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 Recombinant proteins have made a surge in therapeutics for a variety of 

applications. Recently, monoclonal antibodies (mAbs) have received FDA approval for 

treatments including cancer, autoimmune diseases, asthma, and other conditions. 

Therapeutic mAbs require high affinity and specificity to antigen as well as 

pharmacokinetic properties that provide optimal interaction with target. The engineering 

of recombinant antibodies tailors these parameters to specific applications for therapy. 

This dissertation describes the development of therapeutic antibody fragments targeting 

the protective antigen (PA) component of the secreted anthrax exotoxin. High-affinity,  

single-chain antibody fragments (scAbs) expressed in E. coli were modified to enhance 

serum half-lives for therapeutic application as anti-toxins. By targeting PA, these 

constructs were able to provide passive immunity against anthrax lethal toxin and spore 

inhalation challenges in animal models. The success of these fragments provides 

evidence that anti-toxin therapies do not require high cost, mammalian-expressed mAbs. 



 vii

In addition, immunity was shown in the absence of a glycosylated Fc region of 

mammalian-expressed immunoglobulins which is known to activate immune-mediated 

functions responsible for clearance of pathogens. These results indicate that microbial 

production of antibody fragments could provide a low cost alternative to mammalian 

culture for potential antibody reagents and therapeutics.   
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Chapter 1: 

Antibodies and Targeting Anthrax 

 
 

1.1 OVERVIEW OF IMMUNITY AND ANTIBODY ENGINEERING 

The immune system is a remarkably adaptive system that has evolved in 

vertebrates for defense against invading pathogenic organisms and cancer. It possesses 

the ability to modulate a variety of cells and molecules capable of specifically 

recognizing and eliminating a vast number of foreign invaders. These molecules and cells 

operate in a synergistic complexity that adapts to the host’s environment to provide an 

array of immune functions such as immunity, the state of protection from infectious 

disease.  

Immunity has both specific and nonspecific components. Innate immunity, the 

nonspecific component, is a system of disease-resisting mechanisms that are not specific 

to a particular pathogen. Adaptive immunity, the specific component, exhibits a high 

degree of specificity that can be retained within cells as “memory”. This retention of 

specificity can provide immunity against the target pathogen for a period of months up to 

an entire life time. Lymphocytes are the cells responsible for the retained immune 

response and protect against pathogens using a variety of strategies including the 

production of antibodies.  

However, there have always existed pathogens against which the mammalian 

immune system cannot fully protect itself. Certain viruses, bacteria, protozoa, and 

roundworms have proven throughout history to evade immune destruction and become 



 2

established within a host by a variety mechanisms including, but not limited to; encoding 

proteins to interfere with defense mechanisms, toxin-induced damage to defense cells, 

and proliferation in host tissue. Thus, there exists a critical need for immunity by means 

other than that which is inherent to the mammalian system, especially in developing 

countries or in case of intentional, large-scale biological weapon use.  
  
 

1.1.2 Vaccines 

Since the early trials of Edward Jenner and Louis Pasteur, vaccines have been 

developed for many diseases that once deeply afflicted mankind. The benefits of 

vaccination have become evident with the eradication of smallpox (1) and dramatic 

decline of polio (2), both responsible for the deaths of millions of lives. The road to 

successful development of a vaccine that can be approved for human use, manufactured 

at a reasonable cost, and efficiently administered to at-risk populations is costly, long, 

and tedious. In addition, once administered, vaccines can require a determined period of 

time to elicit a response against the target pathogen that can leave the host susceptible to 

infection (3). Therefore, for certain infectious diseases, there is a need for an additional 

post-exposure therapy.  
 

1.1.2 Passive immunity 

Passive antibody therapy was the first consistently successful antimicrobial 

strategy. In the early 1890s, Behring and Kitasato discovered the ability of specific 

antibodies to protect against bacterial toxins (4). This observation then led to rapid 

development of antibody therapy for the treatment of various infectious diseases. The 

treatment consists of utilizing serum from animals previously immunized, thereby 
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transferring the immune state to other animals and eventually humans (5). As all 

preparations were derived from serum, this form of therapy was then termed 

“serotherapy”. Various researchers during the next decade after this discovery 

demonstrated that the active component from immune serum could neutralize toxins, 

precipitate toxins, and agglutinate bacteria. During the 1930s, Elvin Kabat was able to 

show that these immune activities were attributed to the fraction of serum called gamma-

globulin, now referred to as immunoglobulin (6). The active molecules in the 

immunoglobulin fraction are called antibodies and this type of therapy was later called 

antibody-mediated immunity (AMI).  

Serotherapy was responsible for protecting countless lives from bacterial 

infections. However, the administration of large doses of animal proteins was often 

associated with side effects such as hypersensitivity reactions and possibly serum 

sickness, which is a form of antigen/antibody complex disease (7,8). In the 1930s, newly 

developed serum purification strategies allowed the production of antibody preparations 

with reduced side toxicity. However, the use of serotherapy rapidly declined after 1935 

with the introduction of sulfonamides and ultimately antimicrobial chemotherapy. 

Eventually, serum therapy was abandoned as an antimicrobial agent, but antibody-based 

therapies were retained for treatment against venoms, toxins, and certain viral infections.  
 
 

1.1.3 Monoclonal antibodies (mAbs) and hybridoma technology  

Serotherapy had initially incorporated the use of polyclonal antibodies isolated 

from animals. The antibodies were from B lymphocytes that produce specific antibodies 

against target antigen. It was shown that B lymphocytes were responsible for the 

production of antibodies, but, once extracted from the host organ, cell production ceased. 
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This bottleneck in production hindered the advancement of antibody therapy until further 

strategies were discovered.  

In 1975, a technological revolution began with the discovery of a method to 

produce monoclonal antibodies. Fusing an antibody-producing B lymphocyte with a 

myeloma cancer cell yielded an immortal hybridoma cell (9). This marked the first time 

that it was possible to produce large quantities of immunoglobulin of a defined specificity 

and single isotype in vitro. This innovation provided a means of producing large 

quantities of antibodies without animal or human donors.  
 

1.1.4 IgG Structure 

The structure of an immunoglobulin provides for the many protective mechanisms 

associated with the antibody molecule. For example, there are five major classes of 

secreted antibodies; IgA, IgD, IgE, IgG, and IgM. All of these possess very similar 

individual domains, yet differ in number of domains and inter-chain disulfide bonds. 

IgG1, a subclass of IgG, is the most widely used antibody in the therapeutic arena due to 

its favorable pharmacokinetic, immune, and manufacturing properties.  

Antibody molecules have a common structure of four peptide chains (Figure 1.1) 

that are divided into two identical light chains (≈ 25 kDa each) and two identical heavy 

chains (≈ 50 kDa each). Each light chain has a C-terminal disulfide bond to the heavy 

chain. These disulfide bonds, along with extensive noncovalent interactions, provide a 

robust association between chains. Near the attachment site of the light chain, each heavy 

chain possesses a hinge region containing two disulfide bonds that holds the two heavy 

chains together. 
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An IgG molecule can undergo limited proteolysis in the heavy chain hinge 

regions to create one Fc and two identical Fab fragments. The Fab fragment consists of 

the entire light chain (L) and the variable heavy and heavy constant region 1 (CH1). The 

specificity of an antibody is engineered within the variable heavy (VH) and light regions 

(VL). These two regions comprise a “sandwich” or two β-pleated sheets, each containing 

antiparallel β strands of amino acids that are connected by loops of various lengths. These 

loop strands are characterized by alternating hydrophobic and hydrophilic amino acids 

whose side chains are arranged perpendicular to the plane of the sheet. 
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FIGURE 1.1 Structure of IgG1 molecule. Four polypeptide chains consisting of two 
identical light and 2 identical heavy chains assemble to form the ≈ 156 kDa molecule. 
The structure consists of inter- and intra-peptide disulfide bonds and noncovalent 
interactions that provide stability to the structure. The complementary determining 
regions (CDRs) are hypervariable regions that code for the specificity to the target 
antigen and make up the antigen binding site.  
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As mentioned, the variable regions determine the specificity of the antibody. 

Within each variable domain exists several hypervariable regions that constitute 15-20% 

of the variable domain. The rest of the variable domain exhibits far less variation among 

antibodies and is referred to as the framework regions. The hypervariable regions of an 

antibody form the antigen-binding site,  which is complementary to the structure of the 

target epitope, thus, they are called complementary determining regions (CDRs) (Figure 

1.2). Each variable region possesses three CDRs that are located on the loops that connect 

the β strands of each domain.  The range of antibody specificities is attributed to 

variations in length and amino acid sequence of the six hypervariable loops in each Fab 

fragment. The framework regions serve as a scaffold to support these six loops and 

possess a consensus for each species in which the antibody is derived.    
 

 

 

adapted from  http://rzv054.rz.tu-bs.de/Biotech/SD/Dia3d.gif 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 1.2 Antigen binding site. The variable regions of both heavy and light chains 
(VH and VL) consist of 6 hypervariable regions (in color) that comprise the antigen 
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Adapted from  http://rzv054.rz.tu-bs.de/Biotech/SD/Dia3d.gif
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binding site. These complementary determining regions (CDRs) are surrounded by 
framework regions (grey) that function as a scaffold for the CDRs.  
 
 
 

The structure of IgG possesses CH2/CH3 domains that dimerize to form the Fc 

region. When native Fc is expressed in mammalian cells, the fragment is post-

translationally modified by glycosylation at a conserved Asn 297 residue on each CH2 

domain (10,11). The net result is the attachment of a biantennary core heptasaccharide 

consisting of three N-acetylglucosamine (GlcNAc), three mannose (Man), and variable 

fucose additions. These carbohydrates occupy a space between the two heavy chains and 

bury approximately 2400Å2 surface area of the Fc. The carbohydrate has been shown to 

stabilize a conformation that results in a binding site for immune system effector 

functions.  
 

1.1.5 IgG function 

Antibodies serve as highly specific recognition and binding molecules that can be 

tailored for many applications. Antibodies can act as agonists by binding to a target and 

activating a downstream event. This approach can be beneficial in instances where 

antibody binding alone is not sufficient for a desired activity.  More commonly, 

antibodies can act as antagonists by binding to a target and blocking the bound epitope 

from further interactions. However, the role of killing or removing pathogenic organisms 

by antibodies does not always solely rely on antibody binding. 

Because the Fc region possesses the ability to recruit effector cells or activate the 

complement system, antibody binding can result in phagocytosis or cell killing. In order 

to be effective against foreign antigens, antibodies must evoke effector functions that will 
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remove the antigen and kill the pathogen. There exist several pathways in which these 

events can occur. Opsonization is the promotion of phagocytosis of antigens by 

macrophages and neutrophils. Protein molecules called Fc receptors (FcRs) are present 

on the surfaces of these immune cells and bind to the constant region of most subclasses 

of IgG molecules. The interaction of one Fc region with the receptor is rather weak and 

does not induce a cascade signal. Yet, the simultaneous binding of several Fc regions, 

such as the binding of several antibody molecules complexed with the same target, 

produces an interaction of significant strength to initiate a signal-transduction pathway 

resulting in clearance of the antigen/antibody complex (12).  

In addition to modulating phagocytosis, IgG subclasses are able to activate a 

variety of serum glycoproteins called the complement system. Complement consists of 

proteins that perforate a target cell membrane resulting in cell death (13). The three 

complement pathways are the classical, lectin, and the alternative pathway, and all 

activate a cascade that results in the formation of the membrane-attack complex (MAC) 

via a common sequence of terminal reactions. The lectin and alternative pathways are 

activated by exposure to microbial cell walls. The classical pathway is activated by the 

initial binding of C1q protein to the Fc region of an IgG molecule. In a very similar 

fashion to FcRs, the C1q protein has a very weak affinity to one Fc region. C1q has six 

globular domains, each capable of binding to an IgG molecule. It has been shown that 

activation of the classical pathway requires two Fc regions to be within 30-40Å of each 

other for successful C1q binding (14). An increase in density of Fc regions on a bound 

surface will increase the affinity of C1q through avidity. Studies have shown that 

mammalian glycosylation of the Fc region is required for C1q binding with little or no 

affinity observed with aglycosylated Fc fragments (15, 16).  
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1.1.6 Recombinant Antibodies 

The development of recombinant DNA technology has had a major influence on 

almost every field of protein research and beyond. This innovation has paved the way for 

engineering antibody affinity, avidity, effector functions, pharmacokinetics, and 

immunogenicity. It began with the ability to amplify variable regions from 

immunoglobulin genes and express them in microbial hosts (17). The VL and VH can be 

tethered via an artificial peptide linker to form a so-called single-chain fragment (scFv) 

(Figure 1.3) (18, 19) that is easily expressed in bacteria. The advantages of scFv 

expression is that it comprises the entire binding site of an antibody molecule. In 

addition, the expression of a small fragment is much more facile than an entire IgG 

molecule, and these scFvs can be expressed in hosts, such as E. coli, with short doubling 

rates and with a dramatic decrease in cost. The construction of scFvs was followed by 

engineering of other constructs derived from the IgG structure that possess unique 

properties. The overriding advantage of such constructs is that they can be expressed in 

bacteria providing rapid and inexpensive access to moderate quantities of pure protein.  
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FIGURE 1.3 IgG1 structure and antibody fragments. The Fab fragment (≈ 50kDa) 
consists of the variable and constant L chain expressed with the variable H and CH1 
domains. Fab fragments can be expressed retaining the C-terminal disulfide bond (as 
shown). Single-chain fragments (scAb) consist of the co-expression of the human kappa 
chain with the variable regions of both L and H chain. Single-chain variable fragments 
(scFv) consist of the variable regions of the heavy and light chain tethered by a peptide 
linker.  
 

 

1.1.7 Directed evolution  

The first monoclonal antibodies were produced from mammalian immune 

repertoires as a defense against the target antigen. Although these antibodies can be 

highly specific, they sometimes fall below the desired affinity of a potential therapeutic. 

Recombinant DNA technology brought to the antibody engineering field the ability to 
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rationally design antibodies (20) through mutations in polypeptide sequences based on 

computer modeling predictions, crystallography approaches to antigen/antibody 

interactions, or single point mutagenesis (21). The data resulting from the “rational” 

strategies has provided much insight into antibody folding, inter-chain interactions, and 

stability analyses. Unfortunately, large enhancements in antibody affinity were not 

routinely seen with these approaches.  

However, the advent of the directed evolution field provided the possibility of 

mimicking what nature has engineered for millions of years; the ability to evolve 

antibodies to desired affinity and specificity in a high-throughput system. Directed 

evolution requires a means of creating genetic diversity for rescue of proteins with 

desired new or enhanced activity. Several methods can be utilized as a tool for 

engineering a repertiore of gene sequences resulting in phenotypic diversity.  Random 

mutagenesis can typically be accomplished with error-prone PCR techniques in which 

conditions of PCR reactions are catered to modifying the error-rate of DNA polymerase 

(22). Non-homologous and homologous recombination methodologies have also been 

applied to create genetic diversity by engineering chimeric progeny from parent gene 

sequences (23, 24).  

A very technically challenging step of directed evolution is the screening 

technology used to isolate protein variants of interest. Maintaining the connection 

between gene sequence and protein activity is of paramount significance and presents a 

major hurdle to selection methods.  
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1.1.8 Phage Display 

Phage display (25) provides a means to express a library of proteins (26) or 

peptides (27, 28) as fusions to a coat protein on the surface of filamentous phage such as 

M13. Antibody libraries are generally expressed as scFvs tethered to the gene III protein 

on the end of the bacteriophage (Figure 1.4), and the DNA sequence that codes for the 

antibody is packaged within. Other coat proteins such as gene VIII of M13 bacteriophage 

have been used as well, although such constructs generally have limitations compared to 

gene III. 
 

 

FIGURE 1.4 Filamentous phage display. A filamentous bacteriophage particle is 
composed of single-stranded circular genome enveloped by the major coat protein VIII. 
Protein IX and VII are expressed on the end that protrudes from the bacteria during 
export, and protein III and VI expressed on the opposite end. Protein III is most 
commonly used for scFv fusion. 
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Selection from phage display generally occurs by immobilization of the antigen of 

interest on a selected surface and incubation of phage expressed library for binding. 

Iterative rounds of adsorption and desorption, also known as “panning”, with modifying 

concentrations of detergent, can enable isolation of antibody binders within a highly 

diverse library. To date, many antibody fragments have been isolated for diagnostic as 

well as therapeutic purposes with subnanomolar affinities, rivaling other screening 

technologies. Phage display has recently been automated to rescue clones from libraries 

(29) and continues to show great potential within the protein engineering field.  
  

1.1.9 Flow cytometry and bacterial display 

Within the past 50 years, flow cytometry has become a major tool for automated, 

high-throughput, cell-based analysis. In flow cytometry, individual cell are analyzed 

quantitatively for parameters such as fluorescence intensity and light scattering in a high-

throughput fashion. Today, flow cytometers have been engineered for high-throughput 

screening of up to 70,000 events/second. It is the combination of quantitative analysis 

and high throughput screening that has made flow cytometry an attractive tool for 

isolating functional proteins from cell-based libraries.   

Microbial cell display can be used to provide the necessary link between genotype 

and phenotype. This technology utilizes bacteria or yeast, such as E. coli or S. cervisiae, 

for expression via plasmid expression vectors for the display of protein(s) of interest. 

Proteins are usually expressed in the periplasm for correct folding and sometimes 

anchored to the membrane to interact with a fluorescently-labeled antigen. Recently, it 

has been shown that large antibody libraries expressed in bacteria and yeast can be sorted 
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using flow cytometry to isolate high-affinity clones directed toward a target antigen of 

interest (30-33).  
 

1.1.10 Anchored Periplasmic Expression (APEx) 

There are several criteria for a successful display technology in microbial hosts. 

Affinity to fluorescent probe and expression level of antibody on the cell should 

contribute to the fluorescence of the event. Also, selection should occur in the same 

cellular compartment in which expression of soluble protein product will occur. This will 

eliminate significant changes in expression from selection to soluble purification. In 

addition, it would be advantageous to provide additional support for localization of the 

protein to the compartment in which it is expressed. This would decrease loss of protein 

to extracellular space and potentially increase fluorescence intensity for proteins of 

interest.  

Harvey et al. were successful in engineering a optimized bacterial display system 

taking the above criteria into consideration (33). In this system, the displayed proteins are 

N-terminally anchored via a 6-residue sequence derived for native lipoprotein NlpA (34) 

for expression in the oxidative periplasm of E. coli.  After disruption of the outer 

membrane with Tris-EDTA-lysozyme treatment, the inner-membrane anchored proteins 

are able to bind fluorescently-labeled ligands as large as 240kDa. Following cytometric 

screening of fluorescent cells, the DNA is extracted from the spheroplasts and protein 

genes PCR-amplified for ligation into APEx vector for successive rounds of sorting. 

Sorting of this bacterial system has resulted in isolation of clones with up to 200-fold 

affinity improvement after only two rounds of screening (33).  
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1.2 THERAPEUTIC ANTIBODIES 

Recombinant DNA technology and directed evolution have provided solid 

resources for engineering high-affinity antibodies toward target antigens. Presently, over 

18 FDA-approved mAbs have been applied to the prevention of organ rejection (35) and 

treatment of Crohn’s disease (36), cancer (37), asthma (38), arthritis (39), and psoriasis 

(40). With over 150 mAbs in clinical trials, the therapeutic antibody field is exploding in 

the biotech market.  

The potential of an antibody as a successful therapeutic is generally dependent 

upon the detailed mechanism being pursued. For example, there are instances in which 

effector functions and/or Fc binding sites can be detrimental by causing unwanted 

phagocytosis through antibody-mediated or antibody-dependent enhancement (AME or 

ADE) of viral (41, 42) and bacterial infections (43) and enhancement of toxin activity 

(44). The take home lesson is that each therapeutic application of antibodies must take 

these potential activities into consideration.   
 

1.2.1 Mammalian expression 

The first monoclonal antibodies produced en masse were from hybridomas 

derived from mouse cells. Since this breakthrough, several strategies have been adopted 

for rapid production of antibodies using mammalian expression vectors that are either 

transiently or stably expressed in mammalian cell lines. These vectors differ widely in 

their origin of replication, promoter usage, amplifiable cassettes, and antibiotic markers.  

Generally, transient expression provides rapid production of antibodies for small scale 

production. However, mass production of antibodies usually requires isolation of high-



 17

titre clones with stable integration of IgG genes into a highly-transcribed region of the 

host chromosome. The genes are transcribed within the cytosol and their products 

secreted to the extracellular environment for correct folding and assembly through the 

introduction of leader sequences fused to the protein of each DNA cistron, which are 

cleaved after secretion.  

Mammalian expression provides glycosylation that is non-immunogenic in human 

therapies, compared to other hosts with glycosylation capabilities that differ in pattern 

and residue composition and potentially induce side effects during antibody therapy (45). 

Of course, as mentioned above, the glycosylation within the Fc region is responsible for 

the binding of C1q and Fc receptors resulting in activation of effector functions. It has 

been shown that mutation of the Asn 297 residue in the Fc region will negate 

glycosylation and, thus, preclude effector functions that require glycosylation. Non-

glycosylated IgG generally retain normal antigen binding and intravenous 

pharmacokinetic behavior (16, 46). 
 

1.2.2 Human therapeutic antibodies  

Early studies have indicated that the species origin of a therapeutic antibody can 

induce side effects resulting from immunogenic rejection. As the isolated B lymphocytes 

were extracted from animal donors, there existed a difference in consensus sequences 

between animal and human regions of the immunoglobulin (IgG) structure. Although the 

constant regions are very similar in structure for antibodies derived from different 

species, each species possesses different sequences for constant regions. Administration 

of a murine antibody into a human model resulted in an immune response to regions of 

the antibody considered “non-human”. This response was later termed the human anti-
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mouse antibody (HAMA) response (47) and required a reevaluation of antibody therapy. 

To approach this dilemma, the constant region sequences of human antibodies were 

identified and then grafted onto antibodies derived from a non-human host to produce so-

called “chimeric” mAbs (48). Chimeric antibodies have shown success against cancer 

(35) and relieve many of the issues associated with the HAMA response. However, some 

chimeras have also displayed HAMA responses due to the remaining murine variable 

regions (49). These framework regions were once believed to induce immunogenicity, 

but by grafting the six CDRs of each antigen binding site onto human framework regions, 

it has been shown that “humanization” of the variable regions can reduce HAMA 

response for antibody fragments and IgG (49). Today, there are many engineered 

technologies for humanization of variable regions, and with the increase of FDA-

approved mAbs and over 150 in clinical trials, one can speculate that humanization 

technology will continue to evolve. 

Several other approaches to engineering fully human antibodies have been 

demonstrated. For example, human B peripheral cells can be immortalized and the 

variable genes amplified into phagemids to engineer human antibody phage display 

libraries (50). Transgenic mice can express B cells producing human antibodies used to 

generate hybridomas and monoclonal antibodies (51). In addition, B cells of human 

donors were collected to amplify variable regions of antibodies to produce a very diverse 

human phage display library (52). These recent technologies may assist in bypassing the 

need for humanization along with some complications that arise in the humanization 

process concerning changes in affinity and immunogenicity (49).  
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1.2.3 Immunity against infectious disease 

Administration of exogenous antibodies to treat infectious diseases has been 

called passive immunization. Passive immunization has been used against 

microorganisms such as dengue fever, bubonic plaque, yellow fever, and others. There 

exists a fundamental difference in the use of mAb therapy to treat malignancies such as 

cancer compared to fighting infectious diseases. Treating malignancies requires the 

therapeutic mAbs to discriminate native self-antigens from those expressed uniquely on 

tumor cells. Targeting infectious disease with mAb therapy is aided by the large antigenic 

differences between the microorganism and the host (53). As antibodies play a significant 

role in the humoral component of the immune system that responds to natural infection, 

the objective of passive immunization is to mimic an immune response to provide the 

patient with high-affinity, target-specific antibodies. With this assistance, the body is able 

to stave off a deadly infection as it activates its own antibody repertoire to finish the 

battle. Recent research has indicated it may be possible to engineer mAbs effective in 

fighting bacteria infections that have shown resistance to existing antimicrobials. In 

addition, mAb therapy could provide immunity to infectious diseases that arise in settings 

of immunosuppression, such as organ or bone marrow transplant patients and individuals 

with HIV (53).  

The difficulty of this type of mAb therapy is not the initial isolation of target-

specific antibodies, but rather the isolation of antibodies that provide protection in an in 

vitro, in vivo, and ultimately human model. Antagonistic antibody function is not usually 

sufficient for prevention of infection. Each virulent organism possesses its own 

pathogenicity that is determined by invasiveness, infectivity, and pathogenic potential. 

These are properties that can be associated with production of proteins and carbohydrates 
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secreted and/or displayed on the surface of the pathogens. Such gene products are 

referred to as virulence factors. Virulence factors assist in the pathogenicity of an 

organism for attachment to host, penetration into host cells, evasion of the immune 

system, and colonization (53, 54). Virulence factors can be targets for mAbs to prevent 

invasion and infectivity of a microorganism when these factors are known and have been 

characterized. However, some virulence factors have been shown to be non-immunogenic 

and difficult to raise antibodies against, thus providing them the evasion strategies seen in 

vivo (55). In addition, mAbs shown to be effective in vitro do not always display the 

same protection once in an animal model (56). Therefore, the simplicity of serotherapy 

does not correspond to mAbs when only one antigen of the pathogen is targeted. Thus, it 

may be required to engineer fully human, non-immunogenic mAb cocktails for the 

prevention of infectious diseases that prove non-responsive to single mAb therapy.  

 

1.3 BACILLUS ANTHRACIS 

B. anthracis is a Gram-positive, anaerobic, capsulating, non-motile, rod-shaped 

bacterium. It is the causitive agent for anthrax disease. The B. anthracis bacterium is 

unusual in that spores can develop within vegetative bacteria when growth ceases due to 

lack of nutrients. Spores produce a protective covering providing resistance to extreme 

temperatures and toxic agents to provide viability for profound dormant periods. Upon 

transmission to a mammalian host, spores germinate into vegetative bacteria to multiply 

and express virulence factors, eventually killing the host. Bacilli within the dying or dead 

animal sporulate on contact with air to continue the cycle of infection  

The two fully virulent laboratory strains of anthrax, Ames and Vollum, carry two 

large plasmids, pX01 (184 kb) and pX02 (97 kb). These plasmids code for the two 
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primary anthrax virulence factors, the anthrax toxin and a poly-D-glutamic acid capsule 

(57). The plasmid pX01 codes for the tripartite anthrax toxin that consists of the 

protective antigen (PA), lethal factor (LF), and edema factor (EF). The three toxin genes, 

pag A (encodes PA), cya (encodes EF), and lef (LF) are located noncontiguously within a 

30-kb region of pX01 within a region called a pathogenicity island (58). pX02 contains 

the capsule genes capB, capA, capC, and dep, essential for synthesis of the poly-D-

glutamic capsule. The cap genes encode for products predicted to be membrane 

associated enzymes that mediate synthesis of the capsular polypeptide (59). The synthesis 

of both the anthrax toxin and capsule requires the presence of bicarbonate, which is 

regulated by transcriptional activators atx A (pX01) for the toxin genes (59) and acp A 

(pX02) for the capB. Engineered strains of anthrax that lack either plasmid have been 

shown to be avirulent in a non-human primate model (58).  

The capsule of the vegetative B. anthracis bacteria represents one of the main 

virulence factors for pathogenesis. It contributes to pathogenecity by enabling the 

bacteria to evade the host immune system and induce septicemia. The capsule has been 

shown to inhibit phagocytosis and the linear polymer of poly-D-glutamic acid is very 

weakly immunogenic (55), allowing immune cell evasion. Non-encapsulated strains have 

shown virulence in a few animal models (58), but it is believed that encapsulation is 

required for full virulence in humans.  

 

1.3.1 Anthrax Exotoxin 

The anthrax exotoxin is composed of PA, LF, and EF. These toxins act in synergy 

to access entry into the cell. Briefly, PA initially binds to host cell surface receptors, then 

undergoes cleavage by a host cell furin-like protease. Once cleaved, PA changes in 
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conformation and oligomerizes to a heptamer on the cell surface that binds LF and/or EF. 

The heptamer forms a prepore that causes a lipid raft formation leading to endocytosis. 

Once in the endosomes, the decrease in pH induces a conformational change in PA that 

forms a channel, allowing translocation of LF or EF into the cytosol of the host cell 

(Figure 1.5) (60). 
 

 

Adapted from (60) 

 
FIGURE 1.5 Etiology of anthrax toxin. PA83 binds to surface receptor and is cleaved to 
PA63. PA63 oligomerizes to a heptamer to form a prepore. Upond binding to LF or EF, a 
lipid raft is induced to insert the prepore into the membrane. Upon acidification of the 
endosome, LF and EF are transported into the cytosol of the host cell. EF is an adenylate 
cyclase and LF is a zinc metalloprotease that cleaves MAPKKs.  
.  
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PA is an 83kDa protein (735 residues) possessing four domains that organize 

mainly into anti-parallel sheets (61). Domain I (residues 1-258) contains the cleavage site 

for furin protease in a surface loop. PA20, the cleavage product, corresponds to residues 

1-167, equivalent to approximately two-thirds of the domain (61). Domain II (residues 

249-487) is involved in pore formation. The core structure is a β-barrel and large flexible 

loops between β-strands that are integral to pore formation (61, 62). Crystallographic 

structures have also recently indicated that domain II participates in receptor binding 

(63). Domain III (residues 249-487) is believed to primarily function in PA63 heptamer 

assembly (64). Domain IV (residues 596-735) is responsible for the majority of binding 

to the cell receptor (63, 65). The domain consists of a hairpin and helix that are followed 

by a β-sandwich with an immunoglobulin-like fold. Domain IV has very little contact 

with the other domains of the molecule.  

PA domains II and IV are believed to make contact with the cell receptor, with the 

majority of the binding believed to be attributed to domain IV. A host cell furin protease 

cleaves PA20 from the PA83 which is followed by oligomerization of PA63 to form a 

heptamer on the cell surface. The subsequent cleavage also enables binding of LF and EF 

through their homologous N-termini (66, 67); up to three molecules per heptamer are 

bound. Upon acidification of the endosome, PA63 forms a pore via a lipid raft that inserts 

into the membrane and translocates EF and LF into the cytosol by endocytosis (68).  EF 

has been identified as a potent CaM and Ca2+ adenylate cyclase with a 1000-fold (69, 70) 

higher rate than that of CaM-activated adenlyate cyclase. Edema Toxin (EdTx), the 

combination of PA and EF, is believed to not cause major tissue damage and is assumed 

to play a role in pathogenesis by impairing phagocyte function (71). LF is a zinc-

metalloprotease which is known to cleave MAPK-kinases (72-75). LF activity leads to 

death of macrophages and death of the host, but its mechanism is rather unclear. It has 
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been reported that LF suppresses pro-inflammatory cytokine production in mouse 

macrophages (76) and that the cleavage of MAPKKs of TNFα induced by LPS and IFNγ 

(74). These studies suggest that LF induces a cascade which impairs the host’s innate 

immune system for colonization of the bacteria.  
 

1.3.2 Anthrax Receptors 

Recently, a large amount of research has been carried out to study the surface 

receptors that bind PA. The results indicate that PA receptors are ubiquitous and  

expressed at moderately high levels on most cell surfaces (78, 79).  Bradley and 

colleagues discovered the so-called anthrax toxin receptor (ATR), which is a type I 

membrane protein with an extracellular von Willebrand factor A (VWA) or integrin-

inserted domain (I-domain) that binds directly to PA (79). The ATR receptor was found 

to be a splice variant of tumor endothelial marker 8 (TEM8) (80) and was recently 

reported to be highly expressed on three known target cell types attacked by Bacillus 

anthracis: the lung, skin, and intestine (81). The ATR/TEM8 protein possesses a metal-

ion dependent adhesion site (MIDAS) located within the VWA/domain that chelates a 

divalent cation critical for PA binding (82).  In addition, another anthrax receptor was 

discovered, the capillary morphogenesis protein 2 (CMG2) (82). Interestingly, this 

receptor also contains a VWA/I domain with 60% amino acid homology to the 

ART/TEM8 receptor (82). The CMG2 receptor is believed to be expressed in almost all 

human tissues and is considered relevant for anthrax disease pathogenesis (82).  

Recently, the crystal structure of the VWA/I domain of CMG2 bound to PA was 

solved (63) (Figure 1.6). Previously, it was believed that only the domain IV of PA 

interacted with the anthrax receptor based on inhibition studies of domain IV that resulted 
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in toxicity loss (83). However, the crystal structure revealed that domain II, as well as 

domain IV, interact with the VWA/I domain of the receptor (82). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

adapted from (63) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 1.6 Structure of the PA-
CMG2 complex. Each domain of 
PA is labeled. Domain 1a (20kDa) 
is cleaved by the host cell furin 
protease when bound by the cell 
receptor. The interaction of PA to 
CMG2 is attributed to PA 
domains II and IV and is 
highlighted in the figure by the 
black ellipse. However, inhibition 
studies have shown that by 
blocking domain IV, interaction 
between PA and the receptor is 
prevented.  
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1.3.3 Modes of anthrax transmission  

Anthrax spores can be transmitted by cutaneous, gastrointestinal, and inhalation 

routes. Cutaneous anthrax is caused by exposure to spores through dermal contact, 

resulting in low-level germination and growth, leading to local edema and necrotic 

lesions. The observed edema is symptomatic of the combined PA and EF toxin activity, 

which is referred to as edema toxin (EdTx). Cutaneous anthrax accounts for 95% of all 

anthrax infections in the United States (84-87). This exposure is due mostly to 

occupational contact with animals or animal products. In addition, there have been a few 

cases reported by insect bites, seemingly after the insect fed on a dead carcass (88, 89). A 

incubation period of 2-5 days is observed before lesions form, resulting in a characteristic 

black eschar that resembles a coal coloring, from which anthrax gets its name (anthrax is 

Greek for coal). Cutaneous anthrax disease has a fatality rate of 25% when left untreated. 

However, post-symptomatic administration of antimicrobial treatment (i.e. Ciprofloxacin) 

results in a near 100% survival rate (www.cdc.gov).  

Gastrointestinal anthrax is usually associated with the ingestion of spore-

contaminated meat from diseased animals. The incubation period is roughly equivalent to 

cutaneous anthrax and it is presumed that bacterial inoculation takes place at the breach 

in the mucosal lining of the intestine. Ulceration is always seen, but it isn’t known 

whether ulceration focused at certain sites of exposure is distributed more (90-92). 

Gastrointestinal anthrax has a fatality rate of 25-60% when untreated. To date, there has 

never been a case of anthrax by this route reported in the United States.  

Inhalation anthrax occurs after inhalation of anthrax spores into the lungs. This 

route of anthrax has a fatality rate of 50-75%, with or without antimicrobial treatment 

(www.cdc.gov). Anthrax spores are 1-2 um in diameter, which is an optimal size for 

inhalation into alveolar spaces (93-96). Data of human exposure, specifically that of the 

1979 Sverdlovsk outbreak, indicates a modal incubation time of 10 days before the onset 
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of symptoms. However, symptom onset was seen up to six weeks after the reported date 

of exposure (97), which in some cases may reflect an extended viability of spores within 

the lung.  

The initial symptoms associated with anthrax are very similar to the common cold 

and include fever, myalgia, and malaise. Early analysis of patients after symptom onset 

has revealed chest radiographs showing widened mediastinum, hemorrhagic 

mediastinitus, and pleural effusions (www.cdc.gov). The observed pleural effusions have 

become very specific to inhalation anthrax due to its absence with other upper respiratory 

infections and the observance in 4 out of the 5 patients who died in the October 2001 

attacks in the United States (98). The mean time-to-death between symptom onset and 

death in humans is believed to be 3 days (range of 1-10) (98). In 2001, the four deceased 

patients received antimicrobial treatment after diagnosis of infection. It is believed that 

the patients died due to a lethal dose of circulating toxin secreted from vegetative bacilli 

(98).  

 

1.3.4 Spore/macrophage interaction 

Upon inhalation of anthrax spores, the initial interaction within the host involves 

alveolar macrophage that line the epithelium of the lungs (Figure 1.7). Because 

macrophages are phagocytic cells involved in adaptive and innate immunity, they are 

believed to be the first line of defense against anthrax. Studies have demonstrated that the 

interaction between alveolar macrophage and anthrax spores is a critical interface for 

pathogenesis. Upon inhalation of spores, alveolar macrophage cells phagocytose the 

spores, but within the phagolysosome of the macrophage, the spores begin to germinate 

and express capsule and toxin genes which are believed to disrupt the membranes of 

lysosome and allow germination into vegetative bacteria (99). The survival of the nascent 

bacteria is associated with the loss of viability of the macrophage and it is presumed that 
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the bacteria migrate to the lymph nodes where they multiply and enter the systemic 

circulation (99). 

 

 

 

adapted from (99) 

 

 

 

 

 
FIGURE 1.7 Interaction of an 
anthrax spore with an alveolar 
macrophage. After phagocytosis 
by macrophages, the spore 
begins to germinate and express 
virulence genes. This expression 
is thought to be responsible for 
the emergence of nascent 
bacteria from the macrophage. 
Vegetative bacteria migrate to 
the bloodstream where they 
continue to express exotoxin 
and multiply (99).  

 

 

 

 

The exact mechanism of antibody-mediated protection against inhalation anthrax 

infection in the absence of antimicrobial treatment is unclear. It has been reported that PA 

is expressed on the surface of spores only after initiated germination, as seen with both 

monoclonal and polyclonal anti-PA antibodies (100, 101). Previous studies with 

vaccinated animals have shown that protection correlated with antibodies targeting PA 

from the humoral response (102). In addition, passive administration of anti-PA 

polyclonal antibodies confers protection in rabbits and guinea pigs (103). This immunity 

implied an antimicrobial or anti-sporocidal activity of the antibodies due to the absence 

of nascent vegetative bacteria in the systemic circulation of protected animals. In vitro, it 
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was then shown that interaction of anti-PA polyclonal antibodies against anthrax spores 

prevented germination and production of vegetative bacteria (101, 104) and induced 

enhancement of phagocytosis and subsequent killing of phagocytosed spores by 

macrophages (105). Recently, an anti-PA mAb also displayed anti-spore activity by in 

vitro inhibition of germination and enhancement of phagocytic and sporocidal activities 

of macrophages. However, it has not yet been determined if the enhanced macrophage 

activity is due to effector functions elicited from the Fc region of immunoglobulins. The 

bottom line is that a great deal remains to be elucidated concerning how anti-PA 

antibodies could inhibit the spore germination process.  

 

1.3.5 Anthrax bioterrorism 

The U.S. anthrax attacks in October of 2001 were the result of intentional release 

of anthrax spores as a bioweapon. Eleven people were infected with inhalation anthrax of 

which five people died during antimicrobial treatment (98). Inhalation anthrax is 

considered an attractive tool as a biowarfare agent due to its high mortality rate and 

possible economic impact, which has been estimated at $26.2 billion per 100,000 people 

exposed (106). This also does not take into account the public panic, paralysis of 

transport, and the additional costs of valuable antimicrobial agents (107). The World 

Health Organization estimated that 50 kg of B. anthracis released upwind of a population 

center of 500,000 could result in 95,000 deaths and 125,000 hospitalizations (108).   

As a bioweapon, anthrax spores must be modified or weaponized for 

enhancement of efficacy. Specifically, the size of the spore must be between 1-3 um long 

to be effective as an aerosol, the ideal delivery system for a biowarfare agent. As 

mentioned before, this is within the size range to intrude alveolar spaces for pathogenesis. 

Anthrax spores (both Ames and Vollum strains) will generally form clumps following 

purification which, once exposed to the environment, do not remain airborne due to large 
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mass aggregates. Therefore, the drying and post-production modifications are considered 

the weaponization processes that are crucial for successful delivery to the maximum 

number of victims (109). The information pertaining to the weaponization (or 

aerosolization) processes are kept under high surveillance and are generally not made 

available to the public.  However, it is not the delivery system that requires the most 

scientific sophistication, but rather the manufacture of purified anthrax spores (109).   

 
 

1.3.6 Anthrax vaccine 

The possibility of using acellular vaccines against B. anthracis was first suggested 

in 1904 by investigators who discovered that injections of sterilized edema fluid from 

anthrax lesions provided protection in laboratory animals (110, 111). This discovery led 

to the exploration of using filtrates from artificially cultured B. anthracis as vaccines 

(112-116), which forms the basis of the human anthrax vaccines currently licensed and 

used in the United States and Europe. The first product was an alum-precipitated (alum = 

aluminum potassium sulfate) cell-free filtrate from an aerobic culture developed in 1954 

(117, 118). This vaccine showed protection in monkeys and caused minimal reactivity 

and short-term adverse events in humans. In the United States, during the late 1950s, the 

vaccine was improved through several methods. The selection of a B. anthracis strain 

that produced a higher fraction of PA under micro-aerophilic conditions provided more 

efficient protection. Therefore, it has been assumed that the PA component of the vaccine 

is the major antigen responsible for inducing immunity against exposure. Subsequent 

experiments have verified this conclusion (119, 120). In addition, the production of a 

protein-free media resulted in purified product that decreased short-term side effects. 

Lastly, the use of aluminum hydroxide rather than alum as the adjuvant (115, 116) 

induced a longer and stronger immune response, leading to the currently used vaccine 
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formulation called anthrax vaccine adsorbed (AVA [patent number 3,208,909, September 

28, 1965]) now named Biothrax and distributed by Bioport, Inc.  

Recently, the efficacy and observed side effects of Biothrax have come under 

scrutiny. The compulsory vaccination among military personnel in the U.S. military 

brought about lawsuits in which soldiers questioned the efficacy of the vaccine due to 

lack of a human model of protection and the reported side effects among those 

immunized. The vaccine has rated high among immunizations for adverse effect cited in 

the Vaccine Adverse Events Reporting System (VAERS) database (121). Research of 

other vaccine strategies (120) have provided positive results of protection in animal 

models with the absence of the side effects observed with Biothrax. 

 

1.4 CURRENT THERAPEUTIC AVENUES 

Murphy et al. reported in 1944 the first successful use of penicillin in treating 

anthrax in humans (123). However, several cases have confirmed resistance of anthrax to 

penicillin treatment (124-126), which initiated investigation to the use of other 

antimicrobials. Currently, the recommended antibiotics for post-exposure prophylaxis are 

ciprofloxacin, doxycycline, and penicillin G. The efficacy of these antibiotics is 

supported by complete protection in rodent and monkey spore challenges (123, 127-129).  

However, the patients of the 2001 anthrax attack failed to respond to this 

treatment in the late stages of infection (98). Antimicrobials can eliminate vegetative 

bacteria from the system, but secreted anthrax toxin must be neutralized for successful 

immunity in the late stages (98). In addition, it has been shown that B anthracis can be 

made antibiotic-resistant with relative ease (130). This led to investigation of therapies 

which target the main virulence factors of anthrax; the capsule and secreted exotoxin.  
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1.4.1 Anti-toxin antibodies 

Serotherapy as a means of anti-toxin protection was shown in studies in which 

animals infected with anthrax were protected via passive immunity with polyclonal anti-

PA serum (131). Previous studies have shown that this treatment is effective because the 

administered antibodies block the toxin activity, enabling the host to defend against 

infection (131). Interestingly, serum against PA was shown to be much more effective 

than serum raised against LF (131).  

The best neutralizing anti-PA monoclonal antibody is called 14B7. It is known to 

compete with the cellular receptors for binding to domain IV of PA (83). Unfortunately, 

14B7 proved ineffective in anthrax spore challenges and raised concern whether mAb 

therapy would prove effective (131). 

The 14B7 clone as a single-chain fragment (scFv) possesses a relatively low-

affinity, exhibiting a dissociation constant (KD) of 12 nM for PA binding (132). Recently, 

it has been shown that the identified anthrax receptors, ATR/TEM8 and CMG2, exhibit 

KD values between 0.2 – 0.8 nM (79, 133). Maynard et al. were able to affinity-mature 

the 14B7 scFv and using an error-prone PCR library (132) screened by phage display. 

The result was the isolation of 1H scFv, which exhibited a KD value of 0.25 nM binding 

to domain IV of PA. The 1H antibody in the scAb format showed 100% protection in a 

rat anthrax LeTx challenge model compared to only 20% observed with 14B7 scAb 

(132). These results indicated that affinity does matter for in vivo anthrax toxin 

neutralization. The scAb fragment was more effective than scFv presumably due to an 

increased serum half-life (126). 

Although the 1H scAb was more effective in the rat toxin challenge model, the 

pharmacokinetics of the construct, a half-life of 10 min in rats, is still not appropriate for 

spore challenge experiments that take many hours to complete. The 1H sequence was 

contracted and licensed to Elusys Therapeutics, N.J., who contracted the construction and 
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expression of 1H in a humanized IgG format, now named ETI-204 (Anthim) (134). 

Anthrax spore challenges in rabbits have shown 100% protection with ETI-204 in a 

prophylactic setting and immunity up to 48 hrs post-exposure in the absence of 

antimicrobial therapy (134) (Figure 1.8) . These results show the most efficient protection 

to date using mAb therapy in the late stages of infection. As a result, Elusys filed for an 

Investigation of a New Drug (IND) in 2005 and has received five million dollars from the 

U.S. government for funding human safety trials.  
 

 

 

 

 

 

Adapted from (134) 

FIGURE 1.8 Elusys spore challenges with ETI-204 (H25) in the rabbit model. (A) 10 mg 
i.v. dose in prophylactic challenge provided 100% protection. (B) In a post-exposure 
challenge, ETI-204 provided protection up to 48 hrs.  
 

1.4.2 Stockpiling   

In 1999, the Clinton administration created the Bioterrorism Preparedness and 

Response Program (BPRP) within the Centers for Disease Control and Prevention. This 

led to the establishment of the National Pharmaceutical Stockpile which includes ``push 

packs'' of antibiotics and other supplies that could be shipped to any location in the 

country within 12 hours. Other initiatives were included to improve disease surveillance 

and provide assistance to local and state governments for increasing their readiness to 

respond to an attack. But by 2000, the budget for the BPRP was estimated at $155 million 

BA
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and difficulty in the justification of spending ensued due to skepticism of a bioweapon 

attack.  

The U.S. anthrax attacks in 2001 eliminated skepticism about the reality of a 

biowarfare attack on U.S. soil. This attack was followed by heavy investigation into 

possible bioweapons and the urgency to stockpile antidotes for possible future attacks. 

President Bush in July of 2004 signed into law Project Bioshield. The objective of 

Bioshield is to provide new tools to improve medical countermeasures protecting 

Americans against a chemical, biological, radiological, or nuclear (CBRN) attack. As of 

2004, the bill allocates $5.6 billion over 10 years for the purchase of next generation 

coutermeasures against anthrax and smallpox as well as other CBRN agents.
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1.5 PROJECT AIM 

One of the disadvantages of mAb-based therapies is the high cost of production 

for each clone. MAbs are generally expressed from mammalian cells that require 

expensive media, antibiotics, purification tools, and time (53). Other species have been 

used as hosts to decrease these costs, but therapeutic research has not proven the 

effectiveness of antibodies targeting infectious diseases that lack glycosylation and/or Fc 

regions in a primate model.  

The focus of this research is to use E. coli as a cost-effective production host to 

deliver antibodies is the protective antigen (PA) of the secreted anthrax toxin from B. 

anthracis. There are pharmacokinetic requirements that will require modification of 

bacterially produced antibody fragments to enhance serum half-lives.  

In addition, this work serves as a spotlight on host immunity against a severe 

bacterial infection. Antibody therapy against a major virulence factor should provide 

insight to the pathogenicity of anthrax and shed light on a relatively unique and 

dangerous bacterium. Results also might elicit information that may be applied to other 

infections and virulence factors. 
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Chapter 2 

Protective Immunity Against Anthrax Infection Using PEGylated 
Single-Chain Antibody Fragments 

 

2.1 CHAPTER SUMMARY 

2.1.1 GOALS: Engineer a single-chain fragment to the protective antigen of the anthrax 

exotoxin that exhibits enhanced pharmacokinetic properties and provides protective 

immunity against anthrax spore exposure. 

2.1.2 APPROACH: A high-affinity single-chain antibody fragment (scAb) was engineered 

with a terminal cysteine residue for covalent attachment to a maleimide-polyethylene 

glycol (PEG) polymer to increase its size and serum half-life without compromising 

affinity to the target toxin.  

2.1.3 RESULTS: The M18 high-affinity scAb was PEGylated successfully without 

compromising antigen binding and toxin neutralization activity. The conjugate was able 

to provide passive immunity to guinea pigs exposed to 250-625 x LD50 anthrax spores in 

a prophylactic setting via subcutaneous route of injection.  
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2.2 INTRODUCTION 

The anthrax attacks of October 2001 heightened awareness concerning the 

necessity of effective countermeasures for inhalation anthrax exposure.  A high anti-

protective antigen (PA) antibody titer is known to be effective for preventing the 

appearance of vegetative bacteria in spore-exposed animals and serves as the basis for the 

AVA vaccine (1,2).  Partial prophylaxis of animals treated with anti-PA rabbit polyclonal 

antibodies has been demonstrated in a guinea pig spore challenge model (3).  However, 

several murine monoclonal antibodies with moderate affinities towards PA failed to show 

protection in the same study, although one monoclonal antibody did show a significant 

increase in time-to-death (TTD) of treated animals (13).  The detailed mechanism of 

protection by anti-PA antibodies remains a subject of intense study (4, 5). 

Several groups have been pursuing a therapeutic strategy based upon anti-toxins 

directed against PA (6-14). The 14B7 antibody (KD=4.3 nM) has been used as the starting 

point for a protein engineering campaign that led to several variants exhibiting 20-200 

fold greater affinity (11, 12).  H25, a humanized IgG derived from an engineered, affinity 

enhanced 14B7 variant (15), was recently reported to provide excellent protection against 

inhalation challenge with 100 – 300 x LD50 of anthrax spores (Ames) in rabbits in both a 

prophylactic and in a post-exposure setting (13).  This study demonstrated that high 

affinity anti-PA therapeutic antibodies can serve as an effective prophylactic as well as a 

late stage infection antidote.  Scenarios in which both activities are important can be 

envisioned, especially in the event of exposure to an antibiotic-resistant anthrax strain 

(16).   

In the adaptive immune response, antibodies are thought to represent the 

molecular link between recognition of a pathogen and its elimination through 

phagocytosis (ADCC) or complement activation (CDC).  In both cases, Fc receptors 
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provide the critical connection between an antibody-antigen binding event and effector 

functions.  Fc receptors recognize and bind to either the hinge region/CH2 domain 

interface, or in some cases, near the CH2/CH3 domain interface (17).   

The Bacillus anthracis exotoxin is essential for the survival of the organism in the 

host (18), so it is possible that neutralization of PA by long-circulating, ultra-high affinity 

antibody fragments may be sufficient to confer protection against anthrax infection, 

despite the absence of Fc-mediated immune responses.  Benefits of such a strategy could 

include: (i) substantially lower cost of manufacturing antibody fragments, a critical issue 

since the current prophylactic IgG antibodies require large dosage (4-10 mg/kg) and must 

be produced by recombinant CHO cells; (ii) elimination of potentially adverse effects 

associated with the Fc, and (iii) rapid production in bacterial cells.   

Polyethylene glycol (PEG) has previously been used as a conjugating agent for 

enhancing pharmacokinetics/bioavailability, improving stability issues, and decreasing 

immunogenicity, among other attributes for therapeutics (19-22). PEGylation of Fab 

fragments has provided increased serum half-lives and efficacy for antibody therapy for a 

variety of applications (23-25). The availability of maleimide-PEG has allowed 

conjugation to antibodies through reaction with free native or engineered cysteines (26). 

This chemistry has proven to be suitable not only for Fab, but for scFvs (27-29), 

immunoliposomes (30), and other conjugates (31).  
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2.3 RESULTS 

2.3.1 Conjugate preparation and characterization 

The single-chain antibody (scAb) form of the ultra-high affinity M18 antibody 

fragment reported earlier (12) was fused to a His6 tag followed by a terminal Cys residue 

for the conjugation of PEG-maleimide (27-29).  We have found that the scAb form of 

antibodies, comprised of an scFv fragment fused to a human Cĸ domain (32) have 

superior expression, stability, and serum half-lives compared to scFv fragments (11).  

Expression from a lac promoter in E. coli Tuner cells followed by purification by IMAC 

produced a mixture of monomer and disulfide linked dimer with an average yield of 

8mg/L (1.3 mg/L/OD600) in shake flask culture (Figure 2.1).  Reduction of the inter-scAb 

disulfide using tris-carboxyethyl phosphine (TCEP) produced pure monomeric M18 

scAb, which was conjugated to either 20kDa or 40kDa PEG-maleimide (Figure 2.2).  

Following gel filtration FPLC, the purified protein conjugates were found to contain <2 

ng LPS/mg of protein using the QCL-1000 LAL assay kit (BioWhittaker, MD).  
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FIGURE 2.1 SDS-PAGE of M18 scAb-
His-Cys. Purified scAb from IMAC was 
loaded onto a 4-20% gradient gel for 
analysis. After staining with Coomassie 
blue, gel revealed bands corresponding 
to purified protein. Native scAb (N) 
possessed two main bands, one at ≈ 80 
kDa (dimer) and ≈ 40 kDa (monomer). 
ScAb exposed to reducing conditions 
(R) resulted in one major band observed 
at ≈ 40 kDa (monomer).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2.2 SDS-PAGE of M18 
scAb±PEG. scAb-PEG 40 kDa (A) and 
unconjugated scAb (B) on gel (4-20%) 
under reducing conditions. Gels are 
stained with Coomassie blue for protein 
identification. Middle lane contains 
molecular markers. 
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The antigen binding kinetics of PEGylated and free M18 scAb antibody 

fragments were evaluated by surface plasmon resonance (SPR) on a Biacore 3000 

instrument using two complementary assay formats.  The measured dissociation rates (kd) 

of the antigen: antibody complex were not affected by the conjugation of PEG, regardless 

of whether PA or the scAb were immobilized on the chip. On the other hand, the 

association rates (ka) did depend on the assay format.  Specifically, binding of M18-scAb 

constructs in the mobile phase to PA immobilized on the Biacore chip resulted in a 

reduction in the rate of complex formation as the attached PEG size increased, 

comparable to that observed in earlier studies (27) (Table 2.1). However, when the M18-

scAb antibody constructs were attached to the Biacore chip and binding was measured 

with free PA in the mobile phase, the observed on-rates were no longer affected by the 

presence or the size of the PEG chain, and thus, similar overall equilibrium dissociation 

constants were measured for all constructs. 
 

PA down: Antibody analyte     
Construct ka (1/Ms) kd (1/s) KA (1/M) KD (M) 
M18 scAb 1.43 x 106 6.28 x 10-5 2.27 x 1010 4.40 x 10-11 
M18 scAb-PEG 20kDa 1.01 x 105 6.95 x 10-5 1.45 x 109 6.88 x 10-10 
M18 scAb-PEG 40kDa 2.74 x 104 7.20 x 10-5 3.80 x 108 2.63 x 10-9 
     
Antibody down: PA analyte     
Construct ka (1/Ms) kd (1/s) KA (1/M) KD (M) 
M18 scAb 9.25 x 105 8.69 x 10-5 1.05 x 1010 9.52 x 10-11 
M18 scAb-PEG 20kDa 7.77 x 105 1.95 x 10-5 3.99 x 1010 2.50 x 10-11 
M18 scAb-PEG 40kDa 8.68 x 105 3.75 x 10-5 2.31 x 1010 4.32 x 10-11 

 

TABLE 2.1 Kinetic analysis of anti-PA scAb±PEG binding using SPR. Two Biacore 
formats were incorporated for measurement of binding affinities. In the first format with 
immobilized PA as the ligand, an apparent decrease in kon was observed with 
PEGylation and decreases with increasing PEG molecular size. The second format used 
the scAb±PEG constructs as ligands and PA as the analyte. The decrease in ka seen in the 
previous format is not observed. 
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The in vitro toxin neutralization activity of the M18 scAb-PEG 20kDa and M18 

scAb-PEG 40kDa conjugates were analyzed using the mouse macrophage assay (11, 33) 

(Figure 2.3).  RAW 264.7 mouse macrophage cells (ATCC #TIB-71) were treated with 

M18 scAb, M18 scAb-PEG 20kDa, and M18 scAb-PEG 40kDa serially diluted from 10 

nM to 0.31 nM.  LeTx (100 ng/ml PA, 80 ng/ml LF) was added and cell viability was 

assayed.  The unconjugated M18 scAb, as well as both PEG conjugates, displayed 

complete protection at concentrations above 5 nM.  These results verify that the presence 

of the PEG chain does not significantly influence neutralization of anthrax LeTx, 

consistent with the Biacore results.    
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FIGURE 2.3 In vitro toxin challenge. RAW 264.7 mouse macrophage cells were grown 
on microtiter well, incubated with 0.31-10 nM scAb or PEGylated scAb as shown and 5 
minutes later were challenged with lethal toxin (100 ng/ml PA, 80 ng/ml LF). The 
percentage of cells surviving toxin challenge at a specific antibody dose, as compared to 
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negative control, untreated cells, was measured by the viability assay. The average of 
triplicate experiments is reported.  
 

To evaluate the serum persistence of the M18 scAb-PEG antibody fragment, 

Hartley guinea pigs were injected subcutaneously with 10 mg/kg of M18 scAb-PEG 

20kDa, M18 scAb-PEG 40kDa, or 14B7 murine monoclonal IgG. Serum concentrations 

of the constructs were determined by ELISA, and the data were fit to a one-compartment, 

bolus, first-order elimination model (Figure 2.4).  As expected, conjugation with PEG 

dramatically extended serum half-life in a manner dependent on the molecular weight of 

the PEG chain. Notably, the M18 scAb-PEG 40kDa antibody conjugate displayed a 

serum half-life slightly longer than that of murine IgG.  
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FIGURE 2.4 Pharmacokinetic analysis of Hartley guinea pigs injected subcutaneously 
with 14B7 IgG (black), M18 scAb conjugated to PEG 20(red), or 40kDa (green). scAb-
PEG 20kDa displayed a half-life of 23.2 hrs, 14B7 96hrs, and scAb-PEG 40kDa 108 hrs.   
Solid lines were calculated from a subcutaneous, bolus, first-order elimination model 
using WinNonLin software.  
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2.3.2 In vivo Anthrax challenge  

In vivo inhalation anthrax spore challenge experiments were performed in female 

Hartley guinea pigs using a prophylactic treatment with the M18 scAb-PEG 40kDa 

construct.  Guinea pigs were exposed to 250-625 x LD50 spores of the Vollum 1B strain 

three hours after subcutaneous injection of 40mg/kg (5 animals) and 80mg/kg (6 animals) 

of M18 scAb-PEG 40kDa, or controls using PBS (5 animals), unconjugated PEG (3 

animals), or native scAb (3 animals). (Figure 2.5).  The relatively high load of spores was 

intended to simulate a possible bioterrorism anthrax attack. 

Within 72 hours, all animals treated with PBS alone or with unconjugated PEG 

expired at times corresponding to dosage (34) with symptoms characteristic of inhalation 

anthrax toxemia (Figure 2.5). Culture of tissue harvested at necropsy revealed high levels 

of B. anthracis in both the lungs (3.2x107 - 1.6x109 CFU/100 mg tissue) and spleen 

(1.3x107 - 7.2x109 CFU/100 mg tissue).  In contrast, all eleven animals treated with a 

subcutaneous injection of M18 scAb-PEG 40kDa exhibited significantly prolonged TTD, 

with 60% (3/5) and 50% (3/6) surviving the 14 day time course of the experiment at the 

40 mg/kg and 80 mg/kg doses (p<0.001, Holm-Sidek test), respectively (Figure 2.5).  

Necropsy of the surviving animals euthanized at project end revealed healthy organ 

appearance, and no bacteria or spores were detected in the lungs or spleens in culture or 

upon microscopic examination of tissue samples.  Analysis of animals that perished after 

treatment with the 40 mg/kg dose displayed lymph depletion, edema, minimal 

hemorrhage, and low levels (~102-105 cfu/100mg tissue) of anthrax bacteria in the lungs 

and spleens.  Analysis of a guinea pig that succumbed in the 80 mg/kg antibody 

conjugate group showed a very small amount of hemorrhage and lymph depletion, yet no 

bacteria could be seen in a microscopic inspection of lung or spleen tissues.  
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FIGURE 2.5  In vivo inhalation anthrax spore challenge. Female Hartley guinea pigs (250-
310g) were exposed to 250-625 x LD50 anthrax spores via intranasal inoculation four 
hours after administration of scAb-PEG 40 kDa at 40 mg/kg (yellow triangles), 80 mg/kg 
(pink squares), PBS (blue diamonds), unconjugated PEG - maleimide (green squares), or 
native scAb (purple circles). Animals were monitored for at least 14 days after spore 
exposure.  
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2.4 DISCUSSION 

In this study, we investigated the ability of PEGylated, high affinity anti-PA 

antibody fragments to confer prophylactic protection against challenge with inhalation of 

anthrax spores. Previously, random mutagenesis and flow cytometric screening of a 

library derived from the well studied 14B7 scFv using APEx (12) led to the isolation of 

the M18 antibody fragment that contains 10 amino acid substitutions and exhibits a 200-

fold increase in affinity compared to 14B7 (15).  The introduction of a single C-terminal 

Cys to the M18 scAb gave rise to a protein that could be conjugated to PEG-maleimide in 

high yield without the formation of undesirable byproducts such as antibody multimers or 

multiply PEGylated species.  As with other antibodies isolated by flow cytometric 

screening of microbial libraries (35, 36), the M18 scAb was well expressed.  An average 

yield of 8 mg/L of shake flask culture was obtained using the moderately strong lac 

promoter.  A satisfactory expression level is critical for the preparative production of 

antibody therapeutics.    

PEGylation of the M18 scAb had no effect on the dissociation rate constant, kd, 

while the association rate constant, ka, was found to be dependent on the Biacore assay 

format.  When the PA was immobilized on the Biacore chip and the scAb constructs were 

in the mobile phase, a decrease in ka with increasing PEG size was seen.  No such trend 

was observed when the M18 scAb constructs were immobilized on the chip.  Although 

the biologically relevant value of ka is not clear at this point, it should be noted that the 

therapeutic potency of antibodies is overwhelmingly dictated by the dissociation rate 

constant kd, (37) which, in the case of the M18 scAb, is clearly not affected by 

PEGylation.  Consistent with this assertion, PEGylation did not affect the activity of the 

antibody in protecting RAW macrophages from toxin challenge in vitro.  Importantly, the 

PEG modification significantly increased serum persistence to the point that following 
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subcutaneous administration, the M18 scAb-PEG 40 KDa conjugate exhibited a serum 

half-life beyond that of the 14B7 whole IgG. 

Prophylactic administration of the M18 scAb-PEG 40 KDa construct resulted in a 

significant increase in TTD and survival of between 50-60% of the animal group for the 

14 day duration of the experiments, compared to a 3 day mean TTD for the group of 

animals immunized with PBS alone or with unconjugated PEG.  No statistically 

significant increase in protection was observed with the 80 mg/kg dose of M18 scAb-

PEG 40 KDa compared to the 40 mg/kg dose, indicating that the latter, or perhaps an 

even smaller dose, may be adequate to confer the same level of protection.   

In the group treated with 40 mg/kg scAb-PEG, two of the six animals died on 

days 12 and 13, raising the possibility that perhaps the percentage survival might have 

been lower if the experiments had been continued for longer times.  This is probably not 

the case, however, since histological inspection of the surviving animals did not reveal 

any bacteria in the lungs or the spleens, suggesting that the infection had been eradicated.  

It is not yet entirely clear how a high anti-PA antibody serum titer, elicited either 

though immunization with a vaccine or through passive immunization with anti-PA 

antibodies (3, 13), prevents inhaled spores from causing an anthrax infection.  The data 

presented here indicate that an ultra high affinity, anti-PA antibody fragment lacking an 

Fc region is sufficient to confer prophylactic protection against heavy challenge with 

inhalation anthrax spores.  The prolonged TTD and low or non-existent amount of live 

bacteria in all treated animals suggests that a higher degree of prophylaxis could be 

possible upon repeated antibody fragment administration. 

To our knowledge, the results presented here represent the first report of 

immunological protection against pathogen infection by antibody fragments lacking Fc 

domains and administered directly to the animal prior to challenge.  In the absence of Fc, 

the mechanism of protection is unlikely to involve either ADCC or CDC.  Thus, it 

appears that the interaction of the high affinity antibody fragment with toxin is sufficient 
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to prevent the establishment of infection by either preventing spore germination (4), by 

preventing the dissemination of vegetative bacteria from lymphoid organs, or perhaps 

some other mechanism. 

Irregardless of mechanism, the extent of protection conferred by M18 scAb-PEG 

40 kDa is roughly comparable to that observed with guinea pigs treated with rabbit 

polyclonal anti-PA IgG in a previous study (3).  We note however, in the earlier study by 

Little et al., the guinea pigs were exposed to a substantially lower dose of spores relative 

to the present experiments (40 x LD50 vs. 250-600 x LD50) and with a different strain 

(Ames vs. Vollum 1B), so caution must be used when making any direct comparison.  

Nevertheless, it is reasonable to suggest that the protection observed with M18 scAb-

PEG 40kDa is significantly better than that reported for the parent 14B7 IgG monoclonal 

antibody (3).  A reasonable conclusion is that the very high affinity of the engineered 

M18 antibody fragment is responsible for the increased protective activity.  As support 

for this hypothesis, we note that the interaction between PA and the CMG2 receptor is 

relatively strong, KD = 170 pM (41), meaning that M18 (KD = 35 pM) can effectively 

compete with this interaction, while 14B7 (KD = 4.3 nM) cannot. 

Since the anti-PA M18 scAb-PEG 40kDa lacking an Fc region is able to confer 

prophylactic protection against heavy challenge with inhalation anthrax spores, it is 

reasonable to assume that other means of inactivating anthrax toxins should also hold 

promise as potential therapeutics for inhalation anthrax.  These include multivalent 

peptides that bind to PA (10), small molecule inhibitors of LF (38, 39) and dominant-

negative PA mutants (8).   

From a therapeutic development perspective, the key advantages of PEGylated 

antibody fragments include the ease of isolation of scFv or scAb from combinatorial 

libraries and the facile, low cost production by well-established techniques using E. coli.  

Combined with the ease of subcutaneous injection, the approach presented here 

represents a highly practical strategy for a large-scale prophylactic response to anthrax 
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exposure including antibiotic resistant strains (16).  Studies are under way to determine 

whether PEGylated, high affinity antibody fragments can be employed for protection or 

therapy against other bacterial agents where pathogenicity is intimately associated with 

toxin production, e.g. shiga toxin producing hemolytic E. coli (40), other microbial 

pathogens and, finally viral infections.  If that proves to be the case then PEGylated 

antibodies will likely represent a practical and rapidly deployable therapeutic avenue for 

combating emerging infections. 
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2.5 EXPERIMENTAL PROTOCOLS 

2.5.1 Bacterial cell culture conditions.   

B. anthracis strain Vollum 1B was originally acquired from USAMRIID, and all 

manipulations of this organism were performed under BSL-3 and BSL-4 biocontainment.  

A single colony was subcultured in 4 ml of Nutrient Broth (NB, Difco) at 37°C for 48 hr 

prior to inoculation (1 ml each) into four baffled-spinner flasks containing 250 ml of NB 

media. After a 48-hour incubation, cells were pelleted by centrifugation at 1500 x g for 

10 min, resuspended into 20 ml G-media (41) and transferred into a 1L aerated vessel 

containing 500 ml G-media.  Following 72 hr incubation at 37°C, cells were pelleted as 

above, washed briefly with sterile water, and resuspended in 20 ml G-media containing 

10% glycerol and stored at –80°C.  1ml aliquots were serially diluted, and one half of 

each dilution was subjected to 10 min heat treatment at 75°C to confirm spore 

conversion.  Both heat-treated and nonheat-treated dilutions were plated in duplicate on 

SBA plates to determine spore concentrations. 

 

2.5.2 ScAb expression and purification.   

The M18 scFv gene (12) was cloned via terminal SfiI sites into pMoPac 16 (43), a 

modified version of the pAk4000 vector (44) that encodes an scFv gene with the human 

kappa light chain to create a single-chain antibody (scAb) (32, 43). The pMoPac16 

plasmid also encodes a gene for the co-expression of the skp periplasmic chaperone (43, 

45). To create a protein suitable for PEG conjugation, the M18 scAb gene was amplified 

with a C-terminal primer that incorporated a Cys residue downstream of the C-terminal 

His6 purification tag. This latter gene was then ligated into pMoPac16 via NcoI and AscI 
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restriction sites to create the pMoPac16Cys plasmid that contains the M18 scAb-His6-Cys 

construct. 

E.coli Tuner cells (Novagen, Madison, WI) were transformed with 

pMoPac16_M18 and pMoPac16Cys_M18 and were grown at 25°C in 2L baffled flasks 

containing 400 ml TB media with 2% glucose and 200 µg/ml ampicillin.  Cultures were 

induced at an OD600 of 1.6 with 1 mM IPTG (Sigma-Aldrich, St. Louis, MO) for four 

hours, and then the cells were pelleted by centrifugation (10 min at 8,000x g).  Osmotic 

shock was carried out at 0°C as previously described (45). Cells were resuspended in 20 

ml 0.75 M sucrose, 100 mM Tris-HCl pH 8.0, and addition of 1.0 ml of 10 mg/ml 

lysozyme in the same buffer.  After shaking for 10 min at 0°C, 40 ml of 1 mM EDTA 

was added dropwise followed by 15 min further incubation at 0°C.  3.0 ml of 0.5 M 

MgCl2 was then added dropwise followed by an additional 15 min incubation at 0°C. 

Spheroplasts were pelleted by centrifugation and the clarified supernatant was mixed 

with 1/10 volume of 10 x IMAC buffer (100mM Tris-HCl, 5M NaCl, 0.2M imidazole, 

pH 8.0) and applied to 1.5 ml Ni-NTA agarose resin (Qiagen, Madison, WI).  Following 

washing with 3 x 10 ml IMAC buffer, scAb protein was eluted with 500 mM imidazole 

in IMAC buffer and dialyzed against 2 x 2L PBS at 4°C overnight. Native M18 scAb was 

then applied to a Superdex 200 HR10/30 column (Amersham Biosciences, Piscataway, 

NJ) on an Äkta FPLC system (Amersham Pharmacia, Piscataway, NJ).  Fractions were 

isolated and then concentrated with an Amicon Ultra Centrifugal Filter Device, MWCO 

10kDa (Millipore Corp., Bedford, MA).  Protein concentrations were quantified using a 

micro-BCA quantification kit (Pierce, Rockford, IL). 
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2.5.3 ScAb Conjugation and Purification   

The conjugation of M18 scAb with PEG was performed as described (28, 29) 

with the following modifications: A 2-fold excess of tris-(2-carboxyethyl)phosphine, 

hydrochloride ((TCEP) Molecular Probes, Eugene, OR) in PBS was added to purified 

scAb protein (2 mg/ml in PBS) and incubated overnight, with stirring at 4oC.  The 

solution was then brought to room temperature and a 2-fold excess of maleimide-PEG 

20kDa or 40kDa (Nektar Therapeutics, San Carlos, CA) in PBS was added drop-wise 

over 2-4 hours.  The scAb-PEG conjugate was purified by IMAC using Ni-NTA agarose.  

Eluate was then purified by size-exclusion chromatography, concentrated, and quantified 

as mentioned for native scAb.  

 

2.5.4 Biacore analysis.  

Surface plasmon resonance (SPR) analysis was performed using a Biacore 3000 

instrument (Biacore, Piscataway, NJ).  Recombinant PA (List Biological Laboratories, 

Campbell, CA) in 10mM NaC2H3O2 pH 5.0 was immobilized on a CM5 chip using 1-

ethyl-3-(3-dimethylaminopropyl)carbodiimide N-hydroxy succinimide chemistry.  The 

PA solution was added as a 5 ug/ml solution until an amount equivalent to 500 response 

units (RUs) was obtained.  ScAb and scAb-PEG proteins (2.5nM-40nM) in HBS-N 

(Biacore) were used at a flow rate of 100ul/min.  A solution of 4M MgCl2 was used as 

the regeneration buffer between runs.  Data were analyzed using the BiaEvaluation 

software (version 3.0).  A second flow cell with BSA was used for data baseline 

correction.  For some experiments, the scAb±PEG protein was immobilized onto the chip 

at a level corresponding to 120 RU’s under the same coupling conditions as above and 

PA was used as the analyte.    
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2.5.6 In vitro anthrax toxin challenge  

Anthrax lethal toxin (LeTx) challenges were performed with RAW 264.7 mouse 

macrophage cells as previously described (11, 33). Wells of 96 well tissue culture 

microtiter plates were seeded with 200,000 RAW 264.7 cells (American Type Culture 

Collection, Manassas, Va.) per well. LeTx components (PA and LF, List Labs) were 

added 5min after antibody addition to wells and incubated for 1 h at 37°C prior to 

addition to RAW 264.7 macrophages. The final concentration of LeTx used was 80 ng/ml 

(80 ng of PA/ml plus 80 ng of LF/ml). LeTx was not added to control wells. After a 4-h 

incubation of the LeTx reaction mixture with macrophages at 37°C, MTT [3-(4,5-

dimethylthiazole-2-yl)- 2,5-diphenyl tetrazolium bromide] was added to the cells for 1 h 

at 37°C. Cells were then lysed, and the colored formazan product was solubilized by 

addition of lysing-solubilization buffer. After an overnight incubation at 37°C, the plates 

were read at 570 nm on a plate reader, and the data was analyzed with Soft- MaxPro 

software (Molecular Devices, Sunnyvale, Calif.). The concentration or titer that resulted 

in 50% neutralization (50% effective concentration [EC50]) was taken as a measure of 

LeTx neutralization activity. 
 

 

2.5.7 Pharmacokinetic studies  

Female Hartley guinea pigs (225-305g) (Charles River Laboratories, Wilmington, 

MA) were given a dorsal, subcutaneous injection of 1.2 ml of M18 scAb-PEG protein (20 

or 40 kDa) or 14B7 IgG to a dose of 10mg/kg, or PBS as a control. Following sedation 

with ketamine (80mg/kg) and xylazine (10mg/kg), animals were bled at T= 0, 15min, 

1hr, 3hr, 6hr, 12hr, 24hr, 48hr, and 72hr at the femoral artery.  The serum was collected 

and centrifuged as mentioned above.  The construct concentrations were determined by 

ELISA as follows: PA (2.5ug/ml) in PBS was coated onto CoStar 96 well plates (Corning 
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Inc., Corning, NY) and incubated overnight at 4°C.  The wells were then blocked with the 

addition of 2% milk/PBS for 3 hr at room temperature and diluted serum was added 1:10 

in 2% milk/PBS.  ScAb-PEG constructs  were detected using goat anti-Kappa light chain 

HRP (Sigma-Aldrich, St. Louis, MO). 14B7 murine IgG was detected with goat anti-

mouse IgG HRP (BioRad, CA)   Data were modeled using WinNonlin software 

(Pharsight, MountainView, CA), formatted to be consistent with a one-compartment, 

bolus, first-order elimination model. 
 

2.5.8 In vivo inhalation anthrax challenge 

 Animals were housed individually in a One Cage 2100™ AllerZone™ 

Interchangeable Micro-Isolator™ High Density Housing System (Lab Products Inc., 

Seaford, DE) in the BSL-4 safety facility at The Southwest Foundation for Biomedical 

Research (San Antonio, TX).  Anthrax spore inocula were prepared on the day of 

challenge and diluted to the desired concentration in PBS.  Female Hartley guinea pigs 

(225-305g) were sedated with ketamine (80mg/kg) and xylazine (10mg/kg) during all 

bleeds, injections, and inhalation instillations.  Animals were injected subcutaneously 

with 3.0 ml of PBS containing M18 scAb-PEG 40 kDa to a dosage of 40mg/kg or 80 

mg/kg of body weight.  Control animals were injected with 3.0 ml of either PBS or 

unconjugated 40kDa PEG-maleimide (40mg/kg). Four hours later, the animals were 

challenged with anthrax spores by unilateral instillation of 250-625 x LD50 (1-2.5 x 107) 

of B. anthracis Vollum 1B (34) spore inocula (100 µl total volume) in the nares of 

animals.  Animals were monitored for a 2 week period and euthanized by cardiac 

injection of sodium pentobarbital when considered moribund or at project end. 

Lungs and spleens were removed from the guinea pigs after euthanasia.  A 100 

mg section was excised and homogenized with 0.4 ml of sterile PBS in a sterile tissue 
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grinder.  The homogenates were serially diluted in sterile PBS and then plated in 

duplicate on SBA plates.  After 24 hour incubation at 37°C, the colonies were 

enumerated to determine CFU/ 100mg of tissue. 
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Chapter 3 

Enhancing Pharmacokinetic Properties of Recombinant Single-Chain 
Antibody Fragments by Engineering Heteropolymers 

 

3.1 CHAPTER SUMMARY 
3.1.1 GOALS: To engineer a bacterially produced, humanized antibody fragment 

targeting the protective antigen (PA) of the anthrax exotoxin that also contains Fc 

functions and pharmacokinetic properties of native mammalian immunoglobulins.  

3.1.2 APPROACH: A high-affinity murine scFv isolated against PA was humanized by 

grafting the six CDRs onto a human framework scaffold in an effort to minimize any 

human anti-mouse antibody (HAMA) response. The construct was expressed as a single-

chain fragment (scAb) from E. coli then conjugated to the Fc region of an IgG1 molecule. 

It was anticipated that the resulting chimeric scAb-heteropolymer (HP) would enhance 

pharmacokinetics and provide for Fc-mediated immunity.  

3.1.3 RESULTS: The humanized version of the murine construct retained a high affinity 

for binding to PA. Serum half-life of the chimera was found to increase from 10.5 min 

(scAb) to 11.2 hrs. (scAb-HP). The scAb-HP also was able to bind to human C1q as 

determined by surface plasmon resonance (SPR), indicating a strong potential for 

complement activation.  
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3.2 INTRODUCTION 

Monoclonal antibodies (mAbs) are gaining momentum for FDA-approval as 

human therapeutics for a variety of applications including but not limited to: cancer (1-6), 

prevention of organ rejection (7-10), autoimmune diseases (11-13), viral prevention (14), 

and inhibition of platelet aggregation (15). Increasing numbers of mAbs are succeeding 

in late-phase clinical trials and obtaining FDA approval (www.fda.gov). They remain at 

the forefront of the biologics approach to therapy as they are expanding to infectious 

diseases (16) as well as gene-therapy (17, 18).  

C1q, a primary component of the cascade resulting in complement-dependent 

cytoxicity (CDC), binds to the CH2/hinge region of a glycosylated Fc fragment when ≥ 

two IgG molecules are within 30-40 nm of each other (19). In addition, the FCγR 

receptors expressed on macrophages, NK cells, monocytes, and neutrophils bind the 

CH2/CH3 region and result in phagocytosis of antibody-complexed antigen and/or 

antibody-dependent cell-mediated cytoxicity (ADCC). Both of these effector functions 

are considered advantageous for antibody therapeutics in which antagonist activity alone 

is not sufficient for functional activity. In addition, the neonatal receptor, FcRn, which 

also binds the Fc region, is thought to contribute to the favorable pharmacokinetic 

characteristics of IgG (20).   

However, Fc-mediated immune functions do not always display positive 

therapeutic effects. Antibody-dependent enhancement or antibody-mediated enhancement 

(ADE/AME) of viral infections has been observed for entry and replication of virus into 

monocytes/macrophages and granulocytic cells due to interactions with Fc regions (21, 

22). In addition, a recent study reported that the ADE phenomenon was also observed in 

antibody responses to the bacteria Streptococcus pneumonia (23). These mechanisms 
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could impose an important caveat on the use of therapeutic antibodies, especially those 

constructs containing Fc regions.  

Full-length IgG has traditionally been produced in mammalian culture due to the 

large size and assembled four-chain nature of the molecule. Production of whole IgG in 

mammalian culture is labor intensive and time-consuming. Mammalian cells have slower 

division rates, lengthy antibiotic selection periods, and complex purification schemes 

resulting in a high cost of production (16). Increasingly, production cost has become an 

important aspect and contributes in a significant way to the success of biologic candidates 

in the biotech arena (24). Other host expression systems have been successful in IgG 

production (25-27), but encounter immune responses as a result of differential 

glycosylation when administered to a non-native animal model (28).  Bacteria cells, such 

as E. coli, have been utilized for expression of IgG (29) and Fc-region fusions (30), 

resulting in constructs that lack the glycosylation of the Fc region required for full 

immune function.  

Nevertheless, recombinant antibody fragments have shown potential in the 

diagnostic and detection arena. Genetic manipulation has been applied to tailor their 

capacity as highly specific molecules capable of binding (31), neutralizing (32), and 

catalytic activities (33), and reporting the presence of antigens of interest (34).  Antibody 

fragments have the inherent advantage of facile expression and display properties over 

full-length IgG and can be readily expressed in E. coli for low cost production and 

purification. In vivo experiments incorporating antibody fragments have elicited data to 

support similar binding properties as seen in vitro (32, 35, 36). 

Unfortunately, pharmacokinetic properties of antibody fragments are generally 

not adequate for therapeutic use. The main problem revolves around their small size, 
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which contributes to a relatively short serum half-life, often on the order of minutes in 

rodent models (37). Prophylactic therapies require half-lives in systemic circulation that 

are near or equivalent to full-length IgG (38).   

Recent studies have shown that increasing the size of an antibody fragment can 

prolong serum half-life in predictable fashion. PEGylation of antibody fragments has 

provided an attractive route to increasing the serum half-lives of antibody fragments to 

that of whole IgG (39-42). In addition, scFv-Fc fusions produced in E. coli display 

enhanced half-lives similar to IgG as well (29, 30). However, such constructs lack the 

effector regions responsible for CDC and ADCC that would be beneficial in models 

where antigen binding is not sufficient.  

Heteropolymer, bispecific mAb complexes (HPs), consist of an IgG mAb 

covalently cross-linked to a second antibody molecule. Previously, an IgG mAb specific 

for the primate E complement receptor (CR1) was conjugated to an antibody for in vivo 

analysis (45). Antibody/antigen immune complexes formed in the circulation can activate 

complement via binding to CR1 and result in clearance from the system. It is postulated 

that covalently cross-linking an antibody fragment to a full-length IgG could result in a 

HP that possesses the half-life circulation of a native IgG and retains the binding affinity 

of the recombinant antibody fragment to the target antigen (46). An advantage of this HP 

complex is the potential to interchange bacterially expressed antibody fragments 

conjugated to IgG for change in specificity without the rigors of mammalian production 

for each target. 
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3.3 RESULTS  

3.3.1 Analysis of 1Hhum scAb 

The murine CDRs of the 1H scFv were assembled onto human framework regions 

as previously described (47, 48). The gene segment was then amplified with outside 

primers to provide a template for sequence analysis. Figure 3.1 shows the reported gene 

sequences of murine and human scFv, highlighting the changes in their framework 

regions.  
 

 

 

 

 

 

FIGURE 3.1 Amino acid alignment of 1H vs. 1Hhum scFv. Framework regions are shown 
in black and CDRs in white. AA changes are shown in bold for both sequences. No 
changes were made in the variable regions in an effort to minimize alteration of affinity. 
 
 The humanized construct of 1H was then cloned into pMoPac 16 (48), a modified 

version of the expression vector pAK400 (50), as an scFv fused to a human Ck domain 

and co-expressed with the Skp chaperone (51, 52), resulting in a well-expressed single-

chain antibody fragment (scAb). Crude scAb was isolated by osmotic shock and purified 

via IMAC. Eluate was applied to size-exclusion chromatography and fractions 

corresponding to relevant protein standards were pooled for analysis and concentration. 

Reduced and non-reduced SDS-PAGE revealed a doublet that occurs near the predicted 

42 kDa migration (Figure 3.2). The lower band of the doublet was a product of partial 

proteolytic digestion missing the myc tag, a problem that has been seen before with this 
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vector series (49), confirmed by Western blot analysis. However, both bands possess the 

human Ck domain as well as the His6
 tag (data not shown) 

 

 

 
 
 
FIGURE 3.2 1Hum scAb on SDS PAGE 
4-20% gradient gel under reducing 
conditions. Doublet reveals proteolytic 
digestion of top band resulting in loss of 
C-terminal myc tag (lower band). Both 
bands were detected via a C-terminal His 
tag by Western blot (data not shown).  
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ELISAs were performed to analyze the extent of humanization of the 1Hhum 

scAb. Figure 3.3 shows IH vs. its humanized counterpart as detected by goat anti-Mouse 

Fab-HRP. 1H scAb gives a strong response with anti-murine reagent, whereas the 

humanized constructs are not detected, as expected.  
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FIGURE 3.3 ELISA of 1H and 1Hhum scAb. Antibody constructs coated in wells and 
detected with goat anti-murine IgG-HRP (BioRad) for detection of murine epitopes in the 
1Hhum CDRs. Results indicated the absence of such epitopes in the 1Hum scAb 
contruct.  
 

BIACore data was used to quantify the human and murine 1H scAb affinities for 

PA. Figure 3.4 shows the kinetic analysis for each of the constructs. The calculated 

affinities from the data indicate that there was minimal change in affinity as a result of 
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framework humanization.  In vitro LeTx challenges with murine RAW 264.7 

macrophages also showed a lack of alteration in toxin neutralization (Figure 3.5).  

 

 

 

 

 

 

Construct ka (1/Ms) kd (1/s) KD (M) 

1H scAb 1.22 x 106 1.25 x 10-4 1.03 x 10-10 

1Hhum scAb 1.51 x 106 1.76 x 10-4 1.17 x 10-10 
 

FIGURE 3.4 Kinetic analysis of 1H (grey) and 1Hhum (turquoise) scAb using Biacore 
3000. Constructs were measured to evaluate changes in affinity as a result of the 
humanization of 1H. The sensorgram above Results indicated that humanization did not 
alter affinity for 1Hhum scAb, as indicated .  
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FIGURE 3.5 In vitro toxin neutralization of anthrax lethal toxin (LeTx). Anti-PA antibody 
constructs were analyzed for protection of RAW 264.7 murine macrophage cells against 
LeTx. 1Hhum and 1H scAb displayed equivalent neutralization, both superseding 14B7 
due to higher PA affinity. Results indicate that the humanization of 1H did not 
compromise toxin neutralization.  
 
 
 
 

3.3.2 Analysis of 1Hhum scAb-Heteropolymer  

The 7G9 mAb (gift from Elusys Therapeutics, Inc.) was covalently coupled to 

1Hhum scAb by maleimide-cysteine chemistry. In particular, the heterobifunctional 

cross-linker, Sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate 

(Sulfo-SMCC) (Pierce), was added to native scAb resulting in maleimide-activated 

primary amines of the scAb protein. The retention of affinity for the smcc-modified 

1Hhum scAb was verified via Biacore before proceeding to conjugation (data not 
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shown). 7G9 IgG was reduced with N-Succinimidyl-S-acetylthioacetate (SATA) (Pierce) 

to cleave thiol bridges within the Fc region. Incubation of the activated scAb and IgG 

resulted in a heterologous mixture of 1:1 and 2:1 scAb:IgG adducts, as seen in Figure 3.6. 

The band corresponding to a 240 kDa MW is assigned as the 2:1 scAb-IgG adduct, and 

the band migrating near 190 kDa was presumed to be the 1:1 scAb:IgG adduct.   
  

 

FIGURE 3.6 SDS-PAGE Analysis of 1Hhum scAb HP.  Samples were subjected to SDS 
PAGE and protein was detected by staining with Coomassie Blue. MW markers in lane 1 
and 6. Lane 2 consists of reduced 1Hhum scAb, Lane 3 is 7G9 mAb, and Lane 4 and 5 is 
1Hhum scAb-HP. 
 

Purified 2:1 1Hhum scAb-IgG, from now on referred to as 1Hhum heteropolymer 

(1Hhum HP), was then analyzed for retention of affinity and toxin neutralization. Biacore 

analysis was performed by immobilization of antigen or control BSA on the chip with 

antibody constructs used as analyte. Results showed that the affinity of 1Hhum HP was 

very similar to that of 1Hhum scAb, suggesting there was little, if any, loss in affinity due 

to conjugation, and avidity effects were minimal under the Biacore conditions used (data 

not shown). In vitro toxin challenges with murine RAW 264.7 macrophages indicated 

that 1Hhum HP possessed neutralization capabilities surpassing native scAb at equimolar 

levels (Figure 3.7). In addition, the 1Hhum HP showed activity very similar to H25. 
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Taken together, these data indicate that the conjugated scAb was fully functional in the 

1Hhum HP construct.     
 

 

 

FIGURE 3.7  In vitro toxin challenge. RAW 264.7 mouse macrophage cells were grown 
on microtiter well, incubated with 0.31-10 nM scAb, scAb-HP, or H25 IgG as shown and 
5 minutes later were challenged with lethal toxin (100 ng/ml PA, 80 ng/ml LF). The 
percentage of cells surviving toxin challenge at a specific antibody dose, as compared to 
negative control, untreated cells, was measured by the viability assay. The average of 
triplicate experiments is reported.  
 

3.3.3 Pharmacokinetic analysis of constructs 

Fisher rats were administered antibody constructs or PBS intravenously. Group 1, 

consisting of five rats, was administered 9 nmoles of 1Hhum scAb, Group 2 was 

administered 4.5 nmoles of 1Hhum HP, and control group 3 administered PBS. 

Concentrations of delivered constructs were calculated according to antigen binding sites. 
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values of the different time-points were averaged per group. Distribution and elimination 

half-lives were calculated as previously described (53) from the averaged ELISA data. 

The serum disposition for both the scAb and 1Hhum HP was best described as a bi-

exponential decay. A distribution half-life for both 14B7 scAb and 1Hhum scAb was 

calculated to be ≈ 10.5 min (Figure 3.8), consistent with the reported distribution half-life 

of murine 1H scAb (32). On the other hand, 1Hhum HP exhibited a T1/2α of 10.6 hrs and 

a T1/2β of 3.2 days. This distribution half-life is comparable to native IgG, but the 

elimination half-life is less than half that of native immuoglobulin (data not shown). 

Importantly, these data verify that covalent conjugation of bacterially expressed scAb to 

mAb can indeed significantly prolong serum half-life of a recombinant antibody 

fragment.  
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Construct Size (kDa) Distribution half-life (t1/2α) 

14B7 scAb 42 10.6 min 

1Hhum scAb 42 10.4 min 

14B7 IgG 156 15.2 hrs 

1Hhum scAb-HP 200-240 11.2 hrs 
 

FIGURE 3.8 Pharmacokinetic analysis of various antibody fragments and constructs. 
Fisher rats were injected intravenously with antibody constructs to determine distribution 
half-lives. Results indicate that the scAb-HP construct persists in the serum beyond that 
of native scAb, almost equivalent to murine IgG.  
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3.3.4 Toxin challenge 

A 6 hr prophylactic toxin challenge was performed with PBS, 1Hhum scAb, and 

1Hhum HP (Figure 3.9). Blood samples were taken during the challenge for assurance of 

correct administration and verification of pharmacokinetic properties. The control PBS 

group displayed a mean-time-to-death (MTTD) of 2.7 hrs, consistent with previous PA 

toxin challenge experiments in the Fisher rat model (32, 54, 55). As predicted, the scAb 

group resulted in zero survivors with a delayed MTTD (3.9 hrs) over the control group. 

The scAb-HP administered group possesses an overall 40% increase in survival rate and 

a significantly delayed MTTD of 6.4 hrs. To determine if death/survival was related to 

serum level of 1Hhum HP, an ELISA was performed on the blood samples collected at 6 

hrs prior to toxin challenge. Samples revealed there was no correlation between 1Hhum 

HP overall serum level and survival. We also observed there was no correlation of 

survival rate to weight of rat (data not shown), which could have an influence on serum 

concentration of both toxin and antibody construct.   
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FIGURE 3.9 In vivo toxin challenge in rats. Fisher rats were injected with 10 x LD50 of 
anthrax LeTx (PA/LF) 6hrs after administration of constructs or PBS. Results indicate a 
40% increase in survival rate with the scAb-HP construct over PBS control and native 
scAb. A significant increase in MTTD of 6.2 hrs was also observed for the HP over the 
2.1 hrs observed for native scAb.  
 

3.3.5 Complement protein affinity 

The 1Hhum HP construct was analyzed for its potential ability to activate 

complement. In order to do this, Biacore was used to assess the binding capabilities of 

C1q to the Fc region of 1Hhum HP and H25.  The antibodies were immobilized onto the 

CM5 chip via amine coupling to saturation (≈10K RUs). C1q was then used as analyte at 

various concentrations to analyze affinity. Results showed that the 1Hhum HP construct 

possessed a similar binding affinity to C1q (Table 3.1) as the H25 IgG. Therefore, it 

appears that conjugation of 1Hhum scAb to 7G9 resulted in little or no inhibition of C1q 

binding and therefore potential complement activation. It must be noted that H25 is a 

humanized IgG and thus contains the human constant Fc regions whereas 7G9 is a 

0

10

20

30

40

50

60

70

80

90

100

0 20 40 60 80 100 120

Time (hrs)

Su
rv

iv
al

 R
at

e 
(%

)

PBS control

1Hhum scAb

1Hhum scAb-HP



 86

murine mAb. However, C1q has been previously shown to bind to human and murine Fc 

regions with similar effects.  

 
 

Construct ka (1/Ms) kd (1/s) KD (M) 

1Hhum HP 3.5 x 105 1.5 x 10-4 6.24 x 10-10 

H25 IgG 8.6 x 105 5.5 x 10-4 6.41 x 10-10 
 

TABLE 3.1 Biacore analysis of C1q binding properties. Antibodies were immobilized on 
a CM5 chip to assess affinity for C1q complement protein. Affinities reported indicate 
that the conjugation of 1Hhum scAb to 7G9 did not sterically inhibit the binding site for 
C1q on the Fc region of the 1Hhum HP construct.  
 

As an important caveat, it must be kept in mind that without knowledge of the 

exact concentration levels and physical distribution of immobilized protein, we cannot 

report the C1q affinities as precise. This is due to the structure and binding properties of 

C1q, which possesses six globular domains that are each capable of binding to an Fc 

region. The resulting avidity effects complicate the absolute affinity measurements, but it 

is still safe to conclude that both proteins have similar relative affinities for C1q. 

Importantly, to the best of our knowledge, this is the first time C1q affinities have been 

reported using SPR technology, and we believe this format could provide assistance in 

performing Fc maturation studies.  
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3.4 DISCUSSION 

It is widely accepted that pharmacokinetic properties such as bioavailability and 

serum half-life have a significant influence on in vivo success of therapeutics. Full-length 

IgG are advantageous due to size and native receptor sites, both resulting in prolonged 

serum-half-life and immune functions such as phagocytosis or clearance of immune 

complexes. Previous experimentation has shown an increase in clearance rate with this 

HP approach, presumably due to CR1 binding (45) and may be useful as a potential 

strategy for human therapeutics. However, in these neutralization experiments, 7G9 was 

specifically utilized as a scaffold for enhancement of serum persistence, as there is no 

human CR1 present.  

Here, we describe the conjugation of a humanized anti-PA scAb to a whole mAb 

to produce a construct that has been referred to as a heteropolymer (HP). The 1Hhum HP 

retained the affinity of the recombinant scAb fragment and exhibited the expected serum 

retention similar to a whole IgG. Importantly, we observed an elevated protection against 

a 10 x minimum lethal dose (MLD) of LeTx in rats at a 40% survival rate and an overall 

significant mean-time-to-death (MTTD) over the wild-type scAb. We hypothesize that 

the molar concentration of administered 1Hhum HP was below that which is required for 

full protection against 10 x LD50 of anthrax LeTx.  

Besides in vivo protection, additional studies indicated that the 1Hhum HP 

construct retained its ability to bind C1q, making it likely that it retained the ability to 

initiate the complement cascade. It has recently been revealed that glycosylated Fc 

regions are not required for protection against anthrax spore infection in a prophylactic 

setting (56). However, it is not yet known if this will be true for other pathogens. The 

advantage of the HP approach is that the same whole IgG can be used with essentially 

any bacterially produced antibody fragment. This “one size fits all” approach should be 
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much more cost effective compared to having to create and use high expression 

mammalian systems for every new antibody being considered. In addtion, the HP 

approach provides a generalized platform to combine at least 2 different antibody 

specificities to enhance overall therapeutic potential.  
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3.5 EXPERIMENTAL PROTOCOLS 

3.5.1 Humanization of 1H scFv 

Humanization was performed as previously described (47, 48). The humanized 

sequence of 1H scFv was constructed with 40 oligonucleotides, 38 oligonuclotides that 

were 40 nucleotides (nts) in length and 2 oligos that were 20nt in length. The gene 

fragment was PCR amplified and digested using conditions and primers corresponding to 

pMoPac16 (49)  
 

3.5.2 ScAb expression and purification 

The 1Hhum scFv clone was cloned into pMoPac 16 via dual SfiI sites. pMoPac 

16 is a modified version of the pAK400 vector (50), which fuses the scFv gene to the 

human Kappa light chain, resulting in a single-chain antibody (scAb) (51, 52). The vector 

also co-expresses the skp chaperone (51, 52) for increased folding potential in the 

periplasm of E. coli.  

Cell growth, fractionation and analyses were performed essentially as previously 

described with modification (49). pMoPac16 _1Hhum was transformed into E. coli Tuner 

cells (Novagen, Madison, WI) for periplasmic expression and isolation. 2 mls of TB 

media supplemented with 2% glucose and 200 ug/ml amipicillin were inoculated from 

frozen stock and grown at 300C for 5 hrs. The 2 ml culture was then added to a 250 ml 

baffled shake flask containing 40 ml of the same media and grown overnight at 300C to 

reach saturation. The 40 ml culture was added to a 2 L baffled flask containing 40 ml of 

TB 200 ug/ml of amipicillin, without glucose, and grown for three 3 hrs at 250C before 

induction with 1 mM IPTG. Cells were induced for 4 hrs and then harvested by 

centrifugation for 10 min at 8K rpm.  Osmotic shock was carried out at 0°C as previously 

described (49) with modification. Cells were resuspended in 20 ml 0.75 M sucrose, 100 

mM Tris-HCl pH 8.0, and addition of 1.0 ml of 10 mg/ml lysozyme in the same buffer.  
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After shaking for 10 min at 0°C, 40 ml of 1 mM EDTA was added dropwise followed by 

15 min further incubation at 0°C.  3.0 ml of 0.5 M MgCl2 was then added dropwise 

followed by an additional 15 min incubation at 0°C. Spheroplasts were pelleted by 

centrifugation and the clarified supernatant was mixed with 1/10 volume of 10 x IMAC 

buffer (100 mM Tris-HCl, 5 M NaCl, 0.2 M imidazole, pH 8.0) and applied to 1.5 ml Ni-

NTA agarose resin (Qiagen, Madison, WI).  Following washing with 3 x 10 ml IMAC 

buffer, scAb protein was eluted with 500 mM imidazole in IMAC buffer and dialyzed 

against 2 x 2L PBS at 4°C overnight. Native M18 scAb was then applied to a Superdex 

200 HR10/30 column (Amersham Biosciences, Piscataway, NJ) on an Äkta FPLC system 

(Amersham Pharmacia, Piscataway, NJ).  Fractions were isolated and then concentrated 

with an Amicon Ultra Centrifugal Filter Device, MWCO 10 kDa (Millipore Corp., 

Bedford, MA).  Protein concentrations were quantified using a micro-BCA quantification 

kit (Pierce, Rockford, IL). 
 

3.5.3 Kinetic analysis of scAb  

Analysis of antigen binding kinetics was performed on a BIACORE 3000 as 

previously described (32). Antigen (PA or BSA control) was immobilized on a CM5 chip 

using amide formation promoted by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide N-

hydroxy succinimid. PA or BSA control was diluted in NaC2H3O2 pH 5.0 and 

immobilized until the desired RU levels were observed. 1H, 1Hhum scAb, or 1Hhum 

scAb-HP proteins (2.5 nM-40 nM) in HBS-N (Biacore) were used at a flow rate of 100 

ul/min.  A solution of 4 M MgCl2 was used as the regeneration buffer between runs.  

Data were analyzed using the BiaEvaluation software (version 3.0). Kinetic analysis of 

C1q binding to Fc regions was performed by immobilization of H25 whole IgG (gift from 

Elusys Therapeutics, NJ) or 1Hhum HP on the chip until saturation (≈10K RUs). C1q 
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was then used as the analyte at flow rate of 100 ul/min at concentrations ranging from 

2.5-40 nM with regeneration conditions as mentioned above.  
 

3.5.4 Enzyme-linked immunosorbent assay (ELISA) 

Costar 96-well plates (Corning #3590) were coated with 50 ul of PA in PBS (2 

ug/ml). Plates were brought to room temperature and then blocked with 20% milk/PBS 

for 2-3 hrs. After washing wells with PBS, antibody constructs were diluted in 2% 

milk/PBS and then serially diluted on the ELISA plate. After incubation at RT for 1hr, 

murine scFv was detected with goat anti-mouse Fab HRP (BioRad, CA) and humanized 

fragments were detected with mouse anti-human Fab HRP (BioRad, CA). scAb and 

scAb-HP constructs were detected with goat anti-Human Kappa HRP (BioRad, CA).  
 

3.5.5 Anti-CR1 mAb production 

The anti-CR1 Mab 7G9 is a mouse hybridoma. The cell line was cultured in a 7L 

bioreactor through a contractor (BioExpress, NH). The medium was 10% fetal bovine 

serum, 1% glutamine, and 1% sodium pyruvate in Iscove’s modified minimal Dulbecco’s 

medium.   The monoclonal antibody was purified using a protein-A affinity column. The 

final yield was 100 mg with an endotoxin level of 1.6 EU/mg. The antibody was 

concentrated to 5.5 mg/ml and dialyzed against a PBSH buffer (90% PBS and 10% 1M 

Hepes pH7.4).   SDS-PAGE revealed a single band at 160 kDa, corresponding to the 

native MW of full-length immunoglobulin.  
 

3.5.6 Heteropolymer conjugation and purification  

Heteropolymer was prepared with PA-binding scAb proteins cross-linked with 

murine anti-CR1 Mab 7G9.  In a typical reaction, 7G9 (12.5 nmoles) was modified with a 
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12-fold molar excess of SATA (150 nmoles in dimethylformamide) in degassed PBSH 

(PBS containing 0.1M Hepes pH7.4). 1Hhum scAb (50 nmoles), was modified with 5-

fold molar excess of sulfo-smcc (250 nmole) in PBSH.   The modification was carried out 

for 1 hr at 25oC under Argon in the dark. The SATA modified 7G9 was reduced by 20 

mM Hydroxylamine·HCl (made in 1M TrisBase, 2 mM EDTA) at pH7 for 1h without 

stirring.  The unreacted modifiers were removed by small size exclusion column (PD10, 

Amersham, NJ), using the conjugation buffer as the eluant. The activated 7G9 was mixed 

with activated 1Hhum scAb at a weight ratio of 1:1. (4:1 molar ratio of 1HscAb:7G9, 

allow 20% variation)  The conjugation was performed for 16h at room temperature. The 

unreacted linkers were then quenched with iodoacetamide (50 ug/ml).  Monomeric 

1Hhum scAb (Molecular Weight 40 kD) was removed by extensive dialysis against PBS 

with a dialysis membrane (MWCO 60kD).  
 

3.5.7 In vitro heteropolymer assays 

Neutralization of lethal toxin (LeTx) cytotoxicity by 1Hhum scAb and 1Hhum HP 

constructs was performed as previously described (32) with a few modifications. Wells of 

96 well tissue culture microtiter plates were seeded with 200,000 RAW 264.7 cells 

(American Type Culture Collection, Manassas, Va.) per well. LeTx components (PA and 

LF, gifts from Stephen Leppla) ) were added simultaneously to 1Hhum scAb and 1Hhum 

HP or tissue culture medium and incubated for 1 h at 37°C prior to addition to RAW 

264.7 macrophages. The final concentration of LeTx used was 80 ng/ml (80 ng of PA/ml 

plus 80 ng of LF/ml). LeTx was not added to control wells. After a 4-h incubation of the 

LeTx reaction mixture with macrophages at 37°C, MTT [3-(4,5-dimethylthiazole-2-yl)- 

2,5-diphenyl tetrazolium bromide] was added to the cells for 1 h at 37°C. Cells were then 

lysed, and the colored formazan product was solubilized by addition of lysing-

solubilization buffer. After an overnight incubation at 37°C, the plates were read at 570 
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nm on a plate reader, and the data was analyzed with Soft-MaxPro software (Molecular 

Devices, Sunnyvale, Calif.). The concentration or titer that resulted in 50% neutralization 

(50% effective concentration [EC50]) was taken as a measure of LeTx neutralization 

activity. 
 

3.5.8 Pharmacokinetic analysis of constructs 

Fisher 344 rats (274-301g) (Charles River Laboratories, Wilmington, MA) were 

used for all animal studies. Animal were sedated prior to all injections and blood 

withdrawals with ketamine (80mg/kg) and xylazine (10mg/kg). Injections of 4 nmol 1H 

or 1Hhum scAb and 9.5 nmol 1Hhum HP or 14B7 IgG in 100ul PBS were administered 

via the penile vein. Blood samples (200ul) were collected from the right jugular vein  

prior to protein administration and at 1, 15, 30, 60, 120, 180 min post-administration for 

scAb and at 1 min, 30 min, 1 hr, 2 hr, 12 hr, 1 d, 2 d, 4 d , 7 d, 9 d, 11 d, 14 d, 16 d, and 

18 d for 1Hhum HP and 14B7 IgG constructs. Blood aliquots were spun down in 

StatSampler units (StatSpin) and serum isolated for ELISA analysis. The data were 

modeled to determine pharmacokinetic parameters using an i.v., bolus, two-compartment, 

first-order elimination model.  
 

3.5.9 Toxin challenge 

In vivo neutralization experiments were performed as previously described (54) 

with modification. Anesthetization of Fisher 344 rats (270-317g) was carried out by 

intraperitoneal injection of ketamine (80mg/kg of body mass) and xylazine (10mg/kg of 

body mass). Antibodies or sterile PBS were administered in 2.1 ml volumes to the right 

jugular vein prior to toxin injection. 10x LD50 of anthrax toxin (40 ug PA, 8 ug LF) was 

administered via penile vein injection at either 5 min or 6 hrs post-protein administration. 

Five rats were utilized for each group and were maintained under anesthesia until death 
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or up to seven hours to minimize discomfort. Discomfort and time-to-death was assessed 

on the basis of cessation of breathing and heartbeat. Surviving rats were euthanized on 

day 5 by overdose of sodium phenobarbitol given by i.p. injection. The animal protocols 

presented were reviewed and approved by the Southwest Foundation for Biomedical 

Research Institutional Animal Care and Use Committee (San Antonio, TX).  
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Chapter 4 

Full-length humanized IgG1 expressed in bacteria for rapid production 
of agylcosylated antibodies 

 

4.1 CHAPTER SUMMARY 

4.1.1 GOALS: Express a human full-length anti-PA monoclonal antibody that retains 

target affinity and in vitro toxin neutralizing capability in bacteria.   

4.1.2 APPROACH: A humanized scFv was fused to constant domains corresponding to 

the IgG1 heavy and light chain. A bicistronic vector system for the expression of the light 

and heavy chains in E. coli was developed.   The E. coli expressed protein was analyzed 

with respect to its antigen binding and immunological properties.    

4.1.3 RESULTS: The humanized scFv was successfully cloned into a fully-assembled 

human IgG1 format. Expression in the periplasm of E. coli resulted in correct folding of 

variable regions and assembly of the antibody chains. Affinity analyses revealed that the 

IgG possessed a higher affinity than its scFv counterpart, presumably due to avidity 

effects. The ability to express full-length IgG in microbial hosts provides a potential 

means for low-cost therapeutics and antibody-based reagents.  
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4.2 INTRODUCTION 

The advent of hybridoma technology (1) has resulted in the development of 

monoclonal antibody therapies with over 18 FDA-approved and 150 currently in clinical 

trials. A key issue in antibody therapies is the costs associated with mAb production (2, 

3). Tissue culture and the time required for the isolation of high-titer clones present a 

significant complication for cost-efficacy in the production of mAb by recombinant 

mammalian cells and results in low volumetric productivity. The time and high 

manufacturing costs related to mammalian mAb expression argue for the exploration of 

alternative, low-cost expression systems.   

Bacteria are a very attractive organisms for protein expression due to ease-of-use, 

short replication times, and the low costs of bacterial fermentation (Figure 4.1). However, 

limitations in protein folding, secretion, and the absence of glycosylation pathways 

reduce the utility of bacteria in the expression of complex proteins. E. coli possesses a 

reducing cytoplasm that is unsuitable for the folding of proteins with disulfide bonds 

which accumulate in an unfolded or incorrectly folded state (4). However, studies have 

found that by expressing proteins in the cytoplasm as inclusion bodies, the protein 

aggregates can later be refolded via a variety of protocols that allow the formation of 

disulfide bond (5). Recently, it has been shown that genetically manipulated E.coli 

deficient in both the thioredoxin reductase (trxB) and glutathione reductase (gor) genes 

results in greatly enhanced disulfide bond formation in the cytoplasm (6). Such mutant 

strains have been used for the small scale expression of disulfide containing proteins 

within the cytoplasm. 
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Figure 4.1 Comparison of different host 
organisms used for protein expression. 
Prokaryotes have displayed the highest 
ease-of-use and lowest costs associated 
with expression. Mammalian cells 
provide expression associated with 
proteins of highest complexity and 
function.  

adapted from www.invitrogen.com 

 

 

 In contrast to the cytoplasm, the periplasm of E. coli is maintained in an oxidized 

state that allows the formation of protein disulfide bonds. Leader sequences of 

periplasmic proteins have been found to be successful in directing non-native proteins to 

the periplasm (7, 8). Periplasmic expression has been used successfully for the production 

of a number of useful eukaryotic proteins.  Notably, E. coli has been employed 

extensively for the expression of antibody fragments. Single-chain variable fragments 

(scFvs), single-chain antibodies (scAbs), Fabs and F(ab)2s can be readily produced in 

active form by periplasmic expression . However, the small size and lack of the Fc 

domain in the aforementioned antibody fragments results in poor pharmacokinetics and 

rapid clearance from the bloodstream.  In this chapter, the focus is to investigate the 

expression of full-length IgG immunoglobulins in the periplasmic space of bacteria.  It is 

shown that intact, aglycosylated but otherwise fully functional, anti-PA IgG molecules 

can be expressed in bacteria, albeit in low yields.   

 

 

http://www.invitrogen.com/


 103

4.2 RESULTS 

4.2.1 Humanization of M18.1 scFv  

 M18 scFv was previously isolated from an anti-PA scFv error-prone PCR library 

via flow cytometry using the bacterial Anchored Periplasmic Expression (APEx) system. 

(9). The dissociation constant (KD) of M18 for PA was 35 pM. Compared to the parental 

antibody, 14B7, the M18 scFv  contained 5 CDR mutations in  L-2, H-1, and H-2 CDRs, 

5 mutations within the framework, and 1 mutation in the peptide linker (9) (Figure 4.2).   

Figure 4.2 shows a comparison of the sequence of M18 with that of 14B7, an earlier 

affinity improved version of the 14B7 scFv isolated by phage display (10).  The sequence 

of M18.1, a version of M18 that contains an additional Q55L substitution also found in 

1H, is also shown.  Interestingly, the dissociation constant of M18.1 decreased by 40% 

resulting in a KD of 21pm as measured by surface plasmon resonance (9).   
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Figure 4.2 Amino acid alignment of anti PA scFv clones. The framework regions of the 
variable regions are shown in black and the CDRs in white. As shown in the scFv 
schematic at the bottom right of the figure, three CDRs are present for each variable 
region. M18, M18.1, M18.1hs, and M18.1hum are compared to the original 14B7 clone. 
The 5 different framework mutations between M18.1hs and M18.1hum are underlined in 
red.  
 
 The M18.1 scFv was humanized by gene assembly PCR (11, 12).  Briefly, 

sequences encoding the six CDRs of M18.1 scFv were amplified with corresponding 

oligos for human framework regions and assembled using outside primers to provide a 

template for sequence analysis. The humanized construct possessing solely the CDR 

sequences from M18.1 was named M18.1hs. In addition, the five framework mutations in 

M18 were also incorporated into the human scaffold by point mutagenesis to result in the 

M18.1hum scFv (Figure 4.2).  
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4.2.2 Analysis of clones 

 The M18, M18.1, M18.1 hs and M18.1 hum scFv genes were then cloned into the 

pMoPac 16 (13) vector for expression and purification. pMoPac 16 is a modified version 

of the expression vector pAK400 (14) and allows for the fusion of scFv genes to the 

human Ck domain (13, 15) resulting in a single-chain antibody fragment (scAb). The 

plasmids containing the four M18 clones were transformed into E. coli for periplasmic 

expression and proteins were purified by IMAC and size-exclusion FPLC. An 

SDS_PAGE of the purified proteins following the FPLC step is shown in Figure 4.3. 

Total expression yields for each clone are listed in figure as well (9).  

 

 

 

 

 

 

 
 

 
 
 
 
Figure 4.3 SDS-PAGE analysis of M18 
clones. ScAb constructs were purified by 
IMAC and size-exclusion FPLC. 
Proteins were run on a 4-20% gradient 
gel for separation. Each clone migrates 
to ≈ 45kDa corresponding to the scAb 
predicted MW.  
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 The antigen affinity of the purified scAb antibodies was measured by ELISA. The 

results shown in Fig 4.4 indicated that the humanized M18 antibodies exhibit affinity 

comparable to their murine couterparts (Figure 4.4).  ELISA assays using anti-mouse Fab 

sera were also employed to examine the presence of mouse epitopes in the humanized 

antibodies (Figure 4.5).  The M18.1hs and M18.1hum scAbs both showed a significant 

decrease in -murine epitope detection compared to the parental M18 and M18.1 scAbs or 

to the human H25 IgG antibody (16). The latter was constructed by first de-immunizing 

murine 1H VH and VL chains which were then fused to constant human IgG regions 

(16).  The observed ELISA signal with H25 could be due to the methodology used for the 

humanization of that protein (18).  
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Figure 4.4 Analysis of affinity retention for M18 murine constructs and the humanized 
versions. M18.1hs and M18.1hum both retained affinity to the protective antigen. 
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Figure 4.5 ELISA detection of murine epitopes. The rabbit anti-murine Fab probe was 
used to detect a potential anti-murine response by probing the antibody fragments. 
Results indicate that the humanization process alleviated anti-murine epitopes present in 
the variable regions. H25 display a higher response than all the constructs at a lower 
concentration, but this observed signal could be due to the presence of a CH1 domain or 
Fc region and cross-reactivity.  
 

 Surface plasmon resonance (SPR) using a BIACore 3000 (Piscataway, N.J.) 

instrument was utilized to examine the affinities of the scAb proteins. Kinetic analysis 

revealed that the M18.1hs clone has reduced antigen affinity compared to M18.1 scAb 

(Table 4.1). The observed change in KD was attributed to a decrease in the rate of 

dissociation of the antibody:antigen complex.  However, in M18.1 hum, the incorporation 

of the 5 framework mutations, from M18 into M18.1hs, resulted in an affinity essentially 

identical to that of the murine M18 scAb. The effect of framework mutations on antibody 

affinity is well documented in the literature (11, 12, 17-20).  Nonetheless, it is interesting 
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that in the case of M18.1hum framework mutations affected only the dissociation rate and 

not the on-rate (Table 4.1). 

 

 ka (1/Ms) kd (1/s) KD (M) 
M18 1.09 x 106 4.14 x 10-5 3.77 x 10-11 
M18.1 1.06 x 106 2.85 x 10-5 2.62 x 10-11 
M18.1hs 7.41 x 105 1.07 x 10-4 1.54 x 10-10 
M18.1hum 9.92 x 105 4.49 x 10-5 4.58 x 10-11 

 
Table 4.1 M18 clones subjected to SPR analysis via Biacore 3000. The observed KD for 
M18 and M18.1 are very similar to the previously reported values (9). The M18.1hs 
construct suffered very little in on-rate, but displayed a dramatic increase in off-rate, 
resulting in over five time’s lower affinity (KD) than the original M18.1 clone. However, 
by incorporating the five framework mutations absent in the M18.1hs clone, a displayed 
affinity of ≈ 46 pM was observed for M18.1hum. This resulted in a humanized clone with 
very little decrease in affinity compared to its murine counterpart.  
 

4.2.3 Full-length immunoglobulin vector construction 
 Vectors containing the constant regions for the light (L) and heavy (H) chains of 

human IgG1 were obtained from Nancy Green and colleagues (Albert Einstein College of 

Medicine, Department of Cell Biology). The VL and VH regions of M18.1hum were 

amplified and fused to the corresponding constant regions. A vector for expression of the 

complete H and L chains as a bicistronic operon downstream from a lac promoter was 

engineered. Briefly, the first cistron comprised of the L chain fused to the pelB leader 

sequence for secretion into the periplasm. Two stop codons were engineered at the end of 

the L chain cistron, followed by a minimum of ≈ 15 nucleotides before the Shine-

Dalgarno sequence of the next cistron. Another pelB leader sequence was incorporated to 

the N-terminus of the H chain. The bicistronic operon was ligated into pMopac16 and the 

resulting plasmid, which is shown in Figure 4.6, was designated 

pMoPac16_IgG_M18.1hum.  
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Figure 4.6 Schematic of expression vector pMoPac16 IgG_M18.1hum. The dicistronic 
vector was constructed with both cistrons under the lac promoter. An upstream ribosomal 
binding site (RBS) followed by the periplasmic leader pelB precedes each cistron. The 
skp chaperone is co-expressed downstream of the cistrons for assistance as a folding 
chaperone.  
 

 

4.2.4 Expression and Purification 

 The pMoPac16 IgG_M18.1hum plasmid was transformed into E.coli Tuner cells 

(Novagen). For protein expression, the cells were grown in TB media and induced by the 

addition of IPTG. For protein purification, the periplasmic fraction was first obtained by 

the osmotic shock procedure and then IgG was purified by protein L (Pierce) and protein 

A (Amersham) chromatography. Subsequently, the eluate was subjected to size-exclusion 

chromatography (Amersham) to remove lower MW species. A final yield of full-length 

M18.1hum IgG of 120ug/L of cell culture was obtained. While the protein yield was 

relatively low for bacterial expression it has to be kept in mind that IgGs are complex, 

high molecular weight proteins.  Since the M18.1hum scAb and scFv both expressed at 

higher yields of 1-2mg/L under the same growth conditions, it appears that the reduction 
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pMoPac16 IgG_M18.1hum

RBS RBS

AMP

pelB pelB



 110

in expression was probably due to the presence of the constant regions in the full length 

IgG molecule. Figure 4.7 shows an SDS-PAGE gel of the purified M18.1hum 

preparation.  

 

 

 

 

 

   

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
Figure 4.7 SDS-PAGE of the bacterial-
expression M18.1hum IgG. The non-
reducing lane (NR) shows the construct 
under native conditions which results in 
a migrating band of ≈ 150kDa. The 
reducing lane (R) shows two bands, one 
≈ 50kDa corresponding to the H chain 
and one ≈ 28kDa corresponding to the L 
chain.
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 The antigen binding affinity of the purified M18.1hum was examined by ELISA. 

Figure 4.8 shows the ELISA data for the bacterially expressed, aglycosylated IgG  in 

comparison to the H25 IgG antibody which had been expressed in mammalian cells and 

is therefore fully glycosylated.  
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Figure 4.8 Anti-PA ELISA of purified M18.1hum aglycoslyated IgG detected with 
protein-A HRP. Both clones display similar affinities to PA at equimolar concentrations.  
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4.2.5 Biacore analysis   

 The affinity of M18.1hum IgG for PA was analyzed by surface plasmon 

resonance (SPR) measurements using a Biacore 3000 instrument. For these experiments, 

an Fc capture ligand, rabbit anti-human IgG, Fc specific (Jackson Immunoresearch) was 

immobilized to the Biacore chip that recognizes the human Fc region.  The M18.1hum 

IgG was then added to the Fc capture ligand for affinity measurements using PA as the 

analyte.  The results of the BIACore analysis indicated that M18.1hum fully retained 

antigen binding affinity (Figure 4.9).   

 

 

 

 

 

 

 

  

 

 

 

 

Figure 4.9 SPR kinetic analysis on Biacore 3000. Rabbit anti-Human IgG (Fc region 
specific) (Jackson Immunoresearch) was immobilized to the CM5 chip for via amine 
coupling as the capture ligand adjacent to a BSA negative control flowcell. M18.1hum 
was then added to chip for analysis to target PA as the analyte. Results indicate an overall 
KD of 18.1 pM, very similar to the M18.1hum scAb counterpart. The M18.1hum IgG also 
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faired much better than the reported affinity of H25, an anti-PA mammalian-expressed 
IgG in FDA clinical trials.  
 

 

 

 

4.2.6 In vitro toxin challenge 

 RAW 264.7 murine macrophage cells (ATCC) were used to determine the 

neutralizing activity of various antibodies towards the anthrax lethal toxin (LeTx). The 

M18.1hum IgG, H25 IgG, 1H or 14B7 scAb antibodies were first incubated in equimolar 

concentrations with the cells for 5 minutes prior to the addition of LeTx (100ug PA/LF in 

each well). After a three hour incubation, cells were then tested for viability using the 

MTT dye assay.  We found that the ultra-high affinity M18.1hum IgG displays better 

neutralizing activity compared to the human H25 IgG (Figure 4.10).   The latter exhibits a 

lower KD per binding site relative to the one displayed by M18.1 hum IgG.  
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Figure 4.10 In vitro anthrax toxin neutralization using RAW 264.7 murine macrophage 
cells. Antibody constructs were incubated with cells in equimolar concentrations 5 min 
before the addition of anthrax lethal toxin (LeTx). Addition of toxin, followed by a 3-
hour incubation period resulted in cell viability data that determind the neutralizing 
potential of the above constructs. M18.1hum displayed enhanced activity over the H25 
mammalian-expressed IgG. Reported values are from experiments performed in 
triplicate. 
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4.3 DISCUSSION 

 The therapeutic efficacy of an antibody depends on affinity, absence of adverse 

immunological responses and in vivo persistence. High-affinity antibodies can now be 

obtained from libraries of high diversity by using high-throughput screening 

technologies. 

  A few murine mAbs have been found not to induce the human anti-murine 

response (HAMA) in the human model (21, 22), although such incidents are very rare.  In 

general, anti-antibody responses (AARs) are readily observed in therapeutic applications 

of murine antibodies. The stimulation of immune responses by foreign antibody epitopes  

eventually lowers or completely eliminates  the efficacy of the drug. Chimeric antibodies 

provide a route to eliminating immunogenicity by fusing murine variable regions with 

human constant domains (23). Two FDA-approved chimeric antibodies are available on 

the market since inception and have been shown to elicit an anti-chimeric antibody 

response (HACA) in less than 5% of patients (24, 25). The percentage of observed AARs 

to humanized antibodies has dramatically decreased compared to the murine counterparts 

(Figure 4.11).  
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Figure 4.11  The incidence of AAR as compared to species format. The human anti-
mouse (HAMA), human anti-chimeric (HACA), and human anti-human (HAHA) 
antibody responses were measured for mAbs that are presently FDA-approved and/or in 
clinical trials. Each antibody was graded for AAR incidence which was grouped into 
three operational categories: Negligible, AAR reported in less than 2% of patients, 
Tolerable, AAR detected in 2-15% of patients, and Marked, AAR observed in more 
than 15% of patients. The trend shows that humanization of antibodies has resulted in the 
engineering of mAbs with a much higher percentage of negligible immunogenicity. 
Figure is adapted from Hwang, et al (26).  
 

 

 The process of antibody humanization has advanced to encompass different 

approaches that lead to non-immunogenic antibodies. Strategies include CDR grafting, T-

cell epitope removal, and isolation from human antibody repertoires. Here, we employed 

a strategy whereby the six CDRS of M18.1 were grafted onto human framework regions 

to produce M18.1hs, followed by the incorporation of 5 of 6 framework mutations seen in 
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M18.1 vs. 14B7 (Figure 4.2). Kinetic analysis revealed that the five framework regions 

enhanced the off-rate for near full-retention of affinity over the M18.1hs scAb. 

Interestingly the mutations did not have an effect on the on-rate for antigen binding.   The 

interpretation of the lack of effect on the on-rate remains ambiguous. Full-structural 

analysis of each framework mutation might reveal amino acid residues which by 

themselves can induce dramatic changes in affinity (19, 20).  

 The M18.1hum clone was chosen for expression as a full length IgG in bacteria 

due to its high affinity as a humanized clone and the decrease in anti-murine epitopes as 

detected in Figure 4.5. The pMoPac 16 vector was engineered for bicistronic expression 

of the H and L chain with co-expression of the skp chaperone, which provided an 

increase in yield of 20% for fully-assembled product (data not shown). The expression 

was followed by chromatographic purification to yield aglycosylated IgG at 120ug/L in 

shaker flasks. Although this level of expression of IgG is rather low and will require 

intensive optimization, there exists potential for production of IgG in microbial systems 

to circumvent the high cost associated with mammalian and other eukaryotic expression.  

 The full-length M18.1hum IgG was analyzed for affinity and in vitro toxin 

neutralization. Both assays revealed that the full-length version was successful in 

retaining the affinity of the scFv and possibly had a slight increase due to avidity. The 

M18.1hum clone displayed toxin neutralization similar to H25 IgG which implies a lack 

of significance of mAb glycosylation for in vitro toxin neutralization. In addition, both 

IgGs were tested for C1q binding using SPR technology and only H25 provided evidence 

for C1q affinity and thus, complement activation (data not shown). This could prove 
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advantageous in circumstances of antibody-dependent or antibody-mediated 

enhancement of microbial or viral pathogenesis.  
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4.4 EXPERIMENTAL PROTOCOL 

4.4.1 Humanization of murine M18.1 scFv 

 The M18.1 scFv clone had been previously isolated from a periplasmic display 

system in E. coli called Anchored Periplasmic Expression system (APEx) (9). The 

humanized sequence was then constructed with a set of 40 oligodeoxyribonucleotides 

(oligos), 38 oligos that were 40 nucleotides (nt) in length and 2 oligos that were 20 nt 

long, using a gene assembly process previously described (11, 12). Two clones were 

made from the M18.1 (9) sequence template, both possessing a Q55L mutation in the 

CDR L-2 which was originally isolated from an error-prone, phage-display library (10). 

This mutation had also been incorporated into M18 resulting in M18.1 with a 40% 

decrease in off-rate (9). M18.1hs was constructed with the 4 CDR mutations and grafted 

onto human framework regions for scFv assembly. This clone then served as a template 

to induce point mutations corresponding to the 5 framework mutations identified in the 

M18 clones vs. the 14B7 template using a Quickchange mutagenesis kit (Stratagene) 

which resulted in M18.1hum. Both sequences were verified by the DNA sequencing 

facility (UT at Austin) for correct assembly.  

  

4.4.2 Expression and purification of scAb fragments 

 The M18 clone was originally isolated as a single-chain fragment with N-terminal 

anchorage in the APEx system (9). Previously, the pAK400 bacterial expression vector 

(14) was modified to incorporate a C-terminal fusion of the human Kappa light chain (13) 

to result in a single-chain fragment (scAb) (13) that has shown an increase in expression 

(13) and provides an additional, well-characterized detection fragment. This pMoPac 16 
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vector also co-expresses the skp chaperone downstream of the antibody fragment, which 

causes an increase in periplasmic folding resulting in an increase in expression (13, 15). 

M18, M18.1 (Q55L), M18.1hs, and M18.1hum were cloned into the pMoPac 16 vector 

via dual terminal sfiI sites. The vectors were then sequenced for correct assembly and 

cloned into Jude cells (13) for periplasmic expression. 

 A 40 ml inoculated culture was grown in TB 2% glucose, ampicillin 200ug/ml 

overnight at 30oC with shaking to reach saturation. The 40ml culture was subcultured to 

400ml of the same media without glucose in a  2L baffled flask. The 400 ml culture was 

incubated ay 25oC for three hours before induction with 1mM IPTG. Induction was 

allowed for four hours and then harvested by centrifugation. Osmotic shock was carried 

out at previously described (13) with modification. Cells were resuspended in 20 ml 0.75 

M sucrose, 100 mM Tris-HCl pH 8.0, and addition of 1.0 ml of 10 mg/ml lysozyme in 

the same buffer.  After shaking for 10 min at 0°C, 40 ml of 1 mM EDTA was added 

dropwise followed by 15 min further incubation at 0°C.  3.0 ml of 0.5 M MgCl2 was then 

added dropwise followed by an additional 15 min incubation at 0°C. Spheroplasts were 

pelleted by centrifugation and the clarified supernatant was mixed with 1/10 volume of 

10 x IMAC buffer (100mM Tris-HCl, 5M NaCl, 0.2M imidazole, pH 8.0) and applied to 

1.5 ml Ni-NTA agarose resin (Qiagen, Madison, WI).  Following washing with 3 x 10 ml 

IMAC buffer, scAb protein was eluted with 500 mM imidazole in IMAC buffer and 

dialyzed against 2 x 2L PBS at 4°C overnight. Native M18 scAb was then applied to a 

Superdex 200 HR10/30 column (Amersham Biosciences, Piscataway, NJ) on an Äkta 

FPLC system (Amersham Pharmacia, Piscataway, NJ).  Fractions were isolated and then 

concentrated with an Amicon Ultra Centrifugal Filter Device, MWCO 10kDa (Millipore 
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Corp., Bedford, MA).  Protein concentrations were quantified using a micro-BCA 

quantification kit (Pierce, Rockford, IL). 

 

4.4.3 ScAb analysis 

 Each purified clone was subjected to ELISA testing. For anti-PA ELISAs, 50 ul 

of 2.5 ug/ml PA in PBS was coated onto a 96-well CoStar plate (Costar #9520) and left 

overnight at 4oC. Plate was brought to room temperature and blocked with 400ul of 2% 

milk in PBS for two hours. Purified antibody was diluted in the milk/PBS buffer at 2 

ug/ml and serially diluted. Plate was washed 2 x with PBS/0.5% Tween-20 and 1 x PBS. 

Detection of scAb was made by goat anti-Human Kappa light chain HRP conjugate (A-

7164, Sigma) diluted 1:2,000 in milk/PBS for one hour. Plate was then washed again as 

above and developed by the addition of 50 ul O-phenylenediamnine tablet (Sigma) 

dissolved in PBS with the addition of 5 ul of H2O2. ELISA rxn was then quenched by 

adding 50 ul of H2SO4.  

 Anti-murine epitope ELISAs were carried out similarly. Antibody constructs were 

coated onto ELISA plates at 10 ug/ml with serial dilutions. Constructs were then detected 

with goat anti-murine Fab HRP (Biorad) diluted 1:2,000 in milk and PBS. Rxns were 

then developed and quenched as mentioned above.  

  

4.4.4 Kinetic analysis of scAb constructs 

 ScAb constructs were measure by SPR technology on a Biacore 3000 instrument 

as previously reported (9). A CM5 sensor chip (Biacore) was used to immobilize 500 

response units (RUs) of either PA or BSA in sodium acetate pH 5.0 at 2 ug/ml by amine 
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coupling. The constructs were detected for affinity to immobilized PA as analytes in 

HBS-EP buffer (Biacore) at a concentration range from 20-1.25 nM in triplicate at a flow 

rate of 100 ul/min. Evaluation of affinity was made using the BiaEvaluation software 

provided by Biacore.  

  

4.4.5 M18.1hum IgG vector construction 

 The pMoPac 16 vector was used as a template to construct as dicistronic 

expression vector for IgG in bacteria. The variable light region was amplified with a N-

terminal NcoI site N-terminal of the antibody sequence and a C-terminal NotI site 

compatible with the human Kappa light chain.  The VL was then cut with NotI and ligate 

to the N-terminal region of the kappa chain. The ligation product was then used as a 

template to amplify the construct for assembly to the H-chain. The variable heavy region 

of M18.1hum was amplified with an N-terminal primer incorporating a Shine Dalgarno 

and a pelB leader for periplasmic expression. The C-terminal region of the VH was 

amplified with a primer corresponding to a HindIII site on the N-terminus of the CH1 

domain. After digestion with HindIII, the VH was ligated to the N-terminal HindIII 

digested CH1CH2CH3 region. The L and H chain were then assembled via PCR by 

overlap extension of complementary sequences between the kappa light chain and the 

heavy variable region. Once the product was verified by sequence analysis, the gene 

sequence was digested with NcoI (N-terminus) and AscI (C-terminus) for ligation into 

pMoPac16 by the corresponding digestion sites. The result of the genetic engineering 

resulted in the pMoPac16_M18.1hum IgG vector.  

 



 123

4.5.6 Expression and purification of IgG 

 The pMoPac16_M18.1hum IgG plasmid was transformed into Tuner cells 

(Novagen) for periplasmic expression. Growth conditions for the construct are identical 

to those described for the scAb constructs above. Once the cells were harvested after 

induction, the cells were brought up in 1 x IMAC buffer and lysed using the Bead-Beater 

system (Biospec Products, OK). Briefly, cells were added to a Bead-Beater chamber half-

filled with 0.1 mm glass beads (Biospec Products) at 4oC. Homogenization would take 

place for 1min intervals in between 1min incubations for 10 minutes to maintain a 

constant chilled temperature and insure maximal homogenization. Lysate was transferred 

from the beads and subjected to centrifugation at 8 krpm for 20 minutes at 4oC. 

Polyethyleneimine (Sigma) was added from a 20% solution to the lysate to a 

concentration of 2%. The solution was then centrifuged at 8 krpm for 30 min.  

 Protein-L chromatography was performed in batch for L chain purification. 

ImmunoPure Immobilized Protein L Plus beads (Pierce) equilibrated to 1 x PBS was 

added to lysate and incubated for 1 hr stirring at 4oC. Beads were then rescued by 

centrifugation and applied to a 5 ml polypropylene column (Pierce) followed by three 

column volume washes of 1 x PBS. Product was eluted by addition of 0.1M acetic acid 

pH 3.0 into tubes containing 100 mM tris buffer pH 8.0. The protein-L eluate was then 

dialyzed against 1 x PBS overnight at 4oC. 

 The protein-L eluate was then subjected to protein-A affinity chromatography. A 

1 ml HiTrap protein-A column (Amersham) was used with the Acta FPLC system 

(Amersham) for H-chain purification. The eluate was added to the column at a flow rate 

of 0.5ml/min and eluted with 0.1 M glycine pH 3.0 into tubes containing 100 mM tris 
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buffer pH 8.0. The protein-A purification was followed with size-exclusion 

chromatography using a Superdex 200 HR10/30 column (Amersham Biosciences, 

Piscataway, NJ) on an Äkta FPLC system (Amersham).  The eluted, fully assembled IgG 

was then run on SDS-PAGE for construct analysis. 

 

4.5.7 Analysis of M18.1hum IgG 

 The purified construct from bacteria was examined for retention of affinity to PA.  

A CoStar plate (Costar #9520) was coated with 50ul of 2.5 ug/ml of PA in PBS and left 

overnight at 4oC. Plate was brought to room temperature and blocked with 400 ul of 2% 

milk in PBS for two hours. Purified antibody was diluted in the milk/PBS buffer at 

1ug/ml and serially diluted. Plate was washed 2 x with PBS/0.5% Tween-20 and 1 x PBS. 

Detection of human IgG was made by probing with Protein-A HRP (P-8651, Sigma) 

diluted 1:2,000 2%milk/PBS. The plate was developed by the addition of 50 ul O-

phenylenediamnine tablet (Sigma) dissolved in PBS with the addition of 5 ul of H2O2 and 

quenched with 4.5 M H2SO4. 

 Biacore analysis of M18.1hum IgG was performed as mentioned above with 

modifications. Rabbit anti-human IgG, Fc fragment specific polyclonal IgG (Jackson 

Immunoresearch) or BSA was diluted to 2 ug/ml in 0.1 M sodium acetate pH 5.0 and 

immobilized onto a CM5 chip to saturation (around 10K RUs) via amine coupling. IgG 

was then added to the chip to a 100RU response for each run using the immobilized 

capture ligand. PA at concentrations ranging from 40-0 nM was run as analyte in HBS-

EP buffer at a flow rate of 100 ul/min. 4 M MgCl2 was used as regeneration buffer for 



 125

each concentration in triplicate. BiaEvalution software (Biacore) was used for affinity 

analyses.  

 

 

 

4.5.8 In vitro toxin neutralization assays 

 Neutralization of lethal toxin (LeTx) cytotoxicity by antibody constructs was 

performed as previously described (10) with a few modifications. Wells of 96 well tissue 

culture microtiter plates were seeded with 200,000 RAW 264.7 cells (American Type 

Culture Collection, Manassas, Va.) per well. LeTx components (PA and LF, gifts from 

Stephen Leppla) were added five minutes after incubation with/without antibody 

constructs to tissue culture medium and incubated for 1 h at 37°C prior to addition to 

RAW 264.7 macrophages. The final concentration of LeTx used was 80 ng/ml (80 ng of 

PA/ml plus 80 ng of LF/ml). LeTx was not added to control wells. After a 4-h incubation 

of the LeTx reaction mixture with macrophages at 37°C, MTT [3-(4,5-dimethylthiazole-

2-yl)- 2,5-diphenyl tetrazolium bromide] was added to the cells for 1 hr at 37°C. Cells 

were then lysed, and the colored formazan product was solubilized by addition of lysing-

solubilization buffer (11). After an overnight incubation at 37°C, the plates were read at 

570 nm on a plate reader, and the data was analyzed with Soft- MaxPro software 

(Molecular Devices, Sunnyvale, Calif.). The concentration or titer that resulted in 50% 

neutralization (50% effective concentration [EC50]) was taken as a measure of LeTx 

neutralization activity. 
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Chapter 5 

Anthrax Toxin Detection 

 

5.1 CHAPTER SUMMARY 

5.1.1 GOAL:  To carry out the first determination of the in vivo time-course of PA 

secretion after exposure of anthrax spores in an animal model.  

5.1.2 APPROACH: A sandwich ELISA was engineered to detect PA in the serum of 

exposed guinea pigs using a single-chain fragment recognizing PA domain IV.  

5.1.3 RESULTS: The engineered sandwich ELISA was able to detect unbound PA in the 

late stages of infection for 80% of the animals tested. In addition, a detection assay was 

engineered using the purified CMG2 anthrax receptor. These results indicate that a 

sandwich detection assay could provide a means of detecting anthrax exposure and 

identifying the presence of genetically manipulated toxin to determine the potential of 

neutralizing therapeutics.  
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5.2 INTRODUCTION 

Bacillus anthracis is a gram-positive bacterium that secretes its virulence factors 

via the sec pathway. The poly-D-glutamic capsule is one of the main pathogenic features 

that permits evasion from immune cells (1). The anthrax toxin, composed of the 

protective antigen (PA), lethal factor (LF), and edema factor (EF), is secreted to the 

extracellular space for interaction with the host cells. PA and LF make up the anthrax 

lethal toxin (LeTx) responsible for the symptoms associated with inhalation anthrax and 

ultimately death (2). The LeTx  action is analogous to the classic A-B toxin pathway with 

slight modifications. PA is a type II toxin which binds as the B component to the host cell 

surface receptor and then oligomerizes to a heptamer after cleavage by a host protease 

(3). LF is a type III toxin that binds to the prepore formed by the B moiety and is 

translocated into the cell to cleave MAPKKs and ultimately induce apoptosis (4).  

Symptoms associated with toxemia occur at different stages dependent on anthrax 

strain used, spore dosage, infection route, and host species. Symptoms of toxemia for 

inhalation anthrax are characterized by fever, myalgia, and malaise, which resemble 

upper respiratory infections similar to the common cold. In the rodent model, anthrax 

infection is considered a one-phase infection in which symptoms of toxemia are rapidly 

followed by expiration within a few hours, resulting in a very small, if existent, window 

for post-exposure therapy after observed toxemia. However, in the non-human primate 

model and humans, anthrax infection follows a two-phase infection pathway with a 

delayed expiration up to 10 days following initial symptoms of toxemia (5). The two-

phase system provides a real-time model for treating infection during the second phase of 

infection in a post-exposure attack as seen in the U.S. (2001). Yet, non-human primate 

experiments are not feasible for preliminary experiments analyzing prophylactic and 
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post-exposure therapies, and, thus, the great majority of therapeutic investigations of 

anthrax infection are carried out in the rodent model. 

In total, the 2001 anthrax attacks led to eleven cases of inhalation anthrax 

resulting in five deaths (6). The mean incubation period of these cases from the time of 

exposure (when known) and onset of symptoms was 5 days (range from 4-6). The 

symptoms of toxemia associated with the anthrax LeTx prompted patients to seek 

treatment. Of the 10 U.S. postal cases, Figure 5.1 highlights the chronology of events for 

the four patients who did not survive.  Of the four cases, infection of B. anthracis was 

confirmed in three of the patients after death through the growth of medium inoculated 

with CSF and blood samples (6). In addition, three of the initial visits of the patients 

consisted of typical cell blood count (CBC) tests from blood samples which did present 

signs of infection, yet there was no available test for anthrax toxemia.  
 

 

 

 

 

 

 

 

 

 

FIGURE 5.1 Chronology of post-symptomatic events for 2001 U.S. postal anthrax 
victims. Time-line begins from the onset of initial symptoms to expiration with a mean 
time-to-death after symptom onset of 6.4 days. 75% of the patients were not diagnosed 
with anthrax infection until after death. Data adapted from (5). 
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The symptoms of toxemia associated with toxin secretion have led to the 

implications of possible anti-toxin agents providing post-exposure passive immunity to 

anthrax infection. PA is a suitable target, based on mechanistic consideration since 

prevention of initial binding of the LeTx should hinder prepore assembly (7). Previous 

experiments have shown polyclonal anti-PA antibodies provide protection against 

anthrax spore challenges in animal models where anti-LF studies have not (8). The 

application of anti-PA mAb therapy has also proven effective in a prophylactic and post-

exposure setting in the rabbit model (9). However, the exact mechanism by which the 

therapy provides immunity and the stage of infection in which PA is secreted in vivo after 

exposure remains simply conjecture. The current vaccines are thought to be effective due 

to an elicited anti-PA titre. Yet, to the best of our knowledge, no measurements of PA 

concentration in patients or animal models have been reported. Such information would 

prove useful for not only assessing post-exposure strategies, but also could form the basis 

for a rapid diagnostic strategy when evaluating potential anthrax patients.  

 

5.2 RESULTS 

5.2.1 Engineered sandwich ELISA  

To engineer a highly sensitive assay for PA detection, a sandwich ELISA 

approach was used. The M18 murine scFv (10) was cloned into the pMoPac 16 vector 

(11) for fusion to the human kappa chain for expression as a single-chain fragment 

(scAb) (12). The purified scAb fragment recognizes domain IV of PA with an overall KD 

of 35 pM (10). The M18 scAb was coated on a 96-well ELISA plate overnight to serve as 

the capture ligand. PA was serially diluted in milk/PBS and in human serum for capture 
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and incubated for 1hr. After washing, rabbit anti-PA polyclonal serum was diluted in 

milk/PBS and added to the plate for detection of all other available PA epitopes. After 

washing, goat anti-rabbit polyclonal IgG-HRP conjugate was added for detection of 

bound rabbit polyclonal antibody. Note that this format added an extra amplification step 

in an effort to boost signal-to-noise and, thus, assay sensitivity (Figure 5.2).  

The sensitivity of the sandwich ELISA was determined by PA serial dilution 

(Figure 5.3). PA was detected with a lower limit of <1 ng/ml. In addition, the assay was 

capable of detecting PA in human serum with minimal background, an important 

consideration for use in clinical studies.  
 

 

 

 

 

 

 

 

 

FIGURE 5.2 Anti-PA sandwich detection ELISA. M18 scAb was chosen as the capture 
ligand for domain IV of PA. Rabbit anti-PA polyclonal recognizes all other epitopes 
available, and goat anti-rabbit polyclonal provides the final detection step.   
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FIGURE 5.3 Anti-PA sandwich detection ELISA. The assay was able to detect PA diluted 
in 2% milk/PBS and human serum with minimal background. Lower detection limits for 
the ELISA is <1ng/ml of PA.  
 
 

5.2.2 Analysis of animal serum samples 

After positive results from preliminary PA detection studies, a suitable animal 

model was utilized to obtain anthrax post-exposure serum samples. Male guinea pigs 

(225-300 g) were exposed to 500 x LD50 (2 x 107) of Vollum anthrax spores (13) and 

bled twice daily until euthanasia or expiration. Serum samples were analyzed for the 

presence of PA using our new sandwich ELISA. Results are presented in Figure 5.4.  

PA was detected in samples from 80% of the animals taken at or near the time of 

death. One animal (25539) displayed the presence of PA in two samples; a relatively high 

concentration of 24 ug/ml of serum just prior to death and at a lower concentration of 
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0.38 ug/ml detected 9 hrs earlier. These results verify that PA can be detected in the late 

stages of infection, within approximately 12 hrs of death, with a mean time-to-death of ≈ 

77 hrs post-exposure. Tissue samples from all animals were taken for histology tests and 

revealed that animals considered moribund, and thus euthanized, possessed equivalent 

CFUs  (≈ 107 - 109) of bacteria as those which expired due to toxemia (data not shown).  
 

 

FIGURE 5.4 PA detection from exposed animal serum. Male guinea pigs (225-300 g) 
(Charles River) were exposed to 500 x LD50 anthrax spores. Blood samples were taken 
twice daily for analysis via the ELISA assay. Results indicate that  PA was detected in 
the serum of 80% of exposed animals in the late stages of infection.  
 

 

5.2.3  ELISA engineered for mutant PA 

The 14B7 scFv clone was originally isolated against domain IV of PA due to its 

antagonistic inhibition to prevent cell receptor binding (7). Domain IV is believed to be 

responsible for the majority of binding to the CMG2 (14) and ATR/TEM8 (15) receptors.     

Leppla and colleagues, through scanning-alanine mutagenesis, were able to show that the 

amino acid substitution Y688A in domain IV of PA greatly reduces the affinity of 14B7 

mAb to PA, but not cell surface binding and toxicity (16). It is therefore believed that by 

engineering such a mutant into a fully virulent strain of anthrax, toxin would not be 

neutralized by 14B7-derived mAb therapy.  

Animal     PA conc. (ug/ml) / Sample Time          Time-to-death        Mode of Death
25535                             0                                              96hrs                 Euthanized 
25536                     1.68 / 72hrs                                     72hrs                 Euthanized 
25537                     0.07 / 58hrs                                   60-70hrs               Toxemia 
25538                     0.34 / 72hrs                                     72hrs                  Euthanized 
25539            0.38 / 72hrs, 24.32 / 81hrs                        81hrs                  Toxemia 



 136

The ability to modify a potential biowarfare agent to evade current and future 

therapeutics must be taken into consideration. Therefore, we sought to engineer an assay 

that would be able to detect anthrax strains that have a genetically modified PA 

component that still retains receptor binding. For this assay, a mAb ligand is not 

sufficient for the capture of mutant PA. Therefore, the CMG2 receptor was chosen due its 

reported high affinity to PA and the ubiquitous expression among most human cell lines 

(15). The underlying assumption here is that any mutant PA that retains virulence in vivo 

would necessarily retain high affinity for the endogenous cellular receptors, including 

CMG2.  

The soluble component of the CMG2 receptor was a gift from Stephen Leppla 

and was incorporated into the assay as the capture ligand. The ELISA was then 

performed corresponding to the schematic shown in Figure 5.5. Both the CMG2 soluble 

receptor and the M18 scAb were analyzed for sandwich detection of native PA and PA 

Y688A. The detection format is very similar to Figure 5.2 with rabbit anti-PA polyclonal 

and goat anti-rabbit HRP being used for signal amplification. Results from the assay are 

shown in Figure 5.6.  CMG2 was able to capture both native PA and PA Y688A with 

equal efficiency (Figure 5.6A). However, the capture of PA Y688A by M18 was 

diminished by about 8-fold capture efficiency compared to wild-type PA (Figure 5.6 B, 

C). Nevertheless, the dramatically higher affinity of M18 provided for an approximately 

40-fold greater sensitivity for wild-type PA and a 5-fold greater for PA Y688A compared 

to CMG2.  
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FIGURE 5.5 Sandwich detection ELISA for native and mutant Y688A PA. The soluble 
anthrax receptor, CMG2 (left), and M18 scAb (right) were capture ligands for detection 
of native PA and the mutant Y688A in domain IV.  
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FIGURE 5.6 Anthrax receptor sandwich detection ELISA results. CMG2 and M18 scAb 
served as capture ligand for native and Y688A mutant PA. Results show that CMG2 
bound to both native and mutant PA with similar affinity (A). However, there was a 
dramatic decrease in affinity for M18 to the mutant PA compared to native toxin (B). (C) 
Highlights the difference between the two PA clones. Note that M18 was still able to 
detect Y688A with higher sensitivity than CMG2.  
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5.3 DISCUSSION 

The pathogenesis of anthrax infection has been conclusively attributed to toxin 

activity. Previous studies have shown that toxin neutralization can result in passive 

immunity without antibiotic treatment (8, 9). In addition, anthrax strains lacking the toxin 

genes are avirulent in some animal models (17). This has led to a vigorous anti-toxin 

campaign for the isolation of small molecules (18, 19.) and proteins targeting the anthrax 

toxins (9, 20, 21). Surprisingly, the time-course of toxin secretion has not been 

characterized during an infection. 

Here, we engineered a PA detection ELISA by developing a sandwich using 

polyclonal antibodies and single-epitope capture ligands. The assay was able to detect PA 

with a lower limit of < 1ng/ml of serum. The ELISA was used to establish the time-

course with which PA can be detected in the systemic circulation of guinea pigs exposed 

to Vollum strain anthrax spores. PA was detected in the latter stages of anthrax infection 

of the animals. This represents the first time in which in vivo PA detection has been 

reported for animals exposed to anthrax spores. 

PA was detected in the serum of four out of five animals exposed to anthrax 

spores. Two of the three euthanized animals had PA detected by our ELISA. These 

animals were euthanized due to onset of symptoms of toxemia attributed to anthrax 

infection per the approved IACUC protocol. In addition, both of the animals that expired 

due to toxemia displayed levels of circulating PA before initial symptom onset. It thus 

appears that our engineered assay was able to detect toxin secretion in animals both 

before and after symptom onset.  

An unambiguous time course of PA levels are difficult to extrapolate from this 

data. For example, although the administered spore dosages were uniform among all five 

guinea pigs, the amounts that reached the lungs may have differed tremendously among 
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the different animals. Such variation could affect incubation/germination periods, growth 

of nascent vegetative bacteria, toxin secretion, and eventually symptom onset. Therefore, 

experiments for time-dependent toxin secretion might be best executed by injection of 

spores or bacteria to avoid respiratory incubation period differences.  

Previous work has shown the ability to detect capsular antigen and bacteremia in 

infected animals before expiration (22). This led to the anticipation that PA could be 

detected within an early stage of infection, as toxin genes have been shown to be 

expressed during germination. Therefore, it might be surprising that PA detection only 

occurred in the latter stages of infection in four of the five animals and not at all in the 

fifth. However, it must be taken into consideration that PA is secreted in an environment 

surrounded by tissue in which anthrax receptor, specifically CMG2, is highly expressed. 

With such a high affinity to CMG2 (KD ≈ 200 pM) (23), receptor-bound PA would most 

likely not be detected. Therefore, detection might only occur at or near saturation of the 

vascular system with PA.  

In another set of experiments, the soluble CMG2 anthrax receptor was utilized for 

the detection of a PA variant that was specifically identified as being able to evade 14B7 

binding yet retain cell toxicity since affinities for cellular receptors are not appreciably 

changed. The ability to genetically modify a potential biowarfare agent that is not 

inhibited by potential single-epitope therapy must be taken into consideration. The 

CMG2 receptor was incorporated as a capture ligand adjacent to M18 for detection of 

native and mutant Y688A PA. As expected, CMG2 was able to bind both PA clones with 

similar affinity, while M18 showed a dramatic decrease in affinity to PA Y688A. This is 

the first reported study to test the affinity of such a mutant with the purified anthrax 

receptor, CMG2. In addition, these results also indicate a method of testing potential 

antibody and other therapeutics by plate assays prior to human administration. 
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Interestingly, M18, due to its overall higher affinity, provided for a more sensitive assay, 

even with PA Y688A.  

As a diagnostic, the new sandwich detection ELISA could provide evidence of 

toxin secretion in a clinical setting. Of the five deaths in 2001, only one patient was 

diagnosed with B. anthracis infection before death. Yet, each patient was tested for CBC 

upon initial contact with health professionals. The incorporation of a toxin or bacterial 

diagnostic specific to anthrax could prove useful during this time-frame, as some patients 

did not receive the Ciprofloxacin antibiotic treatment until other antimicrobials failed to 

improve patient status.  Recent anthrax diagnostic tools focus on PCR (24) and bacterial 

surface antigens (25) for B. anthracis confirmation. An immunoassay could prove useful 

for detection of anthrax infection in the clinical setting, especially if incorporated into an 

automated assay platform such as the Luminex bead assay (26).   
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5.4 EXPERIMENTAL PROTOCOLS 

5.4.1 Sandwich detection ELISAs 

M18 scFv construct had been previously cloned into pMoPac16, expressed as a 

scAb, and purified by IMAC and size-exclusion chromatography (see experimental 

protocols of chapters 2, 3, and 4). CMG2, rabbit anti-PA polyclonal, native PA, and 

Y688A PA were gifts from Stephan Leppla. Human serum had previously been isolated 

from a donor at the University of Texas Health Center. For overnight coating, 50 ul of 

M18 scAb (10ug/ml) or CMG2 (30ug/ml) was incubated overnight in a 96-well ELISA 

plate (#3590, Corning Inc., Corning, NY) at 4oC. The plate was then brought to room 

temperature and blocked with 2% dried milk (Carnation, Nestle)/PBS for two hours. Plate 

was washed three times with 1 x PBS/0.5% Tween 20 then once with 1 x PBS. Native PA 

or Y688A variant was diluted into milk/PBS or human serum at 5ug/ml and serially 

diluted onto the ELISA plate. After a one-hour incubation, the plate was washed as 

mentioned above. Rabbit anti-LF polyclonal serum was diluted 1:1,000 in milk/PBS and 

added to the plate for a one-hour incubation. The plate was then washed again followed 

by the addition of rabbit-anti-goat IgG-HRP conjugate (BioRad) diluted in milk/PBS for 

one hour. ELISA reactions were developed with o-phenylenediamine (OPD) tablets 

(Sigma) and quenched by the addition of H2SO4. 
 
 
 

5.4.2 PA detection from exposed animals 

Female Hartley guinea pigs (250-300g) (Charles River Laboratories, MA) were 

exposed to 500 x LD50 (2.0 x 107) anthrax spores via intranasal inoculation.  Blood 

samples were taken from the femoral artery at various time-intervals from 0-96 hrs post-

exposure or at the time of death.  Serum was obtained by centrifugation and separation 
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using StatSampler columns (StatSpin, Norwood, MA).  The concentration of unbound PA 

in serum was determined by sandwich ELISA.  Briefly, 50ul of purified M18 scAb at 

10ug/ml was coated overnight in CoStar 96 well plates (#3590, Corning Inc., Corning, 

NY). Serum samples were diluted 1:1 with 2% dried milk (Carnation, Nestle)/PBS, and 

then serially diluted.  After a 1hr incubation, the plate was washed 3x with PBS/ 0.5% 

Tween and once with PBS.  Rabbit anti-PA polyclonal IgG (gift from Stephen H. Leppla) 

was added at 1:2,000 dilution in 2% milk/PBS for 1hr, and then washed as mentioned 

previously. Goat anti-Rabbit IgG HRP (BioRad) was used to detect immune complexes.  
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