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bstract

Antibody based therapies using monoclonal or polyclonal antibodies are emerging as an important therapeutic approach for the treatment
f a number of diseases. With increasing emphasis on new technologies associated with monoclonal antibody expression and purification, the
linical need of polyclonal therapeutics for treatment of a variety of specific illnesses and infections is often overlooked. Despite being largely
bandoned in the early twentieth century due to the development of antibiotics, polyclonal antibody therapeutics are today widely used in medicine
or viral and toxin neutralization and for replacement therapy in patients with immunoglobulin deficiencies. Over the past 20 years, intravenous
mmunoglobulins have shown beneficial immunomodulatory and anti-inflammatory effects in many illnesses. Hyperimmune antibody preparations

ave been used over the past century for the treatment of a variety of infectious agents and medical emergencies, including digoxin toxicity, snake
nvenomation and spider bites. Here, we examine the contemporary techniques and applications, and assess the future therapeutic potential, for
olyclonal-derived antibody therapeutics.
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. Introduction

Antibodies play an important role in the defense against
nvading pathogens. They specifically recognize and bind to
oreign antigens, resulting in the activation of a number of
mmune effector functions capable of selectively eliminating
oreign micro-organisms, viruses and molecules. The earliest

ecorded attempts to induce immunity were performed by the
hinese in the fifteenth century [1]. Dried crusts derived from

mallpox pustules were either inhaled or inserted into small cuts
n the skin (variolation) to provide protective immunity. This

mailto:tony.newcombe@protherics.com
dx.doi.org/10.1016/j.jchromb.2006.07.004
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echnique was improved by the English physician Edward Jenner
n 1798 and was used to develop a smallpox vaccine by inocu-
ating volunteers with the fluid from a cowpox pustule [2]. The
xperimental work of a number of scientists in the 1890s [3,4]
emonstrated that administration of a serum ‘antitoxin’ could
rotect unimmunized animals against diphtheria, and soon after
he administration of hyper-immunised animal serum was used
or the treatment of a variety of diseases [1]. The administra-
ion of hyper-immunised serum for the treatment of infection in
uman patients was introduced in the 1890s for the treatment
f diphtheria. Over the next 20 years animal-derived polyclonal
ntibodies were introduced for use as serum therapy to treat
neumonia, meningococcal meningitis, scarlet fever, diphtheria
nd measles [5]. By the 1930s serum therapy was used to treat
variety of bacterial infections including pneumonia (Strepto-

occus pneumoniae) [6], anthrax (Bacillus anthracis) [7] and
otulism (Clostridium botulinum) [8], however the efficacy of
he treatment varied depending on the type and severity of the
nfection and the accuracy of microbiological diagnosis.

Modern hyper-immune polyclonal antibody therapeutics
sed for the treatment of acute illness and medical emergencies
re typically derived from human donors or animals with ele-
ated serum levels of specific polyclonal antibodies. Examples
f marketed (approved) polyclonal therapeutics are shown in
able 1. Increased serum titres of specific antibodies due to infec-

ious agents or toxins may occur as a result of natural infection, or
fter immunization with the corresponding antigen (Fig. 1). As
yper-immunised serum contains a mixed population of antibod-
es against multiple epitopes, polyclonal antibody preparations
re often considered more efficacious (especially for the treat-

ent of acute illness and medical emergencies) as they can

ind and neutralize multiple epitopes on the disease-causing
gent. To minimize antigenicity against the species-specific Fc

i
t
a

able 1
xamples of currently available polyclonal therapeuticsa

arketed polyclonal therapeutic Product description

nimal derived
CroFabTM Crotalidae (Crotalus atrox, Crotalus adama

scutulatus, Agkistrodon piscivorus) Polyva
DigiFabTM Digoxin Immune Fab (Ovine)
ViperaTAbTM Affinity Purified, European Viper Antiveno

Atgam® Lymphocyte immune globulin, anti-thymoc
Antivenin (Micrurus fulvius) Antivenin (Micrurus fulvius) Equine origin
Antivenin (latrodectus mactans) Antivenin (latrodectus mactans) Equine or
Diptheria Antitoxin Diphtheria Antitoxin (Equine)
Lymphoglobuline® Anti-thymocyte (Equine) immunoglobulin
Thymoglobulin Anti-Thymocyte globulin (Rabbit)

uman derived
Respigam® Respiratory syncytial virus immune globuli
BayRab® Rabies Immune Globulin (Human)
BayTet® Tetanus Immune Globulin (Human)
BayGam® Immune Globulin (Human)
Cytogam® Cytomegalovirus immune globulin intraven
Nabi-HB® Hepatitis B Immune Globulin (Human)

a Data from US Food and Drug Administration, Centre for Biologics Evaluation a
omplete list).
hromatogr. B 848 (2007) 2–7 3

egion, hyperimmune antibodies derived from animals are often
igested with proteases such as papain [9] or pepsin [10] and
he antigen binding fragments (Fabs) purified by chromatogra-
hy [11]. The generation of monovalent Fab or divalent F(ab)2

ragments significantly reduces hypersensitivity reactions and
nhances product safety. Polyclonal-derived hyperimmune ther-
peutics have been marketed for many years and are considered
he most effective treatment for potentially lethal snake and
pider envenomation (Table 1). Although the administration of
nimal-derived (often ovine or equine) antibodies or fragments
ay have a potential clinical disadvantage due to risk associ-

ted with hypersensitivity, serum sickness and anaphylaxis [12],
erum-derived polyclonal antibodies have been used success-
ully for many years to treat snake bites [13] and poisoning
ith digoxin [14], digitoxin (and a range of structurally similar

ardiotoxins, such as toxins from the oleander plant (Nerium
leander) [15]. Manufacturers of polyclonal-derived antibody
roducts have introduced a variety of steps to ensure pathogen
nactivation and clearance. Animal-derived material used for
olyclonal biopharmaceutical production is often sourced from
ountries with a long history of absence of relevant transmissi-
le spongiform encephalopathies (TSEs) [16]. Countries such
s Australia have always ensured strict animal import control,
aintaining a disease free status for a number of diseases that are

urrently endemic in other parts of the world. Animals used for
iotherapeutic production are usually contained within closed
ocks and obtained from approved suppliers, records of all rou-

ine sheep husbandry activities are maintained and animals often
equire routine stock inspections and daily examination. Exten-
ive flock health control and monitoring is usually undertaken,

ncluding routine viral screening of serum and other adventi-
ious agents. As with the production of monoclonal antibodies
nd other recombinant biotherapeutics, downstream purification

Therapeutic application

nteus, Crotalus
lent Immune Fab (Ovine)

Rattlesnake antivenom

Digoxin toxicity/oleander poisoning
m (Ovine) Fab Common adder (Vipera Ammodytes, Vipera

Aspis, Vipera Berus) antivenom
yte globulin (Equine) Immunosuppressive therapy

North American Coral Snake antivenom
igin Black widow spider antivenom

Treatment of diptheria
Immunosuppressive therapy
Immunosuppressive therapy

n intravenous (Human) Respiratory tract infection
Suspected rabies infection
Prophylaxis against tetanus
Passive protection against hepatitis A

ous (Human) Prophylaxis against cytomegalovirus disease
Passive protection to hepatitis B

nd Research, licensed Establishments and Products (table may not represent a
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Fig. 1. Production of ovine polyclonal Fabs including DigiFabTM (Digoxin
Immune Fab (Ovine)). (1) Animals are immunized with antigen, serum titres
monitored to assess the immune response. (2) Serum containing a polyclonal
mixture of specific and non-specific antibody. (3) Total IgG is purified using pre-
c
a
F

p
f
v
u
g
o

t
d

b
(
t
v
p
f
o
m
U
(
a
i
i
e
h
k
a
d
c
a
t

2

a
f
p
c
a
f
a
t
i
c
2
i
e

3

p
b
[
p
s
d
m
c
t
d

ipitation or affinity chromatography, cleaved with a proteolytic enzyme such
s papain and the specific Fab fragment further purified to remove non-specific
abs and minor impurities.

rocesses also typically includes two orthogonal process steps
or antiviral clearance [17] (validated using appropriate model
iruses) to ensure patient safety and fulfill the necessary reg-
latory requirements [18]. Venom- or toxin-specific Fabs are
enerally well tolerated and clinically effective for the treatment

f potentially life threatening toxicity or envenomation [19].

Another advantage of polyclonal therapeutics is the ability of
he polyclonal fragments to neutralize similar (yet chemically
istinct) toxins or infectious agents—the polyclonal-derived

i
t
[
o
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iotherapeutic CroFabTM (Crotalidae Polyvalent Immune Fab
Ovine)) primarily used for Crotalidae (North American rat-
lesnake) bites has also been used for the treatment of hognosed
iper (Porthidium nasutum) envenomation [20] and due to the
olyvalent nature of the Fab isoforms has potential applications
or the treatment of other venomous snake bites. At least one
ther ovine polyclonal Fab is in late stage clinical develop-
ent. CytoFabTM, initially developed by Protherics (London,
K) is designed to neutralize tumour necrosis factor alpha

TNF-�) and is currently under development by AstraZeneca
s a treatment for severe sepsis. The body’s response to severe
nfection involves the release of numerous cytokines (includ-
ng TNF-�) which cause inflammatory syndrome. CytoFabTM

ffectively neutralised TNF-� in a Phase II clinical study and
as the potential to become the next product to reach the mar-
et for the treatment of acute sepsis, illustrating the potential
pplication of modern biopharmaceutical development to tra-
itional therapeutic antibody technologies. Here, we review
ontemporary techniques and applications for the production
nd future therapeutic potential of polyclonal-derived antibody
herapeutics.

. Hyperimmune (pAb) polyclonal therapeutics

Serum-derived polyclonal antibodies from animals (Fig. 1)
re currently the preferred and often the only therapeutic choice
or selected acute medical emergencies to eliminate complex,
oorly characterized mixtures of target antigens. Purified poly-
lonal antibodies are often digested using specific proteases such
s papain [9] or pepsin [10], and the specific antigen binding
ragments (Fabs) further purified to remove the Fc fragment
nd other impurities and contaminants. CroFabTM, used for the
reatment of crotalidae (rattlesnake) envenomation, the predom-
nant venomous snakebite in the United States, has dramatically
hanged snakebite management since its release in December
000 [21]. CroFabTM has been shown to be highly efficacious
n treating both the local and systemic toxic effects of crotaline
nvenomation [22].

. Pooled polyclonal antibodies

Many human polyclonal therapeutics are fractionated plasma
roducts or plasma derivatives manufactured from human blood
y the selective separation and purification of target proteins
23,24]. Polyclonal immunoglobulins for intravenous use are
urified at production scale from plasma obtained from blood
amples taken from several hundred to thousands of human
onors. Polyclonal intravenous IgG (IVIG) has been used for
any years for the treatment of patients with antibody defi-

iencies. This may be due to a genetic disorder, disease, or
o treatment such as chemotherapy. Polyclonal IVIG was first
emonstrated as an effective therapy for patients with primary

mmunodeficiency syndromes. Although IVIGs have become
he major plasma product on the global blood product market
17], this review focuses on raised or expressed hyperimmune
r recombinant polyclonal immunoglobulins. IVIG purifica-
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Fig. 2. Production of recombinant human polyclonal antibodies. (1) Blood dona-
tion and B lymphocyte isolation. (2) Site-specific integration of a single antibody
expression plasmid at the same genomic site of each cell. All antibody constructs
share identical constant regions. (3) Constructs expressing the desired antibodies
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ion has been discussed previously in a number of informative
eviews [25–28].

. Monoclonal (mAb) antibody cocktails

A seemingly simple approach to generate a polyclonal mix-
ure of recombinant therapeutic antibodies would be to combine
everal monoclonal therapeutics with the desired specificities
nto a single drug product. Several antibody cocktails have been
eveloped in the hope of providing a cost-effective and safe
eplacement to human polyclonal antibodies and resolve some
f the potential limitations of monoclonal antibody therapies. A
umber of these antibody cocktails have been evaluated using
n vivo models, including human rabies virus-neutralizing mon-
clonal antibody cocktails [29] and radiolabelled monoclonal
ntibody (mAb) mixtures for the treatment of carcinoma [30].
lthough a mAb ‘cocktail’ approach may confer many of the

dvantages of polyclonal-derived antibody products, there are
ajor commercial and technical obstacles to overcome as a

esult of the requirement for large-scale cGMP manufacture
31,32]. Due to an inherent heterogeneous cell culture with
ifferent growth rates, expression rates, and genetic stability
etween cell lines, process validation and product characteri-
ation would be required for each constituent monoclonal anti-
ody, with purified antibodies blended during final formulation
f the biotherapeutic. Furthermore, due to potential variation
n antibodies (isoelectric points, hydrophobicity, solubility and
endency to aggregate) the blended antibody cocktail may show
istinct biochemical characteristics that differ from each of the
ndividual mAb components. The commercial investment to
evelop several distinct mAb product streams and the regula-
ory requirements involved may therefore have a considerable
mpact on the commercial viability of the therapeutic and may
e a limiting factor of this approach for many therapeutic indi-
ations.

. Antigen-specific recombinant polyclonal antibodies

A number of new technologies are emerging for the poten-
ial large-scale production of ‘next generation’ polyclonal anti-
odies. Symphogen (Sympogen A/S, Denmark) has developed
roprietary technology for the production of recombinant poly-
lonal antibody preparations, produced using mammalian cell
ulture [33]. Symphogen have developed a proprietary expres-
ion platform, the SympressTM technology, for manufacturing
ecombinant therapeutic polyclonal antibody therapeutics. Poly-
lonal mixtures of recombinant human antibodies are expressed
sing a modified mammalian expression system, which involves
he site-specific integration of a single antibody expression plas-

id into a constant genomic site within the host cell DNA.
his technology differs from traditional mammalian transfec-

ion and expression systems which typically involve the ran-
om integration of the plasmid: the DNA may be re-arranged

nd inserted into different sites in the genome. The result is
variety of genomic integration sites, differing plasmid num-

ers per cell and compositional growth (variable expression
evels between cells known as compositional growth bias) of

r
w
a
g

re transferred to Chinese Hamster Ovary (CHO) cells and selected for stable
ntegration. (4) A polyclonal mixture of antigen specific human antibodies may
e expressed and purified.

he transformed cells during upstream processing. The Sym-
hogen technology permits the site-specific integration of a
ingle antibody expression plasmid into the same genomic site
f each cell. This eliminates genomic integration effects and
ermits a consistent level of expression of antibody. A mix-
ure of transformed cell lines (expressing multiple mAbs of
esired specificities) may therefore produce consistent levels of
recombinant human polyclonal antibody mixture termed ‘sym-
hobodies’ (Fig. 2). Although recombinant human polyclonals
roduced using Symphogen’s technology have yet to be assessed
n the clinic, several antibody therapeutics are in pre-clinical
evelopment.

. Transgenic polyclonal therapeutics

Human antibodies produced using transgenic technologies
ave the potential for the large-scale production of human poly-
lonal antibodies. The biopharmaceutical company Hematech
CC (Connecticut, USA) has used human artificial chromo-
omes and emerging transgenic technologies to produce cattle
hat express functional human antibodies [34]. Researchers uti-
ized a human artificial chromosome (HAC) containing the entire
narranged sequences of the human immunoglobulin heavy and
ight chain loci to transfer the human antibody genes into bovine
rimary foetal fibroblasts. The HAC is composed of chromo-
ome 22 containing few genes other than those required for anti-
ody expression. To clone bovine embryos, HACs were intro-
uced into cow cells that were subsequently fused with bovine
ocytes to produce transchromosomic (Tc) calves (Fig. 3). The

esults indicate that >80% of cow cells contained the HAC,
ith a number of immune cells containing correctly assembled

ntibody genes [35]. Cows carrying complete human antibody
enes could be immunized using the desired target antigen and
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Fig. 3. Production of human polyclonal antibodies using transchromosomic (Tc) calves. (1) Human artificial chromosome vector (HAC) carrying the human Ig
heavy and � light chain sequences. (2) The HAC is transferred from a CHO clone into foetal bovine fibroblasts. (3) Enucleated oocyte couplets are fused and the
fibroblast nucleus transferred, resulting in the formation of an embryo. (4) Tc embryos are cultured in vitro. (5) Embryos implanted into recipient cows, foetuses
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emoved, re-established and evaluated. Regenerated Tc embryos transferred to
arrying human antibody genes may be immunized against target agents.

he human polyclonal antibodies collected and purified. Sev-
ral challenges remain before transchromosomic animals may
e used for large-scale production of human polyclonal anti-
odies. Because transchromosomic calves retain the ability to
xpress bovine antibody genes, expression of bovine antibodies
ay dominate over expression of the human antibody genes.

n addition, chimaeric antibodies containing a combination of
uman and bovine heavy and light chains may also be present.
herapeutic Human Polyclonals Inc. (California, USA) have
eveloped a technology platform to produce the next-generation
olyclonal antibody therapy with products focusing on infec-
ious diseases and cancer. The PolyTargTM platform utilizes
ransgenic rabbits for the production of humanized antibod-
es [36]. Origen Therapeutics Inc. (California, USA) [37] have
eveloped technologies for the isolation, culture and genetic
odification of avian embryonic cells for the production of fully

uman polyclonal antibodies. Although still in development, the
se of transchromosomic animals for the production of human
olyclonal antibodies has the potential for the production of bio-
herapeutics for the treatment of a variety of illnesses, including
nfectious disease and cancer.

. Polyclonal antibodies for biodefense applications

Polyclonal antibodies show enormous potential as treatments
o combat anthrax, smallpox and other biological warfare agents,

imicking the passive immunization that occurs naturally thus
ffering protection against a variety of pathogens including

iphtheria, tetanus, streptococci and mumps [38,39]. Polyclonal
herapeutics may be advantageous by providing the initial pro-
ection upon exposure to a toxic agent in the absence of a
accine, or when levels of an immune response are low. Although

a
i
T
p

ents to produce Tc calves. (6) Human polyclonal antibodies expressed. Cows

accines may provide the necessary protection against biolog-
cal warfare agents, several factors must be considered when
sing such an approach. An active immune response against
he desired pathogen does not always correlate to protective
mmunity and the role of memory B cells in long-term immu-
ity often depends on the incubation period of the pathogen.
n addition, serum antibodies typically peak 10–14 days after
rimary immunization [1] and efficient protection may require
epeated immunization to maintain high levels of neutralizing
ntibodies. Passive immunization with specific polyclonal anti-
odies or fragments targeted against disease-causing agents have
he advantage of offering clinical protection immediately after
xposure to pathogenic bacteria or viruses. B. anthracis, the
ausative agent of anthrax is a potential target candidate for
olyclonal antibody therapy [40].

. The future of polyclonal antibody therapeutics

The use of polyclonal based antibody therapeutics is under-
oing a revolution. Although monoclonal antibodies may be
onsidered ‘sniper bullets’ targeting a single specific epitope
n a disease-causing agent, the Achilles’ heel of monoclonal
herapeutics for the treatment of a variety of diseases may be the

onovalent nature of the interaction. Polyclonal antibody ther-
py may be described as a targeted ‘machine gun’ approach,
roviding polyvalent interactions that permit the application
f therapeutic strategies against multiple epitopes and targets.
nother major advantage of polyclonal antibodies raised against

selected target in hyper-immunised animals is that the most

mmunogenic epitopes are ‘naturally selected’ for by the host.
his may also permit the development and manufacture of
olyclonal products that may target numerous biochemical path-
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ays. In addition to the purified polyclonal approaches described
bove, several biopharmaceutical companies are also evaluating
ctive immunotherapy and vaccine strategies utilizing cytokine
erivatives, viral toxins or cellular factors released by pathogenic
ells to elicit an innate human polyclonal antibody response for
he treatment of a number of diseases including AIDS, cancer
nd some allergies [41]. Neovacs SA (Paris, France) has recently
igned a development and licensing agreement and has advanced
linical-stage partnerships with at least one of its promising
nti-cytokine therapeutics, a leading candidate for treatment of
IV infections [42]. Cytokine targeted immunotherapy may be
sed as a single therapeutic, or potentially combined with other
reatments including conventional immunotherapies (targeting
he disease-causing agent) or chemotherapy. Several attempts
o use polyclonal-derived antibody therapeutics for the treat-

ent of cancer have been reported. Therapies using anti-tumour
olyclonal antibodies derived from animal or human antisera
or the treatment of cancer have been described as early as
he 1980s [43,44], and recently the generation of recombi-
ant polyclonal antibodies for colorectal cancer therapy using
umor-reactive phage display libraries has been reported [45].
lthough polyclonal antibodies have the potential to become a
ew generation of multi-targeted cancer therapeutics, the clinical
uccess of these biotherapeutics will depend on the technology
o express (or induce through optimised immunisation proce-
ures) and characterise high titre polyclonal mixtures and also
urify sufficient quantities to meet market demands. With con-
inuing advances in antibody production, the future looks bright
or polyclonal-derived antibody therapeutics.
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