded by this technology is that it is possible, in principle,
to develop an antibody against any target of choice and to produce it in unlimited amounts.
However, like animal plasma-derived antibodies, these mAbs have a serious problem of fatal
anaphylaxis in humans [13]. Using hybridoma methods to immortalize human B-cells would
mitigate the problem, but the absence of a suitable fusion partner for human B cells and other
technical issues have made methods that rely on human B-cell immortalization problematic. To
overcome this hurdle, chimerization or humanization of murine mAbs can be implemented [14].
Modern alternative strategies now even allow development of fully human antibodies directly
from phage-display libraries of human antibody fragments [15]. Another approach is to use mice
that are transgenic for the human immunoglobulin (IG) locus as mentioned above [11].
Immunization of such a transgenic mouse leads to the development of human antibodies, from
which hybridomas that produce human antibodies can be generated. However, due to their
monospecific nature, mAbs might have some limited effectiveness against pathogens that are
complex or highly mutagenic. Several different human or humanized mAbs against various
2
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antigens on the same pathogen can be combined together to make a cocktail of mAbs to
overcome the monospecific disadvantage of mAbs as therapeutics.
Although a considerable number of therapeutic mAbs are commercially available, only two mAbs
have been licensed by Food and Drug Administration (FDA) for the treatment of infectious
diseases [16, 17]. The high cost of antibody manufacturing in mammalian cells and relatively
small market demand are the two major obstacles to widespread mAb use against infectious
diseases.
The cost could be reduced by certain new technologies, such as plant-based antibody production.
Plants are being evaluated for production of therapeutic antibodies at the moment, which might
lead to significant progress in the near future [18]. Plant systems have several advantages over
mammalian cell culture. They are fast, efficient, highly versatile (for new product development),
easily scalable, and inexpensive. In addition, they are free from contamination by mammalian
pathogens.
Low demand means less margin for profit, which tends to drive industry away. Pharmaceutical
companies prefer devoting their resource to larger and consequently more lucrative markets, such
as therapeutic antibodies against chronic conditions, such as hypertension, cancer, and heart
disease, rather than infective diseases. Government intervention through funding of research or
other mechanisms could improve the situation for development of therapeutic antibodies against
infective diseases.
Currently, the development of antibodies for prophylaxis and treatment of biothreat agentmediated diseases is still in its initial stages. The status of development of therapeutic antibodies
against an extensive list of biothreat agents and a table (Annex A) summarizing the development
stages (discovery, pre-clinical, and clinical) of each anti-biothreat agent antibody are provide in
the remainder of this report.
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2.1

Antibodies against biothreat agents
Bacillus anthracis

B. anthracis is the gram-positive and spore-forming bacterium that causes, depending on the route
of exposure, cutaneous, gastrointestinal, or inhalation anthrax [19]. Inhalation anthrax is the most
deadly form of the disease. The 2001 anthrax attacks in the USA clearly demonstrated the
severity of the hazard posed by this organism and highlighted the need for improved medical
countermeasures. The virulence of B. anthracis is mediated by two toxins, “lethal factor” (LF)
and “edema factor” (EF). Both toxins enter cells with from “protective antigen” (PA) [20]. PA is
the most immunogenic of the three virulence-associated proteins and hence several PA-specific
neutralizing mAbs have been developed, including two mAbs developed at DRDC Suffield [21].
Promising results have been demonstrated with a number of these mAbs in vivo. For example, a
chimerized mAb specific to PA completely protected guinea pigs against a 40×LD50 B. anthracis
spore challenge following two separate 10 mg/kg administrations of the mAb, with one given
before the challenge and the second on day 4 following exposure [22]. Another human mAb
(referred to as MDX-1303 or Valortim) was developed from transgenic mice immunized with
recombinant PA [23]. A single intramuscular injection of 1 mg/kg of MDX-1303 one hour
postchallenge fully protected monkeys challenged with aerosolized Ames strain anthrax spores
(200×LD50). Most recently, human polyclonal antibodies (pAbs) specific to PA have been
developed by immunization of transchromosomic cattle carrying the human IG loci with PA [24].
When mice were challenged with 106 anthrax (Sterne strain) spores per mouse and given 90
mg/kg of the pAb 4 hours postchallenge, complete protection was observed, while 90% of the
negative control died.
Besides PA-specific mAbs, a number of LF- or EF-specific mAbs have been developed as well.
In one example, an anti-LF mAb 9A11 was demonstrated to provide significant protection to the
mice when administrated as low as 0.375 mg/mouse at 24 h before anthrax lethal toxin challenge
[25]. Another mAb specific to EF, EF13D, protected mice from both EF-induced footpad edema
and systemic EF-mediated lethality [26].
These anti-PA, anti-EF, and anti-LF mAbs could potentially be used together to provide better
protection or therapy against anthrax infection.
Currently, several human or humanized anti-PA mAbs are being developed commercially for
application in pre-exposure prophylaxis and post-exposure therapy against inhalation anthrax.
These include the humanized and affinity-enhanced mAb ETI204 by Elusys Therapeutics under
the tradename “Anthim” [27], the human mAb1303 under the tradename “Valortim” by
PharmAthene Inc. in collaboration with Medarex [28], and PamAb under the tradename
“Abthrax” or “Raxibacumab” by Human Genome Sciences Inc. (HGS) [17]. Since it is unethical
to conduct human studies with biothreat agents, animal studies in two species along with
pharmacokinetics studies in healthy volunteers are sufficient for FDA approval [29]. All three
antibodies have successfully completed these studies and received Fast-Track and Orphan Drug
status from the FDA. In April 2009, HGS completed the delivery of 20,000 doses of
DRDC Suffield TM 2012-120
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Raxibacumab to the US strategic national stockpile. In July 2009, HGS received a second order
for 45,000 doses to be delivered over a period of three years, beginning near the end of 2009.
Most recently, Raxibacumab was approved by FDA in December 2012 [17].
In addition, a human anti-PA mAb (AVP-21D9) is in clinical trial by Emergent BioSolutions
[30], while a human anti-LF mAb, “Anthraxumab”, was under development by IQ Corporation in
the Netherlands [31].
Cangene Corporation in Winnipeg and Emergent Biosolutions in Maryland both manufacture
polyclonal “Anthrax IG” (AIG) from plasma of human volunteers who have been vaccinated with
anthrax vaccines [32]. Although this product is still in discovery stage, the US government has
announced plans to purchase 10,000 doses of AIG manufactured by Cangene Corporation for the
US national strategic stockpile.

2.2

Botulinum neurontoxin (BoNT)

BoNT, produced by Clostridium botulinum, is the most toxic substance known; it consists of two
chains, a “heavy chain” (HC) responsible for binding to nerve cells and a “light chain” (LC)
responsible for inhibition of never function [33, 34]. There are seven BoNT serotypes, A to G.
BoNT is taken up by nerve cells through pinocytosis; the LC then prevents acetylcholine release
from vesicles by blocking their attachment to the cell membrane, leading to muscular paralysis
[35].
There are two plasma-derived antibody products marketed currently. One is a heptavalent
botulinum antitoxin (H-BAT) produced by Cangene Corporation that contains antibodies specific
for the seven toxin types (A–G). Although H-BAT had not yet received FDA approval, the State
of Alaska recommended its use in 2010 to address a high rate of botulism [36]. H-BAT contains
purified Fab derived from equines that have been immunized with botulism toxoids and toxins.
The other is Botulism IG Intravenous-Human (BIG-IV or BabyBIG) developed by the California
Department of Public Health [37]. BIG-IV is the only drug currently available to treat infant
botulism.
Using phage display and hybridoma technology, antibody single-chain variable fragments
(ScFvs) have been raised against BoNT/A [38]. Two HC specific anti-BoNT/A ScFvs each
significantly prolonged the time to neuroparalysis, 1.5- and 2.7-fold, compared to the toxin
control in a mouse model. When both ScFvs were used in combination, the time to neuroparalysis
increased to 3.9-fold compared to the control. Furthermore, a combination therapy consisting of
antibodies against both HC and LC of the toxin significantly increased protection, even at a lower
mAb dosage against both pre- and post-exposure to BoNT/A holotoxin [39].
Due to the side effects of serum sickness with equine IG and mouse mAbs, the development of
human antibodies to BoNTs has been explored, including one human recombinant anti-BoNT/A
mAb developed at DRDC Suffield [40]. Human botulinum IG from volunteers immunized with
pentavalent botulinum toxiod vaccine (A, B, C, D, and E) was demonstrated to be protective in
guinea pigs against aerosol BoNT challenge [41]. Dessain’s group developed two human
antibodies, 4LCA and 6A, against BoNT/A and found that combining two human mAbs could
completely protect mice when 50 µg of each of the 4LCA and 6A antibodies (total of 100 µg)

6
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were first premixed with 1,000×LD50s of BoNT/A and the mixture administered was intravenous
injection one hour later [42]. However, 4LCA and 6A alone only partially protected mice.
Similarly, Yu and coworkers developed two human antibodies using a human antibody phage
display approach. Although neither antibody completely protected mice from toxin, they both
prolonged the time to death when challenged with 20×LD50 of BoNT/A. When used together, the
two mAbs completely neutralized 1,000×LD50 of BoNT/A/mg antibody [43]. Increasing evidence
suggests that the combination of mAbs specific to different epitopes on BoNT/A can significantly
improve protective function. Epitope mapping studies have identified at least three different
binding sites for neutralizing antibodies on BoNT/A [44]. Subsequent combination studies
confirmed that a cocktail of antibodies covering these three epitopes were 10 or 100 times more
protective than the combination of the two or the individual mAb alone, respectively [45]. This
cocktail was also ~100 times more efficient than hyperimmune serum.
XOMA in California is commercializing a cocktail of three human anti-BoNT/A mAbs (XOMA
3Ab) in pre-clinical studies [46]. National Institutes of Health (NIH) has awarded three contracts
for a total of nearly $100 million to XOMA to develop XOMA 3Ab.

2.3

Ricin

Ricin is a 60 to 65 kDa glycoprotein derived from beans of the castor plant. It is a relatively
simple toxin consisting of ricin toxin chain A (RTA) and ricin toxin chain B (RTB) linked by a
disulfide bond. RTB is responsible for binding to specific sugar residues on a target cell surface,
allowing RTA to be internalized into the cell by endocytosis. RTA then enzymatically inactivates
the ribosome inhibiting protein synthesis irreversibly. Ricin is one of the most potent cytotoxins
known. As little as a thousandth of a gram of ricin can kill an adult.
Toxin-neutralizing antibodies are potent antidotes. Several studies have demonstrated that antiricin antibodies can protect mice from lethal challenge of ricin [47, 48]. D9, a mAb developed at
DRDC Suffield, was found to be exceptionally effective in both pre- and post-exposure efficacy
assays in vivo. Intraperitoneal (i.p.) administration of D9, at a low dose of 5 μg per mouse, 6
hours after or 6 weeks before the challenge with 5×LD50 ricin was able to rescue or protect 100%
of the mice [49]. D9 has been successfully humanized [50]. This appears to be the first
humanized anti-ricin mAb with demonstrated therapeutic efficacy in vivo. It has potential both as
a prophylactic for first responders and as a therapeutic for causalities of a ricin incident.

2.4

Staphylococcal enterotoxin B (SEB)

SEB is a toxin commonly associated with food poisoning [51]. It is produced by the bacterium
Staphylococcus aureus and is known for causing toxic shock syndromes due to an SEB-related
cytokine storm [52]. The symptoms, such as acute vomiting and diarrhoea, are severely
incapacitating. Administration of mAbs against major histocompatibility complex (MHC) II of
macrophage protected mice from lethal challenge with SEB by inhibition of enterotoxin-induced
secretion of cytokines by macrophages, indicating antibodies can potentially be an effective
antidote [53].
Transfer of antibodies against whole SEB toxin generated in chickens (immunoglobulin Y (IgY))
suppressed cytokine responses and was protective in mice and rhesus monkeys treated with the
DRDC Suffield TM 2012-120
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IgY (10 mg/kg) up to 4 hours after challenge with a lethal SEB aerosol exposure [54]. These
findings suggest antibodies raised in chickens against the holotoxin may have potential
therapeutic value within a therapeutic window of opportunity after SEB intoxication.
Recently, a human anti-SEB mAb, IgG119, has shown complete protection in mice over a wide
range of challenge doses of SEB (from 0.125 µg to 4 µg) when administered one hour post
challenge at 200 µg/mouse [55].

2.5

Epsilon toxin

The epsilon toxin produced by Clostridium perfringens (a Gram-positive, anaerobic sporeforming rod bacterium) is a pore–forming protein that causes potassium and fluid leakage from
cells, resulting in a severe and often fatal illness (enterotoxemia) characterized by cardiac,
pulmonary, kidney, and brain edema. Some anti-epsilon-toxin neutralizing mAbs have exhibited
inhibition of epsilon-toxin cytotoxicity towards cultured cells and the ability of the toxin to form
pores in the plasma membranes of cells [56]. There has not yet been any report of efficacy in
vivo.

2.6

Shiga toxin

Shiga toxins are a family of related toxins within two major groups, Stx1 and Stx2. The most
common sources for Shiga toxin are the bacterium Shigella dysenteriae and the Shigatoxigenic
group of Escherichia coli (STEC), which includes serotypes O157:H7, O104:H4, and other
enterohemorrhagic E. coli (EHEC). The toxin requires highly specific receptors on a cell’s
surface in order to attach and enter the cell. Species such as cattle, swine, and deer that do not
carry these receptors can harbour toxigenic bacteria without any ill effect, shedding them in their
feces, which can then contaminate foods and spread to humans.
One report demonstrated that IgY, extracted from egg yolk of chickens immunized with Stx2,
was able to recognize Stx2. This anti-Stx2 IgY effectively blocked the biological activity of Stx2
on Vero cells and protect mice from Stx2 challenge. The data suggest that anti-shiga antibodies
could be antidotes against shiga toxin [57].

2.7

Yersinia pestis

Y. pestis is a Gram-negative bacterium and the causative agent of plague, one of the world’s most
deadly infectious human diseases. It infects through fleabites, direct ingestion, or inhalation of
contaminated animal tissues. Two immunogenic antigens have been identified, F1 and V
antigens. Horse hyperimmune serum was employed to treat human plague in the pre-antibiotic
era, resulting in reduced mortality [58]. MAbs against F1 and V antigens have also been
demonstrated to protect mice against lethal infection [59]. When F1- and V-specific mAbs were
administered together, a significant synergistic effect was observed, demonstrating 1,000 times
greater efficacy than either antibody alone [60]. Importantly, mAb administration also protected
against experimental pneumonic plague.
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2.8

Variola virus

Smallpox is an infectious disease unique to humans; transmission is generally through inhalation
of airborne variola virus. It is considered one of the most dangerous potential biothreat agents
because it is easily transmitted from person to person and no effective therapy exists. Although a
worldwide immunization program eradicated smallpox disease in 1977, small quantities of
smallpox virus still exist in two secure facilities in the United States and Russia.
In the early 20th century, administration of convalescent-phase serum was used to treat patients
with smallpox infection. The experience with the use of vaccinia virus vaccine to prevent
smallpox indicates that the antibodies induced by vaccinia virus vaccine are cross-protective for
variola virus. Neutralizing and protective antibodies to vaccinia virus bind to viral envelope
antigens. Most importantly, administration of vaccinia hyperimmune IG to persons in close
contact with smallpox patients substantially reduced the incidence of smallpox disease [61].
Currently human Vaccinia Immune Globulin (VIG) developed by Cangene Corporation is the
only antibody product licensed by FDA and Health Canada [30]. VIG contains specific antibodies
to the vaccinia virus with limited potency [62].
Two human recombinant antibodies against H3 and B5 proteins on the virus surface, hV26 and
h101, respectively, were developed from transgenic mice and have been demonstrated to provide
50% protection to mice when administered one day before vaccina virus challenge [63].

2.9

Intracellular bacteria

The intracellular pathogens, by their very nature, cause diseases after invading and growing in
host cells. Antibodies are naturally secreted into extracellular space and binds antigen
extracellularly to exert their antimicrobial functions. The currently accepted view is that
antibodies do not enter cells. Therefore, an accepted paradigm is that antibodies play little role in
protection against intracellular bacteria. However, there is growing evidence demonstrating that
antibody-mediated immunity provides crucial protection against intracellular bacteria, as shown
below. Possible mechanisms may include these antibodies interacting with the bacteria before
these enter cells, during cell-to-cell spread of the pathogen, or the antibodies entering the
mammalian cells after the invasive bacteria have done so.

2.9.1

Burkholderia pseudomallei and Burkholderia mallei

B. pseudomallei and B. mallei are closely related Gram-negative, bipolar, aerobic bacteria that
can cause serious diseases, namely, melioidosis and glanders, respectively, in humans and
animals [64]. Even with aggressive antibiotic treatments, the mortality rates of patients with
melioidosis or glanders are very high and there is no effective vaccine for either pathogen.
Consequently, more effective measures for the prevention and treatment of these diseases are
urgently required.
Many mouse mAbs against B. pseudomallei and B. mallei have been reported, but very few of
them showed efficacy in vivo [65, 66]. For example, mAbs BP7 2C6 and BP7 2G6 showed
complete prophylactic protection against B. pseudomallei challenge and mAbs BP 2E7 and BP
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2F4 showed complete prophylactic protection against B. mallei challenge [67]. These mAbs are
specifically against either the capsular polysaccharides (PS) or the lipopolysaccharides (LPS) of
the bacteria. However, the mAbs themselves did not show any direct inhibition of Burkholderia
bacteria. These did show strong bactericidal effects against Burkholderia bacteria, but only in the
presence of complement and phagocytes, indicating that these bactericidal effects are mediated
through antibody effector functions, which are only extracellularly available and these antibodies
might not be efficacious against bacteria once within cells.

2.9.2

Francisella tularensis

F. tularensis, the causative agent of tularaemia, is a Gram-negative intracellular bacterium with
several subspecies. It infects humans through the airways, gastrointestinal tract, and skin. Immune
serum treatment provided 100% prophylactic protection against intranasal lethal challenge of F.
tularensis live vaccine strain (LVS) infection in mice while normal serum or IG-depleted immune
serum provided no protection when immune serum was given 2 hours pre-exposure [68].
Furthermore, the protective efficacy with antibodies was found to be correlated with expression
of FcR on phagocytes activated by interferon-gamma [69], suggesting that a critical interaction of
antibody-mediated and cell-mediated immune responses is necessary to provide sterilizing
immunity against F. tularensis. Of considerable interest was the finding that antibodies were
capable of conferring protection against lethal respiratory tularemia in mice when given 24–48
hours post exposure [70].

2.9.3

Brucella

Brucella is a genus of Gram-negative bacteria. They are small, non-motile, and non-encapsulated
coccobacilli that function as facultative intracellular parasites to cause brucellosis. The disease is
transmitted by ingesting infected food, direct contact with an infected animal, or inhalation of
aerosols. Antibodies specific for the O PS (OPS) or M epitopes of Brucella were protective in
mice [71, 72]. A variety of different murine mAbs to Brucella have demonstrated protective
efficacy in mice against experimental brucellosis [73]. These results indicate the existence of
multiple antigens in Brucella, which can elicit protective antibody responses.

2.9.4

Coxiella burnetii

C. burnetii is the causative agent of Q fever. Transfer of antibodies from immunized mouse serum
was protective against murine experimental infection with C. burnetii [74]. This protection was
effective in helping to clear murine infection only if given before or at the same time as a
challenge with C. burnetii. Of note, antibody transfer was not effective in T-cell-deficient mice,
indicating that intact cell-mediated immunity is needed for antibody function [75].

2.10

Encephalitis viruses

Viral encephalitis can be caused by a number of viruses, including eastern equine encephalitis
virus (EEEV), Venezuelan equine encephalitis virus (VEEV), western equine encephalitis virus
(WEEV), Japanese encephalitis virus (JEV), and West Nile virus (WNV), which are of concern as
possible bioterrorism agents or emerging public health concerns.
10
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Development of neutralizing anti-VEEV antibodies has been extensively explored. Protective
anti-VEEV mAbs provided protection against lethal challenge in the experimental murine model.
Among these, three have been successfully humanized [14, 76, 77]. A humanized anti-VEEV
antibody developed at DRDC Suffield provided complete protection to mice against VEEV
infection 24 hours before or after virulent VEEV challenge, indicating that this antibody has
potent prophylactic and therapeutic effects against VEEV [14].
In the case of JEV, studies have shown that transfer of mouse mAbs can protect against prior or
subsequent JEV exposure in mice, goats, and monkeys [78, 79]. Humanized anti-JEV mAbs
exhibited high neutralizing activities against a broad spectrum of JEV genotype strains in an in
vivo mouse encephalitis model [80].
Available evidence suggests that WNV might be more susceptible to antibody-mediated than cellmediated immunity. In a mouse lethal WNV infection model, human IG from convalescent
donors showed a significant protective effect in both prophylaxis and therapy against WNV [81].
For example, treatment of mice with 0.2 or 1 mg human IG after virus infection led to 100%
survival. A potent neutralizing anti-WNV humanized mAb (hE16) demonstrated improvement in
the course of disease in a hamster model when administered after the virus had infected neurons
in the brain [82]. Another human ScFv (CR4374) showed 50% protection in mice from lethal
WNV challenge at the dose of 12.9 µg/kg of body weight [83].

2.11

Hemorrhagic fever viruses (HFVs)

HFVs include the filoviruses (Ebola, Marburg), arenaviruses (Lassa), bunyaviruses (Hanta), and
flaviviruses (Dengue). The resulting diseases are characterized by fever and bleeding disorders
that can progress to high fever, shock, and death in extreme cases.
Antibodies from convalescent serum have been used for treatment of Ebola, Marburg, and Lassa
hemorrhagic fevers in patients with curative effects. The protective effectiveness of human antiEbola virus (EBOV) serum IG has been confirmed in mice and monkeys [84, 85]. Moreover,
some mAbs to EBOV have demonstrated protection for the mice from EBOV infection in vivo
[86]. Subsequently, a neutralizing human mAb to EBOV glycoprotein, KZ52, protected guinea
pigs from lethal EBOV challenge. Administration before or up to 1 hour after challenge resulted
in dose-dependent protection by the antibody [87].
Anti-Marburg virus (MBGV) convalescent sera from guinea pigs showed some protection in mice
[88]. In addition, some mAbs to MBGV glycoprotein provided substantial, but incomplete,
protection of naive guinea pigs by antibody transfer [89]. These data suggest that neutralizing
epitopes exist within the MBGV glycoprotein but that induction of antibodies to these
neutralizing epitopes may not be sufficient for protection from lethal infection.
Anti-Hanta virus (HTNV) mAb, which recognizes G2 envelope glycoprotein, provided protection
in mice from HTNV infection [90]. The results indicate that the anti-HTNV mAb has anti-HTNV
activity in vivo and could be an effective candidate for the treatment of patients infected by
HTNV. Some anti-HTNV mAbs are in clinical stages of testing (I/II) in China [90, 91].
There are four dengue virus (DV) serotypes that are very close in terms of antigenicity. MAbs
against different DV serotypes have been developed, some of which were protective in mouse
DRDC Suffield TM 2012-120
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models [92, 93]. While antibodies can play a vital protective role during DV infection, they have
also been linked to some problems, such as antibody-enhancing infectivity in DV infection. It has
been noticed that infection with one serotype is thought to protect against re-infection with the
same serotype, but may either protect against or enhance infection with one of the other three
serotypes. The increased severity of secondary infections of heterologous seroptypes is believed
to result from antibody dependent enhancement (ADE) of DV infection, in which FcR
engagement by antibody-virus immune complexes facilitates virus entry into susceptible myeloid
cell types. Once inside white blood cells, the virus replicates undetected, eventually generating
very high virus titers which cause severe disease. Administration of a high dose of DV serotypespecific antibodies eliminated viremia, but administration of lower doses enhanced DV infection
in vivo even when the antibody possessed neutralizing function in vitro [94]. By contrast, a
genetically engineered antibody (E60-N297Q) that cannot bind FcR exhibited prophylactic and
therapeutic efficacy against ADE-induced DV lethal challenge [94]. In addition, a humanized
anti-DV4 antibody with a nine-amino-acid deletion in the Fc region completely ablated ADE of
DV replication in vitro. Antibody transfer of this humanized antibody at 20 μg/mouse afforded
50% protection of suckling mice against challenge with 25×LD50 of DV4. Monkeys that received
2 mg/kg of body weight of this antibody were completely protected against 100×LD50 of DV4
[95].
These observations provide insight into the pathogenesis of ADE dengue disease and identify a
novel strategy for the design of therapeutic antibodies against dengue.

2.12
2.12.1

Emerging viral diseases
Severe acute respiratory syndrome (SARS) coronavirus (SCV)

SCV first appeared in humans in 2002 and eventually infected ~8,000 people with a 10% fatality
rate. Within weeks, SARS spread from China to 37 other countries around the world. SCV
infection leads to the generation of potent neutralizing antibodies. For example, antibody transfer
of hyperimmune serum to naïve mice prevented virus replication following SCV challenge [96].
Patients with SARS were also treated successfully with IG from convalescent patient plasma [97].
Meanwhile, several research groups have recently developed human mAbs to the SCV spike
glycoprotein. One of these, developed from immortalized human B-cells, neutralized the virus
300-fold more efficiently than convalescent serum [98]. In a mouse model of SCV infection, this
antibody prevented viral replication. When a second human mAb, derived from the human ScFv
library, was given prophylactically to mice at doses therapeutically achievable in humans, viral
replication was reduced below assay limits [99]. A third human mAb selected from another large
antibody library showed neutralizing activity in ferrets [100]. A fourth human antibody, 5H10,
inhibited propagation of the virus and pathological changes in rhesus macaques infected with the
virus through the nasal route. The mechanism of therapy was by the inhibition of fusion between
the virus envelope and host cell membrane [101]. Two other human mAbs derived from
transgenic mice with human IG genes completely protected mice from viral replication in the
lung [102]. More human mAbs to SCV are being developed.
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2.12.2

Avian influenza H5N1 virus

H5N1 virus poses a significant potential threat were human–human transmission to develop, with
the possibility of a Spanish flu-like pandemic [103]. Eleven outbreaks of H5N1 were reported
worldwide in June 2008 in five countries, compared to 65 outbreaks in June 2006 and 55 in June
2007. Anti-influenza antibody therapy represents an alternative paradigm for preventing or
treating viral infection. Evidence for the utility of anti-influenza antibodies dates back to the 1918
influenza pandemic, when serum transfer was used with some success [104]. Although protection
provided by anti-influenza mAbs is typically narrow in breadth because of the antigenic
heterogeneity of influenza viruses, several groups have recently reported human protective mAbs
that bind to conserved epitopes within the stem region of viral hemagglutinin (HA) [105–107].
However, these epitopes appear to be restricted to a subset of influenza viruses, not for all. Just
recently, a previously unknown conformational epitope within the ectodomain of the influenza
matrix 2 protein, M2e has been found. This epitope is highly conserved in influenza A viruses,
being present in nearly all strains known to date, including highly pathogenic viruses that infect
primarily birds and swine and the 2009 swine-origin influenza virus A H1N1 pandemic strain. In
addition, human anti-M2e mAbs have been found to protect mice from lethal challenges with
either H5N1 or H1N1 influenza viruses [108]. These results suggest that viral M2e may elicit
broadly cross-reactive and protective antibodies in humans.

2.12.3

Chikungunya virus (CHIKV)

CHIKV is a recently re-emerged arbovirus responsible for a massive outbreak of infection in the
Indian Ocean region. Infection by CHIKV is often characterized by long-lasting and
incapacitating arthritis. Some fatal cases have been described among elderly and newborns.
Currently, there is no available vaccine or specific treatment against CHIKV. A clinical study
demonstrated that IgG3 response was dominated in patients infected with CHIKV and early high
levels of anti-CHIKV IgG3 indicated a favorable prognosis [109]. Human IG from convalescent
plasma of CHIKV infection exhibited a high in vitro neutralizing activity and a powerful
prophylactic and therapeutic efficacy against CHIKV infection in vivo [110]. To date, two human
mAbs against CHIKV, 5F10 and 8B10, have been developed from human blood B-cells of a
donor with a history of CHIKV infection. Both of these not only neutralized different CHIKV
isolates from Singapore, Africa, and Indonesia in vitro, but also the closely related O’nyongnyong virus [111]. Both were specific for the CHIKV envelope: 5F10 bound to the E2
glycoprotein ectodomain and 8B10 to E1 and/or E2.

2.12.4

Hendra virus (HeV) and Nipah virus (NiV)

HeV and NiV are recently-emerged, closely related and highly pathogenic paramyxoviruses. Both
can cause fatal disease in animals and humans. Development of mAbs specific for these viruses
has only recently started, but is progressing rapidly. Antiserum transfer protected against a NiV
challenge in hamsters [112]. Furthermore, animals that received anti-NiV murine mAbs
developed from NiV envelope proteins, G attachment protein, or F fusion protein, either before or
immediately following NiV challenge, were completely protected [113]. Interestingly, mAb
specific for the NiV protein neutralized HeV in vitro and efficiently protected hamsters from HeV
if given before infection [114]. These results reveal the similarities between HeV and NiV
pathogenesis, particularly in affecting both respiratory and neuronal system. In 2009, human
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mAbs against both viruses were developed [115]. One of these, m102.4, which targeted the
ephrin-B2 and -B3 receptor binding domain of the G envelope glycoprotein of HeV and NiV,
showed exceptional cross-reactive potency against both NiV and HeV in vitro. It also has
confirmed efficacy against lethal challenge of NiV in a new ferret model [116] and HeV in an
African green monkey model [117].

2.12.5

Crimean-Congo hemorrhagic fever virus (CCHFV)

CCHFV, a member of the genus Nairovirus of the family Bunyaviridae, causes a severe disease
in humans with a high mortality rate. Found in Europe, Africa, and Asia, CCHFV is a reemerged, tick-borne virus. There is currently no specific antiviral therapy for CCHF. Advances in
the development of mAbs and antibody engineering have raised hopes for new candidate drugs
for the prevention and treatment of CCHFV infections. In Turkey, the treatment of CCHF victims
with human CCHFV IG from convalescent plasma of CCHFV infected patients has been
evaluated. The survival rate was found to be 86.6% (13/15), although two patients died despite
CCHFV IG administration, indicating prompt administration of CCHFV IG might be a very
promising new treatment approach, especially for high-risk individuals [118].

14

DRDC Suffield TM 2012-120

3

Summary

This technical memorandum has reviewed the state of development of therapeutic antibodies
against a wide range of biothreat agents and emerging diseases that potentially pose operational
threats to the Canadian Armed Forces (CAF). In the case of anthrax, effective therapeutic
antibodies have already entered production and others are in advanced stages of development.
Against some other threat agents, in particular, intracellular parasites such as Burkholderia
pseudomallei (agent HI), the causative agent of melioidosis, candidate therapeutic antibodies have
shown meagre efficacy and effective antibodies might never be developed. Nonetheless, with
continuous advances in the technology of antibody development and understanding of the
infectivity and intoxication of biothreat agents, more and more antibodies will likely be
developed as effective prophylactic and therapeutic products in the near future. Specific
antibodies may be the only hope for the numerous biothreat agents against which no vaccines and
drugs are currently available.
DRDC Suffield, in particular, has significant strength in antibody research and development. It
has established a series of novel approaches to developing antibodies, ranging from mAbs
through to human or humanized antibodies. Using these approaches, a number of human or
humanized antibodies, such as those against VEEV [14, 119], anthrax, botulinum neurotoxin A
[40], and ricin [50] have been developed. The most recently developed humanized anti-ricin
antibody is the most efficacious anti-ricin antibodies yet reported. To exploit its potential, the
Canadian Forces Health Services are providing financial support from under the Biological
Warfare Threat Medical Countermeasures project to move this antibody to the preclinical
development stage. The United States National Institutes of Health are also considering providing
NIH-funded services for further development of this antibody.

DRDC Suffield TM 2012-120

15

References .....
[1] Pirofski, L. A. and Casadevall, A. (1998), Use of licensed vaccines for active immunization
of the immunocompromised host, Clin. Microbiol. Rev., 11, 1–26.
[2] Zeitlin, L.; Cone, R.A.; Moench, T.R.; and Whaley, K.J. (2000), Preventing infectious disease
with passive immunization, Microbes Infect., 2, 701–708.
[3] Casadevall, A. and Pirofski, L.A. (2004), New concepts in antibody-mediated immunity,
Infect. Immun., 72, 6191–6196.
[4] Raghavan, M. and Bjorkman, P.J. (1996), Fc receptors and their interactions with
immunoglobulins, Annu. Rev. Cell. Dev. Biol., 12, 181–220.
[5] Bregenholt, S. and Haurum, J. (2004), Pathogen-specific recombinant human polyclonal
antibodies: Biodefence applications, Expert Opin. Biol. Ther., 4, 387–396.
[6] Casadevall, A. and Pirofski, L.A. (2005), The potential of antibody-mediated immunity in the
defence against biological weapons, Expert Opin. Biol. Ther., 5, 1359–1372.
[7] von Behring, E. and Kitasabo, S. (1890), Über das Zustandekommen der
Diphtherieimmunität und Tetanusimmunität bei Thieren, Deutsch. med. Wochenschr., 16,
1113-1116.
[8] Winau, F. and Winau, R. (2002), Emil von Behring and serum therapy, Microbes Infect., 4,
185–188.
[9] Anon. (n.d.), The Nobel Prize in Physiology or Medicine 1901: Emil von Behring (online),
Nobel Media AB, http://www.nobelprize.org/nobel_prizes/medicine/laureates/1901/ (Access
date: 2013-07-04).
[10] Kellermann, S.A. and Green, L.L. (2002), Antibody discovery: The use of transgenic mice
to generate human monoclonal antibodies for therapeutics, Curr. Opin. Biotechnol., 13,
593–597.
[11] Green, L.L. (1999), Antibody engineering via genetic engineering of the mouse:
XenoMouse strains are a vehicle for the facile generation of therapeutic human monoclonal
antibodies, J. Immunol. Methods, 231, 11–23.
[12] Kohler, G. and Milstein, C. (1975), Continuous cultures of fused cells secreting antibody of
predefined specificity, Nature, 256, 495–497.
[13] Khazaeli, M.B.; Conry, R.M.; and LoBuglio, A.F. (1994), Human immune response to
monoclonal antibodies, J. Immunother., 15, 42–52.

16

DRDC Suffield TM 2012-120

[14] Hu, W.G.; Phelps, A.L.; Jager, S.; Chau, D.; Hu, C.C.; O’Brien, L.M.; Perkins, S.D.; Gates,
A.J.; Phillpotts, R.J.; and Nagata, L.P. (2010), A recombinant humanized monoclonal
antibody completely protects mice against lethal challenge with Venezuelan equine
encephalitis virus, Vaccine, 28, 5558–5564.
[15] McCafferty, J.; Griffiths, A.D.; Winter, G.; and Chiswell, D.J (1990), Phage antibodies:
Filamentous phage displaying antibody variable domains, Nature, 348, 552–554.
[16] Reichert, J.M. (2012), Marketed therapeutic antibodies compendium, mAbs, 4, 413–415.
[17] Kaye ,D. (2012-12-14), FDA approves raxibacumab to treat inhalational anthrax (online),
http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm332341.htm (Access
date: 2013-07-25).
[18] Giritch, A., S. Marillonnet, C. Engler, G. van Eldik, J. Botterman, V. Klimyuk, and Y.
Gleba, Y. (2006), Rapid high-yield expression of full-size IgG antibodies in plants
coinfected with noncompeting viral vectors, Proc. Nat. Acad. Sci. USA, 103, 14701–14706.
[19] Inglesby, T.V.; Henderson, D.A.; Bartlett, J.G.; Ascher, M.S.; Eitzen, E.; Friedlander,
A.M.; Hauer, J.; McDade, J.; Osterholm, M.T.; O’Toole, T.; Parker, G.; Perl, T.M.; Russell,
P.K.; and Tonat, K. (1999), Anthrax as a biological weapon: Medical and public health
management, J. Am. Med. Assoc., 281, 1735–1745.
[20] Blaustein R.O.; Koehler T.M.; Collier R.J.; and Finkelstein A. (1989), Anthrax toxin:
Channel-forming activity of protective antigen in planar phospholipid bilayers, Proc. Nat.
Acad. Sci. USA, 86, 2209–2213.
[21] Hu W.G.; Yin J.; Jager S.; Wong C.; Fulton C.; Rayner G.A.; Aw C.; Fisher G.R.; Dai X.;
and Nagata L.P. (2008), A novel approach to development of monoclonal antibodies using
native antigen for immunization and recombinant antigen for screening, Hybridoma
(Larchmont, NY), 27, 307–311.
[22] Rosenfeld R.; Marcus H.; Ben-Arie E.; Lachmi B.E.; Mechaly A.; Reuveny S.; Gat O.;
Mazor O.; Ordentlich A. (2009), Isolation and chimerization of a highly neutralizing
antibody conferring passive protection against lethal Bacillus anthracis infection. PLoS One
4, e6351.
[23] Vitale L.; Blanset D.; Lowy I.; O’Neill T.; Goldstein J.; Little S.F.; Andrews G.P.; Dorough
G.; Taylor RK.; and Keler T. (2006), Prophylaxis and therapy of inhalational anthrax by a
novel monoclonal antibody to protective antigen that mimics vaccine-induced immunity.
Infect. Immun. 74, 5840–5847.
[24] Kuroiwa Y.; Kasinathan P.; Sathiyaseelan T.; Jiao J.A.; Matsushita H.; Sathiyaseelan J.; Wu
H.; Mellquist J.; Hammitt M.; Koster J.; Kamoda S.; Tachibana K.; Ishida I.; and Robl J.M.
(2009), Antigen-specific human polyclonal antibodies from hyperimmunized cattle, Nat.
Biotechnol., 27, 173–181.

DRDC Suffield TM 2012-120

17

[25] Staats H.F.; Alam S.M.; Scearce R.M.; Kirwan S.M.; Zhang J.X.; Gwinn W.M.; and
Haynes B.F. (2007), In vitro and in vivo characterization of anthrax anti-protective antigen
and anti-lethal factor monoclonal antibodies after passive transfer in a mouse lethal toxin
challenge model to define correlates of immunity, Infect. Immun., 75, 5443–5452.
[26] Chen, Z.; Moayeri, M.; Zhao, H.; Crown, D.; Leppla, S.H.; and Purcell, R.H. (2009), Potent
neutralization of anthrax edema toxin by a humanized monoclonal antibody that competes
with calmodulin for edema factor binding. Proc. Nat. Acad. Sci. USA, 106, 13487–13492.
[27] Anon. (n.d.), Anthim® Anthrax Anti-Toxin (online), Elusys Therapeutics, Inc.,
http://www.elusys.com/anthim-anthrax.html (Access date: 2013-07-04).
[28] Anon. (n.d.), Valortim® Anthrax Anti-Toxin (online), PharmAthene, Inc.,
http://www.pharmathene.com/product-portfolio/valortim-anthrax-anti-toxin (Access date:
2013-07-04).
[29] Hanna, K.E. (2002), Extraordinary measures for countermeasures to terrorism: FDA’s
“Animal Rule”, Hastings Cent. Rep., 32, 9.
[30] Anon. (2012-11-20), Safety and Pharmacokinetics Study of Human Monoclonal Antibody
(AVP-21D9) (online), U.S. National Institutes of Health,
http://clinicaltrials.gov/ct2/show/NCT01202695?term=anthrax&rank=17 (Access date:
2013-07-04).
[31] IQ Corporation (2004-06-24), IQ Corporation’s Anthrax Products Selected for Testing by
CDC (online), Infection Control Today,
http://www.infectioncontroltoday.com/news/2004/06/iq-corporation-s-anthrax-productsselected-for-te.aspx (Access date: 2013-07-09).
[32] Schneemann, A. and Manchester, M. (2009), Anti-toxin antibodies in prophylaxis and
treatment of inhalation anthrax, Future Microbiol., 4, 35–43.
[33] Hatheway, C.L. (1990), Toxigenic clostridia, Clin. Microbiol. Rev., 3, 66–98.
[34] Sugiyama, H. (1980), Clostridium botulinum neurotoxin, Microbiol. Rev., 44, 419–448.
[35] Arnon, S.S.; Schechter, R.; Inglesby, T.V.; Henderson, D.A.; Bartlett, J.G.; Ascher, M.S.;
Eitzen, E.; Fine, A.D.; Hauer, J.; Layton, M.; Lillibridge, S.; Osterholm, M.T.; O’Toole, T.;
Parker, G.; Perl, T.M.; Russell, P.K.; Swerdlow, D.L.; and Tonat, K. (2001), Botulinum
toxin as a biological weapon: Medical and public health management, J. Am. Med. Assoc.,
285, 1059–1070.
[36] Castrodale, L. and Jenkerson, S.A. (2010), New Recommendations for Use of Heptavalent
Botulinum Antitoxin (H-BAT) (online), Alaska Department of Health and Human Services,
http://www.epi.alaska.gov/bulletins/docs/b2013_16.pdf (Access date: 2013-07-04).

18

DRDC Suffield TM 2012-120

[37] Arnon, S.S.; Schechter, R.; Maslanka, S.E.; Jewell, N.P.; and Hatheway, C.L. (2006),
Human botulism immune globulin for the treatment of infant botulism, N. Engl. J. Med.,
354, 462–471.
[38] Amersdorfer, P.; Wong, C.; Chen, S.; Smith, T.; Deshpande, S.; Sheridan, R.; Finnern, R.;
and Marks, J.D. (1997), Molecular characterization of murine humoral immune response to
botulinum neurotoxin type A binding domain as assessed by using phage antibody libraries,
Infect. Immun., 65, 3743–3752.
[39] Cheng L.W.; Stanker L.H.; Henderson T.D.; Lou J.; and Marks J.D (2009), Antibody
protection against botulinum neurotoxin intoxication in mice, Infect. Immun., 77, 4305–
4313.
[40] Hu W.G.; Jager S.; Chau D.; Mah D.; and Nagata L.P. (2010), Generation of a recombinant
full-length human antibody binding to botulinum neurotoxin A, Appl. Biochem. Biotechnol.,
160, 1206–1216.
[41] Gelzleichter, T.R.; Myers M.A.; Menton R.G.; Niemuth N.A.; Matthews M.C.; and
Langford M.J. (1999), Protection against botulinum toxins provided by passive
immunization with botulinum human immune globulin: Evaluation using an inhalation
model, J. Appl. Toxicol., 19(Suppl 1), S35–S38.
[42] Adekar S.P.; Takahashi T.; Jones R.M.; Al-Saleem F.H.; Ancharski D.M.; Root M.J.;
Kapadnis B.P.; Simpson L.L.; and Dessain S.K. (2008), Neutralization of botulinum
neurotoxin by a human monoclonal antibody specific for the catalytic light chain, PLoS
One, 3, e3023.
[43] Yu, R.; Wang, S.; Yu, Y.Z.; Du, W.S.; Yang, F.; Yu, W.Y.; and Sun, Z.W. (2009),
Neutralizing antibodies of botulinum neurotoxin serotype A screened from a fully synthetic
human antibody phage display library, J. Biomol. Screen., 14, 991–998.
[44] Unsinger, J.; Kroger, A.; Hauser, H.; and Wirth, D. (2001), Retroviral vectors for the
transduction of autoregulated, bidirectional expression cassettes, Mol. Ther., 4, 484–489.
[45] Nowakowski, A.; Wang, C.; Powers, D.B.; Amersdorfer, P.; Smith, T.J.; Montgomery,
V.A.; Sheridan, R.; Blake, R.; Smith, L.A.; and Marks, J.D. (2002), Potent neutralization of
botulinum neurotoxin by recombinant oligoclonal antibody, Proc. Nat. Acad. Sci. USA, 99,
11346–11350.
[46] Anon. (2009-12-10), XOMA Presents Advantages of Its Multiple Antibody Formulation
Technologies at Antibody Engineering Conference (online), XOMA,
http://investors.xoma.com/releasedetail.cfm?ReleaseID=429360 (Access date: 2013-07-04).
[47] Neal, L.M.; O’Hara, J.; Brey, R.N.; and Mantis, N.J. (2010), A monoclonal
immunoglobulin G antibody directed against an immunodominant linear epitope on the
ricin A chain confers systemic and mucosal immunity to ricin, Infect. Immun., 78, 552–561.

DRDC Suffield TM 2012-120

19

[48] Beyer, N.H.; Kogutowska, E.; Hansen, J.J.; Engelhart Illigen, K.E.; and Heegaard, N.H.
(2009), A mouse model for ricin poisoning and for evaluating protective effects of antiricin
antibodies, Clin. Toxicol., 47, 219–225.
[49] Hu, W.G.; Yin, J.; Chau, D.; Hu, C.C.; Lillico, D.; Yu, J.; Negrych, L.M.; and
Cherwonogrodzky, J.W. (2013), Conformation-dependent high-affinity potent ricinneutralizing monoclonal antibodies, Biomed. Res. Int., 2013:471346.
[50] Hu, W.G.; Yin, J.; Chau, D.; Negrych, L.M.; and Cherwonogrodzky, J.W. (2012),
Humanization and characterization of an anti-ricin neutralization monoclonal antibody,
PLoS One, 2012, 7, e45595.
[51] Lowy, F.D. (1998), Staphylococcus aureus infections, N. Engl. J. Med., 339, 520–532.
[52] Rooijakkers, S.H.; van Kessel, K.P.; and van Strijp, J.A. (2005), Staphylococcal innate
immune evasion, Trends Microbiol., 13, 596–601.
[53] Beharka, A.A.; Iandolo, J.J.; and Chapes, S.K. (1995), Staphylococcal enterotoxins bind H2Db molecules on macrophages, Proc. Nat. Acad. Sci. USA, 92, 6294–6298.
[54] LeClaire, R.D.; Hunt, R.E.; and Bavari, S. (2002), Protection against bacterial superantigen
staphylococcal enterotoxin B by passive vaccination, Infect. Immun., 70, 2278–2281.
[55] Karauzum, H.; Chen, G.; Abaandou, L.; Mahmoudieh, M.; Boroun, A.R.; Shulenin, S.;
Devi, V.S.; Stavale, E.; Warfield, K.L.; Zeitlin, L.; Roy, C.J.; Sidhu, S.S.; and Aman, M.J.
(2012), Synthetic human monoclonal antibodies towards staphylococcal enterotoxin B
(SEB) protective against toxic shock syndrome, J. Biol. Chem., 287, 25203–25215.
[56] McClain, M.S. and Cover, T.L. (2007), Functional analysis of neutralizing antibodies
against Clostridium perfringens epsilon-toxin, Infect. Immun., 75, 1785–1793.
[57] Parma, Y.R.; Chacana, P.A.; Rogé, A.; Kahl, A.; Cangelosi, A.; Geoghegan, P.; Lucchesi,
P.M.; and Fernández-Miyakawa, M.E. (2011), Antibodies anti-Shiga toxin 2 B subunit from
chicken egg yolk: Isolation, purification and neutralization efficacy, Toxicon, 58, 380–388.
[58] Strong, R.P. (1908), Protective inoculation against plague, J. Med. Res., 18, 325–346.
[59] Green, M.; Rogers, D.; Russell, P.; Stagg, A.J.; Bell, D.L.; Eley, S.M.; Titball, R.W.; and
Williamson, E.D. (1999), The SCID/Beige mouse as a model to investigate protection
against Yersinia pestis, FEMS Immunol. Med. Microbiol., 23, 107–113.
[60] Hill, J.; Copse, C.; Leary, S.; Stagg, A.J.; Williamson, E.D.; and Titball, R.W. (2003),
Synergistic protection of mice against plague with monoclonal antibodies specific for the
F1 and V antigens of Yersinia pestis, Infect. Immun., 71, 2234–2238.
[61] Kempe, C.H.; Bowles, C.; Meiklejohn, G.; Berge, T.O.; St Vincent, L.; Babu, B.V.;
Govindarajan, S.; Ratnakannan, N.R.; Downie, A.W.; and Murthy, V.R. (1961), The use of
vaccinia hyperimmune gamma-globulin in the prophylaxis of smallpox, Bull. World Health
Organ., 25, 41–48.
20

DRDC Suffield TM 2012-120

[62] Hopkins, R.J. and Lane, J.M. (2004), Clinical efficacy of intramuscular vaccinia immune
globulin: A literature review, Clin. Infect. Dis., 39, 819–826.
[63] McCausland, M.M.; Benhnia, M.R.; Crickard, L.; Laudenslager, J.; Granger, S.W.; Tahara,
T.; Kubo, R.; Koriazova, L.; Kato, S.; and Crotty, S. (2010), Combination therapy of
vaccinia virus infection with human anti-H3 and anti-B5 monoclonal antibodies in a small
animal model, Antivir. Ther., 15, 661–675.
[64] Gilad, J.; Harary, I.; Dushnitsky, T.; Schwartz, D.; and Amsalem, Y. (2007), Burkholderia
mallei and Burkholderia pseudomallei as bioterrorism agents: National aspects of
emergency preparedness, Isr. Med. Assoc. J., 9, 499–503.
[65] Feng, S.H.; Tsai, S.; Rodriguez, J.; Newsome, T.; Emanuel, P.; and Lo, S.C. (2006),
Development of mouse hybridomas for production of monoclonal antibodies specific to
Burkholderia mallei and Burkholderia pseudomallei, Hybridoma (Larchmont, NY), 25,
193–201.
[66] Zou, N.; Tsai, S.; Feng, S.H.; Newsome, T.; Kim, H.Y.; Li, B.; Zhang, S; and Lo, S.C.
(2008), Relationship between antigenicity and pathogenicity for Burkholderia pseudomallei
and Burkholderia mallei revealed by a large panel of mouse MAbs, Hybridoma
(Larchmont, NY), 27, 231–240.
[67] Zhang, S.; Feng, S.H.; Li, B.; Kim, H.Y.; Rodriguez, J.; Tsai, S.; and Lo, S.C. (2011), In
vitro and in vivo studies of monoclonal antibodies with prominent bactericidal activity
against Burkholderia pseudomallei and Burkholderia mallei, Clin. Vaccine. Immunol., 18,
825–834.
[68] Drabick, J.J.; Narayanan, R.B.; Williams, J.C.; Leduc, J.W.; and Nacy, C.A. (1994), Passive
protection of mice against lethal Francisella tularensis (live tularemia vaccine strain)
infection by the sera of human recipients of the live tularemia vaccine, Am. J. Med. Sci.,
308, 83–87.
[69] Rhinehart-Jones, T.R.; Fortier, A.H.; and Elkins, K.L. (1994), Transfer of immunity against
lethal murine Francisella infection by specific antibody depends on host gamma interferon
and T cells, Infect. Immun., 62, 3129–3137.
[70] Kirimanjeswara, G.S.; Golden, J.M.; Bakshi, C.S.; and Metzger, D.W. (2007), Prophylactic
and therapeutic use of antibodies for protection against respiratory infection with
Francisella tularensis, J. Immunol., 179, 532–539.
[71] Elzer, P.H.; Jacobson, R.H.; Jones, S.M.; Nielsen, K.H.; Douglas, J.T.; and Winter, A.J.
(1994), Antibody-mediated protection against Brucella abortus in BALB/c mice at
successive periods after infection: Variation between virulent strain 2308 and attenuated
vaccine strain 19, Immunology, 82, 651–658.
[72] Vizcaino, N. and Fernandez-Lago, L. (1994), Protection and suppression of the humoral
immune response in mice mediated by a monoclonal antibody against the M epitope of
Brucella, FEMS Immunol. Med. Microbiol., 8, 133–139.
DRDC Suffield TM 2012-120

21

[73] Adone R.; Ciuchini F.; Pistoia C.; and Piccininno G (1994), In-vitro and in-vivo
immunobiological properties of murine monoclonal anti-Brucella antibodies, Appl.
Microbiol. Biotechnol., 40, 818–821.
[74] Kazar, J.; El-Najdawi, E.; Brezina, R.; and Schramek, S. (1977), Search for correlates of
resistance to virulent challenge in mice immunized with Coxiella burnetii, Acta Virol., 21,
422–430.
[75] Humphres, R.C. and Hinrichs, D.J. (1981), Role of antibody in Coxiella burnetii infection,
Infect. Immun., 31, 641–645.
[76] Hunt, A.R.; Frederickson, S.; Hinkel, C.; Bowdish, K.S.; and Roehrig, J.T. (2006), A
humanized murine monoclonal antibody protects mice either before or after challenge with
virulent Venezuelan equine encephalomyelitis virus, J. Gen. Virol., 87, 2467–2476.
[77] Goodchild, S.A.; O’Brien, L.M.; Steven, J.; Muller, M.R.; Lanning, O.J.; Logue, C.H.;
D’Elia, R.V.; Phillpotts, R.J.; and Perkins, S.D. (2011), A humanised murine monoclonal
antibody with broad serogroup specificity protects mice from challenge with Venezuelan
equine encephalitis virus, Antiviral Res., 90, 1–8.
[78] Kimura-Kuroda, J. and Yasui, K. (1988), Protection of mice against Japanese encephalitis
virus by passive administration with monoclonal antibodies, J. Immunol., 141, 3606–3610.
[79] Zhang, M.J.; Wang, M.J.; Jiang, S.Z.; and Ma, W.Y. (1989), Passive protection of mice,
goats, and monkeys against Japanese encephalitis with monoclonal antibodies, J. Med.
Virol., 29, 133–138.
[80] Goncalvez, A.P.; Chien, C.H.; Tubthong, K.; Gorshkova, I.; Roll, C.; Donau, O.; Schuck,
P.; Yoksan, S.; Wang, S.D.; Purcell, R.H.; and Lai, C.J. (2008), Humanized monoclonal
antibodies derived from chimpanzee Fabs protect against Japanese encephalitis virus in
vitro and in vivo, J. Virol., 82, 7009–7021.
[81] Ben-Nathan, D.; Gershoni-Yahalom, O.; Samina, I.; Khinich, Y.; Nur, I.; Laub, O.;
Gottreich, A.; Simanov, M.; Porgador, A.; Rager-Zisman, B.; and Orr, N. (2009), Using
high titer West Nile intravenous immunoglobulin from selected Israeli donors for treatment
of West Nile virus infection, BMC Infect. Dis., 9, 18.
[82] Morrey, J.D.; Siddharthan, V.; Olsen, A.L.; Roper, G.Y.; Wang, H.; Baldwin, T.J.; Koenig,
S.; Johnson, S.; Nordstrom, J.L.; and Diamond, M.S. (2006), Humanized monoclonal
antibody against West Nile virus envelope protein administered after neuronal infection
protects against lethal encephalitis in hamsters, J. Infect. Dis., 194, 1300–1308.
[83] Throsby, M.; Geuijen, C.; Goudsmit, J.; Bakker, A.Q.; Korimbocus, J.; Kramer, R.A.;
Clijsters-van der Horst, M.; de Jong, M.; Jongeneelen, M.; Thijsse, S.; Smit, R.; Visser,
T.J.; Bijl, N.; Marissen, W.E.; Loeb, M.; Kelvin, D.J.; Preiser, W.; ter Meulen, J.; and de
Kruif, J. (2006), Isolation and characterization of human monoclonal antibodies from
individuals infected with West Nile Virus, J. Virol., 80, 6982–6992.

22

DRDC Suffield TM 2012-120

[84] Jahrling, P.B.; Geisbert, J.; Swearengen, J.R.; Jaax, G.P.; Lewis, T.; Huggins, J.W.;
Schmidt, J.J.; LeDuc, J.W.; and Peters, C.J. (1996), Passive immunization of Ebola virusinfected cynomolgus monkeys with immunoglobulin from hyperimmune horses, Arch.
Virol. Suppl., 11, 135–140.
[85] Gupta, M.; Mahanty, S.; Bray, M.; Ahmed, R.; and Rollin, P.E. (2001), Passive transfer of
antibodies protects immunocompetent and imunodeficient mice against lethal Ebola virus
infection without complete inhibition of viral replication, J. Virol., 75, 4649–4654.
[86] Warfield, K.L.; Alves, D.A.; Bradfute, S.B.; Reed, D.K.; VanTongeren, S.; Kalina, W.V.;
Olinger, G.G.; and Bavari S. (2000), Epitopes involved in antibody-mediated protection
from Ebola virus, Science, 287, 1664–1666.
[87] Parren, P.W.; Geisbert, T.W.; Maruyama, T.; Jahrling, P.B.; and Burton, D.R. (2002), Preand postexposure prophylaxis of Ebola virus infection in an animal model by passive
transfer of a neutralizing human antibody, J. Virol., 76, 6408–6412.
[88] Warfield, K.L.; Alves, D.A.; Bradfute, S.B.; Reed, D.K.; VanTongeren, S.; Kalina, W.V.;
Olinger, G.G.; and Bavari, S. (2007), Development of a model for marburgvirus based on
severe-combined immunodeficiency mice, Virol. J., 4, 108.
[89] Hevey, M.; Negley, D.; and Schmaljohn, A. (2003), Characterization of monoclonal
antibodies to Marburg virus (strain Musoke) glycoprotein and identification of two
protective epitopes, Virology, 314, 350–357.
[90] Xu, Z.; Wei, L.; Wang, L.; Wang, H.; and Jiang, S. (2002), The in vitro and in vivo
protective activity of monoclonal antibodies directed against Hantaan virus: Potential
application for immunotherapy and passive immunization, Biochem. Biophys. Res.
Commun., 298, 552–558.
[91] Xu, R.; Yang, X.Y.; Yang, D.F.; Zou, C.Y.; Gong, P.L.; and Zeng, F.D. (2009), Phase I
evaluation of the safety and pharmacokinetics of a single-dose intravenous injection of a
murine monoclonal antibody against Hantaan virus in healthy volunteers, Antimicrob.
Agents Chemother., 53, 5055–5059.
[92] Chen, Z.; Liu, L.M.; Gao, N.; Xu, X.F.; Zhang, J.L.; Wang, J.L.; and An, J. (2009), Passive
protection assay of monoclonal antibodies against dengue virus in suckling mice, Curr.
Microbiol., 58, 326–331.
[93] Shrestha, B.; Brien, J.D.; Sukupolvi-Petty, S.; Austin, S.K.; Edeling, M.A.; Kim, T.;
O’Brien, K.M.; Nelson, C.A.; Johnson, S.; Fremont, D.H.; and Diamond, M.S. (2010), The
development of therapeutic antibodies that neutralize homologous and heterologous
genotypes of dengue virus type 1, PLoS Pathog., 6, e1000823.
[94] Balsitis, S.J.; Williams, K.L.; Lachica, R.; Flores, D.; Kyle, J.L.; Mehlhop, E.; Johnson, S.;
Diamond, M.S.; Beatty, P.R.; and Harris, E. (2010), Lethal antibody enhancement of
dengue disease in mice is prevented by Fc modification, PLoS Pathog., 6, e1000790.

DRDC Suffield TM 2012-120

23

[95] Lai, C.J.; Goncalvez, A.P.; Men, R.; Wernly, C.; Donau, O.; Engle, R.E.; and Purcell, R.H.
(2007), Epitope determinants of a chimpanzee dengue virus type 4 (DENV-4)-neutralizing
antibody and protection against DENV-4 challenge in mice and rhesus monkeys by
passively transferred humanized antibody, J. Virol., 81, 12766–12774.
[96] Subbarao, K.; McAuliffe, J.; Vogel, L.; Fahle, G.; Fischer, S.; Tatti, K.; Packard, M.; Shieh,
W.J.; Zaki, S.; and Murphy, B. (2004), Prior infection and passive transfer of neutralizing
antibody prevent replication of severe acute respiratory syndrome coronavirus in the
respiratory tract of mice, J. Virol., 78, 3572–3577.
[97] Ali, M.B. (2003), Treating severe acute respiratory syndrome with hyperimmune globulins,
Hong Kong Med. J., 9, 391–392.
[98] Traggiai, E.; Becker, S.; Subbarao, K.; Kolesnikova, L.; Uematsu, Y.; Gismondo, M.R.;
Murphy, B.R.; Rappuoli, R.; and Lanzavecchia, A. (2004), An efficient method to make
human monoclonal antibodies from memory B cells: Potent neutralization of SARS
coronavirus, Nat. Med., 10, 871–875.
[99] Sui, J.; Li, W.; Roberts, A.; Matthews, L.J.; Murakami, A.; Vogel, L.; Wong, S.K.;
Subbarao, K.; Farzan, M.; and Marasco, W.A. (2005), Evaluation of human monoclonal
antibody 80R for immunoprophylaxis of severe acute respiratory syndrome by an animal
study, epitope mapping, and analysis of spike variants, J. Virol., 79, 5900–5906.
[100] van den Brink, E.N.; Ter Meulen, J.; Cox, F.; Jongeneelen, M.A.; Thijsse, A.; Throsby,
M.; Marissen, W.E.; Rood, P.M.; Bakker, A.B.; Gelderblom, H.R.; Martina, B.E.;
Osterhaus, A.D.; Preiser, W.; Doerr, H.W.; de Kruif, J.; and Goudsmit, J. (2005),
Molecular and biological characterization of human monoclonal antibodies binding to the
spike and nucleocapsid proteins of severe acute respiratory syndrome coronavirus, J.
Virol., 79, 1635–1644.
[101] Miyoshi-Akiyama T; Ishida I; Fukushi M; Yamaguchi K; Matsuoka Y; Ishihara T;
Tsukahara M; Hatakeyama S; Itoh N; Morisawa A; Yoshinaka Y; Yamamoto N; Lianfeng
Z; Chuan Q; Kirikae T; and Sasazuki T. (2011), Fully human monoclonal antibody
directed to proteolytic cleavage site in severe acute respiratory syndrome (SARS)
coronavirus S protein neutralizes the virus in a rhesus macaque SARS model, J. Infect.
Dis., 203, 1574–1581.
[102] Greenough, T.C.; Babcock, G.J.; Roberts, A.; Hernandez, H.J.; Thomas, W.D., Jr; Coccia,
J.A.; Graziano, R.F.; Srinivasan, M.; Lowy, I.; Finberg, R.W.; Subbarao, K.; Vogel, L.;
Somasundaran, M.; Luzuriaga, K.; Sullivan, J.L.; and Ambrosino, D.M. (2005),,
Development and characterization of a severe acute respiratory syndrome-associated
coronavirus-neutralizing human monoclonal antibody that provides effective
immunoprophylaxis in mice, J. Infect. Dis., 191, 507–514.
[103] Juckett, G. (2006), Avian influenza: Preparing for a pandemic, Am. Fam. Physician, 74,
783–790.

24

DRDC Suffield TM 2012-120

[104] Luke, T.C.; Kilbane, E.M.; Jackson, J.L.; and Hoffman, S.L. (2006), Meta-analysis:
Convalescent blood products for Spanish influenza pneumonia: A future H5N1 treatment?,
Ann. Intern. Med., 145, 599–609.
[105] Simmons, C.P.; Bernasconi, N.L.; Suguitan, A.L.; Mills, K.; Ward, J.M.; Chau, N.V.;
Hien, T.T.; Sallusto, F.; Ha, D.Q.; Farrar, J.; de Jong, M.D.; Lanzavecchia, A.; and
Subbarao, K. (2007), Prophylactic and therapeutic efficacy of human monoclonal
antibodies against H5N1 influenza, PLoS Med., 4, e178.
[106] Prabhu, N.; Prabakaran, M.; Hongliang, Q.; He, F.; Ho, H.T.; Qiang, J.; Goutama, M.;
Lim, A.P.; Hanson, B.J.; and Kwang J. (2009), Prophylactic and therapeutic efficacy of a
chimeric monoclonal antibody specific for H5 haemagglutinin against lethal H5N1
influenza, Antivir. Ther., 14, 911–921.
[107] Maneewatch, S.; Thanongsaksrikul, J.; Songserm, T.; Thueng-In, K.; Kulkeaw, K.;
Thathaisong, U.; Srimanote, P.; Tongtawe, P.; Tapchaisri, P.; and Chaicumpa, W. (2009),
Human single-chain antibodies that neutralize homologous and heterologous strains and
clades of influenza A virus subtype H5N1, Antivir. Ther., 14, 221–230.
[108] Grandea, A.G.; Olsen, O.A.; Cox, T.C.; Renshaw, M.; Hammond, P.W.; Chan-Hui, P.Y.;
Mitcham, J.L.; Cieplak, W.; Stewart, S.M.; Grantham, M.L.; Pekosz, A.; Kiso, M.; Shinya,
K.; Hatta, M.; Kawaoka, Y.; and Moyle, M. (2010), Human antibodies reveal a protective
epitope that is highly conserved among human and nonhuman influenza A viruses, Proc.
Nat. Acad. Sci. USA, 107, 12658–12663.
[109] Kam, Y.W.; Simarmata, D.; Chow, A.; Her, Z.; Teng, T.S.; Ong, E.K.; Rénia, L.; Leo,
Y.S.; and Ng, L.F. (2012), Early appearance of neutralizing immunoglobulin G3 antibodies
is associated with chikungunya virus clearance and long-term clinical protection, J. Infect.
Dis., 205, 1147–1154.
[110] Couderc, T.; Khandoudi, N.; Grandadam, M.; Visse, C.; Gangneux, N.; Bagot, S.; Prost,
J.F.; and Lecuit, M. (2009), Prophylaxis and therapy for Chikungunya virus infection, J.
Infect. Dis., 200, 516–523.
[111] Warter, L.; Lee, C.Y.; Thiagarajan, R.; Grandadam, M.; Lebecque, S.; Lin, R.T.; BertinMaghit, S.; Ng, L.F.; Abastado, J.P.; Desprès, P.; Wang, C.I.; and Nardin, A. (2011),
Chikungunya virus envelope-specific human monoclonal antibodies with broad
neutralization potency, J. Immunol., 186, 3258–3264.
[112] Guillaume, V.; Contamin, H.; Loth, P.; Georges-Courbot, M.C.; Lefeuvre, A.; Marianneau,
P.; Chua, K.B.; Lam, S.K.; Buckland, R.; Deubel, V.; and Wild, T.F. (2004), Nipah virus:
Vaccination and passive protection studies in a hamster model, J. Virol., 78, 834–840.
[113] Guillaume, V.; Contamin, H.; Loth, P.; Grosjean, I.; Courbot, M.C.; Deubel, V.; Buckland,
R.; and Wild, T.F. (2006), Antibody prophylaxis and therapy against Nipah virus infection
in hamsters, J. Virol., 80, 1972–1978.

DRDC Suffield TM 2012-120

25

[114] Guillaume, V.; Wong, K.T.; Looi, R.Y.; Georges-Courbot, M.C.; Barrot, L.; Buckland, R.;
Wild, T.F.; and Horvat, B. (2009), Acute Hendra virus infection: Analysis of the
pathogenesis and passive antibody protection in the hamster model, Virology, 387, 459–
465.
[115] Prabakaran, P.; Zhu, Z.; Xiao, X.; Biragyn, A.; Dimitrov, A.S.; Broder, C.C.; and
Dimitrov, D.S. (2009), Potent human monoclonal antibodies against SARS CoV, Nipah
and Hendra viruses, Expert Opin. Biol. Ther., 9, 355–368.
[116] Bossart, K.N.; Geisbert, T.W.; Feldmann, H.; Zhu, Z.; Feldmann, F.; Geisbert, J.B.; Yan,
L.; Feng, Y.R.; Brining, D.; Scott, D.; Wang, Y.; Dimitrov, A.S.; Callison, J.; Chan, Y.P.;
Hickey, A.C.; Dimitrov, D.S.; and Broder, C.C. (2009), A neutralizing human monoclonal
antibody protects against lethal disease in a new ferret model of acute Nipah virus
infection, PLoS Pathog., 5, e1000642.
[117] Bossart, K.N.; Geisbert, T.W.; Feldmann, H.; Zhu, Z.; Feldmann, F.; Geisbert, J.B.; Yan,
L.; Feng, Y.R.; Brining, D.; Scott, D.; Wang, Y.; Dimitrov, A.S.; Callison, J.; Chan, Y.P.;
Hickey, A.C.; Dimitrov, D.S.; Broder, C.C.; and Rockx, B. (2011), A neutralizing human
monoclonal antibody protects African green monkeys from Hendra virus challenge, Sci.
Transl. Med., 3, 105ra103.
[118] Kubar, A.; Haciomeroglu, M.; Ozkul, A.; Bagriacik, U.; Akinci, E.; Sener, K.; and Bodur,
H. (2011), Prompt administration of Crimean-Congo hemorrhagic fever (CCHF) virus
hyperimmunoglobulin in patients diagnosed with CCHF and viral load monitorization by
reverse transcriptase-PCR, Jpn. J. Infect. Dis., 64, 439–443.
[119] Hu, W.G.; Chau, D.; Wu, J.; Jager, S.; and Nagata, L.P. (2007), Humanization and
mammalian expression of a murine monoclonal antibody against Venezuelan equine
encephalitis virus, Vaccine, 25, 3210–3214.
[120] Marasco, W.A. and Sui, J. (2007), The growth and potential of human antiviral
monoclonal antibody therapeutics, Nat. Biotechnol., 25, 1421–1434.
[121] ter Meulen, J.; van den Brink, E.N.; Poon, L.L.; Marissen, W.E.; Leung, C.S.; Cox, F.;
Cheung, C.Y.; Bakker, A.Q.; Bogaards, J.A.; van Deventer, E.; Preiser, W.; Doerr, H.W.;
Chow, V.T.; de Kruif, J.; Peiris, J.S.; and Goudsmit, J. (2006), Human monoclonal
antibody combination against SARS coronavirus: Synergy and coverage of escape
mutants, PLoS Med., 3, e237.

26

DRDC Suffield TM 2012-120

Annex A

Biothreat
agent

B. anthracis

BoNT

Ricin

Development status of anti-biothreat agent
antibodies
Antibody

Target

Anthin
(humanized
mAb) [27]
Valortim
(human mAb)
[23, 28]
Abthrax or
Raxibacumab
(human mAb)
[17]
AVP-21D9
(human mAb)
[30]
Human pAbs
[24]
AIG from
hyperimmune
human plasma
[32]
Anthraxumab
(human
antibody) [31]
Murine mAb
[23]
H-BAT,
heptavalent IG
from equine
hyperimmune
plasma [32]
BIG-IV or
BabyBIG from
human
hyperimmune
plasma [37]
XOMA 3Ab, a
cocktail of 3
human mAbs
[46]
Murine mAbs
[47–49]

PA

Humanized
antibodies [50]

DRDC Suffield TM 2012-120

Stage of
development

Company

Indication

FDA approval
pending

Elusys
Therapeutics

PA

FDA approval
pending

PharmAthene

PA

Approved

HGS

Prevention &
treatment of
anthrax
Prevention &
treatment of
anthrax
Prevention &
treatment of
anthrax

PA

Phase I

Emergent
BioSolutions

PA

Discovery

Whole cells

Phase I

Cangene &
Emergent
BioSolutions

LF

Preclinical

IQ Corporation

EF

Discovery

BoNT/A-G

FDA approval
pending

Cangene

BoNT/A,B

Approved

California
Department of
Public Health

Treatment of
infant botulism
types A & B

BoNT/A

Preclinical

XOMA

Protective in
mice

Holotoxin,
chain A, or
chain B
Chain B

Discovery

Including
DRDC

Protective in
mice

Preclinical

DRDC

Protective in
mice

Prevention &
treatment of
anthrax
Protective in
mice
Prevention &
treatment of
anthrax
Protective in
mice
Protective in
mice
Prevention &
treatment of
botulism A to
G
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Biothreat
agent
SEB

Epsilon-toxin

Shiga toxin
Y. pestis
Variola

B. pseudomallei
& B. mallei
F.tularensis
Brucella
C. burnetii
VEEV

JEV
WNV

EBOV
MBGV
HTNV
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Antibody

Target

Murine mAb
[53]
Chicken
hyperimmune
IG [54]
Human mAbs
[55]
Murine mAbs
[56]

MHC of
macrophage
Holotoxin

Chicken IgY
[57]
Mouse mAbs
[59, 60]
VIG (human IG
from human
hyperimmune
plasma) [32]
murine mAbs
[67]
Murine serum
[70]
Murine mAbs
[71, 72]
Murine serum
[74]
Recombinant
humanized
mAbs [14, 76,
77]
Murine or
humanized
mAbs [78–80]
hE16
(humanized
mAb) [82, 120]
CR4374
(humanized
ScFv) [83, 120]
human mAb
[87]
Murine mAbs
[89]
Murine mAbs
[90, 91]

Stage of
development

Company

Discovery

Indication
Protective in
mice
Protective in
mice

Discovery

Holotoxin

Discovery

Protective in
mice
Protective in
vitro

Membrane
insertion
domain of the
toxin
Stx2

Discovery

F1 and V

Discovery

Vaccinia virus

Approved

PS or PLS

Discovery

LVS

Discovery

OPS or M
epitopes
Whole cells

Discovery

E2

Discovery

Virus

Discovery

Domain III, E

Phase I

Macrogenics

Domain III, E

Pre-clinical

Crucell

Glycoprotein

Discovery

Glycoprotein

Discovery

G2

Clinical trials
I/II

Discovery

Protective in
mice
Protective in
mice
Cangene

Discovery
Including
DRDC

China

Protection &
treatment of
smallpox
protective in
mice
Protective in
mice
Protective in
mice
Protective in
mice
Protective in
mice
Protective in
mice, goats &
monkeys
Protective in
hamsters
Protective in
mice
Protective in
guinea pigs
Protective in
guinea pigs
Protective in
mice
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Biothreat
agent
DV

SCV
Avian influenza
H5N1
CHIKV

HeV & NiV
CCHFV

Antibody

Target

Murine mAbs,
murine Fab, or
humanized
mAb [92–95]
Human mAbs
[98–102, 121]

Virus

Stage of
development

Company

Indication

Discovery

Protective in
mice and/or
monkeys

Spike protein

Discovery or
pre-clinical

Human mAbs,
chimeric mAbs,
or human ScFv
[105–108]
Human IG
from
convalescent
plasma [110]
Human mAbs
[111]
Human mAbs
[115–117]

Hemagglutinin
or M2e

Discovery

Protective in
mice, ferrets,
or macaques.
Protective in
mice

Human IG
from
convalescent
plasma [118]
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Discovery

Protective in
two mouse
models

E1 and/or E2

Discovery

Protein G

Discovery

Virus

Discovery

Protective in
vitro
Protective in
ferrets or
monkeys
Protective in
humans
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List of symbols/abbreviations/acronyms/initialisms

Ab

Antibody

ADCC

Antibody-dependent cellular cytotoxicity

ADE

Antibody dependent enhancement

AIG

Anthrax IG

BIG

Botulism IG

BIG-IV

Botulism IG intravenous-human

BoNT

Botulinum neurotoxin

CCHFV

Crimea-Congo hemorrhagic fever virus

CAF

Canadian Armed Forces

CDC

Complement-dependent cytotoxicity

CHIKV

Chikungunya virus

DND

Department of National Defence

DRDC

Defence Research & Development Canada

DV

Dengue virus

EBOV

Ebola virus

EEEV

Eastern equine encephalitis virus

EF

Edema factor

EHEC

Enterohemorrhagic E. coli

Fab

Antigen-binding fragment

Fc

Crystallisable fragment

FcR

Crystallisable fragment receptor

FDA

Food and Drug Administration

HA

Hemagglutinin

H-BAT

Heptavalent botulinum antitoxin

HC

Heavy chain

HeV

Hendra virus

HFV

Hemorrhagic fever virus

HGS

Human Genome Sciences Inc.

HTNV

Hanta virus
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IG

Immunoglobulin

IgY

Immunoglobulin Y

i.p.

Intraperitoneal

JEV

Japanese encephalitis virus

LC

Light chain

LD50

Lethal dose 50

LF

Lethal factor

LPS

Lipopolysaccharides

LVS

Live vaccine strain

mAb

Monoclonal antibody

MHC

Major histocompatibility complex

NIH

National Institutes of Health

NiV

Nipah virus

OPS

O polysaccharide

PA

Protective antigen

pAb

Polyclonal antibody

PS

Polysaccharides

R&D

Research & Development

RTA

Ricin toxin A chain

RTB

Ricin toxin B chain

RSV

Respiratory syncytial virus

SARS

Severe acute respiratory syndrome

ScFv

Single chain variable fragment

SCV

SARS coronavirus

SEB

Staphylococcal enterotoxin B

STEC

Shigatoxigenic group of E. coli

VEEV

Venezuelan equine encephalitis virus

VIG

Vaccinia immunoglobulin

WEEV

Western equine encephalitis virus

WNV

West Nile virus

DRDC Suffield TM 2012-120

31

This page intentionally left blank.

32

DRDC Suffield TM 2012-120

DOCUMENT CONTROL DATA

(Security classification of title, body of abstract and indexing annotation must be entered when the overall document is classified)
1.

ORIGINATOR (The name and address of the organization preparing the document.
Organizations for whom the document was prepared, e.g. Centre sponsoring a
contractor’s report, or tasking agency, are entered in section 8.)

2.

UNCLASSIFIED
(NON-CONTROLLED GOODS)
DMC A
REVIEW: GCEC June 2010

Defence R&D Canada – Suffield
P.O. Box 4000, Station Main
Medicine Hat, Alberta T1A 8K6
3.

SECURITY CLASSIFICATION

TITLE (The complete document title as indicated on the title page. Its classification should be indicated by the appropriate abbreviation (S, C or U)
in parentheses after the title.)

Development of Antibodies as Medical Countermeasures to Biothreat Agents
4.

AUTHORS (last name, followed by initials – ranks, titles, etc. not to be used)

Hu, W.-G.
5.

DATE OF PUBLICATION
(Month and year of publication of document.)

December 2012
7.

6a. NO. OF PAGES
6b. NO. OF REFS
(Total containing information,
(Total cited in document.)
including Annexes, Appendices,
etc.)

46

121

DESCRIPTIVE NOTES (The category of the document, e.g. technical report, technical note or memorandum. If appropriate, enter the type of report,
e.g. interim, progress, summary, annual or final. Give the inclusive dates when a specific reporting period is covered.)

Technical Memorandum
8.

SPONSORING ACTIVITY (The name of the department project office or laboratory sponsoring the research and development – include address.)

Defence R&D Canada – Suffield
P.O. Box 4000, Station Main
Medicine Hat, Alberta T1A 8K6
9a. PROJECT OR GRANT NO. (If appropriate, the applicable research
and development project or grant number under which the document
was written. Please specify whether project or grant.)

9b. CONTRACT NO. (If appropriate, the applicable number under
which the document was written.)

10a. ORIGINATOR’S DOCUMENT NUMBER (The official document
number by which the document is identified by the originating
activity. This number must be unique to this document.)

10b. OTHER DOCUMENT NO(s). (Any other numbers which may be
assigned this document either by the originator or by the sponsor.)

DRDC Suffield TM 2012-120
11. DOCUMENT AVAILABILITY (Any limitations on further dissemination of the document, other than those imposed by security classification.)

Unlimited
12. DOCUMENT ANNOUNCEMENT (Any limitation to the bibliographic announcement of this document. This will normally correspond to the
Document Availability (11). However, where further distribution (beyond the audience specified in (11) is possible, a wider announcement
audience may be selected.))

Unlimited

13. ABSTRACT (A brief and factual summary of the document. It may also appear elsewhere in the body of the document itself. It is highly desirable
that the abstract of classified documents be unclassified. Each paragraph of the abstract shall begin with an indication of the security classification
of the information in the paragraph (unless the document itself is unclassified) represented as (S), (C), (R), or (U). It is not necessary to include
here abstracts in both official languages unless the text is bilingual.)

Antibodies have great potential for countering biothreat agents that are not addressed by current medical
countermeasures. They are highly versatile defence molecules naturally produced in the body and can be
developed against any biothreat agent. Antibodies can directly neutralize biothreat agents and/or invoke
destruction of them through the assistance of the immune system. Unlike vaccines, which require time to
induce protective immunity and depend on the host’s ability to mount immune responses, therapeutic
antibodies can confer instant and consistent immunity against biothreat agents once administered
regardless of the immune status of the host. In addition, therapeutic antibodies have substantial
advantages over antimicrobial drugs, such as high specificity, low toxicity, and long serum half-life
(around 20 days). Therapeutic antibodies can be used, either prophylactically to prevent diseases before,
or therapeutically to treat diseases after biothreat attacks. It is these properties that make antibodies
attractive for medical countermeasures against biothreat agents. As reviewed here, the development of
therapeutic antibodies against biothreat agents is summarized in the following areas: history of using
antibodies against infectious diseases, current status of development of therapeutic antibodies against an
extensive list of biothreat agents, and a table summarizing the development stages
(discovery, pre-clinical, and clinical) of each anti-biothreat agent antibody.
Les anticorps sont des outils très prometteurs pour contrer les agents de menace biologique non
neutralisés par les contre-mesures médicales actuelles. Ce sont des molécules de défense très
polyvalentes naturellement fabriquées par l’organisme et qu’on peut mettre au point contre tout agent de
menace biologique. Les anticorps peuvent directement neutraliser les agents de menace biologique ou
amener leur destruction par le système immunitaire. Contrairement aux vaccins, qui nécessitent un délai
pour induire une immunité protectrice et qui dépendent de la capacité de l’hôte à bâtir une réponse
immunitaire, une fois administrés, les anticorps thérapeutiques confèrent une immunité instantanée et
constante contre un agent de menace biologique, quel que soit l’état immunitaire de l’hôte. En outre, les
anticorps thérapeutiques présentent des avantages appréciables par rapport aux antimicrobiens, par
exemple une grande spécificité, une faible toxicité et une longue demi-vie sérique (environ 20 jours). Les
anticorps thérapeutiques peuvent être utilisés dans un but prophylactique, pour prévenir les maladies, ou
dans un but thérapeutique, pour traiter les maladies après une attaque par un agent biologique. Ce sont ces
propriétés qui rendent les anticorps si intéressants comme contre-mesures médicales en présence d’agents
de menace biologique. Dans le présent document, divers aspects de la mise au point d’anticorps
thérapeutiques contre les agents de menace biologique sont résumés : historique du recours aux anticorps
pour lutter contre les maladies infectieuses, état actuel de la mise au point d’anticorps thérapeutiques
dirigés contre de nombreux agents de menace biologique et tableau résumant les étapes de la mise au
point (découverte, essai préclinique et essai clinique) de chacun des anticorps dirigés contre un agent de
menace biologique.

14. KEYWORDS, DESCRIPTORS or IDENTIFIERS (Technically meaningful terms or short phrases that characterize a document and could be
helpful in cataloguing the document. They should be selected so that no security classification is required. Identifiers, such as equipment model
designation, trade name, military project code name, geographic location may also be included. If possible keywords should be selected from a
published thesaurus, e.g. Thesaurus of Engineering and Scientific Terms (TEST) and that thesaurus identified. If it is not possible to select
indexing terms which are Unclassified, the classification of each should be indicated as with the title.)

antibodies; biotheat agents; biological wa rfa re agents; emerging diseases; medical
countermeasures

Defence R&D Canada
Canada's Leader in Defence and
National Security Science and
Technology

R & D pour la défense Canada
Chef de file au Canada en matière de
science et de technologie pour la
défense et la sécurité nationale

www.drdc-rddc.gc.ca

