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Abstract

Clostridium difficile is the leading cause of death from gastrointestinal infections in
Canada. Current antiobiotic treatment is non-ideal due to the high incidence of relapse and the
rise in hyper-virulent antibiotic-resistant strains. Surface layer proteins (SLPs) cover the entire
bacterial surface and mediate adherence to host cells. Passive and active immunization against
SLPs greatly enhances survival in hamsters, suggesting that antibody-mediated bacterial
neutralization may be an effective alternative therapeutic strategy. Using a recombinant-antibody
phage display library, and SLPs from strain QCD 32g58 as bait antigen, we isolated and
extensively characterized 11 SLP-specific recombinant single-domain antibodies (sdAbs), in
terms of affinity and specificity, intrinsic stability, and ability to inhibit cell motility. Several
sdAbs exhibit promising characteristics for a potential oral therapeutic based on their high
affinity, high thermal stability, and resistance to pepsin digestion. Our study provides the basis of
a proof-of-principle model with which to develop specific, broadly neutralizing and intrinsically
stable antibodies for the oral therapy of C. difficile infections, as an alternative to conventional

antibiotic treatment.
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1. GENERAL OVERVIEW, OBJECTIVES, AND HYPOTHESIS

Clostridium difficile is a Gram-positive, anaerobic, gastrointestinal pathogen that is
transferred by the fecal-oral route. It is the leading cause of hospital acquired infections in
developed countries. A recent study reports that the United States spends an estimated $3.2
billion USD per annum for the treatment of C. difficile associated disease (CDAD) (O'Brien
et al., 2007) — a three fold increase of the previously modest estimate of $1.1 billion USD per
annum. Several outbreaks occurred in over 30 hospitals in the province of Quebec, Canada,
in a span of 4 years. From 2003-2005, C. difficile has been linked to the death of an
estimated 2000 people in the province of Quebec alone (Jean-Benoit Legault, 2008). In
Canada, C. difficile is the leading cause of deaths due to gastrointestinal (GI) infections
(Statistics Canada; Canadian Vital Statistics, Death Database). Antibiotics are the
predisposing agents to C. difficile infections as they eliminate competition from the normal
flora, allowing this opportunistic pathogen to flourish. Ironically, C. difficile infections are
treated with vancomycin, or metranidazole, however, there is increased pressure to develop
alternative therapeutic methods to treat C. difficle infections with the recent emergence of
hypervirulent strains in combination with the continued rise in antibiotic resistance.

C. difficile produces two major toxins, toxin A and toxin B, and the majority of
research is focused on these toxins as they are the primary virulence factors (Lyerly et al.,
1988; Giannasca and Warny, 2004; Hussack and Tanha, 2010). However, other virulence
factors such as cell wall proteins, SLPs, and flagellar components have been identified as
additional potential therapeutic targets. SLPs in particular are attractive targets for this
purpose due to their abundance on the cell surface and their requirement for adherence to
host cells (takumi et al., 1991; Drudy et al., 2001; Calabi et al., 2002). Moreover, several
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studies have demonstrated the efficacy of anti-SLP antibody therapy in hamster models of C.
difficile infections (O’Brien et al., 2005; Torres et al., 1995; Pechine et al., 2007).

Currently, toxin-neutralizing monoclonal antibodies are undergoing clinical trials
(Taylor et al., 2008), but, little effort is focused on alternative strategies for reducing the
bacterial burden and promoting bacterial clearance. However, while antibody therapy is an
attractive alternative for treating C. difficile infections, developing monoclonal antibodies is
labor intensive. A cost effective alternative is the selection, using phage display technologies,
of single-domain antibody fragments which retain the full binding capabilities of full size
IgGs. A single-domain antibody (sdAb) is the variable domain (i.e. antigen binding site) of a
full size antibody. Camelid sdAbs are particularly attractive therapeutic reagents due to their
high affinity, low immunogenicity, high expression yields, increased stability, and high
solubility (Holliger and Hudson, 2005; Arbabi-Ghahroudi et al., 2005; Hussack and Tanha,
2010). The work presented in this thesis is based on the hypothesis that llama SLP-specific
sdAbs are potential alternative oral therapeutics for treating C. difficile infection. To
investigate this, we set out to accomplish the following main objectives:

i.  To isolate llama VH/VHH antibodies with high affinity and specificity to
purified C. difficile SLPs, using phage display technology,
ii. To demonstrate the ability of the isolated antiSLP antibodies to bind C.
difficile cells in vitro, and
iii.  To assess their therapeutic potential by determining their solubility, thermal

stability, resistance to pepsin digestion, and ability to inhibit cell motility.
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2. LITERATURE REVIEW
2.1 C. difficile and its targets for antibody therapy

C. difficile causes a gastrointestinal infection with symptoms ranging from mild
diarthea to fatal pseudomembranous colitis (PMC). Symptoms are collectively termed
CDAD. As an opportunistic pathogen, it awaits a disturbance in the gut microflora in order to
establish infection. The primary predisposing agent to PMC and CDAD is prolonged
treatment with broad-spectrum antibiotics, which eliminate competition from the commensal
bacterial flora of the bowel. This lack of competition allows C. difficile spores to germinate
and colonize the gastrointestinal tract. 1-3% of all healthy adults are asymptomatic carriers,
but this rate increases to 20% upon antibiotic treatment (McFarland et al., 1989). In humans,
C. difficile colonizes the distal colon (Lyerly et al., 1988; Borriello, 1998). Surface layer
proteins (SLPs) then play a critical role in adherence to the intestinal epithelium in order to
establish infection (Calabi et al., 2002; Drudy et al., 2001). Upon colonization, the bacterial
cells begin secreting toxins that result in an inflammatory reaction at the epithelial lining of
the GI tract, leading to diarrhea (Lyerly et al., 1988). Toxin production has been linked to the
activity of quorum sensing molecules (Lee and Song, 2005), suggesting that the process may
be cell-density dependent within the GI tract. Inflammatory cells, fibrin, bacterial and
cellular components begin to accumulate after prolonged inflammation, leading to the
formation of pseudomembranes at the mucosal wall. Perforation and degradation of the
intestinal mucosa leads to mortality. Ironically the most common method to treat C. difficile
infections is through the administration of antibiotics, namely vancomycin, bacitracin or
metronidazole. However, there is a 20% chance of relapse even after prolonged antibiotic
treatment, and a further 30-50% will experience a third relapsing episode (Kyne et al., 2001;
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Barbut et al., 2000). Interestingly, patients with relapse incidences were found to exhibit a
low antibody response to the bacterial toxins (Aronsson et al., 1985; Leung et al., 1991;
Warny et al., 1994), and low immunoglobin M (IgM) antibodies to SLPs (Drudy et al.,
2004). It is clear that treatment of an antibiotic-‘associated’ disease using an antibiotic is not

ideal.

2.1.1. Strains and toxigencity: the evolution of hypervirulent strains

There are a number of C. difficile strains isolated, each with its own level of
toxigenicity; however, not all strains are toxigenic. The C. difficile genome contains a 19.6
Kb pathogenicity locus (PaLoc) which encodes the toxin genes tcdA and tcdB, as well as the
positive and negative regulators TcdR and TcdC, respectively (Voth and Ballard, 2005).
Mutations in the regulatory genes greatly affect toxin production.

Hypervirulent strains have emerged over the last two decades. For example, a non
epidemic strain isolated in 1985, and belonging to the PCR ribotype 027, became epidemic
through the accumulation of genetic elements (Stabler et al., 2009). Ribotype 027 strains
have evolved to produce higher levels of toxins due to deletions within ¢cdC, and they have
also acquired motility, additional response regulators and transcription factors, additional
antibiotic resistance cassettes and have shown enhanced sporulation ability, all of which
contribute to their hyper virulence. The most prominent of the hypervirulent strains belong to
this PCR ribotype. These strains are classified as North American pulsed field gel
electrophoresis type 1 (NAP1), toxinotype III, and restriction endonuclease analysis group
BIL. A binary toxin gene is also typically found in ribotype 027 strains (Cartman et al., 2010).
Quebec strain QCD-32g58 is one such hypervirulent strain belonging to this group. It was

undetected in 2000 and 2001, but was responsible for the 2003 outbreak, in which its
15



prevalence was estimated at 75.2% of all PCR-ribotyped strains. It possess the signature 18-
bp deletion within the tcdC gene, as well as a single nucleotide deletion at position 117 —
both of which were identified in a United Kingdom reference strain — leading to the severe

disruption of TcdC function (MacCannell et al., 2006).

2.1.2. C. difficile toxins

C. difficile produces two potent toxins that are the primary virulence factors. Toxin A
(TcdA), and toxin B (TcdB) are cytotoxins (reviewed in (Lyerly et al., 1988; Giannasca and
Warny, 2004; Hussack and Tanha, 2010)). Both toxins target the Rho/Ras family of GTPases
which are essential for cellular function since their permanent inactivation leads to disruption
of many critical pathways that are necessary to maintain cellular integrity and thus cell-
barrier function of the epithelium (Jank and Aktories, 2008; Voth and Ballard, 2005; Jank et
al., 2007; Pothoulakis, 2000). Administration of TcdA intragastrically was shown to be lethal
in animal studies, while administration of TcdB alone was not; however, they appear to act
synergistically when co-administered (Lyerly et al., 1985). Interestingly, after mechanically
compromising the intestinal wall, administration of TcdB leads to death, therefore suggesting
that TcdA initially affects the epithelial integrity, paving the way for the more potent
cytotoxin, TcdB.

Some strains also produce the binary C. difficile transferase (CDT) toxin. This toxin
was shown to inhibit actin polymerization (Goncalves et al., 2004). Interestingly, this toxin
was also shown to induce the formation of microtubule protrusions that form a dense
meshwork at the surface of the epithelial cell (Schwan et al., 2009). This meshwork

enhanced bacterial adherence by wrapping and embedding bacterial cells. Quebec strain

16



QCD-32g58 produces and secretes CDT as well as comparatively higher levels of toxin A
and toxin B.
2.1.2.1. Structure and function of toxins A and B

TcdA and TcdB are exotoxins with molecular weights of 308 kDa and 269 kDa,
respectively. They are single polypeptide chains possessing multiple domains with distinct
functions (reviewed in (Hussack and Tanha, 2010)). The C-terminal end of both toxins is a
cell receptor binding domain that is thought to interact with host cell surface receptors,
through multivalent interactions. Binding to the host cell surface receptors, which are
thought to be glycoproteins, induces endocytosis. Endosomal pH changes then induce a
conformational change in the toxin which frees the N-terminal glucosyltransferase (GT)
domain into the cytosol, where it proceeds to transfer glucose to Rho-GTPases rendering the
enzyme permanently inactive, leading to disruption of structural integrity and increased
permeability of cells (Jank and Aktories, 2008).

These toxins have been studied extensively, and efforts are now focused on
developing therapeutic alternatives to mainstream antibiotic treatment. It was demonstrated
that antibodies to toxins are effective at preventing disease (Salcedo et al., 1997, Babcock et
al., 2006; Hussack and Tanha, 2010). Recently, Hussack et al. (2011a) isolated anti-toxin
antibodies that were highly potent at toxin neutralization in vitro, and when used in
combination were in fact super-potent.

Understanding the structure and function of each toxin is crucial for designing
effective therapeutic agents. The majority of research on C. difficile therapeutics is focused

on its toxins as they are well characterized and are the major virulence factors; however,

17



other virulence factors such as cell wall proteins, SLPs, and flagellar components warrant
further investigation as possible targets for therapeutic intervention.
2.1.3. C. difficile surface layer proteins

SLPs are common to almost all Archaea, and can be found in almost every
phylogenetic group within Eubacteria (Sleytr and Beveridge, 1999). In C. difficile, the
surface layer is composed of SLPs with other minor cell wall proteins arranged in a para-
crystalline array (Sara and Sleytr, 2000; Kawata et al., 1984; Takumi et al., 1991; Cerquetti
et al., 2000). SLPs are encoded by the slp4 gene (Calabi et al., 2001). Studies suggest that
the cell wall proteins identified may play a role in C. difficile pathogenicity. Cwp66 was
identified in a gene cluster located near the slpA gene (Calabi et al.,, 2001) and was later
demonstrated to possess adhesive properties (Karjalainen et al., 2001; Waligora et al., 2001).
More recently Cwp84 was identified as a protease required for SLP maturation (Kirby et al.,
2009).

SLPs are the most abundant proteins in the S-layer of C. difficile. The SLP protein
precursor is cleaved to generate what is generally termed as the high- and low-molecular
weight (MW) subunits, or P47 and P36, respectively (Figure 1) (Calabi et al., 2001). The two
subunits associate to form a mature protein that covers the entire surface of the bacterium. It
remains unclear if the post translational processing occurs in the cytoplasm or periplasm.
Based on their outer surface localization and abundance, it is speculated that SLPs play a

critical role in host-pathogen interactions.
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Figure 1: SDS-PAGE profiles of SLPs extracted from C. difficile strain 630 (CD630)
and QCD-32g58 (QCD). The two major bands are the subunits of SLPs, P47 and P36. SLPs
comprise the majority of the S-layer. Minor proteins can also be released during SLP
extraction by low pH. The array of bands present in the preparations could also be
breakdown products of SLPs. Lane 1: MW markers; lane 2: CD630 SLPs; lane 3: QCD
SLPs.

2.1.3.1. Patterns of sequence conservation of sipA

The SlpA precursor protein, encoded by sipA4, contains a signal sequence which
targets it for translocation across the cytoplasmic membrane (Calabi et al., 2001; Karjalainen
et al., 2001). Cleavage of the precursor by Cwp84 results in the two subunits, P36 and P47,
that combine to form the mature protein (Kirby et al., 2009). The SlpA cleavage site, the P36
C-terminal and the P47 N-terminal are relatively well conserved (Calabi et al., 2001; Calabi
and Fairweather, 2002; Fagan et al., 2009).

P36 is encoded by the 5’ terminus of the sip4 gene (Karjalainen et al., 2001; Drudy et
al., 2004), and is the most consistently recognized subunit by anti-sera raised against the
immunizing strain (Pantosti et al., 1989). P47 is encoded by the 3° end of the sip4 gene. P36
is conserved in length, yet it exhibits low interstrain identity among the different PCR-
ribotypes (Calabi and Fairweather, 2002; Spigaglia et al., 2011). The high variability
observed could be due to either the lack of functional constraints, or the evolutionary need to

evade the hosts’ immune response. In contrast, P47 varies in length but displays higher inter-
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strain identity. Studies have demonstrated the cross-reactivity of antisera to P47 from
different strains, and across the different groups albeit to a less-consistent degree, while P36
is only recognized by antisera to SLPs from the immunizing strain or members of the same
group, with very low cross-reactivity among the different groups (Calabi et al., 2001;
Cerquetti et al., 2000). P47 is ~45% homologous to a Bacillus subtilis N-acetylmuramoyl-L-
alanine amidase, and shows amidase activity (Calabi et al., 2001). The homology domain is

thought to mediate anchoring to the cell wall and may play a role in cell wall turn-over.

2.1.3.2. SLP structure

Recently Fagan et al. (2009) reported structural insights into the organization of SLPs
in C. difficile. Low resolution Small Angle X-ray Scattering (SAXS) data collected of the
Low-MW SLP and the High/Low (H/L) complex demonstrates the presence of interaction
domains within the high- and Low-MW subunits of SLPs, and that the two SLPs are oriented
to form an elongated structure. By generating deletion mutants, they were able to map the
essential residues of the interaction domains to residues 260-321 and 1-40 on the low- and
High-MW subunits, respectively (Figure 2). Moreover, deletion of residues 211-259 in the
Low-MW subunit reduced affinity to the High-MW subunit by 10-fold. Consistent with these
results, an alignment of six representative C. difficile stains reveals a 70-74% sequence
identity for C-terminal residues 245-274 and 304-321, confirming their relevance in subunit
interactions.

The first crystal structure of a surface layer protein from a pathogen came when
Fagan et al. (2009) reported the structure of a truncated version of the Low-MW SLP
(residues 1-262). Their crystal structure revealed two domains within the Low-MW SLP,

where domain 1 forms a two-layer sandwich architecture and contains both N- and C-
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terminals of the subunit. Domain 2 contains a loop rich region that is mapped to the end of
the H/L complex, and is most probably exposed to the environment. The remaining
conserved residues lie in the center of domain 2 and extend towards the loop rich region.
Fagan et al. hypothesize that the loop rich region is a key feature that enables the structure to
tolerate residue variability while maintaining the overall fold. Their model supports the
hypothesis that the high variability observed in the Low-MW SLP is a function of
environmental pressure to evade the host immune response by altering receptor specificity.
Moreover, since the two domains within the Low-MW SLP are oriented towards the
environment, the conserved residues could represent a necessary functional motif.

The High-MW subunit contains two cell wall binding domains with the C-terminus
protruding away from the bacterial surface. The N-terminus is only slightly accessible to the
environment. Since it plays a role in host-pathogen interactions, it is probable that either
termini mediate the host-cell interaction, and not the inner region of the High-MW SLP, as

an array of SLPs may leave the inner region of the protein inaccessible to host receptors.
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Figure 2: C. difficile SLPs. A) Structural representation of the Low-MW subunit (silver) of
SLPs in complex with the High-MW subunit (red), anchored to the cell wall of C. difficile.
The Low-MW subunit crystal structure was solved, and two domains were identified. B) The
respective orientation of each subunit in the SIpA precursor protein. The positions of the
signal sequence (SS) and the Cwp84 cleavage sites, as well as the two domains within the
High-MW subunit are indicated. The residues essential for subunit association are also
indicated. (Fagan et al., 2009)

2.1.3.3. SLPs in host-cell interactions and disease

SLPs have been hypothesized to play an important role in bacterial adherence to host
tissue, and many studies using tissue sections and immortalized cell lines have demonstrated
so. The first observation came when Takumi et al. (1991) assayed the adherence of C.
difficile cells to HeLa cells in vitro. They found that intact C. difficile cells adhered to HeLa
cells at a ratio of 34.4:1, while gluteraldehyde fixed bacterial cells lacking their S-layer
adhered at a ratio of 2.2:1. Furthermore, antibody fragments (Fab, fragment antigen binding)
from anti-sera to either P36, P47, or to both subunits, reduced C. difficile adherence to HeLa
cells to levels of 63%, 55% and 83%, respectively.

Although P36 was studied more intensively than P47, several studies have
demonstrated the role of both SLPs in cell-host attachment. Drudy et al. (2001) used human
biopsy specimens of primary colonic and intestinal epithelial cells to demonstrate that

toxigenic and non-toxigenic C. difficile adhere to human tissue, indicating that adherence is
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independent of toxin production. They also demonstrated that adherence to immortalized
human ileocaecal and colonic cell lines (Caco-2 and HT29) is possible, albeit to a lesser
extent than to human tissue. The observed differences in adherence maybe due to an altered
or less differentiated C. difficile receptor(s) on the cell lines’ surface. Moreover, pre-
incubation of C. difficile cells with immune sera significantly decreased bacterial adherence
to these cell lines when compared to controls. Calabi et al. (2002) have demonstrated
binding of native and recombinant SLPs, as well as labeled whole C. difficile cells, to mouse
and human gut tissue sections, and to the human epithelial cell-line HEp-2. Binding was
observed by both recombinant High-MW (1P47), and recombinant Low-MW (1P36) by
ELISA to HEp-2 cells. However, rP36 binding was significantly lower than that of rP47.
Fluorescence activated cell sorting (FACS) analysis revealed that anti-sera to rP47
preincubated with fluorescently labeled C. difficile reduced binding to HEp-2 cells by 20-
30%. A similar study reported the reduction of C. difficile adherence to Caco-2 cells when
bacteria were pre-incubated with P36 specific antisera (Karjalainen et al., 2001).
Examination of C. difficile binding to human intestinal biopsy tissue sections revealed a
distinct intensity and binding pattern to the various segments and cell subpopulation of the
intestinal tract (Calabi et al., 2002). Interestingly, the rP47 binding pattern replicates the
pattern seen with whole C. difficle cells, while rP36 shows only weak and punctuated
binding to certain sections and cell sub-populations. Collectively, this suggests that while
both SLPs play a role in cell-host interaction, P47 primarily mediates binding of C. difficile

to intestinal tissue.

2.1.4. Current and potential therapies for C. difficile infections
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The current choice of treatment for C. difficile infection is administration of
vancomycin or metronidazole. However, vancomycin is rather expensive, and resistance to
both antibiotics has been observed (Pelaez et al., 2002). Alternative therapies such as novel
C. difficile-specific antibiotics (Rea et al., 2010), fecal-transplantation therapy to re-establish
normal flora, toxin binding resins, toxin-based and cell-wall antigen-based vaccines, and
toxin specific antibodies have been explored (reviewed in (Hussack and Tanha, 2010)).
There is a focus on neutralizing toxins in order to reduce disease severity, with little effort
focused on reducing infection and promoting bacterial clearance. By identifying other
virulence factors, new treatment options can be developed to target whole cells in addition to
toxin neutralization. Cell surface proteins are excellent candidates for this approach, and
SLPs in particular are ideal targets for new therapeutic strategies due to their abundance and
drug accessibility, and their implication in adhesion to host cells.

The Syrian hamster Mesocricetus auratus is widely accepted as the animal model for
C. difficile infection; however, CDAD is more severe in hamsters than in humans, therefore
making this a very stringent model. Recently, a study by O’Brien et al. (2005) demonstrated
that passive immunization of hamsters using anti-SLP sera results in significantly prolonged
survival of individuals. The anti-serum also readily agglutinated C. difficile cells and
promoted phagocytosis in vitro. In another study, hamsters were actively immunized using
toxoids A and B and C. difficile whole cell antigens (Torres et al., 1995). Significantly
higher anti-toxin antibody levels, as well as sera with high bacterial agglutination activity,
were observed in hamsters that were protected against C. difficile challenge. This suggests
that the ability to mount an antibacterial antibody response may significantly enhance

survival. In parallel studies, mucosal immunization of hamsters with FliD and cell wall
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extracts, followed by challenge with C. difficile, proved most successful in reducing bacterial
colonization for the duration of the study (100-fold reduction in CFUs) with respect to a
control group receiving adjuvant only, and when compared to immunization with FliD with
flaggellar extracts (10-fold reduction in CFUs), or FliD with Cwp84 (also a 10-fold reduction
in CFUs) (Pechine et al., 2007). These studies provide support for the development of C.
difficile SLP antibody therapeutics that aim to alleviate bacterial burden, by acting as
mechanical obstacles which prevent bacterial adherence to the host’s gastrointestinal
epithelium and therefore promote bacterial clearance.

Currently, human monoclonal antibodies to C. difficile toxins are undergoing clinical
trials (Taylor et al., 2008), however, there is no known report of antibodies to SLPs
developed as therapeutic agents. Antibody fragments offer an alternative to the full size mAb

molecules.

2.2. Antibody engineering and biotechnology

The immune systems of vertebrates produce several different gamma globulin
proteins of large molecular weight that target foreign antigens. These immunoglobins, also
known as antibodies (Ab), are produced by B cells as part of the humoral immune response.
There are five classes of vertebrate antibodies: IgG, IgM, IgA, IgD, and IgE, with IgG being
the most abundant (Joosten et al., 2003). IgGs have been exploited as therapeutic agents and
clinical diagnostic tools, and have become invaluable within biotechnology fields.

Over the last 20-30 years, technologies and protocols have been developed to dissect
and fragment, increase affinity, display, and even multimerize antibodies (Hudson, 1998).
Efforts for the in vitro production of antigen-specific Abs have resulted in the establishment

of hybridoma technology in 1975. In hybridoma technology an antigen is used to stimulate
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B-cells which are immortalized by fusion to myloma cells. Hybridoma cells are capable of
large-scale antigen-specific monoclonal antibody (mAb) production (Kohler and Milstein,
1975). Since then, efforts to develop, isolate, and modify recombinant Abs (rAb) (Figure 3)
gave rise to a wide array of rAb technologies for a broad range of applications. Phage-
display is routinely used to screen rAb libraries (reviewed in (Winter et al., 1994,
Hoogenboom, 2005)). Optimization of expression systems and hosts now offers the
possibility to produce rAb fragments on a larger scale while improving cost efficiency. In
this chapter, established and emerging technologies for the isolation and production of
antigen specific rAb fragments as alternatives to mAb technology or polyclonal serum are

reviewed.
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Figure 3: Naturally occurring antibodies and their recombinant counterparts. A)
Whole IgG and rAb fragments. Fabs (~55 kDa), Fv (~30 kDa), VH and VL (~15 kDa), and
scFvs (~32 kDa). B) Camelids produce heavy chain antibodies (HCAb) lacking the light
chains. The variable domain of the heavy chain antibody is termed VHH. Adapted from Yau

et al. 2003.
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2.2.1. Whole IgG

An IgG is composed of two identical long polypeptide chains (heavy chains, ~50 kDa
each), and two identical short polypeptide chains (light chains, ~25 kDa each), with a
collective molecular weight of approximately 150 kDa. The heavy chains are composed of
three constant domains (CH1, CH2, CH3) and one variable domain (VH), while the light
chains each are composed of one constant domain (CL) and one variable domain (VL). The
variable domains confer antigen specificity while constant domains (CH2 and CH3), or Fc
portion, bind other cell surface targets or proteins of the complement system to recruit
effector function (Joosten et al., 2003).

An IgG exhibits a tetrameric “Y” shaped quaternary structure with bilateral
symmetry, where the heavy and light chains are linked to one another through hydrophobic
interactions, and disulfide bridges at the CH1 and CL domains (Padlan, 1994, Maynard and
Georgiou, 2000). A hinge connects the VH and CHI1 to the Fc region. Disulfide bridges at
these hinges connect the two heavy chains together. The hinge allows the VH-CH1 arm of
the IgG to bend and rotate. Antigen binding sites are located at each end of the fork. The
antigen binding sites, of which there are two per IgG molecule, consist of six
complimentarity determining regions (CDRs) or hypervariable loops in the variable domains.
Three of the six loops are within the VH domain and the other three within the VL domain
(Holt et al., 2003). The genetic diversity of the hypervariable loops, and therefore the CDRs,
theoretically results in a binding partner for all possible antigens.

Currently 26 mAb (or mAb-derived fragments) have been approved by the United
States Food and Drug Administration for clinical use in treating diseases such as rheumatoid
arthritis, non-Hodgkin’s lymphoma, and respiratory syncytial virus infections (Mehdiratta
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and Saberwal, 2007; The Immunology Link, 2011). mAbs are extremely potent and well
tolerated by patients. However, they require mammalian expression systems, and as a
relatively large molecule they are prone to degradation, aggregation and poor solubility, as
well as limited tissue penetration and bio-distribution (Holt et al., 2003). While there are
ways to improve the biophysical properties and pharmacokinetics of mAbs (Wu et al., 2010),
antibody fragments represent an alternative to mAbs. Antibody fragments can offer
improved physico-chemical properties while retaining the antigen affinities of the parental

protein without the need for time consuming manipulations needed to improve functionality.

2.2.2. Recombinant antibody fragments

Proteolysis and genetic engineering have given rise to many antibody fragments
(Figure 3). Size reduction, fragment dissection, and multivalent formats are only a few of the
designs of antigen-binding antibodies developed over the last three decades. Whole IgGs can
be digested with papain to produce Fab fragments (Fragment antigen binding) which are the
variable domains with the CH1 and CL domains, linked by a disulfide bond to enhance
stability (Maynard and Georgiou, 2000). They are of relatively large molecular weight (~55
kDa), however they are still amendable to protein engineering techniques in order to enhance
their biological and biophysical properties (reviewed in (Filpula, 2007; Holliger and Hudson,
2005; Maynard and Georgiou, 2000)). A variable region fragment (Fv) molecule retains the
monovalent affinity of its parent antibody and is composed of paired VH and VL domains
(Hudson, 1998). However, the fragment is not easily generated by proteolysis of an IgG and
must be engineered as a single chain variable fragment (scFv; ~27 kDa) that is composed of

the VH and VL domain of the parent antibody linked by polypeptide chains.
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Much like full size IgGs, the VL and VH combination within a Fab or scFv offers
high affinity and specificity to antigens since there are six CDRs involved in binding an
antigen. These antibody fragments retain the binding affinity of the parental antibody yet
confer advantages over a full size antibody such as enhanced tissue penetration, higher
expression yields, and are defective in complement activation that is mediated by the Fc
region (Hudson, 1998; Holliger and Hudson, 2005). Both fragments have their advantages
and disadvantages and selection between either will heavily depend on the purpose to be
served by the rAb fragment. For example if tissue penetration is required, selecting an scFv
would be more desirable. However, if stability and resistance to proteolytic digestion is more

favorable, then one might consider a Fab fragment.

2.2.3. Heavy chain antibodies

Conventional antibodies are composed of two heavy chains and two light chains,
however, their variable domains have been known to occur naturally as part of a single
isolated chain in some human diseases such as heavy-chain disease (Hendershot et al., 1987),
or Bence-Jones proteins (light chains) in patients with multiple myeloma (Hilschmann and
Craig, 1965). Camelids produce heavy-chain-only antibodies (HCAb) devoid of light chains,
in addition to conventional IgGs. These antibodies also lack the CH1 domains (Figure 3.B)
(Hamers-Casterman et al., 1993). Sharks also produce antibodies lacking a light chain. The
antigen binding site of these antibodies is composed of only one domain, termed VHH for
camelids and VNAR for sharks. HCAbs represent 25-45% of antibodies in Llama glama
serum and 75% of camel serum (van der Linden et al., 2000). Their molecular weight is
approximately 80-92 kDa (Hamers-Casterman et al., 1993). The hydrophobic interface

between the heavy chains and light chains in a conventional IgG is lost in HCAbs via the
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substitution of hydrophobic residues with hydrophilic ones (discussed below) (Wesolowski

et al., 2009).

2.2.4. Single domain antibodies: Special focus on VHHs

Studies have described the isolation of antigen specific VHH fragments with
affinities comparable to Fab and scFv fragments isolated using the same antigen (Arbabi
Ghahroudi et al., 1997). The engineering of single domain antibodies (sdAb) offer several
advantages over the Fab and scFv format. A sdAb is the variable domain of a whole IgG, in a
stand-alone format; these include VH, VHH, VL, and VNARSs (Figure 3A). sdAbs are four
times smaller than a Fab fragment, and half the size of an scFv fragment, with a molecular
weight of ~15 kDa. The isolation of these small antigen-binding fragments was first
described by Greg Winter’s group in 1989 when lysozyme-binding murine VHs were
selected from a cloned sdAb repertoire (Ward et al., 1989). Since then, VHs and VHHs have
been studied extensively (reviewed in (Holliger and Hudson, 2005; Harmsen and De Haard,
2007)). The size of sdAbs makes them attractive candidates as functional biological
molecules. They are superior at penetrating poorly vascularized tissue such as tumors
(Carter, 2001); however they have a short serum half-life (Harmsen et al., 2005a; Cortez
Retamozo and Lauwereys, 2002) and are rapidly cleared from the body.

Initially, isolated VHs were prone to aggregation in solution at concentrations higher
than 1 mg/mL due to the absence of their domain partner. In contrast, VHHs exhibit higher
solubility relative to their VH siblings due in part to a key tetrad of specific amino acid
substitutions at the VL-interface (Muyldermans et al., 1994); and reviewed in (Muyldermans
and Lauwereys, 1999). When compared to conventional VHs, residues normally conserved

at positions 37, 44, 45 and 47 (Kabat number system (Kabat et al., 1992)) are substituted to
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hydrophilic amino acids. The most common substitutions include but are not exclusive to
Val37Phe or Val37Tyr, Gly44Glu, Leud45Arg or Leu45Cys and Trp47Gly. Moreover, studies
have demonstrated that “camelization” of human VHs through the substitution of key amino
acids with the camelid tetrad can enhance solubility and reduce aggregation (Davies and
Riechmann, 1996; Tanha et al., 2001). Similarly, VHH molecules with attractive biophysical
properties can be “humanized” in order to avoid eliciting an immune response when used as
a therapeutic.

VHHs tend to have increased antigen-binding surface area due to their relatively long
CDRs 1 and 3, which has a higher rate of somatic mutations, compared to conventional VHs
(Vu et al., 1997; Muyldermans, 2001). An average VHH CDR3 is 16 residues long whereas a
human VH CDR3 averages 12 residues and a mouse VH CDR3 averages 9 residues (Te Wu
et al., 1993; Muyldermans et al., 1994). There are several advantages to this. First, this
results in an increased antigen-binding surface with which to compensate for the lack of a
VL binding partner. Secondly, this imparts the ability to form long finger-like protrusions
that can fit into small cavities and enzymatic active sites which may not be accessible with
conventional rAbs. Indeed the crystal structure of VHHs in complex with lysozyme
demonstrated that the VHHs were able to bind the active sites of these enzymes which are
not typically recognized by larger rAb fragments (Desmyter et al., 2002; Desmyter et al.,
1996; De Genst et al., 2006). Finally, crystal structures demonstrate the folding of the CDR3
over the VL interface which presumably stabilizes the structure and prevents aggregation
(Desmyter et al., 1996; Desmyter et al., 2002; Decanniere et al., 1999).

Camelid sdAbs are recognized as structurally stable and highly soluble (Holliger and
Hudson, 2005; Arbabi-Ghahroudi et al., 2005; Hussack and Tanha, 2010). Van der Linden et
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al. (1999) have experimentally demonstrated that VHHs retain their functionality at
temperatures up to 90°C. Besides the canonical disulfide bond between positions 22 and 92
that attributes the immunoglobin fold to VHs and VHHs, VHHs possess a cysteine residue
(~80 % of cases) in the CDR3, which forms an additional disulfide bond with either a
cysteine in CDRI1, position 45 in FR2, or CDR2 (Muyldermans et al., 1994; Davies and
Riechmann, 1996; Vu et al., 1997; Harmsen et al., 2000). This additional disulfide bond acts
to restrict the degrees of freedom of a long CDR3 which results in entropically favorable
binding energetics and an overall stable molecule. Furthermore, the positions of the Cys
residues in the CDRs are not fixed, which generates a geometrical diversity in the paratope
resulting in an increase of the antigen-binding repertoire (Conrath et al., 2003). These
domains can be further enhanced by the introduction of an artificial disulfide bond at the
hydrophobic core which allows for greater structural stability (Arbabi-Ghahroudi et al.,
2005; Chan et al., 2008; Hagihara et al., 2007; Saerens et al., 2008a), with which to
withstand the highly acidic and protease rich environment of the GI tract. Highly soluble
non-aggregating antibodies are especially desirable in therapeutic formulations because they
retain their functionality under a wide range of conditions (Van der Linden et al., 1999;
Goldman et al., 2006). Additionally, aggregating proteins are known to increase
immunogenicity (Hermeling et al., 2004) thus necessitating the selection of small-sized

protein therapeutics with non-aggregating properties.

2.2.4.1. Advantages and limitations of sdAbs
sdAbs, and more specifically VHHs, offer several advantages over larger and more
complex mAbs, scFvs and Fabs; they exhibit higher expression yields, thermal and chemical

stability, and solubility, as well as increased protease resistance and thus make excellent
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candidates as therapeutic agents (Holt et al., 2003). The lack of the VL domain allows for
greater structural flexibility when binding antigen, leading to higher affinities, with
dissociation constants (Kps) in the nanomolar and sub-nanomolar range (Muyldermans,
2001; Spinelli et al., 2000). HCAb DNA can be readily isolated from peripheral blood
leukocytes (PBLs) based on the distinct size of HCAbs (Arbabi Ghahroudi et al., 1997);
library generation is efficient and camelids can be exploited in that immunization yields in
vivo matured VHHs thereby negating the need for in vitro manipulation and affinity
maturation. Moreover, only a single gene segment (i.e. VHH vs. VH and VL as in scFv) is
required in order to recover the whole antigen-binding repertoire. In comparison to human or
mouse sdAbs, where several VH or VL families exist, there is only one family of VHHs,
therefore, only a single polymerase chain reaction (PCR) primer set is required to isolate the
entire repertoire. In addition, VHH scaffolds with desirable biophysical properties can be
used to construct libraries through the randomization of the CDRs, thus bypassing animal
immunization (Muyldermans, 2001). Finally, It is estimated that the cost of producing
proteins in a bacterial host under industrial scale fermentation conditions is approximately 1$
per gram of protein (Estell, 2006). With the relatively high yields obtained from bacterial
expression of sdAbs it is obvious that they offer a cost-efficient alternative to the production
of larger protein therapeutics.

However, there are limitations to sdAb fragments. In a VH or VL, affinity maturation
during immunization occurs in the presence of the partnering variable domain; when the VH
or VL are isolated individually, it results in lower affinity for the antigen relative to its parent
antibody. In the case of VHHs, long loop length can render the CDR3 more flexible
allowing it to adopt multiple conformations, resulting in a negative impact on binding
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energetics (Muyldermans and Lauwereys, 1999). The latter short-coming is often countered
in VHHs through the presence of a disulfide bond in CDR3 as mentioned above. Rapid blood
clearance may be advantageous and disadvantageous depending on the purpose to be served
by the antibody fragment. It is disadvantageous in a setting where an antibody is used for
neutralization of an antigen, thus requiring a longer serum half-life. However, in cancer
therapeutics (Cortez Retamozo and Lauwereys, 2002), it is advantageous to rapidly clear the
tumor-targeting antibody in cases where it is coupled to an anti-tumor drug or a radio-isotope
label for imaging and diagnostics, considering that longer residence times results in toxic
effects on healthy cells.
2.2.5. Antibody libraries

sdAbs, like Fabs and scFvs can be displayed on a range of different platforms. Once
the mechanism of creating immunoglobin genetic diversity was understood in 1983
(Tonegawa, 1983) , the concept of “antibody display” was established. Antibody display
libraries are a collection of an Ab repertoire with direct linkage of the expressed antibody
(i.e., phenotype) to the encoding gene (i.e., genotype). This link allows for high throughput
screening of large repertoire libraries for antigen-specific antibody retrieval, wherein the
genetic material is also available for further manipulation and engineering. There are several
classifications of rAb libraries: immunized, naive, semi-synthetic, or synthetic, depending on

the source of genetic material used for library construction.

2.2.5.1. Immunized libraries vs. naive libraries
Immune libraries are constructed from RNA isolated from PBLs of an immunized
host. Genes that encode variable domains are amplified and cloned into vectors for

expression of different antibody fragments such as VHH (Arbabi Ghahroudi et al., 1997,
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Goldman et al., 2006), scFv (McCafferty et al., 1990), and Fab (Huse et al., 1989; Orum et
al., 1993; Persson et al., 1991). Antibodies isolated from these libraries have already
undergone affinity maturation in vivo (Hoogenboom et al., 1998); however, antibody library
size is often limited when compared to non-biased (naive) library formats (Burton et al.,
1991; Clackson et al., 1991, Hoogenboom, 1997, Willats, 2002). Moreover, the
immunization process is complicated at times when antigens are toxic, not readily available,
or chemically unstable.

In contrast, naive libraries are prepared in the same manner but without previous
immunization of the host with the antigen of interest. The first naive VHH library was
created in 2002 (Tanha et al., 2002). Sources of mRNA for library construction could be
peripheral blood lymphocytes, bone marrow, and spleen cells. For this type of library IgM is
preferred because it has not been previously subjected to antigen selection and thus the
repertoire remains unbiased (Dorsam et al., 1997; Griffiths et al., 1993; Little et al., 1993;
Marks et al., 1991). In order to successfully retrieve antigen-specific rAb, library size must
be large (Marks et al., 1991). Naive libraries with diversity of 10'° are likely to yield Abs
with nanomolar (nM) affinities (Vaughan et al., 1996). These findings demonstrate that size
and therefore heterogeneity of naive libraries are critical for isolating antibodies with high

affinities without host immunization, and can serve as a universal source of antibodies.

2.2.5.2. Synthetic and semi-synthetic libraries

Synthetic and semi synthetic libraries offer the combined advantages of the structural
diversity and universality of naive libraries, as well as rAb structural and functional
knowledge. These libraries can offer a level of control over aspects such as expression,

immunogenicity, structural heterogeneity, solubility, stability, and affinity of an antibody
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(Fellouse et al., 2007; Knappik and Pluckthun, 1995; Knappik et al., 2000; Winter and
Milstein, 1991; Arbabi-Ghahroudi et al., 2008; Tanha et al., 2001). They evolved from the
development of antibody scaffolds with desirable biophysical properties combined with

synthetic CDR constructs in order to introduce diversity.

2.2.6. Antibody display platforms

Different display platforms can be used in order to facilitate antibody selection and
isolation (Yau et al., 2003; Li, 2000). Peptides can be displayed on the surface of bacteria
(Georgiou et al., 1993; Fuchs et al., 1991; Gunneriusson et al., 1996; Francisco et al., 1993)
or yeast (Georgiou et al., 1997). The peptide can be expressed within the cell without the
need for gene subcloning post-isolation. Cells displaying a desired antibody can be isolated
either by FACS, or by continuous affinity-based selection (Patel et al., 2001). Yeast has a
rigid and thick cell wall which allows for stable maintenance of the displayed peptide even
under harsh conditions. Yeast cells can express large quantities of the protein, with proper
post-translational modifications and folding which may not occur in bacterial display.
Increased avidity is a disadvantage of these display system since 50,000 — 100,000 Abs can
be displayed on the surface (Francisco et al., 1993b), thereby resulting in the isolation of
‘false-positive’ binders.

Ribosome display systems are an alternative to the expression of Ab on living cells,
or phage. The phenotype-genotype link is maintained where the expressed Ab remains
attached to the ribosome with its mRNA (He and Taussig, 1997; Schaffitzel et al., 1999; Yau
et al., 2003). Ribosome display occurs entirely in vitro and is a completely cell-free system
where transformation efficiency is not limiting library size; libraries with diversities of 10"’

can be created (Roberts and Ja, 1999). Affinity maturation can occur at the selection stages
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by using a polymerase with a high error rate. Moreover, expression of peptides that are toxic
to yeast or bacteria is possible in this display system, therefore avoiding under-representation
of the library. mRNA instability (Schaffitzel et al., 1999) and the availability of materials

are disadvantages to using ribosome-display.

2.2.6.1. Phage display

Phage display is the first described display system when Smith (1985) reported the
expression of a peptide fusion with the pllII coat protein of filamentous phage, providing the
direct link of phenotype to genotype. Soon after, McCafferty et al. (1990) developed the first
scFv phage display library, and since then, phage display technology became a widely
adopted technique for the retrieval of antigen-specific antibodies, with improved binding
affinities and biophysical characteristics. Phage display systems are built on filamentous

phage. Their genome is well studied, and they are amenable to laboratory manipulations.

2.2.6.1.1. Filamgntous bacteriophages

Filamentous bacteriophages such as M13 and fd infect and replicate within Gram-
negative bacteria without lysing the host cell. They are ideal for rAb engineering due to their
relatively small genome size which tolerates insertions into non-essential areas without
affecting bacterial infectivity (Barbass III et al., 2004). Proteins are expressed as fusions to a
phage coat protein and their DNA is packaged with the phage viral genome within the
nascent phage particles. Once a bacterial cell is infected, other phage particles are prevented
from entering the cell which ensures that all phage produced within the cell are identical

clones (Paschke, 2006).
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Filamentous phage (reviewed in (Hoogenboom et al., 1998; Yau et al., 2003)) contain
a circular single stranded DNA genome of ~6.4 Kbp, coated with a long flexible protein tube
that contains 2700 copies of the major coat protein pVIII. Minor coat proteins pllI, pVI,
pVIL and pIX are located at the tips. plII is the most commonly used protein for fusion
peptides since it is most amendable to insertions without affecting phage infectivity.
Different systems of phage display exist but most are based on a pllI-protein fusion and can
differ in the display orientation and number of displayed peptides. These phage are stable
under harsh condition which allows for selection of stable species under chemical or heat

denaturation.

Figure 4: Filamentous bacteriophage. The single stranded DNA in a filamentous
bacteriophage is encapsulated by a proteinacious coat. The five major coat proteins are
indicated.

2.2.6.1.2. Vector type: phage vs. phagemid

Phage display libraries are constructed by cloning a repe toire of PCR-amplified Ab
genes into either a phage or phagemid vector (Hoogenboom et al., 1991; Winter et al., 1994).
Both vectors can be designed such that the rAb gene is inserted between a signal sequence
and coat protein plIl. Both vectors contain antibiotic resistance genes for selection and a
phage origin of replication in order to package foreign DNA into single stranded DNA
(ssDNA) within the nascent phage particle. The phage vector contains all the necessary
genetic information to produce full phage particles. However, the phagemid vector lacks
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some of the genes required to form mature phage, and requires the addition of helper phage,
in a process called ‘phage rescue’. Helper phage supply the machinery necessary for phage
replication and packaging, which is missing in the phagemid vector. Using a helper phage
with a defective origin of replication can reduce the number of unwanted helper phage
progeny in phage rescue (helper phage are not useful in phage display because although they
may display the fusion protein, they do not contain the genetic code required for further
isolation). The phage system produces particles displaying only the fusion protein in a
multivalent display format, whereas the phagemid system produces phage displaying wild

type plll and pIII-Ab fusion in a monovalent display format thereby avoiding avidity effects.

2.2.6.2. Panning

Isolation of antigen-specific Abs from a phage display library is referred to as
‘panning’ (Figure 5). It is a step-wise procedure in which phage is isolated and amplified
(Smith, 1985; McCafferty et al., 1990; Georgiou et al., 1997). Briefly, an antigen is
immobilized on a solid support (or in solution, on beads, etc), and the full repertoire of Ab
displayed in a library is exposed to the target. This is followed by several washing steps to
remove non-specific binders. Those that remain bound to the target can be eluted by either:
competitive elution, extreme pH, or protease cleavage, and then amplified in a bacterial host.
After each round of panning, phage are subjected to increased selection pressure such as
lowering the antigen concentrations, adding proteases, using pH denaturants, or increasing
temperatures, in order to continue enrichment of phage displaying Ag-binding Abs with

desirable biophysical properties. Three to five rounds of panning are usually necessary to
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isolate high affinity Abs. After panning, the genes encoding the antibodies are retrieved by

PCR, subcloned into an expression vector, and expressed in the system of choice.
Make and Display Library

PANNING

New Round

4. Amplify Selected Clones

1. Select with Antigen

3. Elute
Ag Ag

2. Wash

Figure 5: Panning of antibody phage-display libraries. The antibody repertoire is
displayed on the surface of phage. Antigen is then immobilized on a solid support, and the
library is applied for selection, where phage displaying antigen-specific antibodies will bind
the antigen (1). Washing removes non-specific binding phage (2). The phage displaying
antigen-specific antibodies will survive the washing step and are eluted (3), amplified (4),
and used to start the subsequent panning round.

2.2.7. Expression and purification of single domain antibodies from phage display
With the growing demand for rAbs for the treatment of human diseases, there is an
urgent need to develop cost effective and efficient production and purification methods. Abs
retrieved from a phage or phagemid vector must be subcloned into an expression vector and

transformed into an expression host. Currently, expression is based largely on bacterial
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systems (reviewed in (Arbabi-Ghahroudi et al., 2005)) , however, alternative expression
systems such as yeast (Ridder et al., 1995), mammalian cells (Riechmann et al., 1988),
baculovirus (Carayannopoulos et al., 1994), and plants (Peeters et al,, 2001) have been
described (Joosten et al., 2003). It is important to note that there is no universal expression
system that can guarantee yield, as each Ab sequence is unique and can pose unique
challenges.

The choice of expression vector determines whether a monomer, dimer, or multimer
is expressed. The expression vector often incorporates an affinity purification tag such as the
hexa-His epitope tag. Large scale expression of sdAb can yield quantities in the tens of
milligrams range. In a bacterial expression system, Ab can be extracted through either
sucrose shock or total cell lysis. Sucrose shock is a method in which the Ab is released from
the periplasm of the cells without cell lysis, and usually results in more pure Ab preparations
with low levels of contaminating proteins. The simplest way to purify a rAb is by making use
of an affinity tag.

The cytoplasm of E. coli is a reducing environment that does not allow for proper
folding of expressed rAb, and thus leads to the formation of insoluble inclusion bodies that
must be refolded irn vitro in order to regain functionality (Gréslund et al., 2008). Periplasmic
expression is a more promising route for producing functional rAb, but presents limitations
for expressing full length Ab molecules. Periplasmic expression is very similar to eukaryotic
expression where the expressed protein must travel through the endoplasmic reticulum and
Golgi apparatus. Leader sequence peptides allow for the transport of rAb to the periplasm of

E. coli. Proper folding can occur in the oxidative protease-free environment of the periplasm
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(Pliickthun, 1991). This environment is suitable for the proper folding of sdAb as a non-

reducing environment is necessary for the formation of the canonical disulfide bond.

2.2.8. Current applications of sdAbs as therapeutics

The chemical and thermal stability, as well as monomeric behavior of sdAb makes
them attractive protein therapeutic molecules. For example sdAbs can be used as toxin-
neutralizing therapeutics (Hmila et al., 2008; Hussack et al., 2011a). They have also been
used in a mouse model to treat rotavirus through oral administration and by administration of
Lactobacillus paracasei expressing rotavirus-specific sdAbs (Van der Vaart et al., 2006; Pant
et al.,, 2006). In cancer therapy, a sdAb antagonist of EGF receptor effectively inhibits
growth of A-431-derived tumors (Roovers et al., 2007). The multimerization (reviewed in
(Saerens et al., 2008b)) of a sdAb can greatly enhance the therapeutic functionality. For
example, in frame cloning of two sdAb in a bivalent monospecific construct spaced with a
short linker can increase specificity through avidity effects. Alternatively, targeting two
epitopes on the same antigen by bivalent bispecific constructs can confer higher neutralizing
activity, or enhance the specificity of two sdAbs with low affinity to the antigen. Bispecific
constructs can also be employed to enhance serum half-life when necessary. For example,
VHH-anti-IgG or a VHH-anti-serum albumin fusion can enhance blood residence by 100-
fold (Harmsen et al., 2005a; Coppieters et al., 2006). Controlling half-life of antibodies is
important in clinical settings and doses.

The design of man-made sdAb bispecific constructs or sdAb-effector molecule
fusions is now being developed for immunotherapy of tumors and fatal infections. This
approach is safer than the conventional non-specific chemotherapeutics. In a bispecific

construct where one sdAb targets a cancer cell, the second sdAb can be used to recruit an
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effector molecule, a cytotoxic T-cell, or natural killer cell for enhanced tumor clearance.
Behar et al. isolated two antibodies specific to activating-receptor FcyRIII on NK cells which
can be coupled to a tumor-specific sdAb for enhanced cancer therapy (Behar et al., 2007).
Alternatively, cancer therapeutics or antimicrobials can be coupled to a sdAb for a higher-
specificity drug delivery system (Miao et al., 2007; Cortez-Retamozo et al., 2004; Szynol et
al., 2006).

Multimerization can greatly enhance the efficacy of neutralizing antibodies.
Pentamerizing antibodies can be achieved by fusion to bacterial verotoxin B (VIB), a natural
homopentamer (Figure 6). Pentamerization of low affinity sdAbs increased their affinity to
an immobilized target through avidity effects (Zhang et al., 2004). This can be applicable in
a setting where the target antigen is found in high copy numbers on the cell surface, as is the
case with SLPs in C. difficile. Fusion can occur at either terminus of VTB, or at both to yield

multivalent pentamers, or either monospecific or bispecific-multivalent decamers.

Figure 6: Pentamerization of sdAbs using the B-subunit of E. coli verotoxin. The
verotoxin B subunit (VTB) is a natural homopentamer. Fusion of a sdAb to a VTB results in
the pentamerization of the sdAb molecule. Courtesy of Dr. Tanha.
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Neutralizing efficacy is often enhanced using a cocktail of different therapeutic
antibodies (Babcock et al., 2006; Demarest et al., 2010; Nowakowski et al., 2002). In
treating CDAD, using a combination of toxin-specific neutralizing mAb results in reduced
mortality and enhanced protection (Babcock et al., 2006; Demarest et al., 2010). Hussack et
al. (Hussack et al., 2011a) demonstrated that sdAbs to C. difficile toxin A were effective in
neutralizing toxins in vitro, and in certain instances their efficacy was enhanced when

administered in combinations.

2.3. Conclusion

The use of antibodies as neutralizing therapeutics in addition to studies implicating C.
difficile SLPs as mediators for cell-host interactions (Calabi et al., 2002; Drudy et al., 2001)
inspired the current study. SLP-specific llama sdAbs were isolated and characterized for the
potential use as oral therapeutics by means of bacterial neutralization. The antibodies were
analyzed for in vitro functionality, specificity and affinity, chemical stability under acid
pressure and sensitivity to the GI protease pepsin, and for physical stability as indicated by
the melting temperature. The sdAb is the smallest and simplest variant of antigen binding
fragments of immunoglobins, yet it still retains full antigen binding capabilities and is very
stable in solutions of different ionic strengths such as salts or high or low pH conditions, as
well as under high temperature stress— features that make it an ideal oral therapeutic for

treating C. difficile infection.
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3. ISOLATION AND CHARACTERIZATION OF LLAMA SINGLE DOMAIN

ANTIBODIES AGAINST C. difficile SLPs

3.1 Introduction
sdAbs to strain QCD-32g58 SLPs were selected from two phage display libraries—
one naive and one immune library. The antibodies were then functionally and biochemically
characterized with respect to affinity, specificity, aggregation states, stability, resistance to
pepsin digestion, and abilities to bind whole cells and inhibit motility were experimentally

determined.

3.2. Materials and methods

3.2.1. Antigen extraction and purification

C. difficile SLPs (Appendix I) from strains QCD-32g58 (termed QCD for short), and
CD630 were extracted using the low pH glycine extraction method (Calabi et al., 2001), and
were obtained from Susan Logan’s lab (National Research Council, Institute for Biological
Science, Ottawa, Canada). Size exclusion chromatography was used to further purify the
isolated SLP proteins after extraction. A Superdex ™ 200 10/30 GL column (GE Healthcare,
Baie-d’Urfé, QC, Canada) was equilibrated with running buffer (10 mM HEPES buffer pH
7.5, 150 mM NaCl), and 500 pL of SLP extracts was loaded and eluted over one column
volume as previously described in Fagan et al. (2009). Eluted fractions were then analyzed

on SDS-PAGE for content. All fractions were stored at 4°C for later use.

3.2.2. sdAb display libraries and antibody selection
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Two phage display libraries were used for the isolation of SLP-specific llama single
domain antibodies. The first is a naive llama VHH phage display library described in Tanha
et al. (2002). For the immune phage display library, a llama was immunized with strains
QCD and CD630 SLPs. The immune phagemid library was subsequently constructed in

Arbabi-Gahroudi’s lab according to previously published methods (Doyle et al., 2008).

3.2.2.1. Library panning

The naive llama phage-display library was panned using whole QCD SLP preparation
prior to gel filtration. The library was subjected to four rounds of panning; for each round of
panning, 100 pL of 100 pg/mL antigen in PBS were coated on Immuno Maxisorp wells
(Nalge Nunc Inc., Naperville, IL). Wells were blocked with 1% w/v casein in PBS for 2 h,
and washed once with PBS prior to the addition of 10" plaque forming units (PFUs) in 100
uL volume. Phage were incubated for 1.5 h at 37°C and washed 10 times with 0.1% v/v
Tween 20-PBS, followed by 10 washes with PBS. Bound phage were eluted by high pH
through the addition of 200 pL of freshly prepared 100 mM triethylamine solution for 10
min, transferred to a new 1.5 mL eppendorf tube and neutralized with 100 pL of 1.0 M Tris-
HCI pH 7.4. The eluted phage were subsequently amplified as follows: 150 pL of phage
were used to infect a 10 mL exponentially growing TG1 culture for 30 min at room
temperature without shaking. 100-fold serial dilutions were used to determine eluted phage
titer as described in Tanha et al. (2002) and phage titer was progressively tracked for the
subsequent panning rounds to ensure enrichment. Fifty small plaques were picked from the
titer plates of each panning round and the clones were stored in 10 pL H,O for sequence
analysis. Infected cells were then pelleted and resuspended in 900 uL 2YT (16 g Bacto-

trypton, 5 g Bacto-yeast extract, 5 g NaCl per liter) , mixed in 300 pL aliquots with 3 mL
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0.7% agar top, and plated on 2YT plates overnight at 37°C for phage propagation. The
following day, the agar plates were incubated with 5 mL PBS each for 3 h with gentle
shaking at 4°C to retrieve the amplified phage. An additional 5 mL PBS was used to rinse the
plates. The two washes were combined and centrifuged at 6,000 rpm (Beckman J2-21M/E
centrifuge, Beckman Coulter Inc., Brea, CA; J-10 rotor), at 4°C, for 20 min to remove debris.
Phage purification was carried out as follows: to the phage-containing supernatant, 6 mL
PEG/NaCl (20% PEG 8000-2.5 M NaCl) was added and incubated on ice for 1 h. The phage
were pelleted at 10,800 g for 30 min at 4°C and the pellet was resuspended in 3.75 mL sterile
water with 750 uL PEG/NaCl and incubated on ice for 30 min. The phage were pelleted once
again as above, resuspended in 500 pL sterile PBS. Ten microliters of 10, 108, and 10'°
serial dilutions in PBS were added to 200 uL of exponentially growing TG1 E. coli and
incubated at 37°C for 30 min without shaking. The infected cells were then mixed with 3 mL
of pre-warmed 0.7% agar top and poured over 2YT plates, allowed to solidfy, and incubated
at 37°C overnight. The resulting plaques were counted to determine the phage titre, and 10"
PFUs were used to start the subsequent panning rounds.

The immune llama phagemid library was panned using QCD SLPs as the antigen.
The library was subjected to four rounds of panning; for each round of panning, 100 pL of
100 pg/mL antigen in PBS were coated on Immuno Maxisorp wells. Wells were blocked
with 1% w/v casein in PBS for 2 h, and washed once with PBS prior to the addition of 10"
(100 L) colony forming units (CFUs) from the phagemid library. Phage were incubated for
1.5 h at 37°C and washed 10 times with 0.1% v/v Tween 20-PBS. Bound phage were eluted
by adding 200 pL of freshly prepared 100 mM triethylamine solution for 10 min, transferred
to a new tube and neutralized with 100 pL of 1.0 M Tris-HCI pH 7.4. The eluted phage were
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subsequently amplified and rescued as follows: 150 pL of phage were used to infect a 2 mL
exponentially growing TG1 culture for 15 min at room temperature without shaking. A 100-
fold dilution of infected TG1 was plated on LB- agar plates (10 g Bacto-trypton, 5 g Bacto-
yeast extract, 10 g NaCl, 12 g agar per 1 L), supplemented with 100 pg/mL of ampicillin,
and used to determine the eluted phage titer and later for clonal analysis. Glucose was then
added to a 2% final concentration, followed by 2 pL of 100 pg/mL ampicillin. The culture
was incubated in a shaker incubator for 1 h at 37°C followed by infection with 10'' CFUs of
M13KO7 helper phage (New England Biolabs, Pickering, ON, Canada) for 15 min without
shaking at room temperature. The culture volume was adjusted to 10 mL using 2YT
supplemented with 100 pg/mL of ampicillin, and grown for 1 h at 37°C, 250 rpm.
Kanamycin was added to 75 pg/mL prior to overnight culture under the same conditions.
The following day, cells were pelleted at 5,000 rpm (Beckman J2-21M/E centrifuge, J-10
rotor) and the supernatant filtered in a Millipore Stericup filter apparatus (Millipore). A 200
uL aliquot was used in a serial dilution in order to determine phage titer on LB-agar plates
supplemented with 100 pg/mL ampicillin, prior to purification. Phage purification was
carried out as described above. The titer was determined as follows: 10 pL of 106, 108, and
10'% serial dilutions were added to 90 pL of exponentially growing TG1 E. coli and
incubated at room temperature for 5 min without shaking. The infected cells were plated on
LB-agar plates supplemented with 100 pg/mL ampicillin, and the resulting colonies were
counted to determine the phage titer, and 10'' CFUs were used to start the subsequent
panning rounds.

3.2.2.2. Colony-PCR and clonal sequencing analysis
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Primers fdT-GIIID (5’-GTGAAAAAATTATTATTCGCAATTCCT-3") and —96 glII
(5’-CCCTCATAGTTAGCGTAACG-3’) (Stewart et al., 2007) were used to amplify the
antibody fragments from the individual phage clones isolated from the naive library, while
primers MJ13RP (5’-CAGGAAACAGCTATGACC-3") and PN2 (5°-
CCCTCATAGTTAAGCGTAACGATCT-3’) were used to amplify the VHH fragments from
individual phage clones of the immune library, by standard PCR. Positive clones were then
sequenced as described in Doyle et al. (2008). Sequences were numbered and aligned using
the LaserGene MegAlign software (DNASTAR Inc, Madison, WI) using the ClustalW

method.

3.2.2.3. Phage enzyme-linked immunosorbent assay (ELISA) screening

Eluted phage clones were screened for SLP binding in a phage ELISA prior to
cloning into expression vectors. The monoclonal phage from the naive library were first
amplified as follows: single plaques that were selected for clonal analysis were used to infect
2 mL of exponentially growing TG1 cells in 2YT for 30 min and 37°C, followed by
overnight culture at 250 rpm, 37°C. The following day, the cells were pelleted and the
phage-containing supernatant was subsequently used in the phage ELISA. The cells were
resuspended in 15% glycerol-2YT and stored at -80°C. Single colonies carrying a sdAb
insert were amplified for monoclonal phage ELISA as follows: each colony was cultured in 1
mL 2YT supplemented with 100 pg/mL ampicillin (2YT-Amp), and 2% glucose, for 1 h at
37°C. The cells were pelleted and the supernatant was replaced with 2 mL fresh 2YT-Amp
for phage rescue. The culture was then infected with 10'' CFUs of M13K07 helper phage for
15 min at room temperature as standing culture, followed by incubation at 37°C for 1 h, 250

rpm. Kanamycin was added to 75 pg/mL and the phage were amplified overnight at 37°C,
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250 rpm. The cells were pelleted and the phage-containing supernatant was subsequently
used in the phage ELISA. The cells were resuspended in 15% glycerol-2Y T and stored at -
80°C.

For the phage ELISA, a microtiter ELISA plate was coated overnight at 4°C with 100
uL of 5 pg/mL SLPs or BSA for negative controls and blocked with 2% casein-PBS for 2 h
at 37°C. Blank wells were coatéd with SLPs and blocked as before but did not receive phage
treatment. Hundred pL of phage supernatant was added to each well and incubated at room
temperature for 1.5 h. The plate was washed 5x with 0.05% Tween 20-PBS. Hundred pL of
1:5,000 antiM13-Horseradish peroxidase (HRP) conjugated antibody in blocking solution
was added to each well and the plates incubated for 1 h at room temperature, followed by 5
washes as before. Bound phage were detected by the addition of 100 pL HRP colorimetric
substrate (KPL, Gaithersburg, MD), followed by 100 pL 1 M phosphoric acid per well to
stop the reaction. The optical density was determined at 450 nm on a standard ELISA plate

reader (Dynatech MR5000).

3.2.3. Cloning, expression and purification of antiSLP sdAbs

3.2.3.1. Subcloning, expression, and purification of sdAbs in E. coli
VH or VHH gene-specific primers VH-BbsI (5°-
TATGAAGACACCAGGCCGATGTGCAGCTGCAGGCGTCTG -3’), VHH-BbsI! (5°-
TATGAAGACACCAGGCCCAGGTGCAGCTGGTGGAGTCT -3’), or VHH-BbsI2 (5°-
TATGAAGACACCAGGCCCAGGTAAAGCTGGAGGAGTCT-3’) and VHH-BamHI (5°-
TTGTTCGGATCCTGAGGAGACGGTGACCTG-3’) were used to introduce BbsI and

BamHI restriction sites into the ends of the VH/VHH DNA fragment via standard PCR. The
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amplified DNA was purified using the QIAquickTM PCR Purification kit (QIAGEN,
Mississauga, ON, Canada), and digested with Bbsl and BamHI restriction enzymes, then
ligated into pSJF2H vector (Arbabi-Ghahroudi et al., 2008) using standard techniques to
produce His-tagged recombinant antibodies. By the same method, a mutant VH3, referred to
as VH3-6E was constructed using the mutagenic primer VHBbsI-6E-Ext (5°-
TATGAAGACACCAGGCCGATGTGCAGCTGCAGGAGTCTGGG-3"), and VHH-
BamH]I primer. Competent TG1 E.coli cells were transformed by electroporation (Tanha et
al., 2001) and screened for antibody inserts by standard PCR techniques using the primers
M13R and M13F. Clones positive for VH or VHH inserts were expressed using the M9
minimal salts method (Arbabi-Ghahroudi et al., 2009). Briefly, bacteria were subcultured in
25 mL LB broth supplemented with 100 pg/mL ampicillin, and used to start a 1 L M9 salts
culture (0.2% glucose, 0.6% Na,HPOy,, 0.3% KH,POy4, 0.1% NH4CI, 0.05% NaCl, | mM
MgCl,, 0.1 mM CaCl,, supplemented with 0.4% casamino acids, 5 mg/L of vitamin B1 and
100 pg/mL of ampicillin). Bacteria were grown for 36 h at 28°C, 200 rpm, and then induced
with 0.1-0.15 mM IPTG and 100 mL 10x TB nutrients (12% Bacto-trypton, 24% Bacto-yeast
extracts, 4% glycerol), and allowed to grow for an additional 2.5 days. Cells were then
harvested by centrifugation at 5,000 rpm (Beckman J2-21M/E centrifuge, J-10 rotor) for 20
min and the supernatant discarded. The pellet was resuspended in 20 mL TES buffer (0.2 M
Tris, 0.5 mM EDTA, 20% Sucrose). After a 1 h incubation on ice, 30 mL 1/8 ice cold TES
buffer was added and the cells were incubated for an additional hour with occasional stirring.
Cells were pelleted at 7,000 rpm (Beckman J2-21M/E centrifuge, J-10 rotor), 4°C for 30
min. The supernatant containing the antibody was dialyzed overnight against immobilized
metal affinity chromatography (IMAC) buffer A (10 mM HEPES buffer, 500 mM NaCl, pH
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7.4), and the antibody was purified by IMAC (Porath and Olin, 1983; MacKenzie et al. 1994;
Arbabi-Ghahroudi et al., 2009) using an AKTA FPLC (GE Healthcare). The aggregation
status was determined by size exclusion chromatography on Superdex™ 75 10/300 GL (GE
Healthcare). The column was equilibrated with PBS buffer pH 7.4 as the running buffer, and

the antibodies were eluted over one column volume.

3.2.3.2. Pentamerization of VH3

Pentamerization of antiSLP VH3 was carried out by introducing restriction sites Bbsl
and Apal to the 5’ and 3’ ends of the VHH gene fragment using the VHH gene-specific
primers VT-BbsI (5’-TAATAAGAAGACACCAGGCCGATGTGCAGCTGCAGGCGTC
TG-3’) and VT-Apal (5’-ATTATTATGGGCCCTGAGGAGACGGTGACCTGGGTC-3")
using standard PCR as before. The amplified DNA was first purified using the QIAquick™
PCR Purification kit (Qiagen), digested with BbsI and Apal, and then ligated to the pVT2
vector using techniques as described in (Zhang et al. 2004). This allows for the fusion of the
single domain antibody to the N-terminal of verotoxin B subunit encoded in the vector. The
vector also introduces a 6xHis-tag to facilitate purification. The clone was transformed, and
expressed as described above. Cells were then harvested by centrifugation at 5,000 rpm
(Beckman J2-21M/E centrifuge, J-10 rotor) for 20 min and the supernatant discarded. The
pellet was resuspended in 100 mL of lysis buffer (500 mM Tris-HC1 pH 8.0, 25 mM NaCl, 2
mM EDTA) and placed at -20°C overnight. The following day, PMSF and DTT were added
to 1 mM and 2 mM final concentrations, respectively. The cells were lysed by adding
lysozyme to 150 pg/mL final concentration and incubated at room temperature for 30-50
min. Two hundred pL of 15 unit/pL DNase I (Sigma, Oakville, ON, Canada) was added and

incubated until the suspension became fluidic. The soluble fraction was separated by
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centrifugation for 30 min at 4°C and 10,000 rpm (Beckman J2-21M/E centrifuge, J-17 rotor).
After confirmation of expression of pentabodies by SDS-PAGE and Western blotting, the
supernatant containing the antibody was dialyzed against IMAC buffer A and purified by
IMAC as described above. The aggregation status was determined by size exclusion

chromatography on a Superdex™ 200 10/300 GL column as described above.
3.2.4. Antibody characterization

3.2.4.1. Determining affinity and pan-reactivity by Surface plasmon resonance
(SPR)
The binding of all VHHs and VHs to immobilized strain QCD SLP High- and Low-

MW subunits (QCD H/L complex), strain CD630 High- and Low-MW subunits (CD630 H/L
complex), and strain QCD Low-MW subunit only (QCD Low) was determined by SPR
using BIACORE 3000 biosensor system (GE Healthcare). The antigens were gel purified as
described above prior to immobilization at a concentrations of 50 pg/mL in 10 mM acetate
buffer on Sensorchip CMS5 (GE Healthcare) using the amine coupling kit supplied by the
manufacturer. All monomer sdAbs were passed through a Superdex™ 75 column to
eliminate any possible aggregates prior to BIACORE analysis. In all instances, analyses were
carried out at 25°C in 10 mM HEPES buffer, pH 7.4 containing 150 mM NaCl, 3 mM EDTA
and 0.005% surfactant P 20 at a flow rate of 20 pL/min. The surfaces were washed
thoroughly with the running buffer for regeneration. Data were analyzed with BIAevaluation
4.1 software. The thermal refolding efficiency (TRE) of VH3 was determined as previously
described (Arbabi-Ghahroudi et al., 2010). Briefly, 3 uM VH3 was heated to 80°C for 20

min and allowed to cool at 22°C for 30 min. The sample was then centrifuged and binding
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was assayed to QCD SLP by SPR using several concentrations of the antibody. The steady
state binding was plotted against concentration for the native and the heated-cooled antibody,

and the slopes were used to determine the TRE.

3.2.4.2. Determining the epitope nature by Western blot

To determine which subunit the single-domain antibodies bound to, and the epitope
conformation, SDS-PAGE of 5 pg of strain QCD SLPs was preformed to separate the
subunits. They were then blotted onto PVDF membranes, blocked with 2% milk-PBS for 2
h, and treated with 5 mL of 10 pg/mL sdAb in 0.05% Tween 20-PBS for 1 h at room
temperature. Three washes of 5 min each with 0.05% Tween 20-PBS were preformed
followed by the addition of 1:10,000 dilution of mouse anti-His monoclonal IgG conjugated
to alkaline phosphatase in 10 mL 0.05% Tween 20-PBS. The membranes were incubated at
room temperature for 1 h, washed thrice for 5 min per wash with 10 mL 0.05% Tween 20-
PBS, and developed with AP developing reagents (BIORAD, Mississauga, ON, Canada).
Precision Plus™ molecular weight standards (BIORAD) were used for each membrane. A
1:1,000 dilution of antiserum from the immunized llama in 10 mL 0.05% Tween 20-PBS
was used as a positive control. A corresponding stained SDS-polyacrylamide gel of the SLPs

was used for comparison.

3.2.4.3. Thermal unfolding analysis
The Thermal unfolding profile of each antibody was obtained using circular
dichroism (CD) according to a previously described method (Hussack et al., 2011b) with
minor modifications. Briefly, after dialysis into 10 mM sodium phosphate buffer pH 7.0, CD

spectra from 180 - 260 nm of the antibody were obtained using a J-810 spectropolarimeter
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(Jasco Inc. Easton, MD). The temperature was constantly increased from 30°C to 96°C and
the molar ellipticity was taken at the wavelength corresponding to the maximal signal
variation between spectra, at a scan speed of 50 nm/min, a | mm bandwidth and a
temperature ramp of 1°C/min. Data was collected every 2°C with 1 accumulation. The molar
ellipticity data was then blank-subtracted and a non-linear regression, using the Boltzman
sigmoidal equation, was preformed. The Ty, of each antibody was calculated as the inflection
point of its non-linear regression curve. The non-linear regression curve was then
normalized, and the Tonset value was extrapolated; the Topset is defined as the temperature at

which 5% of the protein is unfolded.

3.2.4.4. Pepsin resistance assay

To assess the resistance of each antibody to the most common protease encountered
in the digestive tract, antiSLP antibodies were subjected to pepsin digestion as previously
described (Hussack et al., 2011b). Briefly, a gradient of concentrations was used to
determine the degree of resistance. All reactions were preformed in 20 pL final volume.
Antibodies were diluted in PBS pH 7.4, and 1 pL of 1 M HCI was added to each reaction to
bring the pH to ~1.5-2.0. Porcine stomach pepsin (Sigma) was diluted in 1 mM HCI, and 4.8
pg of antibody were digested with 2 pL of 100, 50, 25, 10, 2.5, and 1.25 pg/mL of pepsin.
Controls received 2 pL 1 mM HCl instead. Reactions were incubated for 1 h at 37°C. All
reactions were stopped by the addition of 1 pL 1 M NaOH followed by 10 pL of 3x non
reducing SDS-PAGE sample buffer, and then boiled at 95°C for 5 min prior to loading 15 pL
on an SDS-polyacrylamide gel. The gels were coomassie-stained, destained, photographed,
and densitometric analysis using AlphaEaseFc™ software package (version 7.0.1; Alpha

Innotech Corp., San Leandro, CA) was preformed. Antibodies which were resistant to pepsin
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digestion retained a band corresponding to their respective molecular weight. The % Ab
resistant was then calculated based on the signal intensity of that band relative to its

undigested control.

3.2.4.5. In vitro motility assay

An in vitro motility assay was used to determine if the isolated sdAbs are able to bind
whole C. difficile cells and prevent motility. Sterile culture tubes containing 5 mL 0.175%
agar-BHI media supplemented with 0.5% w/v Bacto-yeast extract, 0.12% w/v NaCl, and 25
pg/mL or 50 ug/mL sdAb, were stabbed with a fresh culture of strain QCD as previously
described (Twine et al., 2009) and incubated in anaerobic conditions at 37°C for 23 h.
Photographs were taken at 17 h and 23 h post inoculation to monitor the effects of each
antibody on motility of the strain relative to a control which did not receive antibody
treatment. The experiment was done in duplicates and the degree of motility was
qualitatively scored (on a scale of 0-3, where 0= no motility inhibition, and 3=complete
motility inhibition), by three individuals, according to degree of motility inhibition relative to
the control. The antibodies were stored for 10 months, and the assay was repeated at
antibody concentration 50 pg/mL of sdAb, and scored as before; the values were averaged

across the two experiments.

3.2.4.6. C. difficile cell ELISA

Formalin-killed whole cells from strain QCD were obtained from Susan Logan’s lab,
and 100 pL of cells (0.D.=0.2) were immobilized per well in microwell titer plates as
follows: the cells were incubated at 55°C for 2 h, followed by further incubation overnight at

4°C. The following day, the plate was washed once to remove non-immobilized cells, and
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wells were blocked with 2% milk-PBS for 30 min at 37°C. Hundred microliter of sdAb in
0.05% Tween 20-PBS (10 pg/mL, and 1 pg/mL, or approximately 625 nM and 62.5 nM)
were added and incubated at 37°C for 1 h in a shaker incubator. The plate was washed three
times with 0.05% Tween 20-PBS and a 100 pL of 1:5000 rabbit anti-6xHis conjugated to
HRP in 0.05% Tween 20-PBS was added, and incubated at 37°C for | h in a shaker
incubator. The plate was washed three times and developed with HRP substrate developer as
before. Control wells in which no cells were immobilized received the same treatment as
wells with immobilized cells. Blank control wells did not receive antibody treatment. The
positive control well received a 1:500 dilution of llama anti-SLP serum, and was detected

with anti-llama IgG conjugated to HRP.
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3.3. Results

3.3.1. Size exclusion profiles of SLPs from strains QCD and CD630

SLPs from strains QCD and CD630 were purified by a Superdex™ 200 gel filtration
column post low pH glycine extraction (Figure 7). Fractions from the two major peaks and
one minor peak were analyzed by 12% SDS-PAGE (Figure 7, inset image). The first peak
eluted at an expected MW of 320 kDa, and SDS-PAGE analysis confirmed the presence of
both subunits of SLPs in these fractions. The second small peak corresponds to the Low-MW
subunit only. The Low-MW subunit could only be isolated from strain QCD. The last major
peak was not detectable on SDS-PAGE despite the UV signal, which could represent
breakdown products of the High-MW subunit, as it is unstable in the absence of the Low-
MW subunit, and since High-MW subunit was not isolated in free-form from any of the

fractions collected.
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Figure 7: Size exclusion profiles of SLPs from C. difficile strains QCD and CD630.
Approximately 500 pg (of each protein) were loaded on a Superdex™ 200 chromatography
column and eluted over 1 column volume (QCD — blue trace, CD630 — black trace). Proteins
were eluted in 150 mM NaCl with 10 mM HEPES buffer pH 7.4 as the running buffer, at a
flow rate of 0.4 mL/min. Fractions were analyzed on 12% SDS-PAGE; fractions from the
first major peak were determined as the H/L SLP complex, while fractions from the small
peak were identified as the Low-MW subunit alone.
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3.3.2. Isolation of llama sdAbs to C. difficile SLPs

The naive library was subjected to four rounds of selection using 100 pg of a crude
low pH extracted SLP preparation from strain QCD. To identify QCD specific binders after
three rounds of panning, a total of 40 plaques were picked at random (from a titer plate) for
sequencing. Sequence analysis and predicted amino acid compositions revealed two distinct
sequences of conventional (VH) origin as defined by residues Gly44, Leu45, and Trp47
(Figure 8). The two VH sdAbs isolated were termed antiSLP VH2 and antiSLP VH3, or VH2
and VH3 for short. VH3 was repeated in 38 out of the 39 sequenced clones while VH2 was
a unique sequence. The CDR3 of VH2 is 10 amino acids long, while that of VH3 is 21 amino
acids in length. Sequencing analysis of 40 clones from a fourth round of panning revealed
that VH2 was eliminated from the phage pool. Both phages were isolated and propagated for
further screening using 0.5 pg of QCD SLPs by monoclonal phage ELISA. Bound phages
were detected with anti-M13 IgG conjugated to HRP. VH3-displaying monoclonal phage did
not bind to QCD SLPs (Figure 9A); VH2-displaying phage did bind to the SLPs with an
absorbance of 1.53. Despite the ELISA results, VH3 was not discarded as a potential SLP
binder since it was the only sequence enriched in rounds three and four.

Clones isolated from this naive library tend to have low affinities (uM) (Tanha et al.,
2002), therefore, an immune library was constructed to isolate high affinity binders to SLPs,
using both CD630 SLPs and QCD SLPs as immunogens. The immune library was subjected
to four rounds of panning using 100 pg of gel purified QCD SLPs as antigen. To identify
QCD specific binders after three rounds of panning as before, a total of 50 TG1 E. coli
colonies containing the phagemid vector were picked from a titer plate at random for
monoclonal phage ELISA (Figure 9B) and sequence analysis (Figure 8). Of the 40 returned
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sequences and based on CDR sequence identity, we identified 10 unique amino acid
sequences (Figure 8A) with varying frequency of occurrence (Table 1), which were
confirmed to be VHHs, according to camelid VHH characteristics at positions 37, 44, 45,
and 47 (Muyldermans et al., 1994; Vu et al., 1997). The VHHs are termed antiSLP VHH2, 5,
12, 22, 23, 26, 45, 46, 49, and 50 (Figure 8A, and Table 1). The 50 selected clones from
round 3 were screened against 0.5 ug each of immobilized gel purified strain QCD and
CD630 SLPs to identify cross-reactive antibodies to multiple strains (Figure 9B; one
representative of each unique sequence is presented). In monoclonal phage ELISA, clones
with an absorbance reading greater than 0.15 were considered positive for SLP binding. All
10 clones showed specific binding to strain QCD SLPs (Figure 9B, white bars). In contrast,
only VHH2, and less strongly VHH26, showed binding to strain CD630 (Figure 9B, hatched
bars). VH2 and VH3 were not assayed for binding to CD630 SLPs by phage ELISA.
Controls not receiving phage treatment, or receiving non-specific phage were negative for
binding to SLPs from both strains.

The library was subjected to a fourth round of panning and 40 colonies were picked at
random for sequencing. Analysis of the predicted amino acid compositions of the 30 returned
sequences revealed the presence of 7 distinct sequences, all of which were isolated in round
three. VHH2 and VHHS5 were the only clones whose sequences increased in frequency in
round 4 based on sequence analysis (Table 1), while the frequency of the other clones

decreased. VHHs 26, 45, and 50 were not selected in the fourth panning round.
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Figure 8: antiSLP sdAb sequences and relatedness. A) Sequence alignment of antiSLP
sdAbs based on the Kabat numbering system (Kabat et al., 1992); boxes represent the CDR
locations. B) Percent identity table of antiSLP sdAbs. C) Phylogenetic analysis of antiSLP
sdAbs isolated from the naive and immune llama phage display libraries, based on ClustalW

alignment.
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Figure 9: Monoclonal phage ELISA of clones selected from the naive and immune
phage display library to SLPs. A) Phage ELISA of clones selected from the naive llama
phage display library. The phage supernatant was directly applied to immobilized strain
QCD SLPs followed by detection with anti-M13-phage, HRP conjugated IgG. Negative
control: BSA; Blank control: no phage. B) Phage ELISA of clones selected from the immune
llama phage display library. Positive clones were grouped based on sequence identity of the
CDRs to yield the 10 unique clones represented. All clones were screened for binding to
SLPs from strains QCD and CD630 by directly applying phage-supernatants from overnight
cultures to immobilized antigen, followed by detection with anti-M13-phage, HRP
conjugated IgG. Blank control: no phage; Background control: M13 phage without sdAb
fusion.
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Table 1: AntiSLP single domain antibodies (VH/VHHs) isolated from the naive and
immune phage-display libraries. The pI of each sdAb was determined using the ExXPASy
online proteoparameter tool (Swiss Institute of Bioinformatics), excluding their c-Myc and
6xHis affinity tags. The sdAb were isolated from non-immune and immune phage display
libraries using strain QCD SLPs as the antigen. Their frequency of selection during panning
is indicated. QCD and CD630 are two different strains of C. difficile; QCD is recognized as a
‘superbug’.

Molecular Relative Frequency (%)
antiSLP V(Vke;)gal;t Isolfiei::lttrlc Round 3 Round 4
VHH2 15.71 8.91 10 30
VHHS5 15.61 6.77 27.5 43.3
VHHI12 17.00 5.78 10 3.3
VHH22 16.38 6.75 5 33
VHH23 17.02 5.81 15 10
VHH26 15.72 8.93 5 0
VHHA45 17.06 5.83 2.5 0
VHH46 15.83 5.33 2.5 33
VHH49 16.71 7.94 12.5 6.6
VHH50 16.25 5.79 7.5 0
VH3 14.69 4.37 97.4 100
VH2 16.32 6.05 2.6 0
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Many of the clones shared high identity as revealed by the multiple sequence
alignment of the unique SLP binders (Figure 8B and C). VHH22 and VHHS50 contained
additional cysteines which have the potential to form an interloop disulfide bond to constrict
the relatively long CDR3, and enhance the stability of the antibodies. Interestingly, VHH50
was not selected during the fourth panning round. The presence of a cysteine at residue 50 is
characteristic of VHH subfamilies 3 and 4 (Harmsen et al., 2000); these two VHHs were the
only two to belong to the VHH subfamily 3 and grouped together in the phylogenetic
sequence analysis. The remaining VHHs isolated in this study belonged to VHH subfamily 1.

The CDR3 length distribution among the 12 antibodies isolated varied. VHHSs 2, 5,
and 26 have the shortest CDR3 with 14 residues. VH3, a conventional VH, and VHHS50 have
a CDR3 with 21, and 20 residues respectively. VHH49 was distinct in that it has a 9 residue
CDRI, and an asparagine-rich CDR2, likely to result in enhanced solubility. VHH12,
VHH22, VHH23, and VHH4S5 all have a significantly long CDR3, with 23 residues for
VHH22 and 26 residues for VHHs 12, 23, and 45. VHH23 and VHH45 were identical with
the exception of 4 a.a., at positions 3 and 5 (FR1), and 33 and 34 (CDR1). VHH12 was the
next most closely related antibody (92.1 and 89.2% to VHH23 and 45, respectively). VHH2
and VHH26 have an 86% sequence identity and almost all the substitutions (17/19) are either
conserved or semi-conserved. Three of these substitutions are located in the CDR2, and 3
within the CDR3. In a similar manner, VHHs 5 and 46 grouped together in phylogenetic
analysis. The molecular weights (MW) and isoelectric points (pI) of the sdAbs are
summarized in Table 1; these SLP specific antibodies have acidic pls resulting in a negative
net charge at pH 7.4 (the pH at which they were selected at), and which is consistent with the
observation that camelid VHHs tend to have acidic pls (Arbabi-Ghahroudi et al., 2008), with

the exception of VHHs 49, 2 and 26 which have basic pls of 7.94, 8.91 and 8.93,
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respectively. The pls of the Low-MW and High-MW subunits of SLPs are 4.92 and 4.69,

respectively.

3.3.3. Large scale expression and purification of antiSLP sdAbs and assessment of
the aggregation state

The VH and VHH sequences were cloned into the pSJF2H vector for monomeric
expression in E. coli, and were purified by IMAC. We observed high and variable expression
yields of the clones (3-75 mg/L of bacterial culture). VH2 (not to be confused with VHH2)
and VHH45 were poorly expressed despite multiple attempts; expression did not yield a
sufficient quantity for full downstream characterization, and for that reason VH2 was
discarded from the study, while VHH45 was only analyzed in terms of binding to SLPs.
Normalized size exclusion profiles were obtained to study the aggregation state of each sdAb
(Figure 10). The elution volumes observed for the major monomeric peaks correspond to the
expected elution volumes of proteins with similar MWs (~15 kDa) (Ewert et al., 2002;
Jespers et al., 2010). It was observed that VHH22 shows a slight degree of aggregation.
Precipitate was also observed for VHH26 and VHH46 despite the presence of EDTA (a
metal chelating agent that reduces protease activity and aggregation following IMAC
purification), although it is important to note that both were stored at concentrations of > 3.0
mg/mL which has the potential to contribute to aggregate formation. Indeed when VHH26
was re-expressed and stored at 1.35 mg/mL, no precipitate was observed to date. This was
not the case for VHH46 which repercipitated following dilution post size exclusion on a
Superdex™ 75 column. The elution volumes varied from 11.8 to 13.1 mL.

As VH3 was the first antibody isolated, it was cloned into pVT2 for

homopentamerization (pVH3), in efforts to increase the avidity, since previous reports of a
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pentamerized antibody showed a significant increase in it’s apparent affinity (Zhang et al,,
2004) when the antigen presentation provides for avidity, as is the case for SLPs on the cell
surface of C. difficile. The expected MW of a single subunit of pVH3 is 27.07 kDa which
results in a MW of 135.4 kDa upon pentamerization. The expression of pVH3 was
comparable to its monomer. VH3 (Figure 10A) and pVH3 (Figure 10B) were 100%
aggregate-free despite being of conventional origin, and eluted at 12.3 (Superdex™ 75) and
13.9 mL (Superdex™ 200), respectively. Interestingly, VH3 also has a slightly acidic pI
(Table 1) which is consistent with the observation that non-aggregating VHs tend to have
acidic pIs (Arbabi-Ghahroudi et al., 2008). Camelid VH/VHHs typically possess glutamic
acid at position 6 (Vu et al., 1997), while our conventional VH3 contains an alanine at this
position; therefore, a mutant VH3 (VH3-6E) was constructed to study the effects of an AGE
residue substitution as this residue position was previously recognized to contribute to
stability (Tanha et al., 2006). The mutation lowered the pI to 5.49. By size exclusion

chromatography, VH3-6E is 100% aggregate-free, and elutes at 12.6 mL.
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Figure 10: Size exclusion chromatography profiles of anti-SLP single domain
antibodies. AntiSLP sdAbs were applied to a Superdex™ 75 (A), or Superdex™ 200 size
exclusion column (B) for pVH3, to determine their aggregation state. VHH22 shows some
degree of aggregation based on the small peak eluted at approximately 7.5 mL.
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3.3.4. Binding anaylsis by surface plasmon resonance
The monomers were injected over sensorchip-bound QCD H/L complex SLPs,
CD630 H/L complex SLPs, and QCD Low-MW SLP only, at various concentrations to

characterize the binding to C. difficile SLPs by SPR.

3.3.4.1. Determining the affinity and specificity of the naive VH3 to SLPs by
SPR
VH3 clearly binds SLPs from both strains tested, and with higher affinity to CD630

(Kp= 600 nM) than to QCD SLPs (Kp= 900 nM) (Figure 11 A and B, and Table 2). No
interactions were observed when VH3 was tested for binding to QCD Low-MW subunit
(Figure 11C) strongly suggesting that the epitope is located on the High-MW subunit;
CD630 Low-MW subunit could not be isolated in a quantity that lends itself to
experimentation. In a parallel experiment, after heating and cooling of VH3 (3 uM), binding
to QCD SLPs was assayed by SPR to determine the thermal refolding efficiency of the
antibody. SPR analysis of refolded VH3 revealed that VH3 retained 96% of its binding
capacity post denaturation and refolding (Figure 12) demonstrating that it exhibits reversible
thermal unfolding. Upon the introduction of a mutation in the FR (A6E) of VH3 (termed
VH3-6E), binding to SLPs was completely abolished (Figure 11, D-F), and the effects on the
refolding efficiency imparted by this mutation could not be characterized by SPR, as was
done for VH3. SPR analysis of pentamerized VH3 (pVH3) binding to QCD H/L and CD630
H/L SLPs revealed a 8-fold decrease in the dissociation rate constant of VH3 when in
pentamer form (Figure 13 and Table 2; 1.6 x 107 vs. 2.0 x 107 1/s, respectively), indicating

that multiple antibody-antigen interactions occurred.
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Figure 11: Binding Kkinetics of antiSLP VH3 and VH3-6E to SLPs by SPR. Purified
antigens (CD630 H/L complex SLPs, QCD H/L complex SLPs, or QCD Low-MW subunit
only) were immobilized on sensorchip CM5 by amine-coupling, and antiSLPs were injected
over the surface at various concentrations. The resonance caused by antibody-antigen
interaction is detected and the association and dissociation rate constants were determined
and used to calculate the binding affinity (Kp). Sensorgram overlays of the Ab-antigen
interaction at Ab concentrations ranging from 200 nM — 3 pM are presented for antiSLP
VH3 (panels A-C), and ranging from 200 nM - 2.5 uM for antiSLP VH3-6E (panels D-F).
RU: resonance unit.
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Figure 12: Thermal refolding efficiency of antiSLP VH3. AntiSLP3 (3 uM) was heated to
85°C for 20 min and allowed to cool at 22°C for 30 min and centrifuged even in the absence
of aggregates. Binding of the native VH3 and “refolded” VH3 to QCD SLPs was assayed by
SPR. Inset graph is an overlay of the sensorgrams obtained from the SPR experiment for the
native vs. refolded antibody. RU: resonance unit.
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Figure 13: Binding of antiSLP VH3 pentamer (pVH3) to CD630 and QCD SLPs by
SPR. Sensorgrams were obtained for binding of pVH3 CD630 (A) and QCD (B) at 10, 100,
1000, and 4200 nM antibody concentrations. The sensorgrams were normalized for
comparison of the binding kinetics at the various concentrations.
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Table 2: Binding Kinetics of antiSLP VH3 and pVHS3 to strains QCD and CD630 SLPs.
QCD H/L SLPs and CD630 H/L SLPs were immobilized on a CMS5 sensorchip and binding
kinetics were obtained from a 1:1 binding model of antibody:antigen interactions at varrying
antibody concentrations. The affinity constant (Kp), association (k,,) and dissociation (kog) rate
constants were determined by SPR analysis using BIACORE 3000. The resonance units (RU)
returned during antibody-antigen interactions are tabulated as the Ruyax.

Binding Kinetics to strain QCD H/L
complex SLPs

Binding Kinetics to strain CD630 H/L

. Kon
antiSLP Kp (nM) (1/Ms)
VH3 900 2.0x 10°
pVH3 n/a n/a

complex SLPs
kon Rmax
3.7x 100 22x102% 273
n/a 20x10° n/a--

a- Theoretical Ryax is 437 RU
b- Theoretical Ryay is 460.
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3.3.4.2. Determining the affinity and specificity of the immune VHHs to SLPs
by SPR

The monomers were injected over a CMS sensorchip-bound QCD H/L complex SLPs
at various concentrations to characterize the binding to C. difficile strain QCD by SPR. All
10 antiSLP VHHs were shown to be active by SPR analyses (Figures 14-16, and Table 3).
VHH45 was included in this experiment to determine the effects of the four residue
substitutions within the FR1 and CDR1 relative to VHH23 (97% identity). None of the
VHHs bound to the reference surface on which a similar amount of a control antigen was
immobilized (data not shown). Using kinetic analysis, VHHs 5, 12, 23, and 46 (Figure 14)
were shown to have the highest affinities (Kps of 3-6 nM) to strain QCD SLPs, and the
slowest ko (3.4 - 4.6 x 10* s). VHHs 12 and 23 required the use of low pH glycine for their
complete dissociation from the antigen, which resulted in some loss of surface activity.
VHHs 2, 22, 45, 49, and 50 were analyzed using steady state analysis. The affinities of
VHHs 45, 49, and 50 to strain QCD SLPs are in the medium nM range (54, 50, and 75 nM
respectively) (Figure 15). VHHs 2, 22, and 26 had the lowest affinities to strain QCD SLPs
of the 10 VHHs (Kps of 230, 177, and 584 nM, respectively) (Figure 16, A-F); such
affinities are probably too low for therapeutic applications. Note that kinetic analysis was
used to obtain the Kp for VHH26, which also exhibits the fastest ko, and kos from our panel
of antibodies. Moreover, these three antibodies showed complex binding to strain QCD SLPs
in that at low antibody concentrations (below 100 nM) high affinity binding was observed,
while at high antibody concentration (above 100 nM), lower affinity binding was observed
(Figure 16, F-H). Affinities of low nM to pM are preferred for therapeutic applications. Our
antibodies can be ranked as either having high affinity (VHHs 5, 12, 23, and 46; K less than

10 nM), medium affinity (VHHs 45, 49, and 50; Kp less than 100 nM but greater than 10
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nM), or low affinity (VHHs 2, 22, and 26; Kp greater than 100 nM). These results

demonstrate the specificity of these sdAbs to strain QCD SLPs.
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Figure 14: SPR analysis of antiSLP VHHs 5, 46, 12 and 23 binding to strain QCD H/L
complex SLPs. Several antibody concentrations of A) VHHS (1-200 nM) or B) VHH46 (25-
150 nM) were injected over a CM5 sensorchip with immobilized strain QCD SLPs. Only one
concentration (200 nM) was used for VHHs 12 and 23 as they poorly dissociated from SLPs,
resulting in decreased surface capacity. Sensorgrams were fitted to the 1:1 binding model
(red lines). All 4 VHHs had affinities (Kps) in the low nM range (3-6 nM). The theoretical
Rmax for the sensorchip is 513 RU.
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Figure 15: SPR analysis of antiSLP VHHs 45, 49, and 50 binding to strain QCD H/L
complex SLPs. Several antibody concentrations of A) VHH45 (5-2000 nM), or B) VHH49
(2.5-1000 nM), or C) VHHS50 (2.5-500 nM) were injected over a CMS5 sensorchip with
immobilized strain QCD SLPs. Steady state analysis (D-F) results in Kps of 54 nM, 50 nM,
and 75 nM for each antibody, respectively. The theoretical Ry, for the sensorchip is 513
RU. RU: resonance unit.
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Figure 16: SPR analysis of antiSLP VHHs 2, 22, and 26 binding to strain QCD H/L
complex SLPs. Several antibody concentrations of A)VHH2 (2.5-1000 nM), or B) VHH22
(25-800 nM) or C) VHH26 (10-2000 nM) were injected over a CMS5 sensorchip with
immobilized strain QCD SLPs. Steady state analysis of VHH2 and VHH22 (D-E) results in
Kpsof230 nM, and 180 nM, respectively. VHH26 was analyzed using the 1:1 binding model
(Kp=390 nM).The scatchard plots (F-H) reveal that at low antibody concentrations (less than
100 nM; upper panels) high affinity binding is observed, and at high antibody concentrations
(more than 100 nM; lower panels) low affinity binding was observed. The theoretical Rpnax
for the sensorchip is 513 RU.
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Table 3: Binding kinetics of antiSLP sdAbs to strain QCD H/L complex SLPs obtained
from multiple antibody concentrations. QCD H/L SLPs were immobilized on a CM5
sensorchip for the characterization of antibody-antigen interactions. antiSLPs were injected
at different concentrations, and the affinities (Kp), association (ko,), and dissociation (Kof)
rate constants were determined by SPR analysis using BIACORE 3000. Kinetic analysis was
used when interactions fit the 1:1 binding model. Alternatively, steady state analysis was
used for antibodies which exhibit complex binding characteristics, in which case no ko, or
kosr could be calculated. The resonance units (RU) returned during antibody-antigen
interactions are tabulated as the Ryax.

Binding kinetics to QCD H/L complex

SLPs

I(D kon Rmax

(M)  (1/Ms) Kot (1/5) (RUY™
VHH2 230 n/a n/a 277
VHHS5 5.6 8.2x10* 4.6x10* 100
VHH12 3 1.2x10° 3.4x10* 142
VHH22 180 n/a n/a 100
VHH23 4 9.4x 10 3.7x10* 98
VHH26 390 3.5x10° 0.1 288
VHHA45 54 n/a n/a 189
VHH46 3 1.1x10° 34x10* np/a°
VHH49 47.8 n/a n/a 197
VHHS50 74.5 n/a n/a 175

a- The theoretical Ryax is 513RU
b- The Ry, is dependent on the [VHH]
c- The local Rpax Was used after each injection
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All 10 antiSLP VHHs were also tested for their ability to bind CD630 H/L complex
SLPs in order to identify pan-reactive antibodies. Interactions with CD630 H/L complex
SLPs were observed for VHH2, and VHH26 (Figure 17 and Table 4), consistent with phage
ELISA observations (Figure 9B). The affinities of these VHHs to strain CD630 SLPs were
lower than the affinities to strain QCD SLPs (Table 3 and Table 4); the affinities of VHH2
and VHH26 to CD630 are 1 and 2 pM, indicating a 4-fold and a 5-fold decrease in affinities
compared to the higher affinity for QCD SLPs, respectively. Although binding to CD630
SLPs was observed for VHH23, it was only tested at 200 nM antibody concentration, and the
respective Ry is significantly lower for CD630 when compared to QCD SLPs (23, and 98
RU), therefore no reliable conclusions can be made as to the cross-reactivity without further
detailed studies. The association (ko) and dissociation (ko) rate constants, as well as the
affinity constant (Kp) are summarized in Table 4. VHH26 had the fastest ko, and kg for both

SLP antigens.
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Figure 17: Sensorgrams of antiSLP sdAbs binding to strain CD630 H/L complex SLPs.
Strain CD630 H/L complex SLPs were immobilized on a CMS5 sensorchip and antibodies
were injected over the surface at different concentrations. The theoretical R,y for this
sensorchip is 497 RU. A) Sensorgram overlays of VHH2 binding to strain CD630 SLPs at
antibody concentrations of 2.5-1000 nM with a 1:1 kinetic analysis (black line). Kp=1 pM.
B) Sensorgram overlays of VHH26 binding to CD630 at antibody concentrations of 10-1000
nM with a 1:1 kinetic analysis (black line). Kp=2 uM. C) Sensorgram of VHH23 binding to
CD630 SLPs at 200 nM antibody concentration with a 1:1 kinetic analysis (black line). Only
one concentration was injected due to the poor dissociation of the antibody. Kp=9 nM. RU:
resonance units.
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Table 4: Binding kinetics of antiSLP sdAbs to strain CD630 SLPs. CD630 H/L SLPs
were immobilized on a CMS sensorchip for the characterization of antibody-antigen
interactions using the 1:1 binding model. antiSLPs were injected at different concentrations
(with the exception of VHH23 which was injected at 200 nM only) and the association (ko)
and dissociation (Kf) rate constants were determined by SPR analysis using BIACORE
3000. The resonance units (RU) returned during antibody-antigen interactions are tabulated
as the Rpax.

Binding Kinetics to CD630 H/L SLPs

antiSLPs Ky (aM) koo (I/Ms) Ko (I/5)  Rpnax (RU)"

VHH2 1000 2.8x%10° 3.0x 107 216
VHH23" 9 8.6 x 10* 8.8 x 10* 23
VHH26 2000 1.5x 10° 40x 10" 223

a- The theoretical Rpax is 497RU
b- Data collected using one antibody concentration (200 nM)
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3.3.4.2.1. Determining the SLP epitope nature

In order to determine whether these Abs bind the high- or Low-MW subunit of the
SLPs, antiSLP VHHs were also tested for binding against the QCD Low-MW subunit only
by SPR. At 200 nM results revealed that all of our antiSLP VHHs bound the low MW
subunit alone. VHHs 5, 12, 23, and 46 had lowest dissociation rate constants. Although
VHH26 bound the QCD Low-MW subunit, the Kp (500 nM) may not be reliable as the
returned R« falls below the error range for such experiments; multiple antibody
concentrations should be used to verify this value. At 200 nM antibody concentrations, the
calculated antibody dissociation rate constants from strain QCD Low-MW subunit correlate
well with the antibody dissociation rate constants from strain QCD H/L complex SLPs
(Figure 18). The calculated Kps also correlate well for the two antigens at 200 nM antibody
concentrations (Table 5), collectively indicating that the epitope lies on the Low-MW subunit
of the protein. Interestingly, although the binding kinetics, as well as affinities, correlate well
for the two antigens as indicated by a slope of 1.11, there are significant differences in the

observed Ryxs for each protein (discussed below).
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Table 5: Binding kinetics of antiSLP sdAbs to strain QCD H/L complex and Low-MW SLP
by SPR. QCD H/L SLPs and Low-MW SLP were immobilized on a CMS sensorchip and
binding kinetics were obtained from a 1:1 binding model of antibody:antigen interactions at 200
nM antibody concentrations. The affinity constant (Kp), association (k) and dissociation (Kof)
rate constants were determined by SPR analysis using BIACORE 3000. The resonance units
(RU) returned during antibody-antigen interactions are tabulated as the Rpyax.

Binding kinetics to strain QCD H/LL  Binding kinetics to strain QCD Low-

complex SLPs at 200 nM MW SLP at 200 nM
R
. KD kon Rmax I<D s
antiSLP @M)  (1/Ms) Kogr (1/5) RO  (@M) Kon (1/Ms) Kot (1/5) gRU)
VHH2 71 43x10° 3.1x10° 221 90 1.5x 10° 1.3x10% 26
VHHS5 5 12x10°  62x10% 336 3 14x 10° 4.1x10* 151
VHH12 3 1.1x10° 34x10* 286 1 14x 10° 12x10* 131
VHH22 18 84x10* 15x10° 97 10 1.3x 10° 1.1x10° 114
VHH23 4 94x10* 37x10* 137 3 1.1x 10° 32x10* 72
VHH26 92 1.1x10° 1.0x10" 205 500 4 -d 5°
VHH45 19 1.8x10° 34x10% 78 10 2.3x10° 23x 107 171
VHH46 3 95x10* 28x10* 93 2 1.5x 10° 32x 10" 181
VHH49 51 43x10° 22x10% 74 20 5.9x10° 1.2x10% 231
VHHS50 20 1.6x10° 3.0x10° 66 10 1.9x 10° 27x10° 154

a- The theoretical Rpax for the sensorchip is 513RU

b- The theoretical Ry,,« for the sensorchip is 492RU

c- Rpax falls below the acceptable lower response limit
d- response too low to calculate rate constants
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Figure 18: Correlation of antiSLP VHHs binding to strain QCD H/L complex SLPs and
QCD Low-MW subunit only. A linear regression of the dissociation rate constants of each
antiSLP (at 200 nM) obtained from the 1:1 binding model to strain QCD H/L complex SLPs
and QCD Low-MW SLP results in a slope of 1.11. R?=0.966, p=0.0001.
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To determine if the epitope is linear or conformational, a Western blot was
performed where the antibodies were applied to SLPs that were separated in a 12% SDS-
PAGE and transferred to a PVDF membrane, followed by detection with anti-5xHis IgG
conjugated to alkaline phosphatase (AP) (Figure 19). SDS-PAGE was used to demonstrate
the presence of both SLP subunits in the QCD SLP samples, and the blots are presented in
order of decreasing affinity. A signal was observed for antibodies which recognize a linear
epitope. VHHSs 12, 23, 46, 5, 49, and less strongly VHHs 22 and 26 (consistent with their
lower affinity), clearly bind the Low-MW subunit of the SLPs, providing support for the
SPR results, and indicating that the epitope recognized by these antibodies is in a linear

conformation.
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Figure 19: Western blot analysis of antiSLP sdAbs to strain QCD SLPs. 5 ug of QCD
SLPs were separated in a 12% SDS-polyacrylamide gel and proteins were transferred onto a
PVDF membrane. antiSLP sdAbs were applied at 10 pg/mL (~625 nM) to determine the
subunit specificity, and detected with anti-5xHis IgG conjugate to AP. The membrane was
developed using AP substrate developer. A 1:1000 llama anti-serum was used as a positive
control. An SDS-PAGE gel demonstrates the presence of both subunits. The blots are
arranged in order of decreasing Kps.
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3.3.5. Binding of antiSLPs to whole C. difficile cells

The antibodies were also tested for their ability to bind whole C. difficile cells in vitro
by means of whole cell ELISA (figure 20). Formalin-killed C. difficile cells were
immobilized in microtiter plates, and antibodies were added at 10 pg/mL (~625 nM) and 1
pg/mL (~62.5 nM) concentrations. All our antiSLP sdAbs bound whole C. difficile cells with
the exception of VHH2. VHHS0 only weakly bound cells by whole cell ELISA. When the
antibody concentration was decreased 10-fold, the signal intensity observed from binding to
whole cells decreased for VH3. The signal for VHH2 was lost at 1 pg/mL. For the remaining
antibodies, the signal intensity remained relatively the same, indicating that in this assay,

surface saturation was reached at or below antibody concentrations of 1 pg/mL.
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Figure 20: AntiSLP sdAbs bind C. difficile whole cells. Formaline killed strain QCD
whole cells were immobilized on 96well plates, wells were blocked with 2% milk-PBS, and
antiSLP sdAbs were applied at 10 pg/mL (~625 nM), and 1 pg/mL (~62.5 nM) per well, and
detected with anti-5xHis conjugated to HRP. The experiment is a representative of two
independent experiments, with duplicates within each experiment (n=2); error bars represent
the standard error within the experiment. Blank wells were blocked with 2% milk-PBS and
received the same treatment as wells with immobilized strain QCD cells (no-cell control).
Two wells with immobilized strain QCD cells and not receiving antibody treatment serve as
a no-VHH control. (+) control is a 1:500 dilution of llama antiserum to SLPs, followed by
detection with anti-llama antibody conjugated to HRP.
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3.3.6. The ability of antiSLP antibodies to inhibit C. difficile motility

Although the antibodies were not selected using a motility antigen, we sought to
determine if antiSLPs could interfere with the motility of strain QCD using a motility
inhibition assay. Culture tubes containing 0.175% BHI-agar supplemented with either 25
pg/mL or 50 pg/mL antiSLP antibody were inoculated with C. difficile and cultured for 23 h.
Growth was monitored at 17 h and 23 h post inoculation (Figure 21,A and B; upper panel).
Results demonstrate that at 23 h post inoculation, and 25 pg/mL antibody concentrations,
VHHS, and VHH46 completely inhibit motility of C. difficile. VHH45 and VHHS50 show
slight inhibition of motility at 25 pg/mL. The remaining sdAbs do not inhibit motility at

concentrations of 25 pg/mL.

To test whether motility inhibition is concentration dependent we doubled the
antibody concentration to 50 pg/mL (Figure 21A and B; lower panel). Results indicate that at
antibody concentrations of 50 pg/mL, VHHS5 and VHH46 clearly inhibit C. difficile motility.
VHH4S5 also inhibits C. difficile motility, whereas VHH23 only slightly inhibits motility at
this concentration, despite having 97% identity; however, motility inhibition was only
assayed once for VHH45 (with duplicates within the experiment) due to limited antibody
availability, and data should be interpreted with caution. Interestingly, the affinity of VHH45
to QCD SLPs is 14-fold lower than the affinity of VHH23 to the same antigen. Increasing
the concentration of VHHS50 resulted in complete inhibition of C. difficile motility, wherein
only slight inhibition was observed at 25 pg/mL. Results of two independent experiments are
summarized in Table 6. The growth could not be scored at 17 h due to insufficient cell
growth of the control. Antibodies with motility inhibition values above 2 were considered

effective at inhibiting motility. Although VHH45, was not included in our whole cell ELISA,
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it’s ability to inhibit motility indicates that it binds SLPs when they are present on the cell

surface.
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Figure 21: C. difficile motility in the presence of anti-SLP single domain antibodies. C.
difficile strain QCD was inoculated in 0.175% agar-BHI with or without the presence of anti-
SLP sdAbs, and incubated overnight under anaerobic conditions. Images were taken at A)
17, and B) 23 h post-inoculation. Two concentrations of antibody (25 pg/mL and 50 pg/mL)
were used to assay C. difficile motility. VHHs 5, 45, 46, and 50 inhibit C. difficile motility.
Images represent one set of tubes, from one independent experiment.
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Table 6: C. difficile motility in the presence of anti-SLP single domain antibodies. C.
difficile QCD was inoculated in 0.175% agar-BHI with or without the presence of antiSLP
antibody at two different concentrations (25 pg/mL and 50 pg/mL), and incubated for 23 h,
at 37°C and anaerobic conditions. The tubes were scored based on the degree of bacterial
diffusion from the original stab point, relative to the control. Antibodies with a score >2 were
considered successful at inhibiting C. difficile motility.

25 pg/mlL? 50 pg/mL°

Trial 1 Trial 1° Trial 2°°  Average®
Control® 0 0 0 0
VHH2 0 0 0.3 0.15
VHHS5 3 3 2.3 2.65
VHHI2 0 1.5 2.3 1.9
VHH22 0 0.5 0.3 0.4
VHH23 0 1.5 1.3 1.4
VHH26 0 0.5 0.3 0.4
VHH45 2.5 3 n/a 3
VHH46 3 3 2.3 2.65
VHH49 0 0.5 1.3 0.9
VHH50 1 3 3 3
VH3 0 1 0.3 0.65

a- One independent experiment, with two replicates per antibody; scored by 1 individual.

b- Two independent experiments, with two replicates per antibody within each experiment.

c- The experiment was scored by three individuals and the average was taken.

d- The average of ¢ (n=2).

e- Same antibody preparation as was used in trial 1 but after 10 month storage in PBS pH
7.4, 4°C.

f- Only assayed once due to insufficient antibody yield.

g- Control tube without sdAb.
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3.3.7. Melting temperature (T,,) analysis of antiSLP sdAbs

The melting temperature is often indicative of the stability of the antibody molecule
under non-ideal conditions. The T, was determined for all antiSLP sdAbs using the circular
dichroism spectra which were obtained as temperature was linearly increased at 1°C/min
from 30-96°C (Figure 22 and Table 7). Antibody unfolding appears as a single phase as
previously described in (Jespers et al., 2004). The melting temperature of VHH23 was the
highest at 75.36°C, followed closely by VHH22 (74.62°C), and VHH12 (73.68°C). The
lowest T, determined was that of VHH2 (62.31°C) also followed closely by VH3 (65.53°C).
There appears to be a slight increase in Ty, of VH3-6E (66.2°C) relative to VH3. The Tonser of
each antibody was also determined as the temperature at which 5% of the antibody in
solution is unfolded (Table 7). This value also gives an indication of the antibody stability, as
a molecule which begins to unfold at a lower temperature (low Toneer) is less stable than a
molecule which begins to unfold at a relatively higher temperature (high Tonser), despite
having the same Ty, especially if it unfolds at 37°C. There was also a slight increase of the
Tonset of VH3-6E compared to VH3 (+0.7°C). VHH12, 22, and 23 all had high Tonser. The
maximal signal difference from the zero occurred at 205 nm for VHHs 12, 23, and 26. The

maximal signal difference from the zero for the remaining antibodies occurred at 210 nm.
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Table 7: Thermal unfolding characteristics of antiSLP VHs and VHHs. Following a
linear temperature gradient from 30°C to 96°C, a non-linear regression analysis on the
circular dichroism (CD) data was used to determine the Ty, of each antibody. The Topset Was
obtained from the normalized linear-regression curve, as the temperature at which 5% of the
antibody is unfolded. The assay was performed in 100 mM NaPi buffer pH 7.0. The standard
error, and R? values, from the non-linear regression, are tabulated for each antibody.

Thermal unfolding characteristics

Tm SE R? Tonset
antiSLP (°C) (+-°C)* (°C)
VHH2 62.31 0.339 0.989 58.20
VHH5 70.32 0.125 0.998 58.60
VHH12 73.68 0.183 0.995 67.80
VHH22 74.62 0.133 0.998 68.25
VHH23 75.36 0.253 0.990 69.75
VHH26 71.87 0.457 0.990 63.20
VHH46 66.33 0.273 0.993 53.90
VHH49 64.78 0214 0.994 58.65
VHHS50 70.26 0.248 0.992 59.70
VH3 65.52 0.079 0.999 58.79
VH3-6E 66.21 0.17 0.996 59.50

a- The standard error was calculated based on the 95% confidence interval of the non-linear
regression curve of each antibody
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Figure 22: Thermal unfolding curves of anti-SLP VH and VHHSs.The melting curves
were generated by collecting the CD spectra from 180-260 nm for each antibody, and
following the wavelength corresponding to the maximal signal variation with respect to zero,
as the temperature was increased from 30°C to 96°C. A non-linear regression was
performed on the normalized CD values, in order to determine the melting point, T, , for
each antiSLP antibody. The assay was performed in 100 mM NaPi buffer pH 7.0
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3.3.8. Pepsin resistance of antiSLP sdAbs
All VH/VHHs were subjected to pepsin digestion at decreasing concentration of

enzyme, beginning with the concentration normally found in the digestive tract (100 pg/mL)
(Figure 23 and Figure 24). VHH2 and VHH22 exhibited the highest degree of resistance with
an average of 12% and 19.6% antibody remaining undigested respectively, after digestion for
1 h with 100 pg/mL of enzyme (Table 8). At the second highest enzyme concentration (50
ug/mL), 21.9% of VHH23 and 2.8% of VHH12 remain undigested after one h incubation
with pepsin. Most of our antibodies were fully digested with 25 ug/mL of pepsin (Figure 24).
Moreover, there appears to be a correlation between the Tr, and the Tonset Obtained and the
degree of pepsin resistance (Figure 25) however, VHHs 2 and 46 were excluded from the
population (discussed below). It is important to note that the thermal unfolding of proteins is
highly dependent on salt concentrations, and pH; all of our unfolding experiments were
performed in 10 mM NaPi buffer, pH 7.0, while the pH of the pepsin digestion was
approximately 1.5-2. Under digestion conditions, the antibodies exhibit loss of the C-
terminal His-tag, consistent with previous findings (Hussack et al., 2011b), and therefore,
lower bands corresponding to a MW that is ~2 kDa less than the band corresponding to the
full antibody were considered as resistant to enzymatic digestion. VHHs 5 and 46, and VHHs
12 and 23, which share 84.9% and 92.1% sequence identity and similar binding properties
(as indicated by SPR and our motility assay), also exhibit similar Ty, and pepsin resistance
characteristics. VH3-6E was excluded from this assay since we were primarily interested in
characterizing sdAbs with binding activity. No obvious correlation was found between the
number of pepsin digestion sites present in each antibody, and its relative resistance to pepsin

digestion.
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Figure 23: SDS-PAGE profiles of anti-SLP single domain antibodies following pepsin
digestion. Antibodies were digested with pepsin at final enzyme concentrations of 100, 50,
25,10, 5, 1.25 pg/mL (lanes 1-5, respectively) for 1 h at 37°C, and analyzed in a 12% SDS-
PAGE gel. Lane 6 in all panels - undigested control. Figures are representative of three
independent experiments. Molecular weight markers are indicated on the left hand side. The
calculated percentage of undigested Ab are recorded in Table 6.
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Figure 24: Pepsin resistance profiles of antiSLP sdAbs. The percent resistance of each
antibody was determined by densitometric analysis following a 1 h digestion with various
pepsin concentrations. The median value is indicated.
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Table 8: Resistance profiles of anti-SLP sdAbs to pepsin digestion. sdAbs were digested with
pepsin at final enzyme concentrations of 1.25, 5, 10, 25, 50, or 100 pg/mL for 1 h at 37°C to
determine the degree of resistance to pepsin digestion, and analyzed on SDS-PAGE by
densitometric analysis relative to an undigested control. The % Ab undigested value (+/- standard
error, n=3) represents the amount of antibody remaining intact post-digestion as indicated by its
band intensity on an SDS-PAGE gel, relative to its undigested control. The antibodies are ranked
from most to least resistant. The number of pepsin digestion sites within the whole antibody vs.
within the CDRs are indicated, and were obtained using the Expasy PeptideCutter tool courtesy
of the Swiss Institute of Bioinformatics (http://ca.expasy.org/cgi-
bin/peptidecutter/peptidecutter.pl).

# of pepsin . .
cleavage sites Pepsin resistance (%)
(pH 1.3-2.0)
° " 1.25 5 10 25 50 100
S A E = pg/mL  pg/mL  pg/mL pg/mL  pg/mL  pg/mL*
= 3 a
< wn = &)
99.0 +/- 85.2 +/- 83.1 +/- 56.0 +/- 46.5 +/- 19.6 +/-
VHH22 47 19 15 73 33 7.0 10.0 0.8
99.0 +/- 78.2 +/- 55.3 +/- 24.5 +/- 15.3 +/- 12.0 +/-
VHH? 4ar 13 13 34 13.1 8.5 5.0 3.1
97.2 +/- 97.3 +/- 93.4 +/- 66.0 +/- 21.9 +/-
VHH23 a7 1 1.7 25 5.9 23 9.8 0.00
99.4 +/- 89.6 +/- 77.8 +/- 25.7 +/- 2.8 +/-
VHHIZ 48 19 19 8.0 3.9 36 2.0 0.00
96.6 +/- 86.4 +/- 55.6 +/- 9.9 +/-
VHH46 36 14 1.6 77 45 46 0.00 0.00
76.7 +/- 23.5 +/- 10.3 +/- 2.1+/-
VHHS5 45 17 15.1 9.7 15 21 0.00 0.00
96.6 +/- 72.8 +/- 50.8 +/- 1.9 +/-
VHH26 40 11 0.1 8.8 25 13 0.00 0.00
89.9 +/- 48.5 +/- 15.9 +/-
VHHS50 42 14 31 44 79 0.00 0.00 0.00
88.0 +/- 37.0 +/- 5.1 +/-
VH3 46 15 6.9 127 27 0.00 0.00 0.00
59.7 +/- 15.6 +/-
VHH49 44 17 14.2 0.6 0.00 0.00 0.00 0.00
a- n=2
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Figure 25: Correlation between pepsin resistance and thermal unfolding. A linear-
regression analysis was performed; values for VHH2 and VHH46 were excluded from the
group analysis. A) Correlation of pepsin resistance with Tp; R?=0.837, p=0.0014. B)
Correlation of pepsin resistance with Tonset; R2=0.817, p=0.0021.
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4. Discussion

C. difficile is the leading cause of hospital acquired infections in developed countries.
1-3% of all healthy adults are asymptomatic carriers, but this rate increases to 20% upon
antibiotic treatment (McFarland et al., 1989). Currently, the only available treatment for C.
difficile infection is the administration of antibiotics; However, there is a 20% chance of
relapse even after prolonged antibiotic treatment, and a further 30-50% will experience a
third relapsing episode (Kyne et al., 2001; Barbut et al., 2000). With the rise of antibiotic

resistance, it is necessary to develop alternative therapeutic strategies to treat infections.

C. difficile SLPs mediate adherence to host cells (Takumi et al., 1991; Karjalainen et
al., 2001; Drudy et al., 2001; Calabi et al., 2002) and passive immunization with anti-SLP
serum has been shown to significantly enhance survival in a stringent hamster model
(O'Brien et al., 2005). Moreover, mucosal immunization of hamsters with cell wall extracts
in combination with flagellar protein FliD significantly reduces bacterial load during
infection and prolongs survival (Pechine et al., 2007). In a similar study, hamsters that were
protected against C. difficile challenge following active immunization with toxoids A, B, and
whole cell antigens, produced antisera with high agglutinating activity (Torres et al., 1995).
Together these studies suggest that antibody-mediated bacterial neutralization may be an
effective therapeutic strategy for C. difficile infections, and provide the rational for our
current study which aimed to isolate and characterize high affinity sdAb binders to C.

difficile SLPs for the potential use as potential therapeutic agents.

4.1. Isolation and functional characterization of anti-SLP sdAbs
In the context of alternative oral therapy for C. difficile infections, llama sdAbs offer

several advantages: (i) they are cost efficient to produce, (ii) they are stable molecules with a
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long shelf-life, (iii) they are highly specific, (iv) they are highly amenable to antibody
engineering for improving affinity, stability, and function, (v) they are closely related to the
human VH subfamily III (Vu et al., 1997; Nguyen et al., 2000), and are likely only
minimally immunogenic (Cortez-Retamozo et al., 2004), and (vi) no selective pressure is
applied where the emergence of resistance is a concern. Moreover, since sdAbs do not lyse

bacteria, bacterial endotoxins are not released.

A naive and an immune VHH llama phage display library were panned for SLP-
specific sdAbs. A total of 12 unique sequences were isolated — 2 and 10 clones from the
naive and immune library, respectively. However, only 11 were successfully expressed and
shown to be aggregate-free. Based on sequence analysis, all the anti-SLP antibodies isolated
from the immune library contained the characteristic camelid heavy chain tetrad residues at
positions 37, 44, 45, and 47 (Muyldermans et al., 1994), while VH3 isolated from the naive
library was of conventional origin (Val 37, Gly44, Leu45, and Trp47). Many of the clones
shared high sequence identity (60-97% among the VHHs; Figure 8). Sequence analysis
revealed the presence of a long CDR1 (9 residues) in VHHA49, while all other antibodies
identified possess 5 residues. Although antigen recognition is generally accepted to be shared
by all three CDRes, it relies heavily on the CDR3 of antibodies. However, it is likely that the
CDRI1 of VHH49 plays an important role in antigen recognition, and the occurrence of a
long CDRI is not unprecedented (Harmsen et al., 2000). In fact, there has been previous
evidence for the involvement of the CDR1 pairing with the CDR3 of VHHs in antigen
interactions but not CDR2 (Decanniere et al., 1999). Interestingly, both VHH50 and VHH22
possess additional cysteines in CDR2 and CDR3 which likely forms a disulfide bond and

aids in the stabilization of the antibodies, as indicated by their relatively high Tp, (70.26 and
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74.62 °C, respectively). These VHHs belong to the VHH subfamily 3 which is characterized
by the presence of a cysteine at position 50 and a longer CDR3 (an average llama CDR3
length is 14-16 a.a.) (Harmsen et al., 2000;. Indeed both VHHs possess a 20- and 23 residue
CDR3 respectively, and many of the anti-SLP VHHs isolated in this study share the same
characteristic. A long CDR3 is thought to increase the stability and solubility of the VHH by
folding over the VL-interface (Desmyter et al., 1996; Spinelli et al., 1996; Decanniere et al.,
1999). Moreover, a long CDR3 can protrude into crevices that are rather inaccessible by
conventional antibodies. In an example, a lysozyme-specific VHH (cAb-Lys3) possesses a
stretch of residues within its long CDR3 which protrudes and inserts into the cleft of the
enzyme (Desmyter et al., 1996). This highlights the potential of VHHs as potent enzyme
inhibitors as was also demonstrated by Lauwereys et al. (1998). Additionally, a llama VHH
which neutralizes HIV-1 IIIB was shown to possess a CDR3 with structural flexibility which
counters the plasticity of the antigen (Hinz et al., 2010). Together these studies support the
notion that it may be desirable for us to select from a pool of antibodies with larger antigen-
binding components (i.e. CDRs) as to increase the likelihood of neutralization by either
covering a larger antigenic surface, or by accessing crevices that are key for host-cell
interactions, given the narrow and elongated shape of SLPs (Fagan et al., 2009), as well as

their arrayed arrangement on the surface of C. difficile.

Two additional interesting observations were the sequence similarities of VHHs 2
and 26, VHHs 5 and 46, and VHHs 23 and 45. Upon sequence analysis of VHHs 2 and 26
we observed 19 residue substitutions, 6 of which are distributed in CDRs 2 and 3. VHH23
and VHHA45 shared the highest sequence identity (97 % identity) as they differed by 4

residues, two of which are at the N-terminal and 2 of which were in CDR1. VHHs 5 and 46
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share 84.9% identity, and differ mainly in CDR1 and CDR3. The binding kinetics of our
VHHs were determined by SPR and all of our antibodies bound to strain QCD SLPs.
Interestingly, binding kinetics revealed that VHH26 had a 3-fold faster dissociation rate
constant and a ~2-fold lower Kp relative to VHH2 for strain QCD SLPs, which is likely the
reason for its elimination in the fourth panning round. VHH45 was also not selected in the
fourth panning round, and a 14-fold higher affinity of VHH23 to QCD SLPs relative to
VHH45 was observed. This difference is probably attributed by the G33A and M34V
substitutions during in vivo maturation from VHH45 to VHH23. Although there is no
significant difference in their association rate constants (1.23 and 1.77 x 10° M s for
VHH23 and VHH45, respectively) for strain QCD SLP, VHH45 did exhibit a 17-fold faster
dissociation rate constant, which translates to the decreased affinity. Interestingly, when De
Genst et al. (2004) constructed a germline revertant of a cAb-Lys3 to study the plasticity and
interaction strength of the antigen binding residues during affinity maturation, they found
that while the association rate constants remained relatively constant, their germline
precursor variants differed significantly in their dissociation rate from the mature cAb-Lys3,
and that the replacement mutations from the germline to the mature VHH occur at the
paratope periphery of the antibody-antigen interface. Somatic hypermutation for
diversification is common at this location during the in vivo selection process (Tomlinson et
al., 1996). Furthermore, the residue replacements at the N-terminal (K3Q, and E5V) could
have conferred a structural change that translates to the antigen-binding paratopes which
resulted in more favorable binding energetic, and therefore increased affinity of VHH23 to

SLPs, relative to VHHA45.
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Camelids typically have a glutamic acid at position 6. A mutant VH3 (VH3-6E) was
constructed by a single residue substituting (A6E) in order to study the effects on the
antibody (Tanha et al., 2006). The introduction of this mutation in the framework region
completely disrupted antigen binding. It is difficult to speculate why this occurred but
perhaps the mutation conferred a slight overall structural change that altered the
conformation of the antigen binding loops such that antigen-interactions were no longer
energetically favorable. This is further supported by computer modeling of the structure of
VH3 and VH3-6E (Appendix II), where a local charge disruption is observed around residue
6E in VH3-6E, when compared to the area around residue 6A in VH3. However, the results
are only qualitatively useful as the electrostatics were generated in vacuo, using PyMOL
(The PyMOL Molecular Graphics System, version 1.2r3pre, Schrodinger, LLC). The
structural effects imparted by this mutation warrant further investigation. We also sought to
increase the affinity of VH3 by increasing the avidity through pentamerization. The
pentamerization of VH3 resulted in an approximately 10-fold decrease in the dissociation
rate constant, indicating that multiple antibody-antigen interactions occurred. However, full
valency was not achieved as was previously described for this platform (Zhang et al., 2004),
due to the orientation of the antibodies and the rigidity of the platform, in combination with
the number of epitopes and the geometry of the epitopes which results in steric hindrance of

multivalent interactions.

All of our VHHs were specific to strain QCD SLPs (PCR ribotype 027), and were
further shown to be specific to the Low-MW subunit of the protein by SPR. However, VH3
did not bind the Low-MW subunit of SLPs suggesting that the epitope likely lies on the

High-MW subunit. VHH26 showed slight binding to the QCD Low-MW subunit by SPR and
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by Western blot, however, the Ry, for the SPR experiment was significantly lower in
comparison to the Ry« for the H/L experiment (Table 5) and the binding kinetics need to be
re-examined. The SPR data obtained in this study highlights the complexity of SLPs as
antigens. Although the Kps of our VHHs to H/L complex SLPs and to the Low-MW subunit
alone (Table 5) were relatively the same, there were significant differences in the Ryaxs
observed between the two sets of data, despite using the same antibody concentration. The
increase in R,y (as is the case for VHH4S, 46, 49, and 50) is likely the result of better
accessibility to QCD Low-MW subunit due to the absence of steric hindrance from the High-
MW subunit. Instances where the Ry« decreases can be explained by the fact that the Low-
MW SLP can be present as a homodimer in the absence of the High-MW subunit (Fagan et
al., 2009). This homo-dimerization could result in masking of an epitope that is normally
surface exposed when the Low-MW subunit is in complex with the High-MW subunit,
thereby resulting in a decrease of the theoretical surface capacity. The complexity of the
antigen is further illustrated by the observation that in certain instances, high affinity binding
is observed at low antibody concentrations and low affinity binding is observed at high
antibody concentrations. This variability can be explained in a simplified model (Figure 26),
based on the knowledge that H/L complex SLPs form dimers in solution (Fagan et al., 2009),
and as indicated by the gel filtration results (Figure 7), where an elution volume of ~320 kDa
corresponds to a long-shaped molecule as that of the H/L complex SLPs (the MW of QCD
H/L complex SLPs = 73 kDa). In this simple model of VHH-SLP interactions, SLPs are
present as dimers and are therefore randomly immobilized on the sensorchip as such (Figure
26 A). In instances where the epitope if fully accessible in the dimer, the Ry, for that given
SPR experiment will be high (i.e. close to 80% of the theoretical Ryax), however, in instances

where the epitope is only partially exposed in the dimer, the Ryax values will be relatively
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lower (Figure 26 B Case 1 and 2) as not all epitopes will be occupied by the antibody. In
instances where the affinity is concentration dependent, as is the case for VHHs 2, 22, and
26, the epitope may be partially accessible such that at low [VHH], the epitopes which are
most easily accessible are occupied first, and as the concentration increases, the epitopes
which are partially accessible can be occupied though by less than favorable kinetics (i.e.
only part of that epitope is accessible thereby resulting in decreased affinity for the antigen;
Figure 26 B, Case 3). Our model presents a plausible explanation for the observed SPR
results, however, it’s speculative and would benefit from further epitope mapping

experiments.
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Figure 26: A model for VHH:SLP interactions during SPR. A) Purified SLPs form
dimers in solution, and as a result they are immobilized on a CM5 sensorchip as such. B)
Antibodies can either bind a fully accessible epitope (Case 1), or a partially accessible (Cases
2 and 3). The 1:1 binding model of antibody-antigen interactions can be applied in cases
where the epitope is fully accessible (Case 1). In cases where the epitope is partially
accessible, the outcome of the SPR experiment will depend on the degree of accessibility. In
Case 2, the epitope is partially accessible and low Rpax values will be observed as not all
potential epitopes can be occupied, as indicated by the red “X” symbols. In Case 3, the
accessibility of the epitope is greater than that of Case 2, however, at low antibody
concentrations, the fully accessible epitopes will be occupied first, and as the antibody
concentration increases, the partially accessible epitopes will begin to be occupied, however,
due to steric hindrance low affinity to the antigen will be observed.

All of our antibodies were shown to bind SLPs on C. difficile cells with the exception
of VHH2. The isolation of an antibody that does not bind whole cells is possible as the
antibody was selected using the purified antigen in which certain epitopes were available
during the immunization and selection but is not surface exposed when SLPs are present on
the bacterial cell surface, which explains the disagreement between the high affinity of
VHH2 and its low signal intensity in the C. difficile ELISA. Interestingly, VHHS, 45, 46 and
50 significantly inhibited motility of strain QCD in a motility assay. Inhibiting motility is
another determinant for the identification of candidate therapeutic antibodies from our pool,
even though the antibodies were not selected with a motility antigen. The ability of an
antibody to simultaneously inhibit motility is a desirable quality since motility is a
pathogenic determinant (Ramos et al., 2004). Moreover, a mAb which modifies the LPS of
Salmonella enterica was shown to inhibit motility (Forbes et al., 2008). In a similar manner,
P22, a phage tailspike protein was also able to inhibit the motility of S. enterica (Waseh et
al., 2010). In both these studies, the antigen covered the surface of the bacteria, and given

that the infection process often requires motility and/or surface antigens, mechanically
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interfering with these interactions has the potential to reduce the bacterial infectivity (Waseh
et al., 2010). Although not all strains of C. difficile possess flagella for motility (Delmee et
al., 1990), hypervirulent strains, which are of great importance, did acquire enhanced
motility (Stabler et al., 2009), and the presence of flagella on the surface of C. difficile
enhances its adherence to host cells (Tasteyre et al., 2001). It is important to note that in the
study by Tasteyre et al., purified C. difficile flagella only weakly associated with host tissue
cells, suggesting that flagella are not heavily relied upon for adherence. To date, there is no
known report of SLP interactions with motility factors in C. difficile, and SLPs remain the
primary adherence factors of C. difficile. Independent sequence alignment of QCD SLPs
with a select number of the relevant flagellar proteins F1iC, FliD, FliE, FliR/FIhB, FIgE,
FlgG, FlhA, as well as a hook protein, a putative hook-length control protein, and two HAP
proteins did not identify any potentially shared epitopes (data not shown). The mechanism by
which a select number of our antibodies inhibit motility remains unknown, as gram-positive
bacteria do not possess LPS. However, the theme of blocking a surface antigen which is high
in abundance, wherein motility is reduced is present in this study and warrants further

investigation.

In this study, we aimed to isolate broadly neutralizing antibodies to C. difficile, in
order to prevent adherence and enhance bacterial clearance. Ideally, our antibodies should
target a conserved epitope of SLPs within the different serogroups of C. difficile. This is
likely to be established by isolating antibodies to the High-MW subunit of SLPs since this
subunit is highly conserved among members of the same group, and anti-sera to this subunit
has the ability to cross-react with members of different groups (Takeoka et al., 1991; Calabi

et al., 2001). In our study, VHHs 2, 23, and 26 were shown to cross react with strain CD630
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(PCR ribotype 012) SLPs by SPR. While this maybe a desirable quality, VHHs 2 and 26 did
have the lowest affinity of the VHHs, a characteristic that is not ideal for a therapeutic
antibody. Moreover, these antibodies recognize the Low-MW subunit of QCD SLPs
(therefore, also likely the Low-MW subunit of strain CD630 SLPs), and the likelihood of
cross-reactivity across a wide variety of isolates is low using this antigen, as it is not well
conserved (Calabi and Fairweather, 2002; Spigaglia et al., 2011). While the ability to
recognize the well-conserved High-MW subunit is desirable for providing cross-reactive
neutralization activity, antibodies to the Low-MW subunit of PCR ribotype 027 are highly
likely to cross-react with the Low-MW subunit of PCR ribotype 001, and are only slightly
likely to cross-react with ribotype 012, as was previously demonstrated (Spigaglia et al.,
2011). A peptide with 100% identity between all the groups tested was not recognized by
ribotype 027, 001, or 012 anti-sera suggesting that it is not immunogenic, and provides
evidence that the high variation observed among the Low-MW SLPs functions in host
immune response evasion. Sequence alignment of the Low-MW portion of SIpA reveals
very few conserved sites likely to be both surface-exposed, and immunogenic; therefore, the
expectation of cross-reactivity of QCD selected sdAbs in this study with CD630 SLPs is
extremely low. However, since the Low-MW SLP is conserved among strains within each
group (Spigaglia et al., 2011) and is partly involved in adherence to host cells (Takumi et al.,
1991), the antibodies isolated in this study can provide a proof-of-principle model for the
future development of cross-reacting SLP-specific therapeutic antibodies, especially for
ribotype 027 strains which are now the most prevalent hospital acquired strains. In contrast
to the antibodies isolated from the immune library, VH3 did not bind the Low-MW subunit
of SLPs, and was shown to be cross-reactive between the two different strains of C. difficile,

strongly suggesting that it targets the conserved High-MW subunit of SLPs.
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A more effective strategy to isolating therapeutic cross-reactive High-MW-specific
sdAbs would be to immunize the llama with SLPs from several strains and then pan against a
variety of SLPs. Alternatively, one could initially separate the two subunits by ion exchange
chromatography, and use the single subunit during panning in place of whole SLPs.
However, isolating the High-MW subunit is not straightforward and bacterial expression
results in misfolded proteins that must be denatured and refolded post purification (Fagan et
al., 2009). Moreover, the lone High-MW subunit is extremely unstable in solution and
truncation products are highly likely during short-term storage. In hindsight, an alternative
approach to select High-MW-specific antibodies would have been to employ a process
termed subtractive panning, as previously described for the selection of antibodies to
antigens that are difficult to isolate (Ridgway et al., 1999; Muruganandam et al., 2002). The
process would entail panning the library with the Low-MW SLP to remove phage displaying
antibodies specific to that subunit, followed by panning the remaining pool with whole SLPs.
However, the likelihood of success may not be as high as anticipated for our current immune
library; the llama was immunized with multiple antigens and subsequent panning of the
library indicated that the immune response was strongly geared towards the Low-MW
subunit consistent with previous observations that the Low-MW subunit is
immunodominant (Pantosti et al., 1989). Therefore, the chances of successfully isolating

high-affinity binders to the High-MW SLP from the current library may be relatively low.

4.2. Physicochemical characterization of antiSLP sdAbs

To be used in oral therapy, the therapeutic agent must be partially resistant to
proteolysis by the digestive tract proteases (i.e. pepsin, trypsin, and chymotrypsin), and

physically stable in order to resist the harsh environment of the digestive tract. The second
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part of this study was to biophysically and chemically characterize these antibodies. It was
previously demonstrated that aggregation resistant VHHs selected under acid-pressure had
higher apparent melting temperatures (Famm et al., 2008). Our anti-SLPs were screened for
high melting temperatures as a means to predict the stability of each antibody, and the Topset
and the Ty, were determined at neutral pH using CD. The anti-SLPs were also screened for
their resistance to pepsin digestion, as this is the harshest proteolytic enzyme to be
encountered in the GI tract. VHH22 and VHH2 were the most resistant to pepsin digestion,
and survived digestion with the 100 pg/mL, which is comparable to physiological pepsin
concentrations. However, while the Ty, of VHH22 was relatively high (74.62°C), the Ty, of
VHH2 was the lowest of the antibodies isolated (62.31°C). VHH23 was a close third in its
relative resistance to pepsin digestion (21.9% resistant at 50 pg/mL), and also possessed a
high Tp, (75.4°C). Interestingly, despite having a relatively lower Ty, the refolding efficiency
of VH3 was determined by SPR to be 96%, and although the refolding efficiencies of the
VHHs were not investigated, they are likely to remain highly functional following refolding
as this is a characteristic of llama VHHs. Ironically, there’s no obvious correlation between
the number of theoretical pepsin digestion sites vs. the relative sensitivity to pepsin digestion,
however, we did observe a correlation between pepsin resistance and the T, and Tonset Of
these antibodies, although VHH2 and VHH46 were excluded from this analysis. The Ty, is
strongly influenced by the environmental conditions in which the antibody is present, and
different Ty, values could be observed under lower pH conditions. Perhaps a stronger
correlation could have been observed if the melting curves were obtained under acidic pH
rather than neutral pH, as pepsin requires a pH of ~1.5 for efficient function. Nevertheless,
proteolytic digestion of antibodies within the GI tract could be minimized by engineering, or

by applying the appropriate formulation and dosage. One potential approach is the
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administration of Lactobacillus casei expressing our therapeutic antibody on its cell surface.
This was successfully demonstrated in an in vivo animal model for the protection against
rotavirus-induced diarrhea (Pant et al., 2006). Alternatively, high concentrations of protein
additives such as BSA can be formulated with the therapeutic agent, which provides an
excess of pepsin and chymotrypsin digestion sites thereby becoming the digestive target
(Waseh et al., 2010; Schmidt et al., 1989; Morgavi et al., 2000; Harmsen et al., 2005b).
Additionally, since pepsin is highly dependent on hydrogen ion concentrations for efficient
function, formulations that either encapsulate, or control the pH such as carbonate buffer,
will inactivate pepsin, and neutralize the protein denaturation ability of gastric fluids
(Schmidt et al., 1989; Wiedemann et al., 1990; Northrop, 1920; Worledge et al., 2000,

Shimizu et al., 1993).

Interestingly, VHHs 12 and 23 shared similar biophysical properties throughout this
study which is probably due to their high degree of sequence identity; based on 92% identity
these properties include low nM affinities, specificity to the same SLP subunit, partial ability
to inhibit motility, and comparable Ty,s, and pepsin resistance profiles. In a similar manner,
VHHs 5 and 46 grouped together by phylogenetic analysis, and they shared low nM affinities
and subunit specificity, the ability to inhibit motility, and similar pepsin resistance profiles.
Interestingly, VHHSs 2 and 26 share a 86% identity however, they differed in their binding
properties, their T, and degree of pepsin resistance as a result in sequence differences

which are concentrated in the FR.

4.3. Future directions
The next chapter of this study will aim to characterize the trypsin and chymotrypsin

resistance profiles of these antibodies, as well as try to identify the epitopes recognized by
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each antibody. In the future, in addition to the geared selection for High-MW specific
antibodies, we also plan to apply selective pressure during the panning process, such as
panning in the presence of pepsin (Harmsen et al., 2006) to select for pepsin resistant
antibodies, or by panning following heat denaturation of the library (Jespers et al., 2004) to
select for thermodynamically stable antibodies with high degree of pepsin resistance (since
T is correlated with pepsin resistance), or by panning under low pH (Famm et al., 2008) in
order to isolate aggregation resistant antibodies that are thermodynamically stable in the
digestive tract. Additionally, the in vivo efficacy of the antibodies must be tested in an animal
model in order to identify the best candidates for oral therapeutics. The efficacy of our anti-
SLP antibodies when administered in combinations, or with toxin-specific VHHs, or with
antibiotics should also be evaluated. Moreover, if our antibodies prove effective in
controlling in vivo C. difficile infections, by epitope mapping we can precisely identify key
regions within SLPs that are responsible for host-pathogen interactions, which will aid in
developing fine-tuned therapeutic alternatives, rather than rely on large blind screens as is
the case in our study. Aside from direct crystallization of our antibody in complex with
SLPs, panning a commercially available peptide library with our antibodies can be the first
step in identifying the epitope in the case of linear epitope-recognizing VHHs. Alternatively,
using our antibodies as bait, a gene-fragment library which displays different segments of C.
difficile SLPs on the surface of phage can be used to potentially isolate the specific epitope

for that antibody (Fack et al., 1997).

Cross-reactive anti-SLP antibodies also have the potential to function as biological
sensors in clinical settings. For example, sdAbs conjugated to superparamagnetic

nanoparticles (silica encapsulated iron-oxide capsules) are effective at specifically detecting
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Staphylococcus aureus with high sensitivity (Ryan et al., 2009), as are nanoaggregate-
embedded bead probes (aggregates of gold particles embedded in silica) (Huang et al., 2009).
Since the antibodies described in these studies target protein A, which is present in tens of
thousands molecules per cell, and approximately 4 and 125 sdAb molecules are conjugated
per nanoparticle and bead respectively in a multidirectional orientation, bacterial capture and
agglutination is possible. This approach may translate for C. difficile, since SLPs constitute
the majority of proteins on the cell surface. These platforms maybe more geometrically
suitable to apply than the currently employed pentameric platform in the context of SLPs, as
the number and orientation of the sdAbs can be manipulated, which will theoretically

provide the appropriate spatial relationship and orientation for achieving full valency.
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5. CONCLUSION

We successfully isolated and extensively characterized 11 1lama sdAbs specific to
QCD SLPs for their potential use as oral therapeutic agents. sdAbs are superior in the
context of alternative therapies for C. difficile infections, as they avoid giving rise to
antibiotic-resistance and decrease incidence of relapse, and are more cost effective in terms
of production. Our antiSLP sdAbs are soluble and are specific to the Low-MW subunit of
QCD SLPs, with the exception of VH3. VH3 is a conventional llama antibody specific to the
High-MW subunit of strains QCD and CD630 SLPs, and has the potential to be cross-
reactive among additional strains of the different PCR ribotypes, however, it requires in vitro
affinity maturation in order to achieve therapeutic potential. Moreover, several lead
candidates possess desirable biophysical characteristics such as high affinity, high intrinsic
stability or the ability to inhibit motility. While it is preferred to isolate antibodies to the
High-MW subunit, it maybe advantageous to target both subunits of the antigen in order to
enhance the neutralizing potential, and consequently increase the therapeutic effect. This
maybe possible if we can identify a neutralizing antibody to the Low-MW subunit which
recognizes a highly conserved, surface exposed epitope among the different subgroups of C.
difficile. The antibodies isolated in this study provide the basis for developing a novel
therapeutic for treating ribotype 027 C. difficile, and additionally provide a proof-of-principle
model, with which to develop highly specific and broadly neutralizing antibodies for the oral

therapy of C. difficile infections.
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Figure 27: Clustal W alignment of SLPs from strain QCD and CD630. Sequence identity
between the two Low-MW subunits is low, however the High-MW subunits are highly
conserved between the two strains. QCD belongs to PCR ribotype 027 strains, while CD630
belongs to PCR ribotype 012. The leader peptide that targets the SLPs to the cell wall is
highlighted in yellow, while an arrow indicates the location of the highly conserved cleavage
site of the SIpA precursor protein.
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