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a b s t r a c t

The monoclonal antibody (mAb) revolution that currently provides many new options for the treat-
ment of neoplastic and inflammatory diseases has largely bypassed the field of infectious diseases. Only
one mAb is licensed for use against an infectious disease, although there are many in various stages of
development. This situation is peculiar given that serum therapy was one of the first effective treat-
ments for microbial diseases and that specific antibodies have numerous antimicrobial properties. The
underdevelopment and underutilization of mAb therapies for microbial diseases has various complex
explanations that include the current availability of antimicrobial drugs, small markets, high costs and
microbial antigenic variation. However, there are signs that the climate for mAb therapeutics in infec-

tious diseases is changing given increasing antibiotic drug resistance, the emergence of new pathogenic
microbes for which no therapy is available, and development of mAb cocktail formulations. Currently,
the major hurdle for the widespread introduction of mAb therapies for microbial diseases is economic,
given the high costs of immunoglobulin preparations and relatively small markets. Despite these obstacles
there are numerous opportunities for mAb development against microbial diseases and the development
of radioimmunotherapy provides new options for enhancing the magic bullet. Hence, there is cautious

optimism that the years ahead will see more mAbs in clinical use against microbial diseases.

© 2009 Elsevier Ltd. All rights reserved.
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The field of infectious diseases has largely missed the mono-
lonal antibody (mAb) therapeutic revolution of the past decade.
n contrast to such fields as oncology and rheumatology where

Abs have provided new effective therapies, only one mAb has
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been licensed for the treatment of an infectious disease [1]. This
omission in the anti-infective armamentarium is particularly dis-
tressing given that the therapy of infectious disease is in crisis,
since it is arguably the only field of medicine where effective
intervention options have declined [2]. The crisis in infectious
disease therapeutics is a consequence of four simultaneous devel-
opments, that in combination have significantly reduced treatment

options for certain microbial diseases: (1) widespread antimicro-
bial drug resistance; (2) an epidemic of immunocompromised
hosts in whom antimicrobial therapy is not as effective as in
hosts with intact immunity; (3) the emergence of new pathogenic
microbes for which no therapy exists; (4) the re-emergence of older
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athogenic microbes, often in drug-resistant form, as exemplified
y multidrug-resistant (MDR) Mycobacterium tuberculosis.

The reticence for adopting mAb therapies against infectious
iseases is intriguing given that antibody therapies were the
rst effective antimicrobials. In the early 20th century serum
herapy was used against a diverse range of infectious diseases,
ncluding pneumococcal pneumonia, meningococcal meningitis,
rysipelas, anthrax and others [3,4]. These successes established
ntibody therapy as a powerful tool against infectious disease.
nfortunately, the immunological complications associated with

he use of heterologous sera in humans, such as serum sickness
nd immediate hypersensitivity, significantly limited its useful-
ess [4]. Importantly, the problems of serum therapy do not
ecessarily apply to mAb therapy. Technological developments,
uch as improved purification techniques and the ability to engi-
eer humanized mAbs, have greatly reduced these complications,
llowed for increased specificity and expanded the range of possi-
le targets. However, for many infectious diseases the availability
f antimicrobial therapy has proved to be too much competition,
nd that combined with the complexity of introducing mAbs to
linical practice has hindered the pace of mAb-based therapeutic
dvancements.

Despite its current underdevelopment, the potential of anti-
ody therapy in the form of mAbs is vast, especially for combating
icrobes that are resistant to antibiotic therapy, for emerging viral

iseases or for the organisms or toxins responsible for bioterror-
st threats. We believe that mAbs are well poised to be important
eagents in a new age of antimicrobial therapy [2,5]. In this
eview, we focus on mAbs for infectious diseases and note that
everal recent reviews have addressed the topic of antimicrobial
mmunoglobulin therapy [6–8]. Our goal is to review the state of
he field and to identify areas where the development of mAb-based
herapies may be particularly valuable.

. Historical perspective: from the origins of serum therapy
o antibody use today

The prophylactic and therapeutic potential of immune serum
as discovered by Behring and Kitasato, who showed that passive

ransfer of antibody from the blood of infected animals could pro-
ide immunity to diphtheria [9]. Their work led to the first instance
f industrial production of protective serum from sheep for human
herapy in 1893 [10] and to the first Nobel Prize in Medicine for
ehring. Immune animal sera from horses, sheep, and chickens
ere used to treat diseases where a protective immune response

ould be induced in the animal host by vaccination. In cases where
umans were the only hosts, such as viral diseases, human conva-

escent sera were successfully used. For example, in the early 1900s,
erum from individuals who recovered from measles was used to
reat and prevent infection. Until the 1930s, serum from animals
r people was collected and pooled to treat a number of infec-
ions, from streptococcal infection to toxin-mediated diseases like
iphtheria [11]. Overall, serum was effective, and for some diseases

ike pneumococcal pneumonia and meningococcal meningitis, the
rompt administration of serum was associated with significantly

mproved survival [3].
However, despite these successes, the discovery of antibiotics

n the 1930s and 1940s rapidly replaced serum therapy. Antibi-
tics were easier to manufacture, had less toxicity in patients and
roduced more consistent results. In contrast to serum therapy,

hich depended on animal sources that exhibited great lot-to-lot

ariation, antibiotics were the products of industrial processes and
ould be formulated in preparations with consistent activity. Fur-
hermore, serum therapy was generally effective only early in the
ourse of infection while antibiotic therapy maintained efficacy
S (2009) G38–G46 G39

even when given late in the course of a microbial disease. Another
advantage of antibiotic therapy was that it could be used with-
out a specific diagnosis while the use of antibody therapy required
knowledge of the pathogen responsible for disease. Consequently,
serum therapy was unable to compete with antibiotics, and the
development of new broad-spectrum antibiotic therapy displaced
antibody-based therapies (Table 1).

Despite the general abandonment of serum therapy for bac-
terial diseases, certain niches developed where it continued to
be used, such as the prophylaxis and treatment of a small num-
ber of viral and toxin-mediated diseases for which there were no
alternative therapeutic options. This point is important because it
illustrated that antibody therapy can thrive in certain situations
where it lacked competition, such as in the treatment of diseases
which have no other effective therapies. For example, antibody
preparations continue to be used to prevent rabies and toxicity
from snakebite venoms. In developed countries serum therapy was
often replaced by hyperimmune serum from pooled human donors.
Today, hyperimmune human sera immunoglobulin is used to treat
many diseases including those caused by cytomegalovirus (CMV),
respiratory syncytial virus (RSV), hepatitis A virus (HAV), hepatitis
B virus (HBV), rabies, vaccinia, vesicular stomatitis virus (VZV), and
measles, underscoring the fact that antibody therapy remains an
effective means of treatment [6,12].

Compared to hyperimmune sera, or even to modern antibi-
otics, mAb therapy has many advantages and some disadvantages
(Table 1). mAbs inherently have a high specificity for their tar-
get and, since microbes are generally antigenically distinct from
humans, the cross-reactivity with host tissues is minimal. In con-
trast to antibiotics, which target both harmful microbes and the
host flora, mAbs will only target a specific microbe and their
systemic administration should not affect other resident bene-
ficial microbes. This could prove to be a significant advantage
given increasing reports associating certain chronic diseases such
as asthma, atopy, and even certain forms of cancer with antimi-
crobial drug use [13,14]. Microbial specificity means that mAbs
are unlikely to select for drug-resistant microbes among non-
targeted microbes. The ability to specifically target disease-causing
microbial populations without selecting for resistance makes mAb
therapy potentially superior to current broad-spectrum antibiotics
that are generally used in therapy, at least for microbial diseases
caused by single microbes. The increasing prevalence and rising
cost of treating methicillin-resistant Staphylococcus aureus (MRSA),
vancomycin-resistant S. aureus (VRSA), and other resistant infec-
tions in both nosocomial and community settings emphasizes the
need to develop new strategies for controlling infections.

2. mAbs as therapeutics

Serum therapy by definition uses immune sera-derived
immunoglobulins that are polyclonal preparations consisting of
many types of antibodies of which only a minute fraction is specific
for the intended microbe. In contrast, mAb preparations consist
of one type of immunoglobulin with a defined specificity and
a single isotype. This represents both an advantage and a dis-
advantage when mAbs are compared to polyclonal preparations.
One advantage is that mAbs, by virtue of the fact that they are
chemically defined reagents, exhibit relatively low lot-to-lot vari-
ability in contrast to polyclonal preparations, which can differ
over time and by source of origin since different hosts mount

different antibody responses. Another advantage for mAb prepa-
rations is a much greater activity per mass of protein since all
the immunoglobulin molecules are specific for the desired tar-
get. This phenomenon is illustrated by the report that two 0.7 mg
doses of two mAbs provided the same protection against tetanus
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Table 1
Comparison of serum therapy, antimicrobial therapy and mAb therapy.

Parameter Serum therapy Antimicrobial therapy mAb therapy

Cost High Low High
Easy to use No Yes Yes
Specific diagnosis Yes No Yes
Toxicity High Low Low
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Lot variation High
Source Animals
Damage to microflora No

oxin as 100–170 mg of tetanus immune globulin [15]. However,
Ab preparations lack variability with regards to epitope and iso-

ype, and consequently polyclonal preparations have potentially
reater biological activity by targeting multiple microbial epitopes
nd providing various effector functions through different iso-
ypes.

With the development of human and humanized mAbs, the toxi-
ity of these agents is also relatively low. Current technology makes
he production of mAbs relatively easy and effective, requiring only
issue culture or microbial expression systems, as opposed to the
ive human or animal donors that were required for serum ther-
py. Hence, the potential toxicity of human and humanized mAbs
s comparable to antibiotics and lower than serum therapy, espe-
ially heterologous preparations. mAb therapies are also much less
ikely to inadvertently transmit other infectious diseases. However,
ntibody therapies remain very costly relative to antimicrobial
rugs. Consequently, mAbs are unlikely to successfully compete
ith antimicrobial drugs against diseases for which cheap effec-

ive therapy is available unless a clear superiority is established for
he immunoglobulin therapy alone or in combination with conven-
ional antimicrobial therapy. The fact that specific antibodies are
ften synergistic with conventional antimicrobial therapy suggests
hat combination therapy with current antimicrobial regimens may
onfer potential advantages relative to either alone [16,17]. Not
nly can mAbs make antibiotics more effective, but the research
riving mAb development can also enhance other areas, such as

dentifying new targets for vaccine development [18,19]. In this
egard, efforts to develop mAb-based therapies have the potential
f impacting many aspects of infectious disease medicine. Further-
ore, some mAbs can be effective in immunocompromised hosts,

s evidenced by the efficacy of palivizumab in reducing hospital-
zations for RSV-associated disease in preterm infants [20]. Even
n the setting of reduced immune response, mAbs can function to
eplace lost immunity or benefit the host by direct activity, such
s neutralization. Consequently, mAbs are an attractive alternative
lone or as adjuncts to current antimicrobial therapy that will be
ffective in hosts with different states of immunity.

Despite these strengths, mAb therapy has some inherent lim-
tations. The cost factor has already been alluded to and remains

major obstacle to widespread mAb use. Antibodies are macro-
olecules that are fragile, perishable and require refrigeration,

ach of which contributes to their high cost. Furthermore, most
Abs require systemic administration, which complicates their

elivery in many clinical settings. Finally, a mAb usually cannot
e used until a specific diagnosis is made. In an era when broad-
pectrum antibiotics are relied upon so heavily, treatment is often
egun before diagnostic identification of a disease-causing microbe

s made [5]. However, recent advances in rapid diagnostic tech-
iques provide hope for earlier specific diagnosis, which is essential

or making mAb treatments more realizable. Even so, based on

xperience with serum therapy, one could anticipate that a mAb
ill only be effective when administered relatively early in the

ourse of infection. A decrease in antibody efficacy over time occurs
uickly as the duration of infection increases, highlighting the need
or rapid diagnosis and treatment initiation.
Low Low
Industrial production Industrial production
Yes No

Another, theoretical drawback to mAb therapy is that these
reagents, by definition, target a single epitope, and provide one type
of effector function corresponding to their isotype. Although the
specificity of mAbs is a strength, a microbe that undergoes rapid
antigenic variation poses a significant hurdle for mAb develop-
ment. For example, the high mutation rate of certain viruses enables
them to escape neutralization. There are numerous examples in
the literature where experimental mAb therapy has resulted in the
emergence of escape variants as a result of microbial mutation
and/or microevolution [21–23]. This problem may be counter-
balanced by selecting mAbs that target conserved areas of viral
particles or by using mixtures of mAbs that target various epitopes.
For example, combination therapy with mAb cocktails prevents
escape variants for many viruses including influenza [24], coron-
avirus [25], and lymphocytic choriomeningitis virus (LCMV) [26].
Although cocktails are effective in providing protection against
the emergence of resistant mutants, the inclusion of multiple
immunoglobulins in any therapeutic formulation is fraught with
complex regulatory and licensing issues. Nevertheless, progress in
overcoming these burdensome regulatory issues is evidenced by
the recent development of a mAb mixture for the prophylaxis of
rabies that targets several virus types [27]. Indeed, as polyclonal
sera may be beneficial due to the presence of multiple protec-
tive antibodies, a cocktail of functional mAbs could provide more
protection and target more microbial strains than a single one.
As experience with mAb cocktails accumulates it may be possible
to design therapeutic combinations that include multiple effector
functions in the form of different isotypes and epitope specificities.

Even in the face of these obstacles, mAb therapy is booming in
other areas of medicine, with over 20 in clinical use, represent-
ing a market that is expected to reach $20 billion by 2010 [28].
The majority of approved mAbs treat cancer, autoimmune or aller-
gic conditions, where they have shown considerable success and
spawned a mAb ‘gold rush’ [29]. The antigenic differences between
the host and the microbe make mAb development for infectious dis-
eases easier than for cancer or immunity fields, where the target is
often a self-antigen that is differentially expressed in transformed
cells. Additionally, mAbs have direct and indirect antimicrobial
mechanisms of action. Direct mechanisms include neutralizing tox-
ins or binding to viruses to prevent host cell entry. Recently mAbs
have also been shown to be directly bactericidal [30]. Indirect
mechanisms involve Fc-mediated functions, such as modulation of
the inflammatory response, promoting opsonic phagocytosis, and
enhancing complement-mediated effects. This wide array of func-
tions makes mAbs potentially useful against a variety of infectious
diseases.

Despite these advantages, there is currently only one licensed
mAb for an infectious disease, and understanding its success is
instructive for the possibilities inherent in this approach. The
humanized mAb palivizumab, brand name Synagis®, binds the

RSV F protein and is effective for the prevention of severe res-
piratory disease in high-risk infants and immunocompromised
adults [31]. It received regulatory approval in 1998. Prior to
palivizumab, prophylaxis of RSV disease depended on RespiGam,
or RSV-IGIV, a prophylactic polyclonal RSV hyperimmune serum
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1]. This prior polyclonal preparation was plagued by low specific
ctivity, and effective dosing required the administration of large
olumes of antibody, which was problematic in low weight infants.
alivizumab obviated this problem since it had 50-fold greater
otency than the polyclonal serum, and this example shows how
reater specific activity can translate into a superior product. The
reater potency significantly reduced the volume needed to deliver
therapeutic dose to an infant and has improved treatment while
voiding the side effects of pooled serum.

. Opportunities for mAb in infectious diseases

In our view opportunities for the development of mAbs include
iches where their use would bring a large therapeutic benefit
elative to existing therapies. Although there are many diseases
here mAb therapy could make a major contribution (see below)

he economics are not favorable in each instance. In this regard, the
xquisite specificity of antibody-based therapies means necessarily
maller markets than broad-spectrum antimicrobial therapy. This
ombined with the relatively high costs of producing and delivering
mmunoglobulin therapies can make the market analysis of many
eagents not economically viable. However, for microbial diseases
ith inadequate therapeutic options, antibody-based therapies are

ikely to be competitive, provided that the disease prevalence is of
ufficient size to create a tenable demand.

It is noteworthy that even for diseases where there is currently
dequate antimicrobial therapy, new developments could make
Ab more attractive. For example, consider the case of antibiotic

rophylaxis against Group B streptococcus (GBS) neonatal sepsis.
others carrying GBS are routinely treated with antibiotics and

his has resulted in a dramatic reduction in neonatal disease. How-
ver, antibiotic therapy affects the infant microflora and has been
pidemiologically linked to the development of atopy and asthma
n children [14]. Furthermore, prophylactic antibiotic therapy can
elect for resistant microbes or disturb the flora in a manner that
ould make colonization with resistant microbes more likely, could
e followed by superinfections, and may even have untoward con-
equences later in life [5]. Passive antibody therapy against GBS is
lso effective [32] and not encumbered by the problems of altered
ora and its consequences. Hence, the economics of passive anti-
ody and antibiotic prophylaxis are more nuanced than simply
aluing the different alternatives. A truer cost comparison must
ake into account the complications that follow broad-spectrum
herapy.

. Targets of mAb therapy

Historically, the major targets for antibody therapy have been
iseases caused by encapsulated bacteria (e.g. pneumococcus and
eningococcus), toxins (e.g. diphtheria and tetanus) and viruses.

n general, most efforts to develop antibody-based therapies have
ocused on diseases where the humoral immune system was
nown to make a strong contribution to host defense. For these
icrobial diseases the efficacy of humoral immunity was implied

rom demonstration of passive antibody protection and/or correla-
ion of specific antibody with resistance to disease. However, recent
ork has established that mAbs are effective even against microbes

or which the standard studies do not clearly establish a role for
umoral immunity [33]. For example, several mAbs have now
een generated that are effective against intracellular pathogens

nd other microbes where natural Ab is not believed to have a
rimary role in host defense [33]. Overall, diseases which are cur-
ently not preventable by vaccination or that target populations
ith weak immune systems (for example, the very young or old,

nd immunosuppressed or immunocompromised patients) are the
S (2009) G38–G46 G41

most valuable for which to develop mAb therapies. Here, both viral
and bacterial toxin diseases that are the target of mAb development
will be discussed, as well as potential targets based on need toward
which efforts should be focused in the future. Our goal is to sur-
vey this field, with the understanding that cataloguing all ongoing
efforts is beyond the scope of this article.

4.1. Viral targets

Viral targets are particularly attractive because for most viruses
there is no specific therapy. The potential for mAbs to be used as
neutralizing antibodies to prevent viral binding and entry to host
cells makes them a good platform for prophylaxis, preemptive or
acute treatment of viral illnesses [34]. There are several current
areas of viral mAb development, and many in clinical trials (see
Table 2).

While the approved drug palivizumab is effective against RSV
disease in susceptible groups, there has been considerable effort to
develop 2nd and 3rd generation mAbs: motavizumab (brand name
Numax®) and Numax-YTE® [1]. Motavizumab was engineered to
have increased affinity through induced somatic hypermutation,
with the hopes that increased binding will improve function in
humans, and is currently being tested in phase III clinical trials.
Numax-YTE is the result of additional efforts to prolong this mAb’s
serum half-life, another potential avenue of mAb development. Fur-
thermore, clinical trials are underway testing both escalating doses
of mAb and intramuscular (i.m.) administration, showing that the
improvement of delivery and dosing of mAb drugs are an impor-
tant next step in advancing therapy. These developments illustrate
how technological advances may improve existing successful mAb
therapeutics.

HIV has always been an area of great interest for mAb ther-
apy [35–38]. There are several mAbs for HIV in development,
designed to inhibit viral entry, reduce viral load in HIV-patients, and
potentially to prevent infection in certain cases [39,40]. Viral entry
inhibitor mAbs target either the cellular receptors, CCR5 and CD4,
or the cognate viral protein gp120. Efforts to develop neutralizing
mAbs with broader strain specificity have found success targeting
the V3 loop of gp120 [41]. As is true with all mAbs designed for
infectious disease, the development of a successful vaccine would
reduce their need. However, given the slow progress on the front of
HIV vaccine development, mAb research in the HIV field is a promis-
ing alternative. Although there are numerous antiretroviral drugs
available for the treatment of HIV, the availability of effective mAb
therapy could complement chemotherapy by slowing the onset of
resistance and possibly enhancing therapeutic efficacy.

Another target for mAb development is CMV. Sevirumab is cur-
rently being assessed for treatment of CMV retinitis in HIV-infected
individuals and neonatal congenital CMV. Another important com-
plication of CMV infection is reactivation disease, a distinct burden
on transplantation medicine. CMV infects a large portion of the pop-
ulation, at least 60% of adults in the U.S., and the virus can reactivate
with devastating consequences during the course of immunosup-
pression that solid organ or hematologic transplant patients must
undergo [42]. The use of mAb to control this reactivation is an area
of development that could benefit a large number of patients.

Hepatitis B and C virus (HBV, HCV) infections are areas where
antibody therapies offer great hope in helping to control disease
and improve transplantation success. Hepatitis remains the lead-
ing indication for liver transplant, and viral reinfection of the
transplanted liver is a major complication. Two different mono-

clonal antibodies are in clinical trials for the improving transplant
success, of which neither are specific for the virus itself. Both bav-
ituximab, specific for phosphatidylserine, a phospholipid exposed
on membranes of damaged cells, and MDX-1106, specific for PD-
1, an inhibitory T cell costimulation receptor, have been used to
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Table 2
Anti-infective mAb in clinical trial developmenta.

Name (type) Target Clinical trials phase

Virus
RSV Palivizumab (humanized mAb) Glycoprotein F Approved

Motavizumab (humanized mAb) Glycoprotein F I–III
HIV CCR5mAb004 (human mAb) CCR5 I

PRO 140 (humanized mAb) CCR5 II
3 mAb cocktail I/II
F105 (human mAb) gp120 I
Ibalizumab (humanized mAb) CD4 II

CMV Sevirumab (human mAb) Envelope glycoprotein H II, III
HCV Bavituximab (chimeric mAb) Phosphatidylserine Ib

MDX1106 (human mAb) PD-1 I
Rabies CL184 (mAb cocktail) I
WNV MGAWN1 (humanized mAb) Envelope glycoprotein I

Bacteria/toxin
E. coli Urtoxazumab (humanized mAb) Shiga-like toxin 2B
C. difficile GS-CDA1 (human mAb) C. difficile toxin A II

MDX-388 (human mAb) C. difficile toxin B II
Staphylococcus Pagibaximab (chimeric mAb) LTA II

Tefibazumab (humanized mAb) Clumping factor A II
B. anthracis Anthim PA I

Raxibacumab PA III
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Fungal
C. neoformans 18B7 (murine mAb)

a Source: http://clinicaltrials.gov/ (not a complete list).

ontrol chronic hepatitis infection, particularly in the setting of
IV-coinfection [34,43].

The threat of a new pandemic makes influenza virus an impor-
ant candidate for mAb development, with research currently being
one to characterize human neutralizing antibodies and explore
heir therapeutic potential [24,44,45]. Historically, influenza virus
as been extremely challenging because of its high antigenic vari-
bility. However, progress has been made in identifying antibodies
hat are broadly neutralizing [46,47]. In the event of a new pan-
emic mAbs could provide important options for disease control
ince they confer immediate immunity and may be used as pro-
hylaxis for individuals who are likely to have been exposed to

nfection. Considerable excitement followed the discovery of a
roadly cross-reactive antibody specific for HA2 of influenza A
hat allows the neutralization of different viral strains, including
vian H5N1 and human H1N1 [48]. Technology now exists where
lasma cells secreting influenza-specific antibody can be cloned
rom human donors and used to generate high affinity mAbs within
matter of weeks [49].

Another promising opportunity for antibody therapy is rabies,
here current standard of care depends on administration of

mmune globulin and vaccination. In this regard, a major innovation
as the development of the mAb cocktail CL184 [27]. This cock-

ail is comprised of two mAbs, specific for two different epitopes
f the rabies virus, and shows good neutralizing activity in vitro
nd was well tolerated in patients. Its success validates the idea
hat cocktails of multiple mAbs represent an important logistical
mprovement in mAb therapy, allowing for expanded target cover-
ge, broader specificity and a wider range of effector functions.

There is no available vaccine or specific therapeutic agent
or human flaviviral infections, and after the outbreak of West
ile encephalitis in 1999, efforts were directed towards devel-
ping antibody therapies for prophylactic treatment [50]. A
yperimmune preparation derived from human convalescent sera
rotected mice from West Nile virus (WNV), both in the setting

f induced immunocompromise and after the onset of encephali-
is [51]. This observation suggested that antibody was effective at
reating disease after dissemination to the brain and spinal cord
ad occurred. Development of mAb treatment for WNV in elderly
r immunocompromised patients might prevent the debilitating
Capsular polysaccharide I

disease and paralysis that can occur in these populations [52].
MGAWN1, a humanized mAb to the structural envelope protein,
is currently in clinical trials, and could provide a new therapeutic
option against WNV.

The ability to rapidly identify microbial targets and produce
mAbs makes them a feasible tool to combat emergent situations.
An excellent example of the rapidity with which mAbs can be gen-
erated in response to an outbreak was provided by the response
to SARS corona virus (SARS-CoV). In early 2003, respiratory dis-
ease due to the virus broke out in human populations, and within a
year the cellular receptor [53] and viral glycoprotein [54] responsi-
ble for binding were identified. By early 2004, neutralizing human
mAbs had been developed and were being tested by laboratories
[55], illustrating the potential speed of bench-to-bedside transi-
tion. Human mAbs have been developed to the Hendra and Nipah
viruses, which are both paramyxoviruses that can cause fatal hem-
orrhagic fevers and were responsible for outbreaks in the late 1990s
[56,57]. Emerging diseases are just one area where research into
the specificity of mAb targets and their protective efficacy in ani-
mal models should be a priority. Other areas where mAbs targeting
a needed pathogen may be in development but have not reached
clinical trials yet are listed in Table 3.

4.2. Bacterial/toxin/fungal targets

Bacterial diseases mediated by toxins have historically
responded to specific antibody and consequently remain good tar-
gets for treatment with toxin-neutralizing mAbs. In addition to
toxin-mediated diseases, recent studies have shown that specific
mAbs can alter the course of bacterial and fungal infection, and
that immunoglobulins can enhance the action of other antimicro-
bials. The issue of mAb synergy with conventional antimicrobial
drugs is of particular importance since development of mAbs as an
adjunct to existing therapy is an attractive possibility to improve
therapeutic outcomes for bacterial infection. Several mAbs, target-

ing diseases that are in clinical trials (Table 2) or being developed
as needed therapeutics (Table 3), are discussed below.

The Shiga-like toxin IIB produced by pathogenic strains of
Escherichia coli is responsible for organ damage in the hemorrhagic
colitis and hemolytic uremic syndrome (HUS) that develop dur-

http://clinicaltrials.gov/
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Table 3
Examples of potential mAb targets based on need.

Category Target Comments/concerns

Bioterrorism Anthrax (B. anthracis) Need for immediate dispersal upon exposure
Small pox (Variola virus) Population of non-immune individuals
Ebola virus Highly virulent

Emerging diseases Henipavirus Also potential bioterrorist agents
SARS-CoV Possibility of recurrence of 2003 pandemic
Influenza virus H1N1 and H5N1 are pandemic threats

Susceptible populations Parainfluenza virus LRI protection in at-risk pediatric populations
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ng infection. Outbreaks of the enterohaemorrhagic E. coli O157:H7
re often linked to contaminated food and can be potentially
atal. Treatment of HUS is complicated, because antibiotics can
otentially worsen the disease [58,59]. Several mAbs designed to
eutralize the systemic toxin have been developed, and one is cur-
ently having success in phase I clinical trials [60–62].

Another toxin-mediated disease of growing concern is Clostrid-
um difficile colitis, which usually results from broad-spectrum
ntibiotic use [63]. Although oral antibiotics can often clear infec-
ion, there are indications that new hypervirulent strains are
merging, which increase disease severity [64]. Furthermore, for
ertain individuals the disease can become chronic [65]. mAbs to
oxin A and toxin B are in development and currently being tested
n clinical trials. Laboratory research has shown that mAbs may
ct by more than just direct binding and neutralization of toxin, as
c receptors have been shown to be essential for mAb protection,
resumably through increasing endocytic uptake of the toxin by
ffector cells [66]. The increasing prevalence and toll of this disease
nderscores both the dangers of antibiotic use and the potential for
Ab as a new therapy platform. mAbs may become essential tools

o fight this and many other hospital-acquired infections, where
ften antibiotics have already failed to improve outcomes [67].

Staphylococcal disease is an example of bacterial disease where
oth the bacterium and disease-mediating toxins can be targeted
y mAbs. Two mAbs in clinical trials recognize staphylococcal
irulence factors. Pagibaximab is a chimeric mAb specific for lipote-
choic acid (LTA), which was shown to be protective against both
oagulase-negative staphylococci (CoNS) and S. aureus infection
68]. Certain populations are very susceptible to staphylococcal
isease, such as very low birth weight (VLBW) newborns, where
agibaximab is currently in phase I/II clinical trials for preventing

nfection [69,70]. Another target is the S. aureus protein clump-
ng factor A (ClfA), targeted by tefibazumab (brand name Aurexis®)

hich is in phase II clinical trials for S. aureus bacteremia [71]. These
wo mAbs show promise and provide hope for the development of
mproved mAbs targeting staphylococcal species. Alpha-hemolysin
H1a) is a pore-forming cytotoxin that is an essential virulence fac-
or for the development staphylococcal pneumonia. Researchers
ave recently shown that passive administration of a mAb to H1a,
s well as vaccination to elicit active immunity against this antigen,
fforded protection to pneumonia in mouse models [72].

Antibodies neutralizing toxins and viruses can provide imme-
iate defense against many biological weapons [73]. Anthrax is
n example of one such disease, where current treatment recom-
endations are inadequate, as the anthrax vaccine is currently not

ndicated for post-exposure prophylaxis and antibiotic-resistant

trains of Bacillus anthracis are a rising concern [74]. Protective
ntigen (PA) is the common subunit to the two dimeric anthrax
oxins, where PA pairs with edema factor (EF) or lethal factor (LF)
o form cellular toxins mediating edema and cell death, respec-
ively. The two mAbs specific for PA currently in clinical trials are
Important class of nosocomial infection

Increasing prevelance in community settings
Important class of nosocomial infection

anthim, which was just announced to be restarting phase I clini-
cal trials, and raxibacumab, which is currently maintained by the
U.S. Strategic National Stockpile. Toxins from Clostridium botulinum
are another example of extremely potent neurotoxins that can lead
to fatal respiratory disease and are capable of being weaponized.
Development of mAbs to neutralize these toxins for post-exposure
treatment is an important avenue of research.

One area where antibody therapy has long provided the only
therapeutic option is the neutralization of snake venoms. Most of
the current preparations fall into the category of serum therapy,
with immunoglobulins derived from heterologous sources. One
group has developed human single chain variable antibody frag-
ments (HuScFv) from a phage display library that are effective in
neutralizing the neurotoxin and preventing lethality in mice [75],
illustrating how new mAb technology and antibody formats are
able to improve and expand on current treatments. However, eco-
nomics could pose a formidable problem with developing mAbs
venom therapy, since the number of different poisons is great and,
fortunately, the number of cases is relatively few.

Fungal diseases are a promising area for mAb therapy. Fungal
diseases are chronic, difficult to treat, and carry a high mortality
and morbidity despite antifungal therapy. For this group of dis-
eases mAb therapy could find a niche because current therapies
are suboptimal. To date only one mAb has been studied clinically
for the treatment of cryptococcal meningitis [76]. That antibody
reduced serum cryptococcal antigen but only at very high doses,
which made it economically unfeasible. An antibody fragment to
a surface heat shock protein showed promising efficacy against
human candidiasis in a phase III trial [16]. Recently a broadly cross-
reactive mAb to a fungal cell wall antigen was described that was
effective against experimental aspergillosis, candidiasis, and cryp-
tococcosis [77,78]. Another example of broadly active antifungal
mAbs are those that mimic killer toxin action [79].

5. Enhancing the magic bullet with radiation

The exquisite specificity of antibodies for their targets provides a
means of delivering harmful cargo to their targets. This concept has
long been recognized in oncology where investigators have tried to
enhance the efficacy of anti-tumor antibody therapies by conjugat-
ing antibodies to bacterial toxins and radioisotopes. Like use of mAb
therapy in general, the field of infectious diseases has been slow
in adopting such strategies, although considerable experimental
work was done to develop immunotoxins to target HIV-infected
cells [80]. Nevertheless, in recent years progress has been made
developing radioimmunotherapy for infectious diseases.
Radioimmunotherapy (RIT) was first developed for cancer treat-
ment almost three decades ago [81]. RIT uses the antigen–antibody
interaction to deliver radionuclides that emanate lethal doses of
cytotoxic radiation to cancer cells [82,83], and can provide a valu-
able alternative to chemotherapy and external radiation beam



G ine 27

t
d
a
1
r
u
e
c

h
r
i
b
h
o
w
d

fi
m
c
s
e
a
p
u
t
m
t
(
v
s
m
l
n
t

a
[
i
1

t
w
i
c
r
a
e
i
H

u
c
a
D
g
w
m
l

i
t
m
c
i
a

44 C. Saylor et al. / Vacc

herapy (EBRT). RIT is a successful therapy for certain cancers as evi-
enced by the recent approval of mAb-based drugs such as Zevalin®

nd Bexxar® (anti-CD20 mAbs labeled with 90-Yttrium (90Y) and
31-Iodine (131I), respectively) for the treatment of relapsed or
efractory B-cell non-Hodgkin’s lymphoma. Recent reports on the
se of RIT as an initial treatment for follicular lymphoma [84] are
ncouraging thus making RIT first line therapy in some types of
ancer.

Until recently the potential of RIT as an antimicrobial strategy
ad not been explored. The reasons for this are enigmatic but could
eflect the lack of awareness of the difficult problems in clinical
nfectious diseases by the nuclear medicine community and of RIT
y the infectious diseases community. During the last 5 years RIT
as been successfully adapted in our laboratories for the treatment
f experimental fungal, bacterial and viral infections [85–90]. Here
e briefly review the data on efficacy and safety of RIT of infectious
iseases.

The potential efficacy of RIT against an infectious diseases was
rst established using Cryptococcus neoformans (CN) [85]. CN is a
ajor fungal pathogen that causes life-threatening meningoen-

ephalitis in 6–8% of patients with AIDS. CN provided a good
ystem to study the potential usefulness of RIT because there were
xcellent animal models available, well characterized mAbs to CN
ntigens existed, and immunotherapy of CN infection with capsule
olysaccharide-binding antibody 18B7 was already in clinical eval-
ation [76]. In spite of high level of circulating polysaccharide in
he blood of infected mice, in both pulmonary and systemic animal

odels of CN infection radiolabeled mAb preferentially localized
o the sites of infection. mAb 18B7 radiolabeled with 213-bismuth
213Bi) or 188-rhenium (188Re) killed CN cells in vitro, thus pro-
iding the basis for in vivo experiments in AJ/Cr mice infected
ystemically with CN. Mice treated with radiolabeled CN-specific
Ab 18B7 lived significantly longer than mice given irrelevant

abeled IgG1 or PBS. Mice infected with CN and given RIT had sig-
ificantly reduced fungal burden in lungs and brains 48 h after
reatment compared to infected mice in the control groups.

The antimicrobial RIT approach was subsequently extended to
nother human pathogenic fungus, Histoplasma capsulatum (HC)
86], which is the most common cause of fungal pneumonia in
mmunocompromised patients [91], by treating HC in vitro with
88Re-labeled mAb 9C7 (IgM) which binds to a protein antigen on
he surface of the HC cell wall [92]. Ninety percent of HC cells
ere killed with 32 �Ci HC-specific 188Re-9C7 mAb. In contrast,

ncubation of HC with a radiolabeled control IgM with the same spe-
ific activity produced only minimal killing within the investigated
ange of doses. Cellular dosimetry calculations based on the mean
bsorbed dose to the cell showed that RIT with alpha- and beta-
mitting radioisotopes was approximately 1000-fold more efficient
n killing CN and approximately 100-fold more efficient in killing
C than gamma radiation.

The potential of RIT against bacterial infection was established
sing Streptococcus pneumoniae because this is an important extra-
ellular pathogen, and there are good animal models and mAbs
vailable [88]. A greater percentage of mice treated with 213Bi-
11 survived relative to the control groups, where mice in control
roups succumbed to bacteremia on days 1–3, while mice treated
ith 80 �Ci 213Bi-D11 mice demonstrated 87–100% survival. Treat-
ent with radiolabeled D11 was very well tolerated as no weight

oss was observed in treated animals.
RIT could also be potentially effective against chronically

nfected cells including those with viral infections [6]. In contrast

o RIT of fungal and bacterial diseases where the target is the

icrobe itself, in RIT of viral infections the infected mammalian
ells would be targeted thus providing a general strategy for elim-
nating reservoirs of infected cells and viral cellular factories. This
pproach could be developed for the treatment of drug-resistant
S (2009) G38–G46

HIV strains [93]. The efficacy of RIT for treatment of HIV infec-
tion in vivo was explored with a radiolabeled HIV envelope-specific
human anti-gp41 mAb 246-D radiolabeled with 213Bi and 188Re
[89]. For these studies human peripheral blood mononuclear cells
(PBMCs) infected with HIV-1JR-CSF were injected into the spleens
of SCID mice and the mice were treated with RIT. Treatment of
mice with 188Re-labeled mAb 246-D administered either before or
after intrasplenic injection with HIV-1JR-CSF-infected human PBMCs
dramatically reduced the number of HIV-1-infected cells. Similar
results were obtained after treatment of mice with 213Bi-246-D.
Administration of equivalent amounts of “cold” mAb 246-D or
of a radioisotope-coupled irrelevant control mAb did not reduce
the average number of infected cells detected in the SCID mouse
spleens. The demonstration of efficacy of RIT against HIV provided
a proof-of-principle for the concept of treating viral infections by
targeting viral-infected cells and this approach could potentially be
applied to other chronic viral diseases like hepatitis C.

The success of RIT approach in laboratory studies combined
with earlier nuclear medicine experience on pre-clinical and clin-
ical studies showing the utility of radiolabeled organism-specific
antibodies for imaging of infections (reviewed in [94]) provides
encouragement for the feasibility of therapeutically targeting
microbes with labeled antibodies. In fact, the ability of specific anti-
body to localize to a site of infection provides strong support for
the potential usefulness of this technique as a broad antimicrobial
strategy. It might be possible to create a so-called “pan-antibody”
which would recognize an antigen shared by a particular class of
human pathogens. An example of such a “pan-antibody” is mAb 6D2
initially developed against fungal melanin that also binds to syn-
thetic, invertebrate (cuttlefish), murine and human melanins [95].
The availability of such antibodies would eliminate the necessity of
having antibodies specific for each particular microorganism and
would enormously enhance the development of RIT of infectious
diseases.

6. Future of mAb therapy for infectious diseases

Considering the breadth of research into new targets for micro-
bial mAbs, as well as the vast need for new therapeutic modalities
for infectious diseases, this area of medicine is a growing field.
There are many new approaches to improving the efficacy of mAbs,
such as using cocktails of mAbs or combining mAbs with exist-
ing drugs for synergistic effects. There are also many new research
developments that will expand the possibilities for mAb drugs. The
next generation of mAbs could be developed against novel targets,
such as quorum sensing molecules, which regulate bacterial growth
and virulence factor expression [96], or type III secretion systems,
which are used by a subset of microbes to infect host cells [97].
To fight MDR bacteria, some successful approaches have targeted
the cellular efflux pumps responsible for antibiotic resistance [98].
In general, more of these types of “broad-spectrum” mAbs will
enable a therapeutic mAb to be developed which could be use-
ful against a number of microbes, thus extending its market and
increasing its profit potential. Bavituximab is an example of one
such mAb, specific for phospholipids on the exposed inner sur-
face of damaged cells, where potential applications include both
HIV and HCV [34]. Progress has also been made generating mAbs
that have bispecificity, where mAb variants are selected that bind
to multiple microbial epitopes [99]. Finally, more direct engineer-
ing of mAbs could result in enhanced efficacy, such as Fc region

alterations that can extend serum half-life or influence effector
function [100]. For example, alterations in Fc region glycosyla-
tion can increase antibody-dependent cell-mediated cytotoxicity
(ADCC) [101]. Although this review has focused on the use of intact
mAbs against microbial diseases, we note that for some microbes
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he Fc region is not necessary for efficacy, providing numerous addi-
ional therapeutic options. For example, mAb fragments which lack
c regions can be effective in situations where effector cell function
s not necessary, for example in inhibiting HIV entry [102].

We are cautiously optimistic that the mAb therapeutic revolu-
ion will make a much greater impact against microbial diseases in
he years ahead. There is no shortage of targets for mAbs to treat

icrobial diseases. At this time, the major problem is economic and
t is likely that success will come first in niche areas where there is
ufficient need, urgency, and market size to support the develop-
ent of mAb therapies. In the longer term, the field needs to build

conomic models that are suitable for the development of antibody
herapies against a much broader set of microbial targets.
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