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1. Summary

The Gram-positive bacterium Staphylococcus aureus is the leading cause of nosocomial
infections. In particular, diseases caused by methicillin-resistant S. aureus (MRSA) are
associated with higher morbidity, mortality and medical costs due to showing resistance to
several classes of established antibiotics and their ability to develop resistance mechanisms
against new antibiotics rapidly. Therefore, strategies based on immunotherapy approaches
have the potential to close the gap for an efficient treatment of MRSA.

In this thesis, a humanized antibody specific for the immunodominant staphylococcal antigen
A (IsaA) was generated and thoroughly characterized as potential candidate for an antibody
based therapy. A murine monoclonal antibody was selected for humanization based on its
binding characteristics and the ability of efficient staphylococcal killing in mouse infection
models. The murine antibody was humanized by CDR grafting and mouse and humanized
scFv as well as scFv-Fc fragments were constructed for comparative binding studies to
analyse the successful humanization. After these studies, the full antibody with the complete
Fc region was constructed as isotype IgG1, 1gG2 and IgG4, respectively to assess effector
functions, including antibody-dependent killing of S. aureus. The biological activity of the
humanized antibody designated hUK-66 was analysed in vitro with purified human PMNs
and whole blood samples taken from healthy donors and patients at high risk of S. aureus
infections, such as those with diabetes, end-stage renal disease, or artery occlusive disease
(AOD).

Results of the in vitro studies show, that hUK-66 was effective in antibody-dependent killing
of S. aureus in blood from both healthy controls and patients vulnerable to S. aureus
infections. Moreover, the biological activity of hUK-66 and hUK-66 combined with a
humanized anti-alpha-toxin antibody (hUK-tox) was investigated in vivo using a mouse
pneumonia model. The in vivo results revealed the therapeutic efficacy of hUK-66 and the
antibody combination of hUK-66 and hUK-tox to prevent staphylococcal induced pneumonia

in a prophylactic set up.

Based on the experimental data, hUK-66 represents a promising candidate for an antibody-
based therapy against antibiotic resistant MRSA.
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2. Zusammenfassung

Staphylococcus aureus ist ein bedeutender nosokomialer Erreger, der eine Vielzahl von
Infektionen im Menschen verursacht. Besonders Krankheiten, die durch Methicillin resistente
S. aureus (MRSA) verursacht werden, sind mit einer erhéhten Morbiditat, einer héheren
Sterblichkeitsrate und hohen medizinischen Kosten verbunden. Seine besondere
medizinische Bedeutung erlangte S. aureus durch die Ausbildung von Resistenzen gegen
eine Vielzahl von Antibiotika und seiner Fahigkeit auch gegen neu entwickelte Antibiotika
schnell Resistenzmechanismen auszubilden. Aus diesem Grund, ist die Entwicklung von
neuen Therapieansdtzen von besonderer Bedeutung, um die entstandene Liicke fur eine

effektive MRSA-Therapie zu schlie3en.

In dieser Arbeit wurde ein humanisierter monoklonaler Antikdrper entwickelt und
charakterisiert, der spezifisch an das ,immunodominant staphylococcal antigen A* (IsaA)
bindet. Dieser Antikbper wurde auf Grund seiner Eigenschaft, in einem Mausmodell effektiv
S. aureus abzuttten, als vielversprechender Kandidat fir eine Antikérper-Therapie
ausgewahlt. Der murine Vorlauferantikdrper wurde mittels ,CDR grafting“ humanisiert und
durch die Generierung von humanisierten und murinen scFv und scFv-Fc Fragmenten, die in
vergleichenden Bindungsstudien getestet wurden, konnte der Erfolg der Humanisierung
beurteilt werden. Im Anschluss wurde der vollstandige Antikérper mit vollstandig funktionaler
Fc-Region in den Isotypen I1gG1, IgG2 und IgG4 hergestellt. Die Funktionalitdt des
humanisierten Antikdrpers wurde in vitro mittels aufgereinigter PMNs und Blutproben von
gesunden Spendern und Patienten bestimmt, die ein hohes Risiko flr S. aureus Infektionen

besitzen wie Diabetiker, Dialyse-Patienten und Patienten mit arterieller Verschlusskrankheit.

Die Ergebnisse der in vitro-Studien zeigen, dass der anti-IsaA-Antikdrper hUK-66 nicht nur S.
aureus effektiv in Blutproben von gesunden Spendern abtdtet, sondern auch in Blutproben
von Patienten mit erhohter Anfalligkeit fir S. aureus Infektionen. Daruber hinaus wurde die
biologische Aktivitat des humanisierten Antikdrpers gegen IsaA als Monotherapie und in
Kombination mit einem humanisierten anti-alpha-Toxin-Antikdrper (hUK-tox) in vivo in einem
Maus Pneumonie Modell untersucht. Hierbei konnte gezeigt werden, dass die
prophylaktische Verabreichung von hUK-66 sowie die Kombination von hUK-66 und hUK-
tox, die Bildung einer Staphylokokken-induzierten Pneumonie mit Todesfolge signifikant

senkt.
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3. Introduction

3.1. The pathogen Staphylococcus aureus

Staphylococcus aureus (S. aureus) is a commensal gram positive coccus bacterium and can
be distinguished from other staphylococcal species on the basis of the gold pigmentation of
colonies (Fig. 1). S. aureus is positive for catalase, mannitol-fermentation and nitrate
reduction [1] and was first identified in 1880 by the surgeon Sir Alexander Ogston [2].
Humans are a natural reservoir of S. aureus. Thirty to 50 percent of healthy individuals are
colonized and 10 to 20 percent are persistently colonized by S. aureus, which can be found
as part of the normal skin flora and in anterior nares of the nasal passages [3], [4], [5], [6].
Colonized persons are at high risk for subsequent infections [7], [8], [9]. Especially, among
patients with type 1 diabetes, intravenous drug users, patients undergoing hemodialysis,
surgical patients and patients with qualitative or quantitative defects in leukocyte function are
at increased risk for staphylococcal disease [5], [10], [11], [12], [13], [14], [15], [16], [17], [18].
Furthermore, S. aureus is responsible for the majority of skin and soft tissue infections in
humans, including impetigo, folliculitis, cellulitis and infected ulcers and wounds [19], [20]. In
addition, S. aureus can cause invasive and life threatening infections, such as bacteremia,
abscesses, pneumonia, osteomyelitis, meningitis, endocarditis and sepsis [21]. This
pathogen is also a predominant cause of a variety of nosocomial infections, including
ventilator-associated pneumonia, intravenous catheter-associated infections, postsurgical
wound infections, as well as invasive infections in neutropenic patients and in patients
undergoing solid organ and hematopoietic stem cell transplants [22]. The treatment of these
infections has been complicated by the emergence of methicillin-resistant S. aureus (MRSA)

strains, which are becoming increasingly resistant to multiple antibiotics [23], [24].(Fig. 2)

www.haveland-klinikum de www.rki.de

Fig. 1 Coloured and non-coloured electron microscope image of S. aureus.
A) S. aureus is a gram positive coccus which can be distinguished from other Staphylococcus
species by its gold pigmentation. B) Furthermore, S. aureus grow in grape like structures.

The pathogen S. aureus has an extensive repertoire of virulence factors that contribute to the

pathogenesis of infections like capsule, surface proteins, toxins, enzymes and other bacterial

Introduction 13



components [21]. Although, S. aureus is a commensal, a breach of the skin or mucosal
barrier allows staphylococci access to adjoining tissues or the bloodstream. The expression
of a large number of cell surface proteins by S. aureus like proteins of the MSCRAMM [25]
and SERAM class [26], fibronectin-binding proteins, extracellular adherence proteins [27]
and different invasins, mediates the adherence and invasion to host structures. These
molecules promote host colonization, alter leukocyte recruitment or function, inhibit
complement and antimicrobial peptides, and cause destruction of leukocytes [28], [29], [30]

(Fig. 3).
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- 50%

Grundmann et al., 2006

Fig. 2 Percentage of MRSA isolates worldwide.

MRSA is associated with higher mortality and medical cost due to the fact that most of the MRSA
strains are resistant to several classes of established antibiotics. Grundmann et al., analysed the
distribution of MRSA worldwide and the presence of MRSA is presented as percentage from 100
isolates identified as S. aureus.

History has shown that the introduction of a new antibiotic is frequently followed by the
development of bacterial antibiotic resistance. This process demonstrates the remarkable
capacity of S. aureus for adapting to new types of antimicrobial agents. As a consequence,
there is a growing population of S. aureus that is resistant to traditional antibiotics and their
derivatives [31]. Moreover, the resistance is moving from the hospital to the community [32].
Community-associated MRSA (CA-MRSA) infection was first reported in the early 1990s
[33]. CA-MRSA disseminated rapidly, is epidemic and the most abundant cause of bacterial
infections in the community [34]. In contrast to healthcare-associated MRSA (HA-MRSA)
infections, CA-MRSA infections occur in healthy individuals with no exposure to the
healthcare setting. These observations imply that CA-MRSA strains have enhanced

virulence compared to HA-MRSA strains [35]. A further threatening trend is the emergence of
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isolates with resistance to vancomycin, the antibiotic of choice against MRSA strains, and

also newly introduced drugs, such daptomycin and linezolid [36] (Fig. 3).

The therapeutic options for these pathogens are extremely limited and the need of new
treatment options in the presence of growing numbers of elderly patients and patients
undergoing surgery or transplantation and a dramatic increases in population in neonatal
intensive care units will produce an even greater number of immunocompromised individuals
at risk of these infections [37], [38]. Therefore, there is an urgent need for the development of
new anti-infectious agents, since the widespread of antimicrobial drug resistance and the
increase of immunocompromised patients in whom antimicrobial therapy is not as effective
as in patients with intact immunity [39]. In addition, novel classes of antibiotics are needed for
MRSA, because current drug classes exhibit toxicities and emerging resistance [40], [41],
[42]. New therapeutic approaches to treat or preventing infection diseases, including phage
therapy [43]; quorum sensing inhibitors [44] and bacteria-lytic enzymes [45] are in an early
stage of preclinical development. The development of immunological approaches, such
vaccines and monoclonal antibodies (mAbs), are promising candidates for alternative
treatments. Since antibodies have already a broad range of applications in fields of oncology,
rheumatology, autoimmunity and neurodegeneration [46], [47], [48]. In the field of infectious
disease, mAbs starting to become more and more attractive, since a) widespread of
antimicrobial drug resistance, b) an increase of immunocompromised hosts in whom
antibiotic therapy is not as effective as in hosts with intact immunity, c) the appearance of
new pathogenic microbes for which no therapy exists and d) the re-emergence of pathogens

in drug-resistant forms [39].

Introduction 15
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Fig. 3 Emergence of antibiotic-resistant S. aureus.

Penicillin was highly effective against staphylococcal infections in the beginning of the 1940s.
However, first penicillinase-producing S. aureus emerged in the mid -1940s. Several “epidemic waves”
of antibiotic-resistant S. aureus have occurred since then. Introduction of new antibiotics in clinical use
results in selection of antibiotic-resistant S. aureus shortly.

3.2. Antibody based therapy

Monoclonal antibodies (mAbs) are the fastest-growing category of therapeutics entering
clinical studies [49], [50]. The ability of specific antibodies to protect against bacterial toxins
was discovered by Behring and Kitasato in the early 1890s [51]. Based on this observation,
serum therapy was used against different infectious diseases by the 1930s including
pneumococcal pneumonia, meningococcal meningitis and anthrax [52], [53]. Only five years
after the introduction of serum therapy, the use of serum therapy was declined rapidly due to
the discovery of sulphonamides [54] (Fig. 4). Since then, the field of infectious diseases has
missed the mAb therapeutic revolution of the past decades. In contrast, mAbs have provided
new effective therapies in the field of oncology and rheumatology [39], while only one mAb
has been licensed for the treatment of infectious diseases [55]. The antibody therapeutics
were revolutionized 1975 by the discovery of the hybridoma technology. This method was
used to produce mAbs by immortalizing b-cells [56]. This innovation allowed the generation
of homogenous antibodies in high quantities. Together with the development of new methods
for cloning, and recombinant DNA technology, the hybridoma technology was supplemented
to modify antibody molecules, including the synthesis of chimeric and humanized antibodies

[57], [58], [59], [60]. In the last decades of the twentieth century, new techniques were
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developed including, the immortalization of human peripheral b-cells, direct cloning of
variable genes into phage expression libraries and the creation of transgenic mice producing
full human antibodies [61], [62].

T 1008: )
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Fig. 4 Development of an antibody based therapy: historical overview.

In the 1890s the therapeutic potential of immune serum was discovered and until the 1930s, serum
from animals was used to treat different infection diseases. However, the discovery of antibiotics 1940
replaced serum therapy. The revolution of antibody based therapies rise with the development of
mAbs by hybridoma technology 1975 and since then mAbs provide new options for treatment in the
field of infectious diseases.

Today, mAbs are the most developed category of biological pharmaceuticals and a very
attractive approach as an antimicrobial strategy, since their prophylactic and therapeutic
potential and their advantages over antibiotics e.g. high specificity [63], [64], [57], [39].
Antibodies reveal less cross-reactivity with host tissue, they only target a specific microbe, so
that their systemic administration affect no beneficial microbes. Furthermore, application of
mADbs will not result in selection for resistance of microbes [65], [66]. Specific antibodies have
the potential to be synergistic with conventional antimicrobial therapy. Hence, combination
therapy with current antimicrobial agents can be more effective than the application relative
to either alone. Studies from Pachl et al., demonstrated that the combination of Mycograb
together with the lipid-associated amphotericin B produced a significant clinical and culture-
confirmed improvement in outcome for patients with invasive candidiasis [67]. Furthermore,
results from Akiyama et al., using a mouse thigh infection model, revealed that the
therapeutic effect of ceftazidime was enhanced by a combined therapy with an anti-
lipopolysaccharide antibody [68]. Moreover, antibody cocktails even provide a greater
biological activity by targeting multiple epitopes and providing different effector functions

through various isotypes. In addition, combination therapy with mAb cocktails prevents
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escape and emergence of resistant mutants. For example, Prabakaran et al., combined a
pooled of chimeric antibodies to protect mice from lethal H5N1 infections [69], [70].
Antibodies have also the potential to replace lost immunity [71], [72]. Known mechanisms of
action of marketed mAbs are: antagonist action by blocking a cell receptor interaction with its
ligand, Fc domain mediated recruitment of immune cells to target tissue, antibody-dependent
cellular cytotoxicity (ADCC) or complement-dependent cytotoxicity (CDC), as well as
receptor-mediated apoptosis, receptor down regulation and the delivery of radioisotopes or
chemotherapeutic drugs via mAb bio conjugates [73].

3.3. Antibody - Function derives from architecture

The multifunctional nature of antibodies derives from their structural design. Antibodies
belong to the family of immunoglobulins, which can be distinguished by their C regions into
five different classes: IgM, IgD, 1gG, IgA and IgE. They function as adaptor molecules
containing binding sites for antigens and for effector molecules. IgG antibodies composed of
two different polypeptide chains, which are termed as heavy and light chain. Each IgG
molecule consists of two heavy chains and two light chains and they form a Y-shape protein.
Each arm of this Y-shape structure forms an antigen binding domain by the association of
the variable domain of the light chain and the variable domain of the heavy chain. The
constant domain is formed by the pairing of the two heavy chains. The two heavy chains are
linked to each other by disulfide bonds and each heavy chain is linked to a light chain by a
disulfide bond. There are two types of light chain, termed lambda and kappa and each IgG
molecule either has k chains or A chains. There are no functional differences between the
both light chains. The antigen binding site is located at the top of the Y-shaped antibody and
is corresponding to the variable region of both heavy and light chain. The variable region of
the antigen binding site includes regions, which are complementary to the shape of the
specific antigen, called complementary determining region (CDR). Three CDRs are located
on the heavy chain and three on the light chain [74]. The flexible stretch link of antigen
binding domain and Fc part is termed hinge region and allows the independent movement of
the two Fab arms. The antigen binding domain is named Fab fragment and consists of the
complete light chains paired with the Vy and C4; domains of the heavy chain. The Fc
fragment contains no antigen binding domain and corresponds to the paired Cy, and Cys
domains (Fig. 5). This part of the antibody molecule interacts with the specific receptors on
different cell types and the functional differences between the isotypes are mainly

determined in the Fc fragment [75].
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Fig. 5 Schematic structure of an IgG antibody molecule.

An antibody is composed of two identical heavy chains (dark blue) and two identical light chains
(blue). Each chain has a constant part (C) and a variable part (V). The antigen binding site is located
in the top of the arms of the Fab fragment and is formed by the light and heavy chain (V4+ V). This
region contains the complementary determining regions (CDRs). The heavy chains form the Fc part
and mediate effector functions and include also the complement binding region. The Fab fragment and
the Fc part are linked by the hinge region, which is responsible for the flexibility and movement of the
antibody’s arms.

The class of IgG antibodies is the most abundant class in the bloodstream and also present
in tissue fluids. 1IgG promotes neutralization of viruses and toxins, agglutination of bacteria
and binding of antigens to opsonize bacteria for phagocytosis and it is also the only class of
antibodies that can cross the placenta. Antibodies can patrticipate in host defence in different
ways: 1) Antibodies can directly bind to pathogens and their products and thereby blocking
their access to cells. This process is known as neutralization and protects the host from
tissue damage and invasion by microorganisms. Il) The antigen binding domain of an
antibody binds structures of the bacterial surface and the Fc-part provides a platform to
activate the complement cascade and to mediate antibody-dependent cell cytoxicity [76]. IlI)
In addition, antibodies enable phagocytes to ingest and destroy the pathogen by binding the
pathogenic antigen with their antigen binding domain and the antibody’s Fc part is bound by
receptors of phagocytes. The coating of pathogens and foreign particles in this way is termed

opsonization (Fig. 6).
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Fig. 6 Antibodies mediate a large panel of direct and indirect functions.

The 1gG antibody mediates different biological effects. Direkt functions like toxin and virus
neutralization, complement activation and further antimicrobial functions such as the generation of
oxidants are independent from host immune system. Indirect functions, like antibody-dependent
cellular cytotoxicity, opsono-phagocytosis or immunomodulation, depend on other host cells and
mediators.

3.4. Phagocytosis

Antibody mediated opsono-phagocytosis is the most efficient defence of the innate immune
system against pathogenic microbes. In the 1880s, Elie Metchnikoff observed specialized
phagocytic cells ingesting bacteria [77]. The cells of the first line of defence are professional
phagocytes, such as neutrophils, macrophages and monocytes, which ingest and eliminate
bacteria [29]. Neutrophils are the most prominent cellular component of the innate immune
system and provide the primary defence against pathogens such as S. aureus [78]. These
lymphocytes are rapidly recruited to sites of infection by bacterial-derived N-formyl peptides
and these peptides enhance important capabilities of neutrophils like the activation of
NADPH oxidase, production of granule proteins and the assembling of actin for mobilization
[79], [80]. Most frequently, S. aureus is coated with antibody or complement, which is
recognized by receptors of the phagocyte to facilitate engulfment. The cross-linking of these
Fcy receptors (FcyRs) on the cell surface of neutrophils activates the respiratory burst and
activates the phagocytic pathway [81]. Neutrophils express FcyRlI, a high affinity receptor for
IgG1 and 1gG3, and FcyRIl, a receptor with medium affinity for 1gG1 [82]. After
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internalization, the microbe is located in the phagosome. Neutrophils containing granules,
named lysosomes, in their cytoplasma, which are filled with digestive and antibacterial
compounds like defensins, proteinases, elastases, myeloperoxidases, metalloproteases and
reactive oxygen species [83], [84], [85], [86]. [87]. The development of oxygen species is
caused by the NADPH oxidase complex that assembles at the phagosomal membrane.
Electrons are transferred from the cytoplasmatic NADPH to oxygen on the phagosomal side
of the membrane, generating first superoxide and a range of other reactive oxygen species
[88], [89], [90]. This oxidative burst is essential for killing of microorganisms. Importantly,
patients with defective NADPH oxidase have frequent infections with S. aureus [91]. Like
oxygen species, reactive nitrogen intermediates contribute to pathogen eradication and are
an important element of the antimicrobial agents [92]. The phagosome matures by a series of
fusion events with granules filled lysosomes and culminating in the formation of the mature
phagolysosome, where the ingested microbe is Kkilled by oxidative and non-oxidative
mechanism (Fig. 7). Designing antibodies, which enhance the mechanisms of phagocytosis,
is one of the most attractive approaches for an antibody based therapy against antibiotic

resistant microbes.

Chemotaxis
2) Ingestion
3) Phagosome
4) Fusion with
lysosome to form ‘
a phagolysosome
5) Digestion /
6) Discharge of
waste

Modified from www midlandstech.edu and www.cdc.gov

Fig. 7 The mechanism of Phagocytosis.
Phagocytosis is actin-dependent ingestion and killing of microorganisms. The process, by which
phagocytes are attracted to pathogens, is called chemotaxis. The phagocytes adhere to microbes via
receptors. Pseudopods of the phagocytes engulf the bacteria and enclose them into the phagosome.
The fusion with granules filled lysosomes results in a phagolysosome where the microbes are killed by
lysosomal enzymes and oxidizing agents.
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3.5. Antibody engineering

The development of hybridoma technology in 1975 by Kdhler and Milstein, relying on the
fusion of a myeloma cell line with b-cells from an immunized animal, opens the gate for the
generation of recombinant rodent antibodies [56]. The immortalization of b-cells, producing
specific antibodies, allows the manipulation and adaption of antibodies. Molecular cloning
and sequencing of the antigen binding domain form the basis of antibody modelling [93].
Moreover, after the variable region genes have been cloned, the antibody domains can be
further engineered to produce antibodies with lower immunogenicity, higher affinity, altered
specificity or with enhanced stability [94], [95], [96], [97]. After two decades, the first
therapeutic antibody for a cancer indication was approved by the FDA for marketing in 1997.
Antibody engineering has become an important discipline, encompassing protein production
and stability, as well as the improvement of affinity, specificity and biological effector
functions [98]. Efficient bacterial expression systems allow the rapid production of functional
recombinant antibody fragments for analysis [99]. The smallest functional antibody-derived
unit is the antigen binding domain, consisting of the variable region of the heavy (Vy) and
light chain (V). The antigen binding domain (Fv) can be expressed as polypeptide by the
introduction of a linker sequence between Vy and V.. The resulting fragment is named single
chain Fv fragment (scFv). scFvs have a molecular weight of 25-28 kDa and the most
common linker is a flexible (Gly,Ser); decapentapeptide [100]. In addition to scFvs, another
commonly used recombinant antibody fragment is Fab. Fab fragments consist of two
polypeptide chains, containing the light and heavy chain variable and one constant domain
(Cx1 domain). The two chains are linked together by a disulfide bond. The antigen binding
domain with a complete Fc part is named scFv-Fc fragment. Based on the antibody
structure, antibodies with two specificities can be designed, so called bispecific antibodies.
These antibodies bind multiple epitopes [101] (Fig. 8). Furthermore, the high specificity of
antibodies for their targets makes it possible to design antibodies, which deliver harmful
cargos to their targets [102]. In addition, introduction of point mutations in the sequence of
the antigen binding domain or into the sequence of the constant domain allows the

modification of the affinity or the enhancement of the effector function of the antibody.

Antibody engineering had revealed major success in refinement and manufacturing of basic
IgG. As a consequence, mAbs are the most developed -category of biological

pharmaceuticals.
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Fig. 8 Antibody engineering for designing antibodies and their functional fragments.

Overview of various antibody fragments of biotechnological and clinical interest. The antigen binding
domain of the heavy and light chain can be combined via linker sequence to generate scFv fragments.
Two scFv fragments combined with the constant domain CH2 and CH3 results in a scFv-Fc fragment.
The combination of the antigen binding domain with CL1 and CH1 domain is named Fab fragment.

3.6. Humanization of murine antibodys for human therapy
The majority of hybridomas are of murine origin and murine antibodies have been developed
for human applications [103], [104]. However, murine antibodies have a short half-life in
serum, only some of the different classes can mediate effector functions and the murine
mAbs can elicit an immune response in patients, characterized by human anti-mouse
antibodies (HAMA) [64], [105]. To overcome side effects of murine antibodies in therapy, a
variety of humanization techniques have been developed to replace murine antibody
sequences with ones of human origin (Fig. 9A). The replacement of the murine constant
regions with those from human antibodies results in a chimeric antibody, which demonstrates
reduced immunogenicity [106], [107], [108]. Nonetheless, clinical trials have demonstrated
that chimeric antibodies are still capable to trigger a HAMA response specific for the murine
variable regions [109]. To further reduce immunogenicity, the murine CDR regions are
transplanting to a homologous framework [110], [111]. This humanization strategy is termed
CDR grafting and reduces, but does not eliminate, the risk of HAMA. The transfer of CDR
regions results in humanized antibodies, which contain the murine CDR regions in a
complete human framework (Fig. 9B). The humanized antibody preserved binding properties
of the original mouse antibody, since the CDRs are responsible for antigen contact and
binding [110], [111]. However, the substitution of key residues in the human framework by
the ones from the murine antibody can modulate the binding affinity. Therefore, the most
challenging issue in the CDR grafting is the identification of the essential murine framework
residues for affinity [112]. New technologies have been discovered to prevent HAMA
response of engineered antibodies. For this purpose, transgenic mice were developed, in

which the native immunoglobulin repertoire has been replaced with human V-genes to
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generate human antibodies. Further approaches are the phage display and the generation of
mADbs from single human b-cells [113], [114], [115].

Immunological strategies based on therapeutic antibodies have the potential to close the gap
for an efficient treatment of antibiotic resistant MRSA. However, before a promising antibody
candidate can be selected, a target for future immunotherapy has to be identified and
characterize by following properties: cell surface exposure, in vivo expression by the majority
of clinical relevant strains, triggering an immune response and the antigen should be highly
conserved between different strains.
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Fig. 9 Humanization of murine antibody by CDR grafting.

A) The purpose of humanization is to preserve binding affinity of the original murine antibody, but to
reduce its immunogenicity. Therefore, the constant domains of mouse are replaced by a human
framework to generate a chimeric antibody. Antibodies, which are complete human besides the
murine CDR regions termed as humanized antibodies. B) The CDR regions are identified from the
antigen binding domain and transferred to a human homologue framework.

3.7. Immunodominant antigen A (IsaA) - A putative
transglycosylase

The immunodominant antigen A (IsaA) was identified as immunodominant structure, which is

expressed in vivo during sepsis cause by MRSA. In this study, the antibody response in

human sera from healthy donors was compared with those from patients 1 and 14 days after
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the detection of MRSA in blood culture. Results from this study revealed a significant higher
titer of anti-staphylococcal antibodies in patients with diagnosed sepsis compared to healthy
individuals. Notable, none of the patients with high anti-staphylococcal antibody titers died of
a septic shock [116]. Especially, antibodies against the 29 kDa IsaA protein were developed
in patients with diagnosed sepsis.

The amino acid sequence indicated that IsaA possesses no Gram-positive bacterial cell wall
sorting signal [117] and is a secretory protein consisting of 233 aa, including a N-terminal
signal peptide of 29 aa. In its C-terminal region, IsaA possesses a sequence similar to the
lytic transglycosylase (SLT) domain. Among bacterial proteins, the IsaA SLT motif shows
high similarity to E. coli soluble transglycosylase SIt70 (Fig. 10) [118]. The SLT domain
consists of three motifs that form the lytic transglycosylase catalytic region [119]. A spacer
region between motif Il and 11l was lacking in IsaA and homology in motif Il was low, but all
these motifs were found in the staphylococcal protein. Moreover, a glutamate, which had
been shown to be involved in SIt70 catalytic activity, and adjacent conserved serine residue
in motif | were also maintained in IsaA [120]. Bioinformatic analysis of IsaA revealed that this
protein is an exclusive paralogues in S. aureus and S. lugdunensis [121]. IsaA is a 29kDa,
highly immunogenic, non-covalently cell wall bound lytic transglycosylase [118]. Based on its
hydrolytic activity, IsaA assists in cell wall expansion, turnover, growth and cell separation
[121]. Recently, it was shown that extracellular IsaA levels effect biofilm formation in S.
aureus [122]. Therefore, IsaA is localized in the cell wall fraction for active bacterial growth
and exists in the culture supernatant, where it acts as signal molecule [123]. Strains of S.
aureus lacking IsaA are affected in normal growth and cell wall metabolism and demonstrate
a clumping phenotype. However, the paralogue SceD, a second lytic transglycosylase, is
able to compensate the loss of IsaA [121]. Furthermore, isaA gene expression is stimulated
during the exponential growth phase and repressed in the stationary phase [123]. Therefore,
IsaA protein is already detectable in the early growth phase and sustained during the
exponential growth phase [123]. IsaA is a complex regulated protein. Aerated and
microaerobic cultures indicated that IsaA expression is differentially regulated according to
oxygen availability by SarA, SrrAB and YycFG [121]. Under anaerobic conditions, IsaA is
down regulated [124]. The essential two-component system YycG and YycF are expressed
during exponential growth and regulates IsaA via YycF binding to the promoter region of the
IsaA gene [125].
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Fig. 10 Hypothetical structure of IsaA.
IsaA reveals high sequence similarities to the E. coli transglycosylases SIt70 and consists of a
transglycosylase domain, a linker region and a transmembrane domain.

It is likely that IsaA production is stimulated by YycF at the beginning of the growth phase
and then attenuated by agr system from the late exponential phase [126]. IsaA is also
important for successful host pathogen interactions of S. aureus. In a mouse sepsis arthritis
model the bacterial load in kidney 13 days after infection, revealed attenuated pathogenicity
of isa mutant compared to the wild type. This finding reinforces the link between cell wall
metabolism and bacterial fitness in this organism [121].

3.8. Transglycosylases

The cell wall is essential for survival of bacteria. The bacterial cell wall differs from the cell
envelope of all other organisms by the presence of peptidoglycan (PG). Peptidoglycan (PG)
is a heteropolymer comprising the rigid layer within bacterial cell walls. The repeating subunit
of PG is composed of (-1,4-linked N-acetyl-D-glucosaminyl (GIcNAc) and N-acetyl-D-
muramyl (MurNAc) residues. The glycan chains are cross linked together through peptides
which stem from the 3-O-D-lactyl moiety of the muramyl residues to from a three-dimensional
array covering the entire surface of the bacterial cytoplasmatic membrane [127]. However,
the bacterial cell wall is a dynamic structure, which is continually expanded and turned over.
This metabolism involves the creation of sites for the insertion of flagella, the creation of
pores for secretion systems and during cell growth for insertion of peptidoglycan precursor
(PG). A key class of enzymes responsible for cleaving PG to accommodate these

requirements is the lytic transglycosylase (LT) [128]. Lytic transglycosylases (LTs) are
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ubiquitous amongst the eubacteria except for the mycoplasmas. The variety of LT is
classified into four distinct families based on sequence similarities and identified consensus
motifs. Family-1 LTs, including IsaA, share a conserved E-S maotif, with the glutamyl residue
being essential for catalysis [129]. Despite lacking sequence similarities, most of the LTs are
a-helical and their catalytic domains possess a “lysozyme” fold [128]. These lysozyme-like
enzymes catalyze the cleavage of the B-1,4-glycoside bond between MurNAc and GIcNAc,
which results in 1,6-anhydro-N-acetylmuramyl residue (Fig. 11) [130], [127]. By virtue of their
ability to cleave the polysaccharide backbone of the PG layer, LTs play an important role in
synthesis, degradation and recycling of PG. Together with amidases, LTs function is to split
the septum and thereby permit the separation of dividing cells [131], [132]. They have also
been implicated with insertion of protein complexes such as secretion systems, flagella and
pili [133].
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Fig. 11 Function of lytic transglycosylase (LT).

A) The LT is associated with the bacterial cell wall in a multi-enzyme complex and cleaves the
polysaccharide backbone. B) After cleavage, the 1,6-anhydro-N-acetylmuramyl residues were
transported for recycling. This mechanism of cell wall cleavage is essential for cell dividing, pore
formation and cell wall turn over.

The role of LTs in pathogenesis is not fully understood, a number of LTs have been shown to
be up-regulated during host infections. Furthermore, LT reaction products have been
demonstrated to play a role in infectious disease [134]. This enzyme class possesses a great
potential as target for an antibacterial therapy, based on their important cellular functions and

that they act on structures unique for bacteria.
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Further promising targets for an antibody based therapy are essential virulence factors such

toxins which can be neutralized by antibody binding.

3.9. Alpha-toxin - A freely secreted toxin

S. aureus produces a large number of toxins that are grouped on the basis of their
mechanism of actions [21]. One of the most investigated, since their discovery in the early
1960s [135], is the 33 kDa alpha-toxin (AT). This cytolytic pore-forming toxin is secreted as a
water-soluble monomer by the majority of clinical relevant S. aureus strains and has been
demonstrated to play a key role in different mouse and rabbit models of S. aureus disease
like dermonecrosis, pneumonia and sepsis [136], [137]. The binding of AT monomers on the
host membrane results in a formation of a barrel-shaped oligomeric pore that penetrates the
membrane [138] (Fig. 12). In recent studies, it was shown that AT directly upregulates
ADAM10 metalloprotease activity, which results in cleavage of host E-cadherin and the
disruption of the epithelial barrier [139].
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Fig. 12 Pore formation by alpha-toxin (AT).

Native AT is secreted as hydrophilic molecule. After binding to the host membrane, toxin molecules
oligomerize to form stable protein complexes. This process is associated with an exposure of lipid-
binding domains, resulting from conformational changes, that enables the spontaneously insertion into
the membrane.

Alpha-toxin injures the lung and other tissues by its ability to form pores and thereby causes
diseases ranging from minor skin infections to life-threatening deep tissue infections and

toxinoses. In various animal models, immunization with antibodies directed against the
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staphylococcal alpha-toxin protects against S. aureus colonization or infection and results in
a significant increase of survival in the treated animals compared to untreated animals [140],
[141], [142], [143].

Currently, promising clinical trials with anti-alpha-toxin antibodies are ongoing based on the
promising animal data. For this study, a humanized anti-alpha-toxin IgG1 antibody (hUK-tox)

was chosen to be tested in a combinatorial therapy with hUK-66 1gG1.

3.10. Aim of the thesis

Antibodies are routinely used in the fields of biochemistry, molecular biology and medical
research but the greatest achievement has been their use as therapeutic agent. Antibodies
are powerful tools in the treatment of diseases such breast cancer, leukemia, asthma,
arthritis, Crohn’s disease and transplant rejection. However, only one mAb has been licensed
for the treatment of respiratory-syncytial-virus infection and at this time there is no

antibacterial antibody in clinical used.

The aim of this work is the development of a humanized antibody as a candidate for an
antibody-based therapy against antibiotic resistant MRSA. Therefore, the mouse monoclonal
antibody (mUK-66), specific for the immunodominant staphylococcal antigen A (IsaA), was
selected by its anti-staphylococcal activity in mouse infection models for humanization by
CDR grafting. In this study, the humanized anti-lsaA antibody (hUK-66) is analysed by its
binding affinity and characterized in terms of in vitro and in vivo functionality. In the course of
this work, the biological activity of hUK-66 was analysed in vitro with whole blood samples
from healthy donors and patients at high risk of S. aureus infections. In vivo, a mouse
pneumonia model is established to analyse the antibody’s potency. Furthermore, the work
presented in this thesis includes first results for a combined antibody therapy consisting of
hUK-66 IgG1 and the humanized anti-alpha-toxin antibody (UK-tox).
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4. Material

All used consumables were purchased from BioRad (Munich, Germany), Greiner Bio One

(Frickenhausen, Germany), Peqlab (Erlangen, Germany), Macherey-Nagel (Dueren,
Germany), Millipore (Darmstadt, Germany), MP Biomedicals (Eschwege, Germany), Sarstedt
(Germany), SIGMA Alderich (Taufkirchen, Germany), Roth (Karlsruhe, Germany), Applichem

(Darmstadt, Germany) and MERCK (Darmstadt, Germany).

All used antibiotics, chemicals, enzymes and solutions were purchase from Applichem
(Darmstadt, Germany), BioRad (Munich, Germany), GE Healthcare (Munich, Germany),
MERCK
(Darmstadt, Germany), New England Biolabs (Ipswitch, Great Britanien), Peglab (Erlangen,

Invitrogen (Darmstadt, Germany), MBI-Fermentas (Schwerte, Germany),

Germany), Promega (Madison (WI) USA), Qiagen (Hilden, Germany), Roche (Penzberg,

Germany), Roth (Karlsruhe, Germnay) and Sigma-Aldrich (Taufkirchen, Germany).

4.1. Equipment

Table 4.1 Equipment

Equipment

Manufacturer

Blot system semi dry

Centrifuge Pico 17, Biofug 13R,
Cryogenic Vials

Flow Cytometer

Freezer, -80°C

Gel documentation system

Gel electrophoresis system DNA Sub Cell
Glas bottles

Heat Block Thermostat 5320
Heat Block Labtherm®

Homogenisator Dispomix®
Incubator for rotation Mini 10

Incubator for shaking SM-30,
Innova 4300

Microplate reader Tecan infinite M200, Multiskan

Microscope

Light microscope Telaval 31,
Fluorescence microscope Axiolab,
Confocal microscope LSM 510

pH meter pH720

Photometer Ultrospec 3100 pro

Pipettes

Pipettor accu-jet® pro

Protein Page system

Sonicator

Spectrophotometer Nano-drop ND-1000
Temperature/ CO, controlled incubator
Thermocycler T3

Invitrogen, Eugene (O), USA

Heraeus, Hanau, Germany

Thermo Scientific, Rochester (NY), USA
FACS Calibur, BD

Thermo Fisher Scientific, Schwerte, Germany
Intas, Goéttingen, Germany

Bio-Rad, Champaign, USA

Brand, Wertheim, Germany

Eppendorf, Hamburg, Germany
Liebisch, Bielefeld, Germany

BioLab Products, Gddenstorf, Germany
Hybaid, Heidelberg, Germany

Edmund Buhler, Hechingen, Germany
New Brunswick Scientific, Hamburg, Germany

Thermo Electron, Dreieich, Germany
Zeiss, Oberkochen, Germany

inoLab, Weilheim, Germany
Amersham, Freiburg, Germany
Eppendorf

Brand

BioRad,

Sonica, Newton (CT), USA
Peqlab, Erlangen, Germany
Triad, Manasquan (NY), USA
Biometra, Goéttingen, Germany

30

Material



Vortex Bio Vortex V1
Water Bath 1002

Lab4You, Berlin, Germany
GFL, Burgwedel, Germany

4.2. Consumables

Table 4.2 Consumables

Consumables

Manufacturer

Bioreactor, Cell line adhere
Blotting Membrane Nitrocellulose
Blotting Whatman paper
Centrifugal Filter Units

Columns

Cuvettes

Cryotubes

Culture flasks

Culture plates, 24-well, 12-well, 6-well,
Dialysis tube ZelluTrans
Falcon Tubes, 15 ml, 50 ml
Filter Units

Hyodermic needle G20, G30
Micro 96-well plate
Microscope slides
Microscope slide covers
Microtubes, 2ml, 1.5ml
Monovettes, Heparin
Multifly-Set Safety

Parafilm

Petri Dishes

PCR reaction tubes

pH indicator strips, pH 0-14
Syringes

Tips 1000 pl, 200 pl, 10 pl

Integra, Zizers, Switzerland

GE Healthcare, Munich, Germany
GE Healthcare, Munich, Germany
Millipore, Darmstadt, Germany

Satorius Stedim, Hartenstein, Germany

Greiner, Frickenhausen, Germany
Brand, Wertheim, Germany

Nunc G,bH, Wiesbaden-Biebrich, Germany

Greiner, Frickenhausen, Germany
Greiner, Frickenhausen, Germany
Roth, Karlsruhe, Germany
Sarstedt, Nirnberg, Germany

Laborhaus Scheller, Euerbach, Germany

Braun, Hartenstein, Germany

Nunc Thermo Scientific, Roskilde, Denmark

Hartenstein, Wirzburg, Germany
Hartenstein, Wirzburg, Germany
Sarstedt, Nirnberg, Germany
Sarstedt, NUrnberg, Germany
Sarstedt, Nirnberg, Germany
Pechiney Plastic Packaging,
Greiner, Frickenhausen, Germany
Sarstedt, Nirnberg, Germany
Macherey Nagel, Diren, Germany
Hartenstein, Wirzburg, Germany
Sarstedt, NUrnberg, Germany

4.3. Chemicals

Table 4.3 Chemicals

Chemicals Manufacturer

Acetic Acid Roth, Karlsruhe, Germany
Agar Roth, Karlsruhe, Germany
Agarose PeqLab, Erlangen, Germany
Ammoniumperoxodisulfat (APS) Roth, Karlsruhe, Germany
Ampicillin Roth, Karlsruhe, Germany

Bovine Serum Albumin Fr.

Roth, Karlsruhe, Germany

6-Carboxylfluoresceindiacetate, succinimidyl Invitrogen, Eugene (O), USA

ester (CFSE)

DMSO Invitrogen, Eugene (O), USA

1,4 Dithiothreitol (DTT) Roth, Karlsruhe, Germany

EDTA Roth, Karlsruhe, Germany

Erythromycin Roth, Karlsruhe, Germany
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Ethanol abs.

Ethanol, denatured
Ethidiumbromid-Solution
Glucose D(+)

Glycine

Hydrochloric acid 37%
Hydrogen peroxide 30%
Imidazol

Kanamycin

Luria Broth (LB) Medium
Magnesium chloride
Methanol

Milkpowder

MSX

2-Propanol
Polyacrylamide
Potassium chloride
Sodium bicarbonate
Sodium carbonate
Sodium chloride
Sodium dodecyl sulphate pellets (SDS)
Sodium hydroxide pellets
Spectinomycin

Sulfuric acid, 96%
TEMED

Tris

Triton-X100

Tween20

Zeocin

Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Sigma-Aldrich, Steinheim, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Invitrogen, Eugene (O) USA

4.4. Buffer and Solutions

Table 4.4 Buffer and Solutions

Buffer/ Solution

Components

Anode buffer I, 10x

Anode buffer Il, 10x

CaCl, 100 mM

Coomassie destaining solution

Coomassie staining solution

DNA Loading Dye, 6x

Erythrocytes lysis buffer, 10x

HBSS
Kathode buffer, 10x
Periplasmatic preparation buffer

40 g Tris-Base, 0.1 | MetOH, pH 10.4
3 g Tris-Base, 0.1 | MetOH, pH 10.4
219 g CaCl, adjust volume to 1 |

0.33 | EtOH, 0.1 | acetic acid

(add H,Oto 11)

0.6 g G250, 0.6 g R250, 0.45 1 EtOH, 0.09 | acetic
acid (add H,Oto 1 1)

6 ml Glycerol, 0.6 ml 1 M Tris-HCI (pH 8), 0.12 ml
05 M EDTA (pH 8), 3.3 ml H20, 6 mg
Bromphenolblue

9 g NH4CI, 1g KHCO3, 37 mg EDTA, adjust to 100
ml Hzo

Invitrogen, Eugene (O) USA

5 g e-aminocaprene acid, 0.1 | MetOH, pH 10.4
30 mM Tris-HCI (pH 8), 1 mM EDTA, 20%
Succrose (add H,0 to 1l
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Phosphate buffered salione (PBS, 10x)
Buffer |

Buffer Il
Buffer IlI
IMAC binding buffer
IMAC elution buffer

IMAC wash buffer

IPTG, 1M

MgCl,, 1M

NaCl, 5M

Na,EDTA

Protein A binding buffer
Protein A elution buffer
Protein A neutralization buffer

SDS, 10%
SDS running buffer, 10x

SDS sample buffer, 4x
TAE buffer, 50x
TBS, 10x

TCA, 100%

Tris, 1M

Tryptophan Blue solution
X-gal

80 g NaCl, 2 g KCl, 27 g Na,HPO,, 2.5 g KH,PO,
dissolve in 1 | H,O, adjust to pH 7.4

50 mM Tris-HCI, pH 7.5, 10 mM EDTA, pH 8, 0.1
mg/ml RNase A (100 ml buffer)

0.2 N NaOH, 1% SDS
3 M sodium acetate, pH 4.8
50 mM NaPO,, 0.5 mM NaCl, pH 7.4

50 mM NaH,PO,, 500 mM NaCl, 100 mM
Imidazole

50 mM NaH,PO,, 500 mM NaCl, 20-200 mM
Imidazole

0.125 g IPTG, adjust to 1 ml

20.3 g MgCl,, adjust to 0.1 |

293 g NaCl, adjust volume to 1 |

186 g Na,EDTA, pH 8 adjustto 1|
Macherey Nagel, Diren, Germany

50 mM Glycine-HCI, pH 2.7 and pH1.9

1 M Tris-HCI, pH 8, 1.5 M NaCl, 1mM EDTA (add
t0 0.1 1 H,0)

1 g SDS pellets, adjust to 10 ml

30 g Tris-Base, 144 g Glycine, 10 g SDS (add
H,O to 11)

20 ml Glycerol, 5 g SDS, 13 ml 1 M Tris-HCI (pH
6.8), 0.2 g Bromphenoleblue (add H,O to 50 ml)

242 g Tris, 100 ml 0.5 M Na,EDTA (pH8), 57 ml
acetic acid, adjust to 11 H,0

0.5 M Tris-HCI, pH 7.4, 1.5 M NaCl (add to 1 |
H20)

500 g TCA, 230 ml H,O
122 g Tris, adjustto 11
Invitrogen, Eugene (O), USA

200 mg X-gal dissolve in 10 ml
dimethylformamide

4.5. Enzymes, Kits and Reagents

Enzyme reactions were performed in buffers and solutions provided by the manufacturer.

Table 4.5 Enzymes, Kits and Reagents

Kits

Manufacturer

Anartic Phosphatase
Antibody capture kit

Dnasel

ECL" Advance Detection Kit
Ficoll

Gene Clean® Kit Il
GeneRuler " 1 kb DNA Ladder
Lipofectamine

Lysozym
Nucleotidetriphosphate (100 mM)
PCR-Purification Kit
PGEMT®-T Vector system

New England BiolLabs,

GE Healthcare, Munich, Germany
Roche, Mannheim, Germany

GE Healthcare, Freiburg, Germany
GE Healthcare, Freiburg, Germany
MP Biomedicals, Ohio, USA
Fermentas, Darmstadt, Germany
Invitrogen, Eugene (O), USA
Sigma-Aldrich, Taufkirchen, Germany
Qiagen, Hilden, Germany

Qiagen, Hilden, Germany
Promega, Mannheim, Germany
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Phusion " High-Fidelity DNA Polymerase
Protease Inhibitor Mix

Protino® Protein Purification System

Quick T4 Ligation Kit

Restriction enzymes: ApalLl, Ncol, Notl, Sfil, Xhol
T4 Ligation Kits

TMB Solution

Trypsin-EDTA, 10x

NEB, Frankfurt, Germany

Roche, Penzberg, Germany
Machery-Nagel, Diren, Germany

New England BiolLabs, Ipswich, England
New England BiolLabs, Ipswich, England
New England BiolLabs, Ipswich, England
Invitrogen, Eugene(O), USA

Invitrogen, Eugene (O), USA

4.6. Media and Supplements

Table 4.6 Media and Supplements

Media/Supplement

Components/ Manufacturer

FCS
Insulin, human recombinant
Luria Bertani (LB)

OptiMEM

RPMI 1640

RPMI 1640 without (L)-glutamine
Trypsin, EDTA, 100x
Trypton-Yeast

Invitrogen, Eugene (O), USA
PAN Biotech, Aidenbach, Germany

10 g Peptone, 10 g NaCl, 5 g Yeast extract (add
to 11 H0)

Invitrogen, Eugene (O), USA
Invitrogen, Eugene (O), USA
Invitrogen, Eugene (O), USA
Invitrogen, Eugene (O), USA

8 g Peptone, 5 g Yeast extract, 2.5 g NaCl, adjust
to 11 H0

4.7. Antibodies

Table 4.7 Antibodies

Antibody Conjugated Species Company Storage

Anti-His HRP Rabbit MicroMol, #414 -20°C

Anti-human CD32 PE Mouse Biozol, 303206 4°C

Anti-human CD64 PE Mouse Biozol, 305008 4°C

Anti-human IgG PE Goat Antibodies-online, 4°C
ABIN117687

Anti-human IgG Goat Biozol, 2062-01 4°C

Anti-human IgG HRP Goat Antibodies-online, -20°C
ABIN117685

Anti-human IgG F(ab’), FITC Goat Biozol, BZL08564 4°C

Anti-human 1gG1 HRP Mouse Antibodies-online, -20°C
ABIN289146

Anti-human IgG2 HRP Mouse Biozol, 9060-05 4°C

Anti-human 1gG3 HRP Mouse Biozol, 9210-05 4°C

Anti-human IgG4 HRP Mouse Biozol, 9200-05 4°C

Anti-mouse IgG+IgM HRP Rabbit Jackson, 315-035-048 -20°C

Anti-mouse IgG HRP Rabbit Jackson, 315-035-008 -20°C

Anti-mouse I1gG1 HRP Rabbit LifeSpan, LS- -20°C
C70235/20993

Anti-Myc Rabbit Biozol, bs-0842R -20°C

Anti-Myc HRP Rabbit Antibodies-online, 4°C
ABIN398408

Anti-rabbit HRP Goat SAB, L3012 4°C
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4.8. Plasmids

Table 4.8 Plasmids

Plasmids Description

pAB Amp' His-Tag, Myc-Tag
pEE6.4 MSX', Lonza®
pEE12.4 MSX', Lonza®

pEMT11 Kan'

pGMT Amp'

pHEN2 Amp'

pQE30 Amp',

pSEC TagA Zeo'

4.9. Bacterial strains

Table 4.9 Bacterial strains

Strain Genotype and/or Description Reference
S. aureus
SA001 CAMRSA MW2 (USA400) RKI, Wernigerode
SA002 EMRSA EMRSA-15 RKI, Wernigerode
SA003 MRSA 05-01702 Cip-R, MFL-R, ST 5 RKI, Wernigerode
SA004 MRSA 07-00929 Cip-R, MFL-S, ST 8 RKI, Wernigerode
SA005 MRSA 07-01643 Cip-R, MFL-S, ST 22 RKI, Wernigerode
SA006 MRSA 07-03310 Cip-R, MFL-S, ST 45 RKI, Wernigerode
SA007 MRSA 05-01977 Cip-R, MFL-R, ST 228 RKI, Wernigerode
SA008 MRSA 08 00465-1 Cip-R, MFL-R, ST 239 RKI, Wernigerode
SA009 S. aureus ANS46 SSCmec i
SA010 S. aureus BK2464 SSCmec Il
SA011 S. aureus Col AisaA
SA012 S. aureus Cowan DU 5889
SA013 S. aureus FUS239
SA014 S. aureus HDE288 SSCmec IV
SA015 S. aureus LAC USA300
SA016 S. aureus MA12 Wild type Rachelt et al., 2001
SA017 S. aureus MA12 spa’ Insertion mutant spa’ U. Wallner, IMIB
Wirzburg
SA018 S. aureus MA12 spa Insertion mutant spa/isaA U. Wallner, IMIB
/isaA’ Wirzburg
SA019 S. aureus Newman Wild type IMIB, Wrzburg
SA020 S. aureus Newman Wild type, pJL74 GFP, pCN54 J. Liese, University
GFP exchanged of Pcad promotor with Tibingen
constitutive SarAP1 promotor, Erm’
SA021 S. aureus Newman Wild type, pJL76 CFP, pCN54 J. Liese, University
CFP exchanged of Pcad promotor with Tibingen
constitutive SarAP1 promotor, Erm"
SA022 S. aureus Newman Wild type, pJdL77 YFP, pCN54 J. Liese, University
YFP exchanged of Pcad promotor with Tibingen
constitutive SarAP1 promotor, Erm"
SA023 S. aureus RN4220 NCTC 8325-4r, restriction mutant with Kreiswirth, 1983
11 bp depletion in rsbU
SA024 S. aureus SH1000
SA025 S. aureus Wood46 Wild type
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SA026

SA027

SA028

SA029

SA030

E. coli
EC001

EC002

EC003

EC004

EC005

EC006

BOO001

BO002

BOO003

BO004

BOO005

BO006

BO007

BO008

BOO009

BO010

BOOM

BO012

BO013

S. aureus Xen29

S. aureus Xen29 isaA
S. aureus 8325

S. aureus 8325 spa’

S. aureus 8325 spa
/isaA

E. coli BL21

E.coli DH5a

E. coli KRX

E. coliM15

E. coliTG1

E. coli TG1 pAB scFv
Gal12

E. coli TG1 pHEN2
E. coliTG1 pAB

E. coliTG1 pEE6.4
E. coliTG1 pEE12.4

E. coli TG1 pMA mUK-
66

E. coli TG1 pMA hUK-
66(1)

E. coli TG1 pMA hUK-
66(2)

E. coli TG1 pMA
human IgG1
E. coli TG1 pMA
human IgG2
E. coli TG1 pMA
human IgG4

E. coli TG1 pSEC TagA
Fc human IgG1

E. coli TG1 pHEN2
scFv mUK-66 (hc)

E. coli TG1 pHEN2
scFv mUK-66 (Ic)

Luminescent strain

Luminescent strain, Insertion mutant
isaA
Wild type

Insertion mutant spa’

Insertion mutant spa/isaA

F, ompT hsdSg(rg’, mg), decm gal A
(DE3)

F’, endA1, hsdR17 (r,, my), supE44,
thi-1, recA1, GyrA96, relA1, N, A(argF-
lac)U169, ®80d/acZ AM15

K-12 supE thi-1 A(lac-proAB) A(mcrB-
hsdSM)5, (r«my), F' [traD36 proAB*
lacl’ lacZAM15] AompT, endA1,recA1,
gyrA96 (Nalr), thi-1, hsdR17 (rK-,
mK+), el14(McrA), relA1, supE44,
A(lacproAB), A(rhaBAD)

pRep4, F'lacZD M15 laclq traD36
proA+ proB+, Kan"

K-12 supE thi-1 A(lac-proAB) A(mcrB-
hsdSM)5, (r«my), F' [traD36 proAB*
lacl® lacZAM15]

pAB, Amp', Insert: scFv Gal12

pHEN2, Amp'

pAB, Amp"

pEE6.4, MSX"

pEE12.4, MSX"

pMA, Amp', Insert: scFv mUK-66

pMA, Amp', Insert: scFv hUK-66(1)
pMA, Amp', Insert: scFv hUK-66(2)
pMA, Amp', Insert: UK-66 human IgG1
pMA, Amp', Insert: UK-66 human IgG2
pMA, Amp', Insert: UK-66 human IgG4
pSEC TagA, Zeo', Insert: Fc human
lgG1

pHEN2, Amp', Insert: scFv mUK-66
(heavy chain)

pHEN2, Amp', Insert: scFv mUK-66
(light chain)

U. Wallner, IMIB,
Wdrzburg
U. Wallner, IMIB,
Wirzburg
U. Wallner, IMIB,
Wirzburg
U. Wallner, IMIB,
Wirzburg
U. Wallner, IMIB,
Wirzburg

Merck Bioscience

MBI-Fermentas

Promega

Qiagen

R. Kontermann,
University Stuttgart

R. Kontermann,
University Stuttgart
B. Oesterreich, this
study

B. Oesterreich, this
study

B. Oesterreich, this
study

B. Oesterreich, this
study

B. Oesterreich, this
study

B. Oesterreich, this
study

B. Oesterreich, this
study

B. OQOesterreich, this
study

B. Oesterreich, this
study

B. Oesterreich, this
study

B. Oesterreich, this
study

B. Oesterreich, this
study

B. Oesterreich, this
study
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BO014 E. coli TG1 pAB scFv pAB, Amp', Insert: scFv mUK-66 B. Oesterreich, this
mUK-66 study

BOO015 E. coli TG1 pAB scFv pAB, Amp', Insert: scFv hUK-66(1) B. Oesterreich, this
hUK-66(1) study

BO016 E. coli TG1 pAB scFv pAB, Amp', Insert: scFv hUK-66(2) B. Oesterreich, this
hUK-66(2) study

BOO017 E. coli TG1 pSEC TagA pSEC TagA,Zeo', Insert: scFv-Fc B. Oesterreich, this
scFv-Fc mUK-66 mUK-66 study

BO018 E. coli TG1 pSEC TagA pSEC TagA,Zeo', Insert: scFv-Fc hUK- B. Oesterreich. this
scFv-Fc hUK-66(1) 66(1) study

BO019 E. coli TG1 pSEC TagA pSEC TagA,Zeo', Insert: scFv-Fc hUK- B. Oesterreich, this
scFv-Fc hUK-66(2) 66(2) study

BO020 E. coli TG1 pEE6.4 pEE6.4, MSX', Insert: hUK-66 IgG1 B. Oesterreich, this
hUK-66 1gG1 (hc) (heavy chain) study

BO021 E. coli TG1 pEE6.4 pEE6.4, MSX', Insert: hUK-66 IgG2 B. Oesterreich, this
hUK-66 1gG2 (hc) (heavy chain) study

BO022 E. coli TG1 pEE6.4 pEE6.4, MSX', Insert: hUK-66 IgG4 B. Oesterreich, this
hUK-66 1gG4 (hc) (heavy chain) study

BO023 E. coli TG1 pEE12.4 pEE12.4, MSX', Insert: hUK-66 IgG1 B. Oesterreich, this
hUK-66 1gG1 study

BO024 E. coli TG1 pEE12.4 pEE12.4, MSX', Insert: hUK-66 1gG2 B. Oesterreich, this
hUK-66 1gG2 study

BO025 E. coli TG1 pEE12.4 pEE12.4, MSX', Insert: hUK-66 IgG4 B. Oesterreich, this
hUK-66 1gG4 study

BO026 E. coli TG1 pEE12.4 pEE12.4, MSX', Insert: mUK-66 1gG1 B. Oesterreich, this
mUK-66 1gG1 study

BO027 E. coli BL21 pEM11 pETM11, Kan', Insert: IsaA, C-term. B. Oesterreich, this
IsaA His Tag study

BO028 E. coli KRX pEM11 pETM11, Kan', Insert: IsaA, C-term. B. Oesterreich, this
IsaA His Tag study

BO029 E. coli M15 pRep4, pE30, Kan', Amp', Insert: IsaA, N-term. P.Bouret, IMIB,
pQE30_lIsaA His Tag Wirzburg
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5. Methods
5.1. Molecular biological Methods

5.1.1. Culturing of bacteria

All strains were propagated in lysogenic broth (LB) at 37°C with shaking at 175 rpm. When
required, antibiotics were added to media at the following concentration: kanamycin 50
pag/ml; spectinomycin 100 pg/ml, erythromycin 5 pg/ml, and ampicillin 100 pyg/ml. E. coli
strains, used for expression of antibody fragments, were propagated in Trypton-Yeast broth
(TY). The generation of S. aureus MA12 AisaA and Aspa mutants was achieved by allelic
replacement and confirmed by PCR and Western blotting. All S. aureus mutant strains
applied in this thesis were constructed by Ursula Wallner. The E. coli strain M15Rep4 which
was used for expression of recombinant IsaA was constructed by Partrick Bourdet. For in
vivo experiments, glycerin stocks of S. aureus Newman was harvested at mid-log phase and
stored at -80°C (performed by TA Ursula Wallner). The optical densities of the cultures were

measured at 600 nm with a photometer (Eppendorf).

5.1.2. Preparation of bacteria stocks for in vivo
experiments

Stocks of bacteria for in vivo experiments were prepared to reduce variability of bacteria
between two experiments and to minimize variance of overnight cultures. All stocks of one
batch are grown at the same conditions and the lethal dose for each new batch was
determined in vivo. For every new batch, the strain was plated on B agar from its cryo stock.
Colonies from plate were inoculated in 3 ml BHI broth and incubated overnight at 37°C with
shaking. After this, 50 ml BHI broth was inoculated with the prepared overnight culture and
incubated for 3.5 h at 37°C. The complete culture was spin down for 10 min at 4000 rpm at
4°C. After resuspending the pellet in 20 ml BHI broth, 4 ml glycerol was added and the

bacteria suspension was aliquot in 2 ml. Aliquots were storage at -80°C.

5.1.3. Preparation of bacteria for in vivo experiments

For infection studies, S. aureus Newman stock samples were thawed for 15 min at room
temperature. After washing in 50 ml of sterile PBS (centrifugation at 4000 rpm at 4°C for 20
min), the pellet was diluted to a concentration of 2x10® cfu/mouse. The infectious dose for the
used stock was determined before in dose titration experiments. Infection was performed

using a total volume of 20 pl. The infectious dose was controlled by measuring optical
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density at 600 nm (1 OD600=5.7x10° ml-1) and by plating appropriate dilutions in duplicate

on LB agar and cfu were counted after 24 hours of incubation.

5.1.4. Cryoconservation of bacterial cultures

For long-term storage at -80°C, glycerol stocks of bacterial cultures were provided with 15%

final glycerol concentration.

5.1.5. Transformation of competent E. coli cells

Chemical-competent BL21, DH5a and TG1 cells were thawed on ice and incubated with
DNA solution for 45 min on ice. Bacteria were then transformed by heat shock at 42°C for 2
min. After heat shock, 1 ml LB media was added immediately and cells were incubated at
37°C, shaking at 200 rpm for 1 h. The whole bacteria suspension was applied on an agar

plate containing the appropriate antibiotic and incubated at 37°C overnight.

5.1.6. Preparation of Plasmid DNA

Bacteria were cultured overnight in 5 ml LB medium containing appropriate antibiotics at
37°C. The culture was centrifuged and the supernatant discarded. The bacterial pellet was
resuspended in 150 pl buffer 1, followed by adding 150 ul of buffer 2. The bacterial
suspension was inverted several times and incubated for 5 min at RT. After adding 150ul of
buffer 3, the bacterial suspension was incubated for 5 min on ice and then centrifuged for 15
min at 13,000 rpm. The supernatant was transferred to a fresh tube and centrifugation
procedure was repeated. The supernatant was collected and DNA was precipitated with 70%
isopropanol. After centrifugation for 15 min at 13,000 rpm at RT, supernatant was discarded
and plasmid DNA was washed with 70% Ethanol. The DNA was harvest, air-dried and
diluted in 30 pl sterile ddH,O. Plasmid DNA samples were stored at -20°C.

5.1.7. Quantification of DNA

The concentration and purity of DNA was determined by measuring the optical density with

the spectrophotometer Nanodrop® according to instructions of manufacturer.

5.1.8. Polymerase chain reaction

Polymerase chain reaction (PCR) was used to amplify DNA fragments and to introduce
restriction sites via primers for a subsequent cloning step. The amplification reaction includes
the sample of template DNA, two oligonucleotide primers, deoxynucleotide triphosphates

(dNTPs), reaction buffer and the thermostable DNA Phusion polymerase. PCR results in the
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exponential synthesis of a distinct DNA sequence by repeated denaturation, hybridization

and extension cycles with 25-35 cycles usually.

Table 5.1 Preparation scheme for PCR

Component Volume Final Concentration
Template DNA: cDNA (Dilution 1 pl 50-100 ng

1:50)

Forward primer (c= 10 pmol/ul) 1ul 0.2 uyM

Reverse primer (c= 10 pmol/ul) 1 ul 0.2 yM

Phusion buffer, 5x 10 ul 1Xx

dNTP Mix (c= 20 1l 0.4 mM/ nucleotide
mM/nucleotide)

Phusion Polymerase 0.1yl 0.008 Units/pl
ddH,O Adjust to 20 pl

Table 5.2 PCR Program for amplification of UK-66 heavy and light chain

Step Temperature Time Cycles
Initial denaturing 95°C 2 min 1
Denaturing 95°C 45s

Annealing 60°C 45s 34
Extension 70°C 3 min

Final extension 72°C 3 min 1

Table 5.3 PCR program for amplification of antigen binding domain scFv UK-66

Step Temperature Time Cycles
Initial denaturing 94°C 5 min 1
Denaturing 94°C 1 min

Annealing 50°C 1 min 35
Extension 72°C 1 min

Final extension 70°C 5 min 1

5.1.9. DNA restriction digestion

For restriction digestion of DNA fragments or plasmid DNA endonucleases from New
England Biolabs were used and restriction digestion was performed following the

manufacturer’s protocol.

5.1.10. Agarose gel electrophoresis with DNA

Agarose gel electrophoresis enables the user to control the PCR products or restriction
digestions, but also to fractionate DNA molecules by size in order to purify them from the gel.
Agarose gel electrophoresis was performed in 0.5x Tris-Acetate-EDTA-buffer (TAE-buffer)
with agarose concentrations of 1%. DNA was detected by ethidium bromide (EtBr) (final

concentration: 0.025 pg/ml). As size standard, the Fermentas 1 kb DNA ladder was used.
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After electrophoresis, the gel was placed on an UV light box and the ethidium bromide-

stained DNA was visualized using the imaging system LSM.

5.1.11. DNA purification from agarose gels
DNA fragments visualized on an UV light box were removed from the gel by the use of
scalpels. Once execised, the DNA was eluted from the jellified agarose following the

instructions of the Gene Clean Kit (MP Biomedicals). Elution volume was 15 pl.

5.1.12. DNA Ligation

Purified and restriction enzyme-treated DNA fragments were ligated into the desired plasmid
vectors, which have been treated with the respective restriction enzymes. The concentration
of vector and insert DNA has been determined via agarose gel electrophoresis. A molar ratio
of 1:3 of vector and insert was used for the ligation reaction. All ligations were performed with
T4 DNA ligase and the provided buffer (New England Biolabs) either for 5 min at RT or
overnight at 16°C. Following the reaction, the ligated DNA was transformed into an

appropriate strain.

5.1.13. DNA sequencing

Sequence confirmation of the final expression vectors was performed by MWG (Ebersberg,
Germany) and SeglLab (Géttingen, Germany). Results were analysed using the program
CLC sequence viewer (Qiagen, Aarthus, Denmark), Vector NTii (Life technologies,
Darmstadt, Germany) and Bioedit (Ibis Bioscience, Carlsbad CA, USA).

5.1.14. Cloning of scFv fragments

The shuttle vector pHEN2 and the expression vectors pAB were cloned at the Institute of Cell
Biology and Immunology, University of Stuttgart (AG Kontermann). The sequences of heavy
and light chain of the antibody UK-66 were cloned via Xhol and Sfil, respectively ApalLl and
Notl, into pHENZ2, a shuttle vector with a linker region to combine heavy and light chain. The
sequence of the scFv fragment was then cloned into the expression vector pAB, which
contained a His- and a Myc-Tag for purification. E. coli TG1 was used as expression strain
(Fig. 13).

5.1.15. Cloning of scFv-Fc fragments
The vector pSEC for expression of scFv-Fv fragments in mammalian cells were cloned at the

Institute of Cell Biology and Immunology, University Stuttgart (AG Kontermann) and contains
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a human IgG1 Fc part. The sequence of scFv UK-66 was cloned via Xhol and Notl into
pSEC. For expression, HEK293 cells were transiently transfected and scFv-Fc UK-66 were

purified from supernatant via the His-Tag.

VH fragment VLK fragment
- - — A AR A A— L vy - -

Sfil Xho | 1 ApaLl Not |
(350-400 bp) (260-300 bp)

Ligation/Transformation }

PGMT-VLK

1 pGMT-VH

(~3400 bp) (~3300 bp)

Linker (14AS)

Ligation Ligation
Transformation pHEN2-VH Transformation

(~5000 bp)

pHENZ—VH—V

(~5300 bp) ™

pHEN2
(4600 bp)

Sfil Notl

pAB
(3500 bp)

Fig. 13 Cloning strategy for UK-66 scFv fragemnts.

1) RNA of the hybridoma clone UK-66 was isolated and reverse translated into cDNA. The PCR
products of heavy and light chain were amplified via degenerated primer pairs to determine the
sequence of the antigen binding domain of UK-66. 2) For generation of a scFv fragment, the sequence
of light and heavy chain was connected via a linker region using the plasmid pHEN2. 3) Afterwards,
the sequence of the scFv fragment was cloned into the expression vector pAB, containing a pelB
leader sequence for the periplasmatic transport and a His- and Myc-tag for purification.

Ligation/Transformation

pAB-VH-VL

(~4250 bp) B9

5.1.16. Cloning of complete UK-66 IgG antibodies

Sequences of the complete mouse and humanized UK-66 (hUK-66) were synthesized by
GeneArt. The sequences of the heavy and light antigen binding domain of UK-66 were
combined with the sequence of the Fc part. For the hUK-66, the isotypes 1gG1, IgG2 and
IgG4 were constructed. The murine UK-66 was constructed as IgG1 isotype. Antibodies were
expressed with the Lonza® Biologic GS gene expression system. The genes of heavy and
light chain were cloned via Notl and BamHI into pEE12.4. Each gene is under the control of a
separate hCMV-MIE promotor. Antibodies were expressed by stably transfected CHO.K1

cells.
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5.1.17. Humanization of mouse UK-66 antibody

The aim of antibody humanization is to engineer a monoclonal antibody that shows no or
neglectable immunogenic reactions in humans although produced by a honhuman species.
Humanization of the UK-66 antibody was performed by Prof. Dr. R. Kontermann by using the
complementarity-determining region (CDR) grafting method. In this context, intact murine
variable domains were included onto a human framework region (FR), obtained from the
closest human germline V segments to preserve the antigen-binding affinity. Therefore, the
FR residues of potential importance for antigen binding were identified by computer-assisted

homology modeling.

Two humanized versions of mouse UK-66, denoted hUK66-1 and hUK66-2, were generated
by transferring the key murine FR residues onto a human antibody framework (selection
were based on their homology to the mouse antibody framework) together with the mouse
CDR residues. The light and heavy chain variable regions were then directly grafted into the

human antibody light and heavy chains.

5.2. Cell culture Methods

5.2.1. Cultivation of mammalian cells

All cell culture procedures were performed in a sterile bench applying sterile working
techniques. Subconfluently grown cells were passaged every 2-3 days if indicated with
trypsin/EDTA. HEK293 and CHO.K1 cells were cultivated in RPMI 1640 supplemented with
10% fetal calf serum. MonoMac-6 cells were cultivated with RPMI supplemented with 10%
fetal calf serum, 1% Penicillin/Streptomycin, 1% non-essential amino acid, 1% sodium

pyruvate and 0.1% human insulin.

5.2.2. Stable transfection of plasmids

Transfections were performed with the help of polycationic lipids lipo- and nanofectamine
(Invitrogen, Darmstadt, Germany). Cells were cultivated at least two passages before
transfection and were used when growing in the exponential phase. Cells (1x10°/ml) were
seeded 24 h before transfection in a 6-well plate and incubated overnight at 37°C in a
humidified CO, incubator. Transfection solution 1 was prepared by adding 3 pg purified
Plasmid DNA in 100 pl OptiMEM medium. Solution 2 contained 10 pl nanofectamine in 100
pl OptiMEM medium. Solutions were gently mixed by pipetting and incubated for 20 min at
RT. During this time, cell medium was exchanged with 2 ml OptiMEM medium. After

incubation, transfection complex was added drop wise to the cells and incubated overnight at
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37°C in a humidified CO, incubator. The next day, OptiMEM medium was exchanged with

selection medium.

5.2.3. Selection of high producer clones

The selection of positively transfected cells started 24 h after transfection by exchanging the
medium with a culture medium containing the adequate selection marker as selection
pressure. Medium was exchanged every third day during selection process. In course of the
selection, non-transfected cells died and while transfected cells were able to replicate. After

two weeks, an outgrowth of positively transfected cells was obtained.

Selection of high producer clones was performed by single cell dilution and increase of
selection pressure. Single cell dilution was performed after expansion of positively
transfected cells. Therefore, 100 pl medium was added to all wells of a 96 well plate, except
well Al. 200 pl of the cell suspension (1x10° cells /ml) were added to well A1. 100 pl from the
first well was transferred to the well B1. The 1:2 dilutions were repeated down the entire
column, discarding 100 pl from H1. Additionally, 100 ul of medium was added to all wells of
column 1. With an 8-channel pipettor, a 1:2 dilution across the entire plate were performed,
discarding 100 pl from each well of column 12. The final volume of all wells was adjusted to
200 pl by adding 100 pl medium. The plate was then incubated at 37°C in a humidified CO,
incubator. Supernatants of all wells were analysed for antibody production after 10 days of
growth. Wells, containing producer of antibodies in the highest dilution factor compared to
well Al, was cultivated as Al in a new plate (Fig. 14).

Initial cell
inoculum
\ 1 2 3 4 5 G 7 a8 9 10 1 12
A \ ............................................................................ }
First B | eererhrersresbesnciadarensnaduonniencharersbenneennsnrnsandennnnradennrnres >
dilution |
series [ N T YT Y s Eusuut e K T s SR SO I >
D ............................................................................ }
= R SR R s T e SR S A >
o Y S ! A N S SIS AN A >
(L [ T U SR A s S SR AU I >
T 2 P i s A R SO AR A >

Second dilution deries

Fig. 14 Pipette scheme to perfom a single cell dilution.
Positively transfected cells were inoculated in well A1 and diluted 1:2 from Al to B1 until H1. From the
first line (A1-H1), a further 1:2 dilution was performed from line 1 to line 12.
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After the selection of three highest producing cell lines, further selection was performed in
the presence of increasing MSX concentrations. Each cell line was cultivated in a 6-well plate
(1x10° cells/ml per well) in selective medium containing a range from 50 pM to 500 uM MSX.
Medium was exchanged every 5 days and plates were incubated in a humidified CO,
incubator. Cell populations growing in different MSX concentrations were tested for their
productivity. Selected cell lines were expanded and secured as a cryopreserved stock.

Afterwards, the producer cell line was cultivated in a two compartment bioreactor system
(Integra Bioscience) for long term production.

5.2.4. Determination of cell specific antibody production

Production of specific antibodies were analysed by binding ELISA. Therefore, supernatants

of producer clones were collected and stored at 4°C.

The UK-66 IgG concentration of the supernatant was determined by a calibration curve.
Therefore, growth medium was spiked with defined concentrations of UK-66 IgG.
Supernatants were diluted 1:5 and incubated for 1 h at 37°C. After three washing steps,
bound proteins were detected with secondary antibodies conjugated to horse radish
peroxidase (HRP). Concentration of UK-66 IgG in the supernatant was calculated by Graph
Pad Prism 5.

5.2.5. Cryopreservation of mammalian cell lines

Cells were cryopreserved in freezing medium containing 90% FCS and 10% DMSO. Table
5.4 displays used cell lines and description. Table 5.5 demonstrates cell lines generated in

this work.

Table 5.4 Cell lines description

Cell lines Description

CHO Chinese hamster ovary cells, IMIB stock

CHO-K1 Chinese hamster ovary cells, Lonza®

HEK293 Human embryonal kidney cells, R. Kontermann, University Stuttgart
MonoMac-6 Human acute monocytic leukemia established from the peripheral blood of a

64-year-old man with relapsed acute monocytic leukemia (AML FAB M5) in
1985 following myeloid metaplasia, ATCC
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Table 5.5 cell lines and stable transfected cell lines

Nr. Cell line Insert+Plasmid Resistance Medium
1 CHO RPMI1640+gIin+10% FCS+1%
Pen/Strep
2 CHO-K1 RPMI1640+gIin+10% FCS+1%
Pen/Strep
3 HEK293 RPMI1640+gIin+10% FCS+1%
Pen/Strep
4 MonoMac-6 RPMI1640+gIin+10% FCS+1%
Pen/Strep+1% non-essential aa+
1% sodium pyruvate+0.1%
human Insuline
5 NSO RPMI1640+gIin+10% FCS+1%
Pen/Strep
6 HEK293 scFv-Fc mUK-66, pSEC Zeo" RPMI1640+gIin+10% FCS+1%
Pen/Strep+50 mg/ml Zeocin
7 HEK293 scFv-Fc hUK-66(2), Zeo" RPMI1640+gIin+10% FCS+1%
pSEC Pen/Strep+50 mg/ml Zeocin
8 CHO-K1 hUK-66 1IgG1, pEE12.4 MSXR RPMI1640-gin+10%  dFCS+1%
Pen/Strep+25 yM MSX
9 CHO-K1 hUK-66 1gG2, pEE12.4 MSXR RPMI1640-gin+10%  dFCS+1%
Pen/Strep+25 yM MSX
10 CHO-K1 hUK-66 1gG4, pEE12.4 MSXR RPMI1640-gin+10%  dFCS+1%
Pen/Strep+25 yM MSX
1" CHO-K1 hUK-66 1IgG1, pEE12.4 MSXR RPMI1640-gin+10%  dFCS+1%
Pen/Strep+50 yM MSX
12 CHO-K1 hUK-66 1IgG1, pEE12.4 MSXR RPMI1640-gin+10%  dFCS+1%
Pen/Strep+100 yM MSX
13 CHO-K1 hUK-66 1IgG1, pEE12.4 MSXR RPMI1640-gin+10%  dFCS+1%
Pen/Strep+150 yM MSX
14 CHO-K1 hUK-66 1IgG1, pEE12.4 MSXR RPMI1640-gin+10%  dFCS+1%
Pen/Strep+200 uM MSX
15 CHO-K1 hUK-66 IgG1, pEE12.4 Msx® RPMI1640-gin+10%  dFCS+1%
Pen/Strep+300 yM MSX
16 CHO-K1 hUK-66 1IgG1, pEE12.4 MSXR CHO CD1+10% dFCS+1%
Pen/Strep+100 yM MSX
17 CHO-K1 hUK-66 IgG1, pEE12.4 MSX"® CHO CD1+10% dFCS+1%
Pen/Strep+150 yM MSX
18 CHO-K1 hUK-66 1IgG1, pEE12.4 MSXR Power CHO GS+10% dFCS+1%
Pen/Strep+25 yM MSX
19 CHO-K1 hUK-66 IgG1, pEE12.4 MSX"® Power CHO GS+10% dFCS+1%
Pen/Strep+50 yM MSX
20 CHO-K1 hUK-66 1IgG1, pEE12.4 MSXR Power CHO GS+10% dFCS+1%
Pen/Strep+100 yM MSX
21 CHO-K1 hUK-66 1gG1, pEE12.4 MSX"® RPMI1640 (-gIn)+1% Pen/Strep+
25uM MSX (serum-free)
22 CHO-K1 hUK-66 1IgG1, pEE12.4 MSXR RPMI1640 (-gIin)+0.5% dFCS+1%
Pen/Strep+ 25uM MSX
23 CHO-K1 hUK-66 IgG1, pEE12.4 MSX"® RPMI1640 (-gIn)+2.5% dFCS+1%
Pen/Strep+ 25uM MSX
24 CHO-K1 hUK-66 1IgG1, pEE12.4 MSXR CHO CD1+1% Pen/Strep+ 25uM
MSX (serum-free)
25 CHO-K1 hUK-66 IgG1 N297A, MSX"® RPMI1640-gIn+10%  dFCS+1%
pEE12.4 Pen/Strep+25 yM MSX
26 CHO-K1 mUK-66 1gG1 N297A, MSXR RPMI1640-gin+10%  dFCS+1%
pEE12.4 Pen/Strep+25 yM MSX
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27 CHO-K1 Chimeric UK-69 (18-6-2) MSX" RPMI1640-gin+10%  dFCS+1%

IgG1, pEE12.4 Pen/Strep+25 yM MSX

28 CHO-K1 Chimeric UK-69 (35-7-2 MSX"® RPMI1640-gin+10%  dFCS+1%
IgG1, pEE12.4) Pen/Strep+25 yM MSX

29 CHO-K1 Human FcyRla (extrac. Zeo" RPMI1640+gIin+10% FCS+1%
domain), pSEC Pen/Strep+50 mg/ml Zeocin

30 CHO-K1 Human FcyRlla LR Zeo® RPMI1640+gIin+10% FCS+1%
(extrac. domain), pSEC Pen/Strep+50 mg/ml Zeocin

31 CHO-K1 Human FcyRlla HR Zeo® RPMI1640+gIin+10% FCS+1%
(extrac. domain), pSEC Pen/Strep+50 mg/ml Zeocin

5.3. Biochemical Methods

5.3.1. Expression of recombinant proteins
In this work, the recombinant protein IsaA and the murine and humanized antigen binding

domains of UK-66 were expressed using E. coli.

The staphylococcal protein IsaA was expressed in E. coli BL21 and M15Rep4. Expression of
antigen binding domains mUK-66 and hUK-66 was performed in E. coli TG1. All proteins
were expressed under the control of the lac-promotor. The lac-operon is induced by lactose
when metabolized by the bacteria. A constant activity of the lac-operon is achieved by the
structural analog Isopropyl-B-D-1-thiogalactopyranoside (IPTG). IPTG binds, similar to
lactose, to the lacl repressor and prevents its binding to the lac-operator. Bacteria cannot

metabolize IPTG resulting in a constant induction of the lac-promotor.

Full antibodies hUK-66 IgG1, 1gG2, IgG4 and the Fc mutant hUK-66 IgG1 N297A were
expressed by CHO.K1 cells (Lonza®) via stable transfection. The scFv-Fc fragments were

expressed by transiently transfected HEK293.

5.3.2. Lysis of bacteria

For IsaA purification E. coli TG1bacteria were lysed in binding buffer and protease inhibitor
0.5 M (Roche) was added as well as Dnasel (Roche). Cells were lysed with subsequent
sonification (20 sec maximum amplitude, 10 sec break, repeated for 3 min). E. coli BL21
cells were lysed with lysozyme (0.2 mg) and French press. Insoluble components and non-

lysed cells were separated by centrifugation (15 min, 10,000 rpm, 4°C).

5.3.3. Protein Purification
The recombinant IsaA protein was previously cloned into the expression vector pQE30 (by P.
Bourdet), creating a N-terminal Hisg fusion tag. The E. coli strain M15 pREP4 was chosen as

expression strain. An overnight culture was prepared by inoculating expression strain into 25
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ml of LBampkan @t 37°C. The resulting inoculum was grown into 1 liter of LBampkan at 37°C. The
expression was induced during mid-exponential growth phase (ODgonm = 0.6) by addition of

0.5 mM IPTG and incubation was pursued overnight at 18°C.

For epitope characterization, IsaA was also cloned into the expression vector pETM-11,
creating a C-terminal Hiseg fusion tag to improve expression and stability properties of IsaA.

The E. coli strain BL21 was chosen as expression strain.

Bacterial strain E. coli TG1 was transformed with the expression vector pAB containing the
sequence of the scFv mUK-66, hUK-66(1) and hUK-66(2). From a 20 ml (2xTY, 100 ug/ml
ampicillin, 1% glucose) overnight culture, 1l culture was inoculated and grown at 37°C and
200 rpm until ODgye of 0.6 was reached. Protein expression was induced by IPTG and the
culture was incubated overnight at RT. Bacteria were harvest by centrifugation and
resupended in 50 ml periplasmatic preparation buffer. After addition of lysozyme (50 ug/ml),
the suspension was incubated for 15 min on ice. Before the suspension was centrifuged, 1
mM MgSO, was added to stabilize the spheroblasts. The supernatant was dialyzed against
PBS overnight and subjected to immobilized metal affinity chromatography (IMAC). The
concentration of the purified protein was determined photometrically.

5.3.4. Immobilized metal affinity chromatography

Recombinant IsaA and antibody fragments scFv were purified manually by covalent binding
of its C-terminal His-Tag to positively charged nickel ions. Protein from periplasmatic
production was applied to 1 ml Ni-NTA resin and equilibrated with 10 ml IMAC binding buffer.
Non-bound protein was washed from the resin with IMAC wash buffer (50 mM NaH,PO4 [pH
7], 300 mM NaCl, 20 mM imidazole). Bound protein was eluted by increasing concentrations
of imidazole (20 mM — 200 mM) in wash and elution buffer in which less tightly bound host
cell proteins were removed in a washing step before the final elution. The elution was
finalized by the application of elution buffer (50 mM NaH,PO4 [pH 7], 300 mM NacCl, 500 mM
imidazole).Protein containing fractions were pooled and dialyzed against 1xPBS buffer to
remove imidazole. For risaA, protein fractions were dialyzed against 1xPBS with 350 mM

NaCl to remove imidazole. The protein concentration was measured by Nano Drop.

5.4. Antibody Purification

Antibodies were purified from cell culture supernatant by affinity chromatography on
immobilized Protein G. Antibodies were produced either in house or externally at Biotem or
Evitria. Samples of cell culture supernatants were incubated with the protein G resin
overnight at 4°C with rotation and then loaded onto columns equilibrated with binding buffer

(TBS, pH 5.0). The columns were washed with 10 volumes of binding buffer and IgG was
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eluted in elution buffer (100 mM glycine HCI, pH 2.7). The collected fractions were
immediately pH-neutralized with 1 M Tris-HCI, pH 9.0. After elution, antibody containing
fractions were collected and dialyzed in PBS, pH 7.4 overnight at 4°C. The antibody
concentration was measured at an OD of 280 nm and antibody quality was examined by
SDS-PAGE and ELISA studies.

5.4.1. SDS-PAGE
Proteins were separated by 12% SDS-PAGE according to table 5.6. SDS page were

Coomassie stained or analysed by Western Blot techniques.

Table 5.6 Preparation of SDS-PAGE (separation gels)

Separation Gel

1.6 ml H.0

2ml Acrylamide/Bis-Acrylamide (30%/0.4%)
1.3 ml 1.5 M Tris-HCI buffer, pH 8.8

0.05 ml 10% SDS

0.05 ml 10% Ammoniumpersulfate

0.002 ml TEMED

Table 5.7 Preparation of SDS-PAGE (sample gels)

Sample Gel

2ml H.0

0.5ml Acrylamide/Bis-Acrylamide (30%/0.4%)
0.38 ml 1 M Tris-HCI buffer, pH 6.8

0.03 ml 10% SDS

0.03 ml 10% Ammoniumpersulfate

0.003 mi TEMED

5.4.2. Western Blot

Proteins were transferred from SDS page to nitrocellulose membranes (Bio-Rad) by
semi-dry blotting. Transfer was carried out at 240 mA. The membrane was incubated for
1h in 5% BSA in Tris buffered saline with 0,075% Tween-20 (TBST) at RT and,
subsequently incubated with the primary antibody diluted in 2.5% BSA at 4°C overnight.
The membrane was washed 3 times in TBST for 10 min to remove unbound antibodies.
Binding of the secondary antibody was performed in 2.5% BSA-TBST for 1h at RT. The
membrane was washed 3 times with TBST for 10 min. The binding of HRP-conjugated

secondary antibody was detected by treating the membrane with ECL-solution.

For Western Blot studies to analyse IsaA in different S. aureus strains by hUK-66 1gG1,

overnight culture of S. aureus strains were prepared, 2 ml of samples were harvested after
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OD 600 nm adjustment at 0.6 and resupended in sample buffer for separation by SDS page

and transferred to a nitrocellulose membrane using a semi-dry transfer system.

5.4.3. Dot Blot

Dot blot analysis was performed to determine binding of an antigen by generated specific
antibodies. The binding signal was visualized by an ECL detection system on film. All used
peptides and proteins were solved in 1xPBS. A volume of 5 pl was dropped on a
nitrocellulose membrane and incubated for 20 min at RT. The Dot blot was developed under

the same conditions described for Western blot membrane.

5.4.4. Thermal stability

Thermal stability of rlsaA, scFv mUK-66, scFv hUK-66(1) and scFv hUK-66(2) were
determined by dynamic light scattering and performed by Nadine Fuss (AG Kontermann, Uni
Stuttgart). Therefore, 100 pg of the respective protein was diluted in PBS to a final volume of
1 ml, sterile filtered and transferred to a quarz cuvette. At a rising temperature gradient from
30 to 90°C (1°C steps with 2 min equilibration time), dynamic laser light sctattering intensity
(kcps) was measured. From these measurements, the protein specific melting point was
determined as the temperature of an explicit increase in the measured light scattering
intensity.

5.5. Functional characterization

5.5.1. Biosensor measurements of antibody affinity

Affinity of antibody derivatives of UK-66 was determined by Surface Plasmon Resonance
(SPR) using a Biacore 200 system (Biaffin, Germany). Antibodies were reversibly
immobilized by an anti Fab antibody and covalently coupled at high densitiy to a CM5 sensor
chip according to the manufacturer’s instructions (antibody capture kit, GE Healthcare,
Germany). The concentration of UK-66 on the anti-Fab surface was between 0.4 nM and 400
nM. Chips coated with the capture antibody alone served as controls for monitoring non-
specific binding. Affinity measurements were performed in buffer containing 10 mM HEPES
(pH 7.4, 150 mM NacCl, 3.4 mM EDTA, 0.005% TweenZ20). Sensorgrams were recorded at a
flow rate of 30 pl/min at 25°C and the capture surface was regenerated after each cycle
using 10 mM glycine (pH 1.7). The dissociation constants (Kp) were calculated using

BlAevaluation software 4.0.1 after fitting the sensorgrams to a 1:1 Langmuir binding model.
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5.5.2. ELISA studies

ELISA studies were performed to measure the affinity of murine and hUK-66 and their
corresponding antigen binding domain fragments for S. aureus antigen IsaA. Therefore, 96-
well plates (MaxiSorp; Nunc, Roskilde Denmark) were coated with risaA diluted in PBS (pH
7) to a final concentration of 10 ug/ml (50 pl/ well). The plates were then incubated overnight
at 4°C. After blocking non-specific sites with 5% bovine serum albumin (BSA) in PBS (200
pl/well), the mouse and hUK-66 IgG1 antibodies were added at various dilutions. The plates
were incubated for 1 h at 37°C and washed with PBS 0.05% Tween 20 (PBS-T) followed by
an incubation with a horseradish peroxidase-conjugated secondary antibodies (diluted
1:5,000) for 1 h at 37°C. After a final wash with PBS-T, 3,3',5,5-tetramethylbenzidine (TMB)
was added to each well (50 pl) for 10 min at 37°C and titers were measured at 450 nm on a
Multiskan ELISA reader. All titers were measured in duplicate and the mean values
calculated.

The binding specificities of the mouse and hUK-66 antibodies were assessed in a
competitive ELISA. Therefore, a 96-well plate was coated with 10 pug/ml risaA (50 pl/well)
and incubated overnight at 4°C. The plate was then washed with PBS-T and blocked with 5%
BSA for 2 h at room temperature. In parallel tubes, the mouse and hUK-66 antibodies were
pre-incubated with equal volume of rlsaA (serially diluted from a starting concentration of 100
pg /ml). The antibody/antigen mixtures were then transferred to rlsaA antigen pre-coated
plates and incubated for 15 min at RT. The plates were washed six times and then incubated
with HRP-conjugated secondary antibody (1 : 5,000). After incubation for 1 h at 37°C, TMB
substrate (Invitrogen) was added to each well. The plates were then read in an ELISA reader
at OD 450 nm.

5.5.3. Analysis of antibody binding on bacteria and
human PMNSs via flow cytometry studies

Flow cytometry experiments were performed to analyse the presence of IsaA on the surface
of S. aureus in vitro using UK-66. UK-66 was incubated with S. aureus MA12 spa” and its
isogenic isaA mutant. Bacteria were washed twice with PBS and the cell density was
adjusted to 1 x 10° cfu in 100 ul FACS buffer (PBS + 5% FCS) for 30 min at 37°C. Bacteria
were mixed with 200 pl UK-66 (various concentrations) and incubated at 37°C on a rotating
shaker for 30 min. Bacteria were washed twice with FACS buffer and incubated with FITC-
conjugated anti-human 1gG1l antibody for 30 min at 37°C. After washing, bacteria were
resuspended in 300 pl FACS buffer.

For analysis of human leucocytes binding UK-66, whole blood samples from donors were

used. Erythrocytes were lysed by incubation with 1x erythrocytes lysis buffer (14 ml 1x lysis
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buffer to 1 ml blood) for 5 min at RT. Cell mixtures were centrifuged for 5 min at 1200 rpm
and resuspended in 5 ml ice-cold PBS. After the third washing step, cells were mixed with 15
ml FACS buffer. Samples of 100 pl human leucocytes were stained with Alexa488
conjugated hUK-66 antibody (dilution series from 5 to 5000 nM hUK-66) for 1h at 4°C in a
shaker incubator. Samples were washed three times and resuspended in 200 pl FACS
buffer.

5.5.4. Immunofluorescence studies

Immunofluorescence analysis was performed to confirm the expression of IsaA on the
surface of S. aureus strain MA12. The mutant strain, MA12 Aspa, was chosen to reduce the
non-specific binding of IgG to S. aureus Protein A. Bacteria were grown overnight and
harvested by centrifugation at 13,000 rpm. The bacterial pellet was washed twice with PBS
and the cell density was adjusted to 5 x 10® CFU/ml. After blocking with 5% FCS in PBS for 1
h, the bacteria were incubated with hUK-66 IgG1 (diluted 1 : 5,000) for 30 min at 37°C. The
bacterial pellet was washed three times with PBS/0.05% Tween 20 and then stained with
fluorescein isothiocyanate (FITC)-conjugated anti-human 1gG1 (diluted 1 : 10,000) for 30 min
at 37°C. After washing, the fluorescently-labeled bacteria were resuspended in 100 pl PBS,
dried, and fixed on slides. Surface expression of IsaA was determined by examining the
slides under a fluorescence microscope (Leica, Wetzlar, Germany) with the same exposure
settings for each comparison group. Images were processed using the Gimp software

Version 2.0 (GNU image manipulator).

5.5.5. Purification of human neutrophils

Heparinized human whole blood samples were diluted 1:1 with 1xPBS and carefully added to
the top of 15 ml Ficoll filled falcon tubes. Tubes were centrifuged for 30 min at 1000 rpm
(without active brake in centrifuge). Plasma and buffy coat was removed and PMN fraction
was resuspended 1:3 in polyvinyl alcohol. After incubation for 45 min at RT, supernatant was
collected and centrifuged for 3 min at 1000 rpm. Cell pellet was resuspended in 16 ml H,O
for 30 s followed by adding 4 ml 5xPBS. After centrifugation (3 min at 1200 rpm), cells were
resuspended in HBSS.

5.5.6. Phagocytosis assay

Phagocytosis by neutrophils was analysed using carboxyfluorescein succinimidyl ester
(CFSE)-stained S. aureus Newman strain. The intensity of CFSE fluorescence by human
neutrophils is dependent on the number of ingested bacteria. Therefore, bacteria were
stained at 37°C for 20 min with 20 yM CFSE in 500 uyl PBS containing 5% FCS. After

washing, the bacteria were added to 100 pl blood samples and incubated for 20 min at 37°C.
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Samples, incubated at 4°C, served as negative control. All samples were prepared for flow

cytometry analysis using the phagotest kit (Glycotope, Heidelberg, Germany).

5.6. Killing assay

Heparinized human blood samples were incubated with S. aureus strain Newman to
measure antibody-dependent killing bacteria as determined by colony forming unit (cfu)
counting. Therefore, bacteria were washed twice with PBS and the cell density was adjusted
to 5 x 10" cfu in 100 pl PBS. Bacteria were then mixed with 100 pl human whole blood and
incubated at 37°C on a rotating shaker for 60 min. Antibody hUK-66 in concentration of 0.075
and 0.9 mg/ml was then added. The isotype-matched control antibody, Trastuzumab, and the
immunoglobulin preparation for intravenous application in humans, Gammunex®, were used
as controls. Subsequently, all eukaryotic cells were lysed by exposure to 1% saponin
solution for 20 min at 4°C. The samples were then serially diluted in duplicates and three
samples of each dilution were then plated onto LB agar plates in duplicate and incubated
overnight at 37°C. Colonies were counted and the percentage of surviving bacteria was
calculated in percentage to the samples containing bacteria and blood as 100%.

5.7. In vivo experiments

5.7.1. Ethics statement

All animal studies were conducted according to the guidelines of the Federation of European
Laboratory Animal Science Associations (FELSA). All experiments were approved by the
local authority Government of Lower Franconia (Regierung von Unterfranken) in Wirzburg,

Germany.

5.7.2. Experimental set up

A pneumonia infection model was used to evaluate the efficacy of mouse IgG1 antibody
mUK-66 and humanized IgG1 antibodies hUK-66 and hUK-tox. Animals received either an
intranasal or an intravenous injection of PBS, isotype control or therapeutic antibody (mUK-
66, hUK-66, hUK-tox) at different concentrations one hour prior to or after the intranasal
infection with S. aureus Newman. Following infection, animals were monitored for 72 hours
for severity of disease. S. aureus infectious doses were prepared according to standard
protocol and stored at -80°C. For infection studies, S. aureus Newman stock samples were
thawed for 15 min at room temperature. After washing in 50 ml of sterile PBS (centrifugation
at 4000 rpm at 4°C for 20 min), the pellet was diluted to a gather final concentration of 2x10°

cfu/mouse. The infectious dose for the used stock was determined earlier in dose titration
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experiments. Infection was performed using a total volume of 20 pl. The infectious dose was
controlled by measuring optical density at 600 nm (ODgg value of 1=5.7x10° ml*) and by
plating appropriate dilutions in duplicate on LB agar and cfu were counted after 24 hours of
incubation. Before injection a mouse was warmed on a heated animal shelf (part of IVIS 100
PerkinElmer) for 5 to 10 minutes at 37°C to dilate the tail vain. Afterwards the mouse was put
inside a mouse restrainer and 100 pl PBS with or without antibody was injected into the
lateral tail vain. For intranasal infection, mice were anesthetized with 2.5% isoflurane. When
shallow breathing was observed, mice were inoculated with 20 pl of S. aureus suspension.
The inoculum was applied with a pipette and allowed to be inhaled by the mouse. Following
inoculation, mice were checked frequently for recovery. During course of infection, body
weight was documented daily and mice were monitored twice daily for behavior, fur
conditions, hunched posture and signs of morbundancy. The animals were sacrified, if the

human endpoint has been reached to a disease score sheet.

5.7.3. Survival analysis

Survival curves were prepared using GraphPad Prism 5 and statistical significance was
determined using Log Rank test.
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6. Results

6.1. Humanization of mouse UK-66 antigen binding
domain

Monoclonal antibodies (mAb) are the fastest-growing biological pharmaceuticals entering
clinical studies. These adaptor molecules are derived from a single clone of cells and
recognize a unique antigen [144]. The production of mAbs has been greatly refined since the
introduction of the hybridoma technique by Kohler and Milstein in 1975 [56], a method to
immortalize antibody-producing b-cells by fusing murine splenic-derived b-cells with immortal
myeloid cell lines. The resulting hybridoma clone produces mouse antibody. Murine
antibodies are easier to produce, but are limited by a short half-life in serum, only some can
trigger human effector functions and the risk to elicit an immune response, named human
anti-mouse antibodies (HAMA) [64]. HAMA can result in enhanced clearance of antibody
from serum, blocking of its therapeutic effect and hypersensitivity reactions. Reduction of
immunogenicity of the murine anti-lsaA antibody (mUK-66) was achieved by transplanting
the complementarity determining regions (CDRs) onto a human framework. This method is
called CDR-grafting and the humanized UK-66 is named hUK-66. CDR-grafted antibodies
appear to have a better pharmacokinetics than rodent mAbs, an extended serum half-life in
humans and a reduced immunogenicity. For humanization of mUK-66, the sequence of the
antigen binding domain of mUK-66 had first to be determined. Therefore, total RNA was
isolated from the hybridoma clone, mUK-66, and double stranded cDNA was synthesized by
reverse transcriptase. Sequence analysis was performed via PCR reactions with cDNA from
mMUK-66 using as template. The PCR fragments encoding the VL and VH regions were then
cloned into the pGEMT vector to determine the sequence of the variable region of mUK-66.
Humanization of the mUK-66 antibody was performed using the complementarity-
determining region (CDR) grafting method. This method based on the principle, that
framework region (FR) residues of potential importance for antigen binding were identified by
computer-assisted homology modelling. Two humanized versions of mUK-66, denoted
hUK66-1 and hUK66-2, were generated by transferring the key murine CDR residues onto a
human antibody framework (selected based on its homology to the mouse antibody
framework). The variable regions of light and heavy chain were then directly grafted into the
human antibody light and heavy chains (Fig. 15). The z-score of the heavy chain of both
humanized versions is +1.351. The humanized version 2 is more similar to the mouse
parental sequence and its light chain z-score is -1.583, while the humanized version 1 has a

higher z-score of humanness -0.262.

Results 55



Antigen binding domain of UK-66 (heavy chain)

FR1 CDR1 FR2 CDR2

Mouse DVKLVESGGGLVKLGGSLKLSCS ASGFTFSNYYMSWVRQT PE KRLE LVADINGNGGSTYYPDTVKG
Human EVQLLESGGGLVQPGGSLRLSCA ASGFTFSNYYMSWVRQA PGKGLEWVSDINGNGGSTYYPDTVKG

FR3 CDR3 FR4

Mouse RFTISRDNAKNTLYLQMSSLKSEDTALYYCVRRGGYYALDYWGQGTTVTVSS
Human RFTISRDNSKNTLYLQMNSLRAEDTAVYYCVRRGGYYALDYWGQGTTVTVSS

Antigen binding domain of UK-66 (light chain)

FR1 CDR1 FR2

Mouse DVVMTQTP LSLPVSLGDQASISCRSSQSLVHINGNTYLHWYLQKPGQSPKLLIY
Human-1 E IVL TQSPGTLSLSPGE RATLSCRSSQSLVHINGNTYLHWYQQKPGQAPKLLIY
Human-2 DVVMTQTP LSLSVTPGQPASISCRSSQSLVHINGNTYLHWYLQKPGQSPQLLIY

CDR2 FR3 CDR3

Mouse RVSNRFSGVPDRFSGSGSGTDFTLKISRVEAEDLGVYFCSQSTHVPWTFGGGTKLELKR
Human-1 RVSNRFSGI PDRFSGSGSGTDFTLTISRLEPEDFAVYYCSQSTHVPWTFGGGTKLELKR
Human-2 RVSNRFSGVPDRFSGSGSGTDFTLKISRVEAEDVGVYYCSQSTHVPWTFGGGTKLELKR

Fig. 15 Sequence of antigen binding domain UK-66

Identification of the mouse UK-66 antigen binding domain was the basis for the humanization process.
For the heavy and light chain of UK-66, two humanized variants were generated. The mouse CDRs
(red) of the antigen binding domain of the heavy chain were included into frame work (FR grey) of the
human germ line 3-23 based of the high z-score of humanness 1.351. The mouse CDRs of the light
chain were transferred into the frame of the human germ line 2 (A18, A27) with a z-score of -0.262
and -1.583. The differences in the amino acid sequence between human and mouse are highlighted
by bold letters.

6.2. Expression and purification of mouse and humanized
scFv fragments by E. coli TG1

After humanization of the antigen binding domain, the encoding sequence was used for the

overexpression of single chain fragments (scFv) mUK-66 and the two variants of hUK-66 by

E. coli TG1 (Fig. 16). The scFv fragment consists of the antigen binding domain of heavy and

light chain, connected by a linker sequence. The scFv peptide has a molecular weight of 25

kDa. For expression, the vector pAB was chosen, containing a His- and Myc-Tag for

purification.

The mouse and humanized scFv UK-66 fragments were purified by IMAC affinity purification.
Figure 16 displays the purified scFv fragments in SDS Page, confirmed by Western Blot

analysis.
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Fig. 16 Purification of mouse and humanized scFv UK-66 fragments: (A) SDS-Page and (B)
Western Blot analysis.

The scFv fragments were expressed by E. coli TG1 and purified by IMAC affinity purification. M
Marker, 1-2 Eluat scFv mUK-66, 3-4 Eluat scFv hUK-66(1), 5-6 Eluat scFv hUK-66(2), 7-8 Eluat scFv
Gall2. (B) Western Blot studies were performed to confirm scFv fragments. The scFv fragments were
detected via binding of a HRP-conjugated anti-Myc antibody.

6.3. Expression and purification of recombinant IsaA by
E. coli M15Rep4 and BL21

The target structure of UK-66 is the antigen IsaA. Therefore, rlsaA was overexpressed and
purified to perform comparative binding studies. The protein rlsaA was cloned into the
plasmid pQE30, containing a N-terminal His-Tag, and was transferred into the expression
strain E. coli M15Rep4. To investigate the effect of the His-Tag position on rlsaA structure,
another construct was generated into pETM11, containing a C-terminal His-Tag. The
expression of rlsaA in pETM11 was performed in E. coli BL21. Figure 17 displays a SDS-
Page of rlsaA purification fractions expressed by E. coli M15Rep4. The protein IsaA has a
molecular weight of 29 kDa, but after purification degradation products were detected in the

eluat fraction.
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Fig. 17 Purification of rlsaA using expression strain E. coli M15Rep4 (A) SDS-Page and (B)
Western Blot analysis.

(A) rlsaA was expressed by E. coli M15Rep4 and purified by IMAC affinity purification. M Marker, 1
Cell pellet, 2 Cell lysate, 3 Flow through, 4 Wash fractions, 5-7 Eluat fractions. Eluat fractions were
collected and dialysed. (B) Western Blot studies were performed to confirm rilsaA eluat after
purification. The rlsaA was detected via binding of mUK-66 IgG1 and a HRP-conjugated anti-mouse
secondary antibody.

The purified rlsaA was confirmed by Western Blot analysis via binding by mouse UK-66 IgG1
antibody and a HRP-conjugated anti-mouse secondary antibody. Figure 17 shows that risaA
was successfully purified and suggests that the signals under 29 kDa are degradation
products of IsaA.

6.4. Comparative binding studies of mouse and
humanized UK-66 antigen binding domain

CDR grafting of antigen-binding sites from mouse onto a human frame work can be critical
for binding affinity of designed antibodies to their target antigens. For the successful
recreation of the antigen-binding site, it is necessary to consider the interaction between the
B-sheets of the frame work and the loops of the antigen binding domain to preserve the key
contacts with the CDRs. Therefore, binding studies were performed to confirm that the
binding affinity of both hUK-66 is preserved to their target the antigen IsaA. In these affinity
studies, UK-66 binding of recombinant and native IsaA was analysed and the most promising
humanized candidate was determined for further investigations.

6.4.1. Western Blot studies to analyse the binding of risaA
by mouse and humanized UK-66 antigen binding
domain

Western Blot studies were performed to analyse the successful humanization of mUK-66.

Results of the Western Blot studies presented in figure 18, demonstrate that both humanized

variants of UK-66 and the recombinant mouse scFv UK-66 bind rlsaA and also its
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degradation products. As a control, rlsaA was detected via its His-Tag, the anti-His-HRP

antibody detected only intact rlsaA and not its degradation products.

Anti-His HRP scFv mUK-66 scFv hUK-66(2)  scFv hUK-66(1)

M 1 2 M 3 4 M S5 6 M 7 8

35
25

35
25

15
15

10

Fig. 18 Comparative Western Blot studies of mouse and humanized scFv fragments.

The protein rlsaA has a molecular weight of 29 kDa and was bound by mouse and humanized scFv
UK-66 fragments using two concentrations 1:500 and 1:1000. All UK-66 fragments detect degradation
products of rlsaA. As a control, rlsaA was detected by its His-Tag via HRP-conjugated anti-His
antibody. Eluat of rlsaA are presented in lines 1-8, M is the Marker line.

To quantify the binding affinity of hUK-66 scFv fragments, binding ELISA studies were
performed.

6.4.2. Binding affinity analysis of mouse and humanized
UK-66 antigen binding domains by ELISA studies
Comparative binding ELISA studies were performed to analyse binding specificities of
humanized and mouse scFv UK-66 fragments in vitro. Therefore, serial dilution of humanized
and mouse scFv UK-66 fragments were tested and the half maximal binding to immobilized
rlsaA (10 pg/ml) was determined. For the scFv mUK-66, the half maximal binding was
determined at 8 nM. For the both humanized scFv fragments, the half maximal binding was
reached for hUK-66(1) at a concentration of 800 nM and for hUK-66(2) at a concentration of
80 nM (Fig. 19A). Results from the binding ELISA studies were confirmed by competitive
ELISA studies. Therefore, soluble rlsaA competes for free antigen binding domains against
coated rlsaA. A serial dilution of soluble rlsaA was incubated with the concentration of scFv
at half maximal binding (determined in binding ELISA studies Fig. 5A). Results from the
competitive ELISA studies (Fig. 19B) indicate that recombinant mouse and both humanized
scFv fragments bind specifically rlsaA. Comparative binding studies were also performed
with the generated scFv-Fc mUK-66 and hUK-66(2) fragment. Results, displayed in figure
19(C+D), confirm binding specificity. Overall, data from comparative binding studies revealed
the successful humanization of the mouse antigen binding domain UK-66 by preservation of
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the binding affinity to risaA. Based on the fact, that the binding affinity of the second
humanized variant is closer to the parental mouse binding affinity, all following experiments
were performed with hUK-66(2) and this antibody is designated hUK-66.
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Fig. 19 Comparative binding studies of mouse and humanized scFv fragments: (A, C) binding
ELISA, (B, D) competitive ELISA.

Binding affinities of scFv fragments mUK-66, hUK-66(1) and hUK-66(2) were analysed by binding
ELISA studies. Microtiter plates were coated with 10 pg/ml rlsaA and incubated with serial diluted
concentrations of scFv fragments. The scFv fragment Gall2 serves as negative control. (A) Binding of
rlsaA by scFv fragments were analysed by HRP-conjugated anti-Myc antibody. (B) Affinity of mouse
and humanized scFv fragments was analysed by competitive ELISA. Studies were performed with Ky
concentration calculated from binding ELISA. Binding of scFv UK-66 fragments was inhibited by
decreasing concentration of soluble risaA and analysed with HRP-conjugated anti-Myc antibody. The
constant concentration of mUK66 was 8 nM, hUK66(1) was 800 nM and hUK-66(2) was 80 nM. (C)
Binding affinity of scFv-Fc mUK-66 and hUK-66(2) was characterized by binding ELISA. Binding of
rlsaA by scFv-Fc fragments were analysed by HRP-conjugated anti-human IgG1l antibody. Half
maximal binding concentration (Kg4) of scFv-Fc mUK-66 was determined as 8 nM and for scFc-Fc hUK-
66(2) as 80 nM. Specificity of both scFv-Fc fragments were analysed by competitive ELISA (D) using
Kg4 concentration calculated from binding ELISA. Both scFv-Fc fragments bind rlsaA specifically and
concentration dependent.

6.4.3. Immunofluorescence studies and flow cytometry
analysis to detect the binding of native IsaA by
scFv mUK-66 and hUK-66

One of the most important properties of a therapeutic antibody is the binding to its target. The

mUK-66 IgG1 can only exert its anti-staphylococcal activity following binding of the target
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antigen IsaA on the bacterial cell surface. Therefore, immunofluorescence studies were
performed to confirm that the humanized scFv-Fc hUK-66(2) recognizes native IsaA
expressed on the bacterial cell surface. Based on the fact, that staphylococcal protein A
binds antibodies via their Fc parts, the protein A mutant S. aureus MA12Aspa and its
isogenic isaA” mutant was used to avoid unspecific binding of the antibody fragments. The
binding of scFv-Fc hUK-66 was analysed by FITC-conjugated anti-human IgG1. Results from
immunofluorescence studies reveal that the hUK-66 scFv-Fc fragment binds specifically IsaA
expressed on the bacterial cell surface (Fig. 20A). The results from immunofluorescence
studies were further confirmed by binding ELISA studies with viable S. aureus (Fig. 20B).
The successful coating of bacteria were analysed by crystal violet staining. Binding specificity
of UK-66 scFv fragments was determined by using S. aureus MA12 Aspa and its isogenic
isaA” mutant. Results from these studies show that the mouse and the hUK-66 scFv fragment

detect IsaA specifically on the bacterial cell surface.
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Fig. 20 Humanized UK-66 scFv-Fc fragment detects IsaA expressed on the bacterial cell
surface using indirect immunofluorescence (A) and ELISA studies with viable bacteria (B).

(A) Bacteria were detected by scFv-Fc hUK-66 followed by FITC-conjugated anti-human IgG1l
antibody. Only S. aureus MA12Aspa mutant showed surface expression of IsaA while no signal could
be detected on the double mutant S. aureus MA12AspaAisaA. (B) Microtiter plates were coated with
1x10" cfu/ml viable cells. Bacterial IsaA was detected via binding by scFv UK-66 fragments and a
HRP-conjugated anti-Myc secondary antibody.

For an effective anti-staphylococcal immunotherapy, target specificity is critical. The binding
of mouse and hUK-66 scFv-Fc fragments were analysed by flow cytometry studies to show
that the UK-66 scFv-Fc fragments bind IsaA expressed by viable bacteria in solution. This
study was performed with S. aureus MA12Aspa and its isogenic isaA” mutant to avoid
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unwanted cross reaction with staphylococcal protein A (spa). Figure 21 demonstrates that
the mouse hUK-66 scFv-Fc fragments detect IsaA, expressed on the bacterial cell surface,
specifically since the S. aureus MA12 AspaAisaA mutant strain shows no fluorescence

signal.

Results of the immunofluorescence study as well as flow cytometry analysis confirm that the

mouse and hUK-66 antigen binding domain binds specific native IsaA, expressed on the

bacterial surface.

scFv-Fc mUK-66 scFv-Fc hUK-66(2) mUK-66 1gG1

MA12Aspa
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Fig. 21 Mouse and humanized UK-66 scFv-Fc fragments bind specifically IsaA on the bacterial
surface determined by FACS analysis.

Samples contained 1x10° bacteria/100 pl and were stained with indicated UK-66 scFv-Fc fragments
and full mUK-66 1gG1, respectively. Binding of IsaA was confirmed by staining samples with FITC-
conjugated anti-human IgG1l antibody. Results demonstrate the specific binding of IsaA on the
bacterial cell surface by the murine and humanized UK-66 antigen binding domain. The isogenic isaA
mutant of MA12Aspa served as negative control.

6.5. Comparative binding studies of mouse and
humanized UK-66 full antibody

After the successful humanization of the mouse UK-66 antigen binding domain, full length
mouse and humanized antibodies were generated using the Lonza GS gene expression
system. Therefore, the sequence of the murine light chain CDRs was determined and
exchanged with the sequence of the human CDRs of germline 2-A27 to generate the
sequence for the complete light chain. For the complete heavy chain of IgG1, the sequence
of the murine CDRs of the murine heavy chain was exchanged with the sequence of the
human CDRs of the human germline 3-23. The sequences were synthesized by GeneArt.
The Lonza GS gene was used for selection in CHO cells and is part of the vectors pEE6.4

and pEE12.4. Both vectors contain a highly efficient transcription cassette under a control of
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hCMV-MIE promoter. The DNA of the heavy chain was cloned into the polylinker,
downstream of the hCMV-MIE promoter and upstream of the SV40 sequence of pEEG6.4.
Vector pEE12.4 was used for construction of a double gene vector. After introduction of the
light chain DNA into the vector pEE12.4, the complete expression cassette of the heavy
chain was isolated from pEE6.4 and included into pEE12.4. Both polypeptide chains are
expressed simultaneously with each gene under the control of a separate hCMV-MIE
promoter. The production of complete humanized antibodies is described in section 5.2.

In the previous binding experiments, the second humanized variant hUK-66(2) reveals
comparable binding affinities to parental mouse UK-66. Therefore, the complete hUK-66
antibody contains the antigen binding domain hUK-66(2). To address different effector
function by hUK-66, the Fc part was designed as IgG1l, 1gG2 and 1gG4. The binding
properties of full mouse and hUK-66 antibodies were analysed by comparative binding
studies.

6.5.1. Comparative binding studies of full mouse and
humanized UK-66 antibody

The binding affinities of full mouse and hUK-66 antibody were analysed by ELISA and

quantified by SPR studies.

The half maximal binding affinity to immobilized risaA was analysed by binding ELISA
studies. For the mouse UK-66 IgG1 antibody, the half maximal binding was determined for
40 nM. The same half maximal binding concentration was achieved for hUK-66 IgG1 and
IgG4. A 10-fold decrease of binding affinity was observed for hUK-66 IgG2. Results from the
binding ELISA studies were confirmed by competitive ELISA studies. A serial dilution of
soluble rlsaA was incubated with the concentration of antibody at their half maximal binding
(determined in binding ELISA studies ). Results from the competitive ELISA studies (Fig. 22)

display that recombinant mouse and hUK-66 antibodies bind specifically risaA.
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Fig. 22 Comparative binding studies of mouse and humanized scFv fragments: (A) Binding
ELISA, (B) Competitive ELISA.

(A) Binding affinities of mUK-66 IgG1 and hUK-66 IgG1, IgG2 and IgG4 were analysed by binding
ELISA studies. Microtiter plates were coated with 10 pg/ml rlsaA and incubated with serial diluted
concentrations of antibodies. Binding of rlsaA by UK-66 antibody were analysed by HRP-conjugated
anti-Isotype antibody. (B) Affinity of mouse and humanized UK-66 antibodies was analysed by
competitive ELISA. Studies were performed with K4 concentration calculated from binding ELISA.
Binding of UK-66 antibody was inhibited by decreasing concentration of soluble rlsaA and analysed
with HRP-conjugated anti-Isotype antibody. The constant concentration of mUK66 IgG1l was 40 nM,
hUK-66 1gG1 and IgG4 was 40 nM and of hUK-66 1gG2 was 400 nM.

6.5.2. Determination of mouse and humanized UK-66
binding affinity by Surface Plasmon Resonance
(SPR)
The binding kinetics of rlsaA to immobilized mouse or hUK-66 IgG1 were determined by
label-free surface plasmon resonance using a Biacore 2000 system. Results from SPR
analysis revealed a high affinity and a slow off-rate of both antibodies to rlsaA, indicating a
high specific interaction (Fig. 23). The dissociation constant Ky was determined for mUK-66
IgG1 as 1.7 nM and for the hUK-66 IgGl antibody for 4.8 nM. Both binding affinities
demonstrate a high affine and specific binding of UK-66 IgG1 to risaA.
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Fig. 23 Affinity of mouse and humanized UK-66 IgG1 analysed by SPR.

UK-66 1gG1 antibodies were immobilized on the sensor chip surface and interacted with soluble risaA
of different concnetrations (0.8-400 nM). Sensorgrams were adjusted at a flow rate of 30 pl/min. From
these sensorgrams, a dissociation constant (Kp) was determined of 1.7 nM for the mouse UK-66 1gG1
and of 4.8 nM for the humanized UK-66 IgG1 antibody. The figure shows one representative result
from two independent experiments with identical kinetic constants.

6.5.3. Humanized UK-66 IgG1 binds native expressed IsaA
of clinically relevant S. aureus strains

Western Blot studies were performed to demonstrate that IsaA of different clinically relevant
S. aureus strains is bound by hUK-66 IgG1. For these studies, S. aureus strains were used
including both MRSA and MSSA. S. aureus strains represent different sequence types (ST)
of seven house-keeping genes. Historically, MRSA-ST5 and MRSA-ST239 were responsible
for causing HA-MRSA. MRSA-ST239 is distributed in Argentina, Czech Republic and
Portugal. EMRSA 15 (ST5) circulates in the UK and the USA, and demonstrates genetic
characteristics of HA-MRSA. Most of CA-MRSA cases in the US are caused by LAC
(USA300-ST8) and MW2 (USA400-ST1). Results from Western Blot studies reveal that hUK-
66 1gG1 recognizes the antigen IsaA (29 kDa) in all tested strains independently (Fig. 24).

The results from the Western Blot studies were confirmed by binding ELISA experiments with
viable S. aureus cells. Therefore, viable bacteria of different S. aureus strains were coated
overnight on microtiter plates. The specific binding of hUK-66 on staphylococcal IsaA was
detected by using Protein A mutants and their isogenic isaA/spa  double mutants (strains
generated and confirmed by U. Wallner).
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Fig. 24 Binding of hUK-66 IgG1 to IsaA expressed on different S. aureus strains.

Cell lysates of clinically relevant MRSA and MSSA strains were prepared from overnight cultures and
incubated with hUK-66 1gG1 (1:5000) for 1h at RT. Binding of hUK-66 1gG1 was detected with the
HRP-conjugated anti-human IgG1 secondary antibody. The S. aureus strains MA12 and 8325 and its
isogenic isaA” mutants was used to confirm the specific binding of IsaA by hUK-66 1gG1.

Results from binding ELISA studies are presented in figure 25. The antibody hUK-66 1gG1
reveal a specific binding of native IsaA expressed on the bacterial cell surface of different S.
aureus strains and confirmed by this the results of the Western Blot analysis.

Taken together the data from ELISA, flow cytrometry, immunofluorescence studies as well as
the SPR data demonstrate the successful humanization of the mouse UK-66 antigen binding
domain and the generation of a complete hUK-66 IgG antibody, which recognizes
recombinant and native IsaA in an immobilized state and on the bacterial cell surface.
Furthermore, hUK-66 IgG1 detects IsaA expressed by different clinically relevant S. aureus
strains including MRSA and MSSA.
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Fig. 25 hUK-66 IgG1 binds specifically native expressed IsaA of different S. aureus strains.

IsaA was detected of various S. aureus strains via binding by hUK-66 IgG1l. Therefore, 1x10’
cells/100 ul from an overnight culture were coated on a micro titer plate overnight at 4°C. The antibody
hUK-66 IgG1 (1:5000) was incubated for 1h at RT. Binding of hUK-66 IgG1 was detected with the
HRP-conjugated anti-human IgG1 secondary antibody. The isogenic isaA/spa double mutants were
used to confirm the specific binding of IsaA by hUK-66 1gG1.

6.6. Generation of stable cell lines producing scFv-Fc and
full humanized UK-66 IgGs

For the in vitro characterization of hUK-66, antibodies were produced in house by stably

transfected cell line CHO-K1. The amount of antibodies necessary for in vivo experiments,

were produced by the companies Evitria and Catalent.

6.6.1. Development of cell lines for UK-66 production

For the characterization of UK-66 as a promising candidate for an antibody based therapy,
different constructs of UK-66 specific antibodies were generated. These were murine and
humanized scFv fragments, scFv-Fc fragments and full length IgGs. The scFv and scFv-Fc
fragments are composed of the antigen binding domain of UK-66, the scFv-Fc fragment
combines the antigen binding domain with a full human IgG1 Fc part. A major requirement
for the full length 1gG was to induce effector function of immune cells. Therefore an IgG1,

IgG2 and an IgG4 were considered as a backbone for hUK-66.

6.6.2. Cloning of the vector constructs
To generate sufficient UK-66 antibodies for biochemical and functional characterization, cell
lines were developed by the use of the Lonza® GS gene expression system. The GS gene

was used for selection in CHO cells and is part of the vectors pEE6.4 and pEE12.4. Both
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vectors contain a highly efficient transcription cassette under a control of hCMV-MIE
promoter. The DNA of the heavy chain was cloned into the polylinker, downstream of the
hCMV-MIE promoter and upstream of the SV40 sequence of pEE6.4. Vector pEE12.4 was
used for construction of a double gene vector. After introduction of the light chain DNA into
the vector pEE12.4, the complete expression cassette of the heavy chain was isolated from
pEE6.4 and included into pEE12.4. Both polypeptide chains are expressed simultaneously
with each gene under the control of a separate hCMV-MIE promoter.

6.6.3. Characterization of clones

Producer clones were selected by their growth of the selected pools. At least 5 cell clones,
expressing complete IgGs, were expanded and tested for their specific productivity under
comparable conditions. Cells were incubated for at least 5 days and IgG titers and scFv-Fc
titers were measured by binding ELISA studies. The different production rates of the chosen
clones are displayed in figure 27. In general, the correct scFv-Fc fragments as well as full
antibodies were expressed in all batches therefore these pools are suitable for a small-scale
production. Figure 26 demonstrates the purification of hUK-66 IgG1l and scFv-Fc hUK-66
from CHO-K1 cell culture supernatant and HEK293 supernatant, respectively.

A B
kDa M 1 2 3 4 kDa M 5 6
70 - 170
55 - -:- - 120
35 1 - 100
25 - -
70
- 55

Fig. 26 Expression of hUK-66 IgG1 by CHO-K1 (A) and scFv-Fc UK-66 by HEK293 (B).

(A) SDS Page of cell culture supernatant, which was purified by Protein A affinity purification. M
Marker, 1 Cell culture supernatant, 2 Flow through, 3 Wash fraction, 4 Eluat. Eluat fractions were
collected and dialysed. (B) scFv-Fc eluat was analysed by Western Blot studies via binding of anti-
human IgG1 HRP antibody under reduced and non-reduced conditions. 5 Eluat scFv-Fc under non
reduced conditions, 6 Eluat scFv-Fc under reduced conditions.
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Fig. 27 Production rate of hUK-66 IgG1, IgG2 and IgG4 expression of randomly selected stable

CHO-K1 clones.

Cell population were selected and expanded. After 5 days of cultivation antibody titer of the
supernatants were determined by binding ELISA. Data represented mean+ SD of productivity from 5 d

cultivation.

For the 1IgG1 construct, the clones with the best combination of productivity and growth were

chosen for further selection with MSX refinement and media optimization.

Clone hUK-66 IgG1 (28) was seeded into a 6-well plate and incubated with cultivation media
RPMI or CHO media containing various concentrations of MSX (25-50-100-150-200-300
uM). After 5 d of cultivation, specific productivity of hUK-66 IgG1 was analysed by binding

ELISA (Fig. 28).
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Fig. 28 Productivity of clone hUK-66 IgG1 (28) after MSX refinement.

Clone 28 was cultivated in a 6-well plate with culture media CHO or RPMI containing different
concentrations of MSX (25-50-100-150-200-300 pM). After 5 d of cultivation, hUK-66 IgG1 titer was
analysed in supernatant by binding ELISA, grey line shows productivity after first selection.
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The production of hUK-66 IgG1 is enhanced by increase MSX concentrations but not by

cultivation of cells in CHO medium.

To further optimize the productivity of hUK-66 IgG1 producing clones, clone 28 (25 uM MSX
selection) was seeded into a 96-well plate for single cell dilution to isolate a high producer
clone from cell population. After three passages, cells from four wells were expanded and

their productivity was analysed by binding ELISA (Fig. 29).
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Fig. 29 Productivity of hUK-66 IgG1 after three passages of single cell dilution of clone 28.

After three passages, clones of four wells were tested for their specific productivity by binding ELISA.
All clones demonstrate an increased productivity compare to the production rate after the first
selection.

Comparison of the productivity of clone 28 after single cell dilution and MSX refinement
demonstrates that the MSX refinement results in a more efficient selection of producer

clones.

After the MSX refinement, the clone hUK-66 IgG1l (28-150 uM MSX) was chosen for
cultivation in a bioreactor. Based on the fact, that the CHO medium does not increase
productivity of hUK-66 IgG1 significantly compared to the standard medium RPMI 1640.
RPMI was chosen as medium for bioreactor cultivation. To reduce the cost of cultivation, the
clone 28-150 uM MSX was adapted to FCS free medium. Therefore, cells were cultivated for
four weeks with reduction of FCS concentration. Productivity of hUK-66 IgG1l by CHO-K1
cells under FCS reduced conditions was analysed by binding ELISA. Results from figure 30
displayes that the reduction of FCS in the culture medium has no significant effect on the

antibody production.
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Fig. 30 Adaption of CHO-K1 hUK-66 IgG1 producer to FCS free medium.

Clones were cultivated for four weeks under reduced FCS conditions (5-2.5-0.5%). Clones selected
for each FCS concentration were cultivated for one week and hUK-66 IgG1 productivity was exaimed
by binding ELISA.

Medium of bioreactor was exchanged every 10 d and antibody containing supernatant was
harvest. Concentration of hUK-66 IgG1 was determined by binding ELISA. After 10 d of
incubation, an average production rate of 22 pg/ml was determined (Fig. 31). Cultivation of

clone 28-150 uM MSX in a bioreactor system results in a five time increased productivity

compared to productivity in a 75cm? cell culture flask.
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Fig. 31 Productivity of clone 28-200 uM MSX in a bioreactor system.

Clone 28-150 uM MSX was cultivated in a bioreactor system for 7 weeks. Every 10 d medium was
exchanged, antibody containing supernatant was collected and antibody concentration was
determined by binding ELISA.

6.7. Characterization of hUK-66 using in vitro studies

Recently, the functionality of mouse UK-66 IgG1 was analysed by binding and in vivo studies
performed by Lorenz et al., 2011. In this work, the therapeutic potency of mUK-66 IgG1 was
demonstrated in two different mouse models using a central venous catheter-related
infection and a sepsis survival model. In both models, mUK-66 IgG1l revealed protection
against staphylococcal infection. Furthermore, Lorenz et al.,2011 demonstrated the
activation of professional phagocytes by mUK-66 IgGl and the antibody dependent

production of microbial induced reactive oxygen metabolites.

Results 71



Based on these results, in vitro studies with human whole blood were performed to compare

the biological activity between mouse and hUK-66 IgG1.

6.7.1. Invitro characterization of hUK-66 IgGs biological
function

The biological function of hUK-66 1gG isotypes were examined by applying human like
physiological conditions with a focus on the antibody-mediated killing of S. aureus Newman.
However, different isotypes of hUK-66 was designed to cover different effector functions
mediated by them. The antibody hUK-66 1gG3 was not generated since its difficult production
based on its extended hinge region. Each of the modulated isotypes mediates various
effector functions. IgG1 antibodies activate complement by Clq binding, while 1gG2 and
IgG4 activate complement by alternative pathways. IgG1 and 1gG2 are bound by Fcy
receptors (FcyRs) which are most important to mediate phagocytosis e.g. CD16, CD32,
CD64. However, IgG4 antibodies are very attractive by their antigen dependent long-term t-
cell stimulation. To investigate the antibody-mediated activity of the full length hUK-66 IgG
isotypes, human whole blood from healthy donors was incubated with S. aureus Newman in
the presence of hUK-66 IgG1, 1IgG2 or IgG4 for 60 min at 37°C. To evaluate the number of
viable bacteria and thereby the percentage of killed bacteria in regards to untreated control
samples, cells were lysed by 1% Saponine and cfus were enumerated by plating (Fig. 32).
Results from these assays revealed that hUK-66 IgG1 reduced the percentage of viable
bacteria significantly compared to untreated samples, samples treated with isotype control
Trastuzumab or human intravenous immunoglobulin pool (IVIg). In additions, hUK-66
isotypes 1gG2 and IgG4 displayed no antibody mediated staphylococcal clearance.
Therefore, hUK-66 1gG1 was chosen as lead antibody for further characterization of its
biological activity.
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Fig. 32 Impact of hUK-66 1gG isotypes on antibody dependent killing of S. aureus Newman.
Heparinized blood samples from healthy donors were infected with S. aureus Newman and treated
with either hUK-66 IgG1, IgG2, IgG4 for 60 min at 37°C. Trastuzumab served as I1gG1 isotype control
(IC) and the intravenous immunoglobulin mixture Gammunex® (IVIg) as a positive control. After lysis of
eukaryotic cells, viable bacteria were enumerated by plate counting. The values were expressed as
mean percentage with SD relative to the level of untreated blood/bacteria samples (set at 100%). Data
represent three independent experiments from three different donors. The dash line in the graphs
demonstrates the 100% reference value of control bacteria samples. * P<0.05, t-test.

6.7.2. Invitro analysis of biological activity of hUK-66
IgG1 in blood samples of high risk patients

The major goal for immunotherapeutic antibodies determined to battle staphylococcal
infections must be a benefit for healthy subjects but also for immunocompromised and
hospitalized patients suffering from acute infections. Therefore, a patient study was
performed to investigate hUK-66 IgG1's potency to mediate staphylococcal killing in blood
samples of patients with diabetes, end-stage renal disease, or artery occlusive disease
(AOD). These patients groups are known for their deficiency in neutrophil mediated Killing
based on reduced development of oxidative burst. In this study, the impact of hUK-66 1gG1
mediated opsonophagocytosis in blood of the patients groups was investigated regarding the
distinction of uptake and killing of S. aureus and the generation of an antibody generated
respiratory burst by PMNs. The following experiments were performed with human whole
blood samples and analysed by flow cytometry. Figure 33 displays the FACS analysis of
human whole blood. The different cell population was identified as granulocytes,
lymphocytes and monocytes by cell specific marker antibodies. Based on the fact, that
neutrophils are the essential host defence against pathogenic staphylococci, the engulfment,
the development of oxidative burst products and the killing of S. aureus by granulocytes was

analysed.
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Fig. 33 Analysis of cell population in human whole blood samples by flow cytometry.
Heparinized blood samples from healthy donors were stained with PE-conjugated antibodies specific
for t-cells, b-cells, granulocytes and neutrophils. Distribution of cell population in human blood was
determined as 57% granulocytes, 32% lymphocytes and 6% monocytes. Lymphocytes were further
distinguished as 77,5% t-cells and 18,4% b-cells. As expected, almost all identified granulocytes are
neutrophils.

To investigate the engulfment of staphylococci by human granulocytes, S. aureus were
stained with CFSE and granulocytes positive for fluorescent bacteria were analysed (Fig.

34).

FACS analysis of human Granulocytes positive for Visualized granulocytes
whole blood sample ingested fluorescent bacteria positive for ingested
fluorescent bacteria

FSC-H
Fig. 34 Engulfment of S. aureus Newman by granulocytes from human whole blood samples.
Granulocytes were identified from human whole blood samples by their granularity and cell size.
Bacteria were stained with CFSE to determined granulocytes positive for ingested staphylococci
based on their fluorescence signal.
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6.7.3. Investigation of hUK-66 IgG1- dependent opsono-
phagocytosis of S. aureus by human neutrophils in
whole blood

In the following study, the therapeutic impact of hUK-66 IgG1 was analysed in the process of

opsono-phagocytosis. The process describes that a pathogen is marked for ingestion and

destruction by a phagocyte. The antigen binding domain of the antibody binds the antigen

IsaA, whereas the Fc portion of the antibody binds to an Fc receptor on the phagocyte. The

ability of granulocytes from healthy donors and patients at high risk for staphylococcal

infection was analysed to ingest S. aureus Newman in the presence and absence of hUK-66

IgG1 and determined by flow cytometry analysis.

In a preliminary experiment the uptake of bacteria by granulocytes derived from healthy
donors respectively patients at high risk for staphylococcal infections was determined
independent of antibody addition in order to determine the baseline for unassisted uptake of
bacteria. Therefore, S. aureus strain Newman was stained with the fluorescence dye CFSE.
CFSE crosses the cell wall of bacteria and binds covalently to residues inside the bacterial
cell to avoid cross reaction with hUK-66 IgG1l binding on the bacteria cell surface. After
incubation of human whole blood with CFSE stained bacteria for 20 min at 37°C,
granulocytes positive for fluorescence signal were analysed by flow cytometry. Results are
presented in figure 35 and show percentage of fluorescent positive cells (ingested
fluorescent bacteria out of a total 10000 gated granulocytes). Granulocytes from healthy
donors revealed a significantly higher percentage of granulocytes positive for ingested S.
aureus Newman than granulocytes from dialysis, diabetes or patients with AOD. After 20 min
of incubation with fluorescent S. aureus, 95% of granulocytes from healthy donors were
positive for ingested, fluorescently labelled bacteria. Results of the patient groups
demonstrate that 39% of granulocytes from dialysis patients had engulfed bacteria, 32% of
granulocytes from diabetes patients were positive for staphylococci and 40% of granulocytes
from patients with diagnosed AOD ingested S. aureus Newman. These results indicate that
granulocytes from patient at high risk for a staphylococcal infection are affected in their ability

to engulf S. aureus Newman compared to granulocytes from healthy donors.
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Fig. 35 Engulfment of S. aureus Newman by granulocytes from clinical relevant patient groups
and healthy donors.

Heparinized human blood samples (n=4-7) from healthy donors, patients undergoing dialysis,
diabetes- or AOD patients were infected with CFSE stained S. aureus Newman for 20 min at 37°C.
Granulocytes ingested fluorescent bacteria were measured by flow cytometry. In the blood samples of
healthy donors, 39% granulocytes are positive for S. aureus Newman uptake. In the problematic
patients, fluorescent S. aureus Newman was detected by 39% of granulocytes from dialysis patients,
32% of granulocytes from diabetes patients and 40% of granulocytes from patients with AOD.
Individual data points of one blood sample and mean values of each group are shown as percentage.
** P<0.01, t-test.

In the next step the impact of hUK-66 regarding phagocytosis especially for the impaired
blood donors was evaluated. In this regard, human whole blood samples were incubated with
fluorescent-conjugated bacteria in the presence of 0.075 or 0.9 mg/ml hUK-66 IgG1 or with
Trastuzumab as isotype control for 20 min at 37°C. Figure 36 clearly shows that
phagocytosis of S. aureus using blood from healthy donors results in very high percentages
of ingested bacteria independent of additional antibody applied. The percentage of positive
granulocytes is not increased in the presence of the IC (97%) or hUK-66 1gG1 (97%). While,
the percentage of granulocytes positive for phagocytosed fluorescent bacteria from patients
at high risk for staphylococcal infection was significantly reduced. Unexpectedly, the addition
of anti-lsaA specific antibodies to patient’s blood did not have any beneficial effect for
phagocytosis of bacteria compared to untreated samples. In both patient groups, 39% of
granulocytes were positive for ingested bacteria (Fig. 36B and D). However, samples from
dialysis patients treated with hUK-66 IgG1l 0.075 mg/ml demonstrate 37% and samples
treated with 0.9 mg/ml reveal 45% positive granulocytes. Samples from AOD patients,
treated with 0.075 mg/ml, reveal 36% of granulocytes positive for ingested bacteria and 44%

of granulocytes were positive after treated with 0.9 mg/ml hUK-66 IgG1 (Fig. 36D).
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Fig. 36 Engulfment of S. aureus Newman by granulocytes from clinical relevant patient groups
and healthy donors.

Heparinized human blood samples (n=4-7) from healthy donors, patients undergoing dialysis, diabetes
and AOD were infected with CFSE stained S. aureus Newman for 20 min at 37°C. Granulocytes
ingested fluorescent bacteria were measured by flow cytometry. (A) In the blood samples of healthy
donors, 95% granulocytes are positive for S. aureus Newman uptake. The percentage of granulocytes
with ingested bacteria was not improved in the presence of IC (97%) or hUK-66 IgG1 (95%). (B-D) In
the problematic patients, fluorescent S. aureus Newman was detected in 39% of granulocytes from
dialysis patients. The presence of IC using 0.075 mg/ml results in 39% and the higher concentration of
0.9 mg/ml results in 41% positive granulocytes. The treatment of hUK-66 IgG1 does not result in an
increased percentage of granulocytes positive for fluorescent bacteria uptake. hUK-66 IgG1 added in
a concentration of 0.075 mg/ml reveals 37% and the concentration of 0.9 mg/ml results in 45%
positive granulocytes. In blood from diabetes patients, 32% of granulocytes are positive for ingested
bacteria in the untreated group. However, an improved phagocytosis rate was detected in the
presence of hUK-66 IgG1. A dose of 0.075 mg/ml results in 40% and the concentration of 0.9 mg/ml
results in 42% positive granulocytes, but not in the presence of IC (lower concentration 29%, higher
concentration 31%). 40% of granulocytes from patients with AOD were positive for fluorescent
bacteria in the untreated group. The presence of IC with a concentration of 0.075 mg/ml and 0.9
mg/ml demonstrate 40% and 41% of positive granulocytes. The treatment group of 0.075 mg/ml hUK-
66 IgG1l demonstrates 36% and with 0.9 mg/ml presents 44% positive granulocytes. Individual data
points of one blood sample and mean values of each group are shown as percentage.

As for the other patients, blood samples derived from subject with diabetes, a very low
overall phagocytosis rate of 32% was observed. Again neither addition of the control
antibody nor either hUK-66 concentrations had a significant positive effect on the uptake of
bacteria. 32% of granulocytes were positive for ingested fluorescent bacteria in the untreated
samples. Treatment with IC has no effect on the phagocytosis rate since the lower
concentration of 0.075 mg/ml results in 29% of granulocytes positive for fluorescent bacteria
and the higher concentration of 0.9 mg/ml reveals 32% positive granulocytes compared to
Results 77




the 32% positive granulocytes from the untreated samples. However, samples incubated with
hUK-66 1gG1 reveal an increase of granulocytes positive for ingested bacteria treated with a
concentration of 0.075 mg/ml (40%) and the higher dose of 0.9 mg/ml (42%) compared to
untreated samples with 32% of positive granulocytes.

Overall, after 20 min of incubation with S. aureus Newman, granulocytes from healthy
donors, dialysis patients and patients with diagnosed AOD reach the maximum of phagocytic
activity and the treatment with hUK-66 IgG1 revealed no enhancement. In contrast, a 10%
increase of phagocytosis rate was detected in granulocytes from diabetes patients treated
with hUK-66 1gG1.

6.7.4. Investigation of hUK-66 IgG1 dependent respiratory
burst induction in human neutrophils
Phagocytosis is an essential process of the host defence to battle bacterial infections.
Ingested bacteria are killed by oxygen-dependent and oxygen-independent mechanisms. In
the following experiment, the oxidative burst activity (oxygen-dependent mechanism) of
neutrophils infected with bacteria was quantified by flow cytometry. In this regard, the
products of the oxidative burst like superoxide anion, hydrogen peroxide and hypochlorus
acid can be quantitatively monitored by the addition of the substrate DHR 123, a substrate
which reacts with metabolites and radiates a fluorescent signal. To produce ROS in response
to staphylococcal infection, granulocytes of healthy donors and of selected patient groups at
high risk for staphylococcal infection were incubated 20 min with S. aureus Newman. As
presented in figure 37, 82% of the gated granulocytes within the blood of healthy donors
respond to the infection with the production of ROS. Results of the patient groups showed
that 33% of granulocytes of dialysis patients produced oxidative burst in the presence of S.
aureus Newman; 30% of granulocytes from patients with diabetes were positive for oxidative
burst development and 40% of granulocytes from patients with AOD. Therefore, the data
demonstrate that granulocytes of indicated patient groups show significantly reduced
development of reactive oxygen species in the presence of S. aureus Newman compared to

granulocytes from healthy subjects (Fig. 37).

Based on these results, hUK-66 IgG1's potency to restore the generation of oxygen species
to level seen with granulocytes of healthy patients was analysed. For these studies, two
concentrations of hUK-66 1gG1 were tested 0.075 mg/ml and 0.9 mg/ml. Trastuzumab was

chosen as an IgG1 isotype control.
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Fig. 37 Development of respiratory burst after S. aureus Newman infection in granulocytes

from clinical relevant patient groups compared to healthy donors.

Heparinized human blood samples (n=4-7) from healthy donors, patients undergoing dialysis, diabetes
and AOD were infected with S. aureus Newman for 20 min at 37°C. The generation of reactive oxygen
species (ROS) by granulocytes were analysed by flow cytometry. In the blood samples of healthy
donors, S. aureus Newman caused 82% ROS-positive granulocytes. In the problematic patients, a
ROS development was detected in 33% of blood samples from dialysis patients, in 30% of blood
samples from diabetes patients and in 40% of blood samples from patients with AOD. Individual data
points of one blood sample and mean values of each group are shown as percentage. ** > P 0.01

Blood samples were infected with S. aureus Newman for 20 min at 37°C and the percentage
of granulocytes that generated an oxidative burst in the treated and untreated samples was

measured by flow cytometry.

82% of granulocytes from healthy donors are positive for oxidative burst after contact with S.
aureus Newman. Samples treated with the isotype control antibody (IC) demonstrate that
81% of granulocytes were positive for respiratory burst and 85% granulocytes generated an
oxidative burst in the presence of hUK-66 IgG1l (Fig. 38A). Results indicated that hUK-66
treatment did not enhance the development of oxidative burst in human granulocytes.
However, a hUK-66 1gG1 specific increase in the generation of oxidative species in
granulocytes from patient at high risk for staphylococcal infection was observed. At higher
concentration of 0.9 mg/ml hUK-66 1gG1 54% of granulocytes were positive for oxidative
burst in blood samples from dialysis patient, compared to samples treated with the isotype
control (34%) and untreated samples (33%). Concomitantly, granulocytes of dialysis patients
showed an evaluated signal of 30% in oxidative burst compared to untreated or 32% isotype
control treated samples respectively (Fig. 38B). Furthermore, granulocytes from diabetes and
AOQOD patients treated with hUK-66 IgG1 showed an increased respiratory burst with 46% and
55% positive cells. In comparison, samples of AOD patients treated with the isotype control,
resulted in 32%, and 37% positive granulocytes, and untreated samples, resulted in 41%

positive granulocytes, respectively (Fig. 38C,D).

Overall, application of hUK-66 IgG1l at a higher dosage (0.9 mg/ml) induced an elevated

oxidative burst response (20%) of granulocytes derived of patients at high risk upon infection.
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Fig. 38 Development of respiratory burst after S. aureus Newman infection in granulocytes
from clinical relevant patient groups and healthy donors.

Heparinized human blood samples (n=4-7) from healthy donors, dialysis patients, diabetes patients
and patients with AOD were infected with S. aureus Newman in the presence of two different
concentrations of hUK-66 IgG1 for 20 min at 37°C. Trastuzumab served as matched IgG1 isotype
control (IC). Neutrophils positive for the development of reactive oxygen species (ROS) were analysed
by flow cytometry. (A) In blood of healthy donors, the presence of bacteria caused 82% ROS-positive
neutrophils. The presence of hUK-66 IgG1 results in 85% neutrophils positive for ROS development.
(B-D) In blood samples of patients at high risk, hUK-66 1gG1 results in an increase of 21%, 16% and
14% neutrophils positive for ROS development, respectively compared to the untreated samples.
Individual data points were superimposed with bar. Mean values of each group are shown as
percentage.

Phagocytosis by polymorph nuclear granulocytes is a multistep and multifactorial process
and an essential arm of host defence against bacterial infections. The previous studies
focused on the ingestion of S. aureus Newman and the development of oxidative burst by
host granulocytes. In the following study it is clarified whether the application of the
humanized antibody did not only stimulate the recognition and induction of oxygen species
but also resulted in the killing of the bacteria.

6.7.5. Investigation of hUK-66 IgG1 dependent killing of S.
aureus Newman by human whole blood

The phagocytosis and the development of reactive oxygen species are necessary for the

killing of intracellular microorganisms. However, S. aureus has diverse strategies to avoid

phagocytic killing. Therefore, the following studies focused on the antibody dependent killing
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of S. aureus Newman by granulocytes from healthy donors and patients at high risk for
staphylococcal infections based on the fact, that the selected patient groups are known for

their granulocyte dysfunctions.

Antibody mediated killing of S. aureus Newman was investigated using whole blood samples
using physiological conditions. The treatment with hUK-66 IgG1 at a concentration of 0.9
mg/ml resulted in a significant reduction of viable bacteria by 41% compared to the control
sample (Fig. 39A). Samples treated with 0.9 mg/ml Gammunex® demonstrated a prominent
decrease reduction by 16% of viable bacteria, while samples treated with IC revealed a
reduction by 9% of viable bacteria. The lower molar concentration of hUK-66 1gG1 (0.075
mg/ml) had no significant effect in the reduction of viable bacteria (10%). When hUK-66 1gG1
(0.9 mg/ml) was added to blood samples from dialysis patients, diabetes patients and
patients suffering from AOD, the number of viable bacteria was significantly reduced to cfu of
samples with 0.075 mg/ml hUK-66 (33%), isotype control (31%) or untreated samples (27%),
respectively (Fig. 39B-D). Furthermore, the lower concentration of hUK-66 1gG1 (0.075
mg/ml) was effective in samples from diabetes patients by demonstrating a reduction of
viable bacteria by 14%. However, neither Trastuzumab nor Gammunex® demonstrated a

significant effect when added to samples from the three selected patient groups.
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Fig. 39 hUK-66 IgG1 dependent killing of S. aureus Newman by granulocytes from healthy
donors and patients at high risk.

Heparinized human blood samples (n=7) from healthy donors, dialysis patients, diabetes patients and
patients with AOD were infected with S. aureus Newman in the presence of two different
concentrations of hUK-66 IgG1 for 20 min at 37°C. Trastuzumab served as matched IgG1 isotype
control (IC) and the intravenous human immunglobulin preparation Gammunex® (IVIg) serves as a
second positive control. Total viable bacteria were recovered after eukaryotic cell lysis and
enumerated by plate counting. The values were plotted relative to the level of untreated samples (set
100%). The mean percentage of viable S. aureus recovered in the blood from (A) healthy donors, (B)
dialysis patients, (C) diabetes patients and (D) patients with AOD was significant reduced by the
treatment of 0.9 mg/ml hUK-66 1gG1 compared to untreated samples. The values of reduction were
41%, 27%, 33% and 31%, respectively. Furthermore, 0.075 mg/ml hUK-66 IgGL1 results in a reduction
of viable bacteria by 14% in blood samples of diabetes patients. The treatment with IC and IVIg
revealed no significant reduction of viable bacteria in all blood samples. Data are illustrated as box-
and-whisker plot. The dash line in the graph demonstrates the 100% reference value of untreated
samples. * P<0.05, t-test.

In summary, addition of the hUK-66 1gG1 antibody has a beneficial effect on killing of
bacteria. Importantly, granulocytes derived from immunocompetent as well as

immunocompromised volunteers showed an increased killing of bacteria.

6.7.6. Invitro analysis of biological activity of hUK-66
IgG1 in purified human PMNs
In the previous in vitro studies, the killing assays were performed with human whole blood

samples to analyse killing capacity of human granulocytes under physiological conditions.
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These conditions, including plasma and complement, support natural behaviour of
granulocytes. However, the results of these killing assays also include the capacity of the
complement system to clear pathogens. To extend analysis for mode of action; the
complement components well known for unspecific phagocytosis of opsinin marked bacteria
were excluded by using purified PMNSs. In this regard, PMNs were purified from human whole
blood samples from healthy donors, infected with S. aureus Newman and incubated for 1 h
at 37°C. After lysis of cells, viable bacteria were detected by plating and overnight incubation.
All observed killing of bacteria by PMNs were mediated by applied antibodies. The hUK-66
IgG1 dependent killing was analysed by using different concentrations of hUK-66 in the
range from 0.05 pg/ml to 500 pg/ml. To investigate, if the mode of action is dependent on
functional FcyRs, the deglycosylated mutant of hUK-66 IgG1 N297A were also tested with
the same concentrations. Rituximab served as matched IgG1 isotype control (IC) tested with
the same concentrations. Results from figure 40 demonstrate a hUK-66 IgG1 dependent and
complement independent killing of S. aureus Newman in a concentration dependent manner.
Samples treated with 50 pg/ml hUK-66 IgG1l revealed a significant reduction of viable
bacteria compared to the untreated samples and samples treated with IC and deglycosylated
mutant hUK-66 IgG1l N297A. This effect was improved by a higher dose of 500 ug/mil.
Treatment using 500 ug/ml hUK-66 IgG1 resulted in a more effective reduction of viable
bacteria compared to the concentration of 50 pg/ml hUK-66 IgGl. The viable bacteria
isolated from the samples treated with the deglycosylated mutant hUK-66 IgG1 N297A were
comparable to the number of viable bacteria of the untreated samples. The isotype control
Rituximab also reduced the number of viable bacteria when applied in a concentration of 500
pg/ml. Results from this study demonstrate that the killing of S. aureus Newman by hUK-66
IgG1 is concentration dependent. In addition, the application of the deglycosylated antibody
mutant proofed that killing of staphylococci is dependent on the FcyRs. In fact using the in
vitro killing assays we provided strong evidence that the hUK-66 antibody promotes not only
uptake of bacteria but more important killing itself and therefore is a potential candidate for
antibody based therapy.
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Fig. 40 hUK-66 IgG1 dependent killing of S. aureus Newman by purified human granulocytes
from healthy donors.

PMNs were purified from human blood samples (h=3) from healthy donors and were infected with S.
aureus Newmanin the presence of different concentrations of hUK-66 1gG1, the deglycosylated hUK-
66 IgG1l N297A and Rituximab for 1 h at 37°C. Rituximab served as matched IgG1 isotype control
(IC). Total viable bacteria were recovered after eukaryotic cell lysis and enumerated by plate counting.
The values were plotted as cfu/ml. The mean value of viable S. aureus recovered from PMNs from
healthy donors was significant reduced by the treatment of 50 and 500 pg/ml hUK-66 IgG1,
respectively compared to untreated samples and samples treated with deglycosylated mutant hUK-66
IgG1 N297A. The treatment with IC revealed a significant reduction of viable bacteria in samples
treated with 500 pg/ml. * P<0.05, ** P<0.01 t-test.

6.7.7. Invitro analysis of combined hUK-66 IgG1 and hUK-
tox antibody in human whole blood samples
During the last decade, various active and passive immunization strategies have been
assessed in clinical trials. Importantly, despite promising data, clinical trials in humans have
uniformly failed yet [145]. These negative results prompted a discussion whether or not
immunotherapeutic agents based on a unique target generally have limited efficacy to treat
or prevent S. aureus diseases in humans. Therefore, multi-valent immunotherapy
approaches against S. aureus are expected to have the best chance of clinical success when
used in combinatorial therapy, potentially incorporating opsonic killing of bacteria and toxin

neutralization.

One of the major virulence factors in the disease pathogenesis of S. aureus is the alpha-
toxin. This toxin is secreted as a water-soluble monomer by the majority of clinical relevant S.
aureus strains [146]. By its ability to forming pores, alpha-toxin injures the lung and other
tissues and by this causing a myriad of diseases ranging from minor skin infections to life-

threatening deep tissue infections and toxinoses [147]. In various animal models,
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immunization with antibodies directed against the staphylococcal alpha-toxin protects against
S. aureus colonization or infection and results in a significant increase of survival in the
treated animals compared to untreated animals. Based on the promising animal data, a hUK-
tox IgG1 antibody was chosen to be tested in a combinatorial therapy with hUK-66 1gG1. The
combination of two anti-staphylococcal antibodies which have two different modes of action:
hUK-66 IgG1l mediates antibody-dependent killing of S. aureus and hUK-tox blocks an
important pathogenic mechanism of S. aureus by neutralize alpha-toxin, is a promising
approach for an anti-staphylococcal therapy. Therefore, the in vitro killing assays with human
whole blood samples from healthy donors were performed by human cells infected with S.
aureus Newman. The impact of the combinatorial therapy was analysed by testing two
concentrations: a low dose, which consists of 0.075 mg/ml hUK-66 and 0.02 mg/ml hUK-tox
and a high dose, which contains 0.9 mg/ml hUK-66 and 0.2 hUK-tox. Gammunex® served as
negative control, based on the fact that no reduction of viable cfu was detected in previous
studies and was added to investigate the effect on viable bacteria of hUK-tox antibodies. The
virulence factor alpha-toxin is secreted by most clinical relevant S. aureus strains; therefore
cell culture supernatant of S. aureus Newman wild type and an isogenic alpha-toxin mutant

was prepared and used for the killing assays.

Results from these assays are presented in figure 41. The untreated control samples
incubated with cell culture supernatant from wild type S. aureus Newman revealed a higher
percentage of viable cfu compared to the samples incubated with cell culture supernatant
from S. aureus Newman Ahla. Human blood samples incubated with the antibody
combination in the lower concentration demonstrated no reduction of viable bacteria
compared to the untreated control. However, samples incubated with 0.9 mg/ml hUK-66
IgG1 and 0.2 mg/ml IVIg showed a significant reduction of viable bacteria compared to the
antibody combinations hUK-66/hUK-tox and I1VIg/hUK-tox. The presence of alpha-toxin
indicates an important benefit for the survival of S. aureus based on the fact that the
percentage of viable bacteria incubated with cell culture of its isogenic alpha-toxin mutant is
reduced compared to samples incubated with cell culture supernatant from wild type. This
experiment demonstrates that the presence of alpha-toxin has an important effect on S.
aureus pathogenesis. Overall, in this assay no combinatorial effect for the Kkilling of

pathogenic staphylococci was observed.
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Fig. 41 Combinatorial therapy approach of hUK-66 IgGl and hUK-tox IgG1lin in vitro killing
assays with human whole blood samples.

Heparinized human blood samples (n=5) from healthy donors were infected with S. aureus Newman in
the presence of two different concentrations and the combinations hUK-66/hUK-tox, hUK-66/IVIg and
IVIg/hUK-tox 1 h at 37°C. Gammunex® served as control antibody (IVIg) to adjust antibody
concentration. Total viable bacteria were recovered after eukaryotic cell lysis and enumerated by plate
counting. The values were plotted as percentage of cfu relative to untreated control. The mean value
of viable S. aureus recovered from samples treated with the higher dose of hUK-66/IVlIg was
significant reduced compared to untreated samples and samples treated with other antibody
combinations or lower dose. The dash line presented percentage of viable bacteria from control
samples incubated without cell culture supernatant. * P<0.05, t-test.

6.8. In vitro mouse blood killing assays to investigate the
therapeutic efficacy of murine and humanized UK-66
combined with hUK-tox IgG1

The humanized monoclonal antibody hUK-66 demonstrated reduced efficacy in the mouse

pneumonia model compared to the murine counterpart mUK-66. To evaluate the impact of

species background of the antibodies on phagocytosis and killing, killing assays with mouse
whole blood was performed with both antibodies. The secreted alpha-toxin of S. aureus
causes pore formation and induces proinflammatory signal molecules in mammalian cells.

Therefore, cell culture supernatant of a 13 h grown culture of S. aureus Newman was used to

analyse the efficacy of hUK-tox IgG1 antibody in an in vitro killing assay with mouse whole

blood (Fig. 42).

The antibody mUK-66 revealed a high biological activity in vitro. The antibody combination of
0.075 mg/ml mUK-66 with 0.02 mg/ml IVIG resulted in an enhanced killing rate of 50%
compared to the untreated samples. The higher dose of 0.9 mg/ml mUK-66 and 0.2 mg/ml
IVIG revealed a bacterial survival of 34%. The exchange of IVIG with the hUK-tox at the
same concentrations resulted in a viable cfu of 63% with the lower dose and 71% with the
higher dose. The antibody combination of hUK-66 with IVIG revealed 75% of viable cfu in the

lower concentration and 92% survival of bacteria in the higher one. The antibody
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combination of hUK-66 and hUK-tox resulted in a survival rate of 71% (lower concentration)
and 93% (higher concentration). The survival rate of bacteria in the presence of combined
hUK-tox and IVIG demonstrated 93% survival at the lower concentration and 84% survival at
the higher concentration. Overall, only the antibody combination including mUK-66 revealed
effective killing of S. aureus Newman compared to the untreated control using mouse whole

blood assays.
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Fig. 42 Antibody dependent killing of S. aureus Newman by granulocytes from mouse whole
blood samples.

Heparinized mouse blood samples (n=6) from healthy mice were infected with S. aureus Newman in
the presence of the antibody combination hUK-66 with IVIG, mUK-66 with IVIG, hUK-66 with hUK-tox,
mUK-66 with hUK-tox and hUK-tox with IVIG for 60 min at 37°C. The intravenous human
immunglobulin preparation Gammunex® (IVIg) serves as positive control. Total viable bacteria were
recovered after eukaryotic cell lysis and enumerated by plate counting. The values were plotted
relative to the level of untreated samples (set 100%). The mean percentage of viable S. aureus
recovered from mouse blood from 0.075 mg/ml hUK-66 with 0.02 mg/ml hUK-tox was 73% and 93%
from samples incubated with the higher concentration. The survival rate of samples incubated with
hUK-66 and IVIG at lower concentration was 75% and at higher concentration 92%. The combination
of hUK-tox and IVIG at lower concentration was 94% and at higher concentration 84%. The antibody
combination of mMUK-66 with hUK-tox at lower dose revealed a bacterial survival of 63% and the
higher dose of 73%. mUK-66 combined with IVIG demonstrated 50% survival at the lower
concentration and 34% survival at the higher concentration. The dash line in the graph demonstrates
the 100% reference value of untreated samples.

6.8.1. Fc part of hUK-66 IgG1 and hUK-tox IgG1 is bound
by FcyRla of HEK293 cells

Results from the in vitro assays with human and mouse whole blood revealed that the

biological activity of mUK-66 and hUK-66 is reduced, if there combined with hUK-tox.
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Although, both antibodies are specific for different staphylococcal antigens, they are
designed as IgG1 isotype. In the following experiments, the binding of hUK-66 1gG1, 1gG2,
IgG4 and hUK-tox IgGl Fc parts by FcyRla is investigated. The binding studies were
performed using binding ELISA and flow cytometry analysis. Results from binding ELISA with
cell culture supernatant of FcyRIA expressed by HEK293 cells demonstrate that hUK-66
IgG1 and hUK-tox IgG1 are bound by FcyRla in a concentration dependent manner. Binding
affinity of FcyRla to Fc region of both antibodies is comparable (Fig. 43A). Flow cytometry
experiments with HEK293 cells expressing FcyRla on their cell surface reveal binding of
hUK-66 IgGs (Fig. 43B) FcyRIla binding of hUK-66 IgGs is concentration dependent. The
affinity of FcyRIa to hUK-66 1gGs was detected as: IgG1>1gG4>IgG2. All generated hUK-66
IgG1, 1IgG2 and IgG4 are bound by the major high affinity phagocyte receptor FcyRla.
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Fig. 43 Characterization of binding of different hUK-66 isotypes by FcyRla.

(A) For binding ELISA studies humanized antibodies hUK-66 1gG1 and hUK-tox IgG1 were coated to
the surface of ELISA plates and 100 pul/well cell culture supernatant from transiently expressed
HEK?293 cells was added. Binding of FcyRla was detected by HRP conjugated anti-His antibody. (B)
Binding of different hUK-66 isotypes by cell surface expressed FcyRla was analysed with a FITC-
conjugated anti-human IgG antibody using flow cytometry. The hUK-66 isotypes demonstrate
concentration dependent binding to FcyRla: 1gG1>1gG4>lgG2 (Experiment performed by T.
Schmitter).

In the following study, the binding by further relevant phagocytosis receptors such as FcyRlla
(low responder) and FcyRlla (high responder) was analysed. Therefore, HEK293 cells were
transfected to expressed recombinant FcyRlla on their cell surface. The expression was
confirmed by PE-conjugated anti-CD64 antibody for FcyRla and by PE-conjugated anti-CD32
antibody for FcyRlla expression. The bound hUK-66 IgG1l antibody was detected with anti-
PE-conjugated anti-human Fab antibody. Results from this study are presented in figure 44A.
These experiments clearly demonstrate that, the most important FcyRs which are necessary
for phagocytosis of opsonized bacteria by professional phagocytes recognize hUK-66 IgG1

in a concentration dependent manner.
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Fig. 44 Binding of hUK-66 IgG isotypes by recombinant and native FcyRs.

(A) The binding of hUK-66 1gG1 by FcyRla and FcyRlla was analysed with transfected HEK293 cells.
The expression of the FcyRs was confirmed by PE-conjugated anti-CD64 and anti-CD32 antibodies.
The concentration dependent binding of hUK-66 1gG1 was detected via PE-conjugated anti-human
Fab IgG1l antibody. Results from flow cytometry experiments demonstrate hUK-66 binding of most
important FcyRs. (B) hUK-66 IgG1l was conjugated with fluorescence dye Alexa488 to analyse the
binding of native FcyRs on granulocytes and lymphocytes in human whole blood. Data of the flow
cytometry experiments reveal a concentration dependent binding of Alexa488-conjugated hUK-66
IgG1 by granulocytes and lymphocytes. SD and mean were determined from three independent
experiments.

The binding of hUK-66 IgG1 by native FcyRs was analysed using human whole blood. For
these experiments, hUK-66 IgG1 was conjugated with Alexa488. Human PMNs positive for
hUK-66 1gG1 binding, detected via fluorescence signals, are presented in figure 44B. The
antibody hUK-66 1gG1l is bound by granulocytes and lymphocytes in a concentration

dependent manner.
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The results of the binding studies demonstrate that hUK-66 1gG1 binds efficiently its target
IsaA and has the potential to mediate effector functions after its binding by FcyRs, as shown

in this work, recombinantly expressed by HEK293 cells and on human PMNs.

6.9. Characterization of UK-66 IgG1’s therapeutic potency
using a mouse pneumonia model

Community-acquired, health-care associated and nosocomial pneumonia due to methicillin-

resistant S. aureus are underestimated and spreading worldwide. Several resistant strains

are epidemic in hospitals and cause estimated 1.5 million cases of pneumonia per year

[148].

Therefore, a mouse model of intranasal S. aureus infection followed by pneumonia was
established to analyse mouse and hUK-66’s potency for prophylactic and therapeutic
treatment. For the infection, S. aureus Newman stock samples from the exponential growth
phase were prepared by U. Wallner and the infectious dose for the used stock was
determined before antibodies were tested. To determine survival proportions, mice were
monitored daily following intranasal infection and body weight was documented. Mice were
counted as dead, if they met one of the following criteria: 1) Clear signs of morbundancy, like
immobility or shaking, 2) Lost of body weight over 20% for two days. Mice that were sacrified

were counted as dead for the particular time point.

Figure 45 presents the results of S. aureus Newman titration experiments for infection dose
finding. The intranasal inoculum of 2x10° cfu/20 ul reveals 25% survival of mice three days
after infection and was chosen as infection dose. The lower dose of 1x10°® cfu/20 pl
demonstrate no signs of morbundancy or mortality and 3x10® cfu/20 pl results in a very
aggressive course of infection within 24 h. Every charge of prepared S. aureus Newman
stocks were tested before and all tested charges reveal a constant infection dose of 2x10°

cfu/20 ul which results in 10-35% survival of Balb/c mice three days after intranasal infection.
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Fig. 45 Determination of S. aureus Newman survival proportion following intranasal
application.

To determine survival proportions, mice were infected with 1x10%, 2x10% and 3x10° cfu/20 pl
intranasally and monitored daily. The dose of 2x10°® cfu/20 pl reveals a survival rate of 25% and was
chosen as infection dose. The survival rate was determined in two independent experiment (n=10 per
group). Survival curves were prepared using GraphPad Prism 5 and statistical significance was
determined using Log Rank test, *** P<0.001.

6.10. Prophylactic treatment of S.aureus induced
pneumonia with mUK-66 IgG1

After determination of the infection dose, the prophylactic efficacy of mUK-66 IgG1 in a
mouse pneumonia model was analysed. Studies of Lorenz et al.,, demonstrated mUK-66
IgG1 therapeutic efficacy in a murine venous catheter-related infection model and in a
murine sepsis survival model [149]. To evaluate, the therapeutic potential of mMUK-66 IgG1 in
other diseases caused by S. aureus the antibody was applied in a mouse pneumonia model.
The antibody was given intranasally at 5 mg/kg and 0.5 mg/kg, respectively one hour before
infection with S. aureus Newman and the survival rate was determined over a period of 72 h.
The outcome of these experiments is presented in figure 46. Mice treated with mUK-66
revealed significant protection at both concentrations resulting in survival rates of 100% and
90%, respectively compared to the mock treated group at the end of the experiment. The
MOPC mouse IgG1 antibody served as isotype control. Mice treated with 5 mg/kg MOPC
showed a survival rate of 90% compared to the untreated mice, while mice treated with 0.5
mg/kg MOPC demonstrated 30% survival.
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Fig. 46 Prophylactic treatment of mouse pneumonia with mUK-66 IgGL1.

Mice (n=10) were treated intranasally with mUK-66 at indicated concentrations and infected one hour
later via intranasal infection with 2x10° cfu/20 pl S. aureus Newman. Body weight and survival were
monitored over 72 h and survival curves were generated with Graph Pad Prism5 software. After three
days of infection, 100% of mice treated with 5 mg/kg mUK-66 survived pneumonia. For the other
groups survival rate were 90% after treatment with 0.5 mg/kg mUK-66, 90% after treatment with 5
mg/kg isotype control MOPC, 50% treated with 0.5 mg/kg MOPC, and 30% treated with PBS
Statistical significance was determined using Log Rank test, *** P<0.001.

Intranasal application of mMUK-66 IgG1 was performed to locate antibody direct at the side of
infection. Results from this study exhibited the therapeutic efficacy of mUK-66 IgG1 in the
mouse pneumonia model. However, the common clinical application of antibodies is the

intravenous route of injection.

6.11. Therapy of pneumonia by prophylactic treatment with
mUK-66 IgG1

In this study, the prophylactic efficency of mUK-66 IgG1 in the mouse pneumonia model was

investigated. Animals received an intravenous injection of either PBS (served as control) or

mUK-66 IgG1 at different concentrations, injected into the lateral tail vain one hour prior

intranasal infection with S. aureus Newman. Animals were monitored 72 h for signs of

morbundancy and body weight and clinical signs were documented. Mice were counted as

dead, if they met one of the criteria described above.

Results from three independent survival experiments are demonstrated in figure 47. After
three days of infection, the survival rate for the PBS control group was 23%. The group
treated with 60 mg/kg mUK-66 resulted in 70% survival of mice and the group treated with 20
mg/kg mUK-66 revealed 60% survival rate. In treatment groups with 5 and 1 mg/kg mUK-66,
respectively a survival of 27% and 20% of animals were observed at the end of the
experiments. Direct comparison of the treatment groups to the PBS control group revealed
significant protection by mUK-66 IgG1 applied prophylactically in a concentration of 20 and

60 mg/kg, respectively. In contrast, concentrations at or below 5 mg/kg showed no benefit.
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Fig. 47 Prophylactic treatment of mice with mUK-66 in S. aureus induced pneumonia.

Mice (n=30 per group) were injected intravenously with mUK-66 at indicated concentrations and
infected one hour later via intranasal infection with 2x10° cfu/20 ul S. aureus. Body weight and survival
were monitored over 72 h and survival curves were generated with Graph Pad Prism5 software. After
three days of infection, 70% of mice treated with 60 mg/kg mUK-66, 60% treated with 20 mg/kg mUK-
66, 27% treated with 5mg/kg mUK-66, 20% treated with 1 mg/kg mUK-66 and 23% treated with PBS
survived during the course of infection. The survival rate was determined in three independent
experiments. Statistical significance was determined using Log Rank test, *** P<0.001.

6.12. Treatment of S. aureus pneumonia with mUK-66 IgG1
in a therapeutic infection model

The data of the prophylactic treatment with mUK-66 IgG1l revealed significant protection
resulting in an increased survival rate of the treated animals. To investigate the therapeutic
efficiency of mUK-66, the effective dose of 60 mg/kg was applied intranasally 1 h after
infection with S. aureus Newman. An isotype IgG1l matched mouse antibody served as
control. The results, presented in figure 48 demonstrate that mUK-66 1gG1 has no significant
therapeutic efficacy when applied 1 h after infection. Survival rates of mUK-66 IgG1-,
isotype- and PBS-treated groups revealed 27%, 25% and 18% survival of mice, respectively.
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Fig. 48 Therapeutic efficacy of mUK-66 in S. aureus induced pneumonia.

Mice (n=30) were infected intranasally with 2x10° cfu/20 pl S. aureus Newman and one hour after
infection, mUK-66 1gG1 was injected intravenously at indicated concentrations. Body weight and
survival were monitored over 72 h and survival curves were generated with Graph Pad Prism5
software. After three days of infection, 27%% of mice treated with 60 mg/kg, 25% treated with isotype
control and 18% treated with PBS survived the infection. The survival rate was determined in three
independent experiments. Statistical significance was determined using Log Rank test, P<0.05.

6.13. Prophylactic therapy of pneumonia with humanized
antibody hUK-66 IgG1

Since the murine antibody mUK-66 was able to protect mice against lethal S. aureus
pneumonia, treatment with the humanized IgGl antibody hUK-66 was tested in the
prophylactic pneumonia model. Mice were infected intranasally with 2x10® cfu/20 pl S.
aureus Newman. According to the localization of infection in the lung, hUK-66 IgG1l was
applied intranasally to ensure maximal interaction of antibody and bacteria. The intranasal
application was also chosen to reduce the dose of hUK-66 IgG1. In these experiments, two
concentrations of hUK-66 1gG1 was analysed and Rituximab served as matched human
isotype control. Results from these studies are presented in figure 49. The intranasal
application of hUK-66 1gG1 revealed a significant protection of mice treated prophylactically
with 0.5 and 5 mg/kg hUK-66 (93% and 80%) compared to mice treated with 0.5 and 5 mg/kg
Rituximab (52% and 63%) or with PBS (52%).
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Fig. 49 Prophylactic treatment of mice with hUK-66 IgG1 in S. aureus induced pneumonia.

Mice (n=30) were injected intranasally with hUK-66 at indicated concentrations and infected one hour
later via intranasal application with 2x10° cfu/20 pl S. aureus Newman. Body weight and survival were
monitored over 72 h and survival curves were generated with Graph Pad Prism5 software. After three
days of infection, 93% of mice treated with 0.5 mg/kg hUK-66, 80% treated with 5 mg/kg hUK-66, 63%
treated with 5 mg/kg Rituximab, 52% treated with 0.5 mg/kg Rituximab and 52% treated with PBS
survived S. aureus induced pneumonia. The survival rate was determined in three independent
experiments. Statistical significance was determined using Log Rank test, *** P<0.001.

Overall, results from the prophylactic treatment of pneumonia demonstrate that both mouse
and hUK-66 1gG1 achieve therapeutic efficacy after prophylactic application. In particular, the
intranasal injection of UK-66 resulted in a significant increase of survival in the hUK-66-
treated groups compared to mice treated with PBS.

In the past, various immunization strategies have been examined in clinical trials and animal
models. Despite promising experimental data, clinical trials in humans have not been
successful yet. However, recent studies provide evidence that humans with intact immune
systems and protective antibodies have a lower risk for developing invasive infections [145].
Clinical isolates of S. aureus secreted the cytolytic alpha-toxin, which binds to a wide variety
of eukaryotic cells, resulting in osmotic lysis of cells or regulatory dysbalance by disturbing
the ion equilibrium. Humanized antibodies against alpha-toxin were therefore chosen as
candidate for an antibody therapy in which the opsono-phagocytotic activity of hUK-66 1gG1
was combined with neutralization of harmful effector functions of S. aureus alpha-toxin by a
hUK-tox IgG1.

6.14. Prophylactic therapy of pneumonia with hUK-tox IgG1
S. aureus alpha-toxin is an important virulence determinant and was confirmed as a valid
target for immunoprophylaxis against staphylococcal disease [147]. The passive
immunization of mice with hUK-tox antibodies provided promising efficacy in different mouse

infection models, such as skin and soft-tissue infections and pneumonia [142] [150].
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In the following mouse experiments, the effective dose of the generated hUK-tox IgG1 was
examined in the established pneumonia mouse model. Figure 50 presents survival curves of
mice experiments. Mice treated with 10 or 5 mg/kg hUK-tox 1gG1 revealed significant
protection compared to mice treated with 1, 0.1 mg/kg hUK-tox IgG1 or PBS, respectively.
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Fig. 50 Prophylactic treatment of mice with hUK-tox IgG1 in S. aureus induced pneumonia.

Mice (n=20) were injected intravenously with hUK-tox at indicated concentrations and infected one
hour later via intranasal infection with 2x10® cfu/20 pl S. aureus Newman. Body weight and survival
were monitored over 72 h and survival curves were generated with Graph Pad Prism5 software. After
three days of infection, 100% of mice treated with 10 and 5 mg/kg hUK-tox, 75% treated with 1 mg/kg
hUK-tox, 60% treated with 0.1 mg/kg and 45% treated with PBS survived pneumonia. The survival
rate was determined in two independent experiments. Statistical significance was determined using
Log Rank test, *** P<0.001.

Mice treated with 10 or 5 mg/kg hUK-tox IgG1 demonstrated 100% protection in this model.
Moreover, the lower concentrations of 1 and 0.1 mg/kg hUK-tox IgG1 resulted in 75% and

60% survival of mice compared to 45% survival in the group treated with PBS.

The effective dose of hUK-tox IgG1 in the pneumonia model was determined as 5 mg/kg.

6.15. Treatment of S. aureus-induced pneumonia with hUK-
tox IgG1
Next, efficacy of hUK-tox IgG1 in a therapeutical model where the antibodies are applied one
hour post infection was investigated. The therapeutic efficacy of hUK-tox was examined in
the mouse pneumonia model as alpha-toxin is one critical factor in tissue damage during
pneumonia. Mice were infected with 2x10°® cfu/20 ul S. aureus Nemwan and treated with10
mg/kg hUK-tox IgG1, 10 mg/kg IgG1 matched isotype control Rituximab or PBS. Results are
presented in figure 51 and indicated that the group treated with hUK-tox IgG1 revealed a
significant protection (50% survival) one hour after infection compared to mice treated with

PBS (15% survival). Two days after infection, mice treated with hUK-tox IgG1 demonstrated
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a significant protection (90% survival) compared to mice treated with the isotype control

(60% survival). These findings indicate the therapeutic efficacy of hUK-tox IgG1.

In previous experiments, the prophylactic and therapeutic efficacy of UK-66 IgG1 and hUK-
tox 1gG1 was investigated. Both antibodies reveal a significant protection after prophylactic
application in the mouse pneumonia model. However, therapeutic efficacy was only weak

under the test conditions for the hUK-tox IgG1 and no protection was observed with hUK-66.
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Fig. 51 Therapeutic treatment of mice with hUK-tox IgG1in S. aureus induced pneumonia.

Mice (n=20) were infected with 2x10° cfu/20 ul S. aureus Newman and hUK-tox IgG1 was injected
intravenously at indicated concentrations one our after infection. Body weight and survival were
monitored over 72 h and survival curves were generated with Graph Pad Prism5 software. After three
days of infection, 50% of mice treated with 10 mg/kg hUK-tox IgG1, 40% treated with isotype control
and 15% treated with PBS survive. The survival rate was determined in two independent experiments.
Statistical significance was determined using Log Rank test, **P<0.01.

6.16. Therapeutic efficacy of combination of hUK-66 and
hUK-tox IgG1 in a mouse pneumonia model

S. aureus is a complex microorganism and well-adapted to its human host. In considering

such biological complexity, approaches based on single antigens have not been successful

yet. Therefore, a combination of functional antibodies targeting different S. aureus antigens

and addressing independent mode of action by mediating different effector functions seems

a promising approach.

In the following studies, the efficacy of a combinatorial antibody-based therapy targeting two
important staphylococcal antigens, IsaA and alpha-toxin, was investigated using the mouse
pneumonia model. First, the benefit of the combined antibody therapy compared to the single

antibodies was investigated using a prophylactic set up.

Mice treated with the combination of hUK-66 and hUK-tox IgG1 revealed a higher protection
during pneumonia than mice treated with either hUK-66 IgG1 or hUK-tox IgG1 (Fig. 52). Mice
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treated with the antibody combination showed a better survival rate (83% survival) than
single treatment with either hUK-tox IgG1 (83% vs 73% survival) or hUK-66 1gG1 (83% vs
40% survival). Treatment with isotype control or PBS resulted in significant better survival
rates (83% vs 30%) after 72 h.
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Fig. 52 Prophylactic treatment of mice with combined hUK-66 and hUK-tox IgG1l in S. aureus
induced pneumonia.

Mice (n=30) were injected intravenously a combination of hUK-66 IgG1 and hUK-tox,a combination of
hUK-66 with isotype control antibodies, hUK-tox IgG1 combined with isotype control, isotype control
Rituximab alone or PBS at indicated concentrations. After antibody application, mice were intranasally
infected with 2x10° cfu/20 pl S. aureus Newman. Body weight and survival were monitored over 72 h
and survival curves were generated with Graph Pad Prism5 software. After three days of infection,
83% of mice treated with combined hUK-66 and hUK-tox antibody survived pneumonia, 73% of mice
treated with hUK-tox survived, 40% treated with hUK-66 1gG1, 30% treated with Rituximab and 30%
treated with PBS survived, respectively. The survival rate was determined in three independent
experiments. Statistical significance was determined using Log Rank test, *** P<0.001.

6.17. Treatment of S. aureus-induced pneumonia with
combination of hUK-66 and hUK-tox IgG1 in a mouse
pneumonia model

Combination of hUK-66 and hUK-tox IgG1 demonstrated a markedly improved survival when

applied one hour before infection in a mouse pneumonia model. Previous experiments

revealed that hUK-66 single treatment did not increase survival of mice in a therapeutic
model where the antibodies were intravenously applied one hour after infection. However,
survival of mice was improved by application of hUK-tox IgG1l under the same test
conditions. Thus, in the following study, the benefit of a combined therapy of hUK-66 IG1 and
hUK-tox IgG1l in a therapeutic treatment regimen was investigated. Mice were treated
intravenously with combined hUK-66 (60 mg/kg) and hUK-tox (10 mg/kg), hUK-66 (60 mg/kg)
and Rituximab (10 mg/kg), Rituximab (60 mg/kg) and hUK-tox (10 mg/kg), Rituximab (70

mg/kg) and PBS one hour after intranasal infection (Fig. 53).
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At the beginning of infection during the first 24 h, therapeutic efficacy of hUK-66 combined
with hUK-tox 1gG1 was improved compared to the single treatments. However, three days
after infection no significant benefit of the combination compared to the single therapy could
be observed.
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Fig. 53 Therapeutic treatment of mice with combined hUK-66 and hUK-tox IgG1 in S. aureus-
induced pneumonia.

Mice (n=30) were intransally infected with 2x10° cfu/20 ul S. aureus Newman and injected
intravenously with combinated hUK-66 IgG1 and hUK-tox-toxin, hUK-66 IgG1, hUK-toxin IgG1, isotype
control Rituximab or PBS at indicated concentrations one hour after infection. Body weight and
survival were monitored over 72 h and survival curves were generated with Graph Pad Prism5
software. After three days of infection, 35% of mice treated with combined antibody therapy, 50% of
mice treated with hUK-tox 1gG1, 20% treated with hUK-66 IgG1, 35% treated with Rituximab and 35%
treated with PBS survived. The survival rate was determined in three independent experiments.
Statistical significance was determined using Log Rank test.

Results 99



7. Discussion

S. aureus is responsible for the majority of skin and soft tissue infections, including impetigo,
folliculitis and wounds [151] and can also cause invasive and life threatening infections, such
as bacteremia, abscesses, pneumonia, osteomyelitis, meningitis, endocarditis and sepsis
[152]. Furthermore, S. aureus is the predominant cause of a variety of nosocomial infections,
including ventilator-associated pneumonia, intravenous catheter-associated infections,
postsurgical wound infections, as well as invasive infections in neutropenic patients and in
patients undergoing solid organ and hematopoietic stem cell transplants [22]. The treatment
of these infections has been complicated by the emergence of methicillin-resistant S. aureus
(MRSA) strains, which are becoming increasingly resistant to multiple antibiotics. Both
hospital- and community-associated infections with S. aureus have increased in the past 20
years. History has shown that the introduction of a new antibiotic is frequently followed by the
development of bacterial antibiotic resistance [23], [24]. The therapeutic options for these
pathogens are extremely limited and the need of new treatment options in the presence of
growing numbers of elderly patients and patients undergoing surgery or transplantation and a
dramatic increases in population in neonatal intensive care units will produce an even greater

number of immunocompromised individuals at risk of these infections [37], [38].

Antibodies are the fastest-growing category of therapeutic agents entering clinical studies
and cover a wide spectrum of applications in the field of basic research, diagnostics,
autoimmune response, inflammatory diseases, oncology and rheumatology. Using antibodies
to treat infectious diseases is now being fuelled by the wide dissemination of antibiotic
resistant microorganisms, the inefficacy of antimicrobial drugs in immunocompromised
patients and the fact that antibody-based therapies provide immunity against pathogens

immediately.

The main objective of this thesis was to generate and characterize a humanized anti-
staphylococcal antibody including its antigen binding properties and biological activity against
the immunodominant staphylococcal antigen IsaA. The results showed that hUK-66 not only
bound specifically to its target antigen IsaA, hUK-66 also induced effective killing of bacteria
in blood samples taken from healthy donors. Furthermore, even patients at high risk of S.
aureus infections (patients with diabetes, patients on dialysis, and patients with AOD) benefit
from hUK-66 treatment by showing reduction of viable bacteria in vitro. The reduction of
viable bacteria is of paramount importance to avoid serious infection. Based on these results,
the hUK-66 IgG1 is a promising candidate of an antibody-based therapy against antibiotic-

resistant S. aureus.
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7.1. Humanization and reshaping of murine UK-66
antibody

The murine UK-66 demonstrates specific and high affine binding to its target IsaA and
reveals biological activity in different mouse models. In this study, the murine UK-66 was
humanized for an anti-staphylococcal therapy in humans. Based on the mouse variable
domain sequence, the antigen binding domain was humanized by grafting the CDRs onto
human frameworks obtained from the closest human germ line V segments. Humanized
antibodies have decisive advantages over rodent antibodies. In comparison to humanized
antibodies, rodent antibodies have a short serum half-life and can only trigger some effector
functions. Furthermore, mouse antibodies can elicit unwanted immune response, so called
human anti-mouse antibodies (HAMA). This reaction reduces their clinical effectiveness,
since the human immune system cleans rodent antibodies rapidly, the produced human
antibodies block the therapeutic effect and hypersensitivity reaction can occur [64]. However,
humanization of a mouse antibody can result in reduced affinity to its target. Analysis of the
binding affinity of hUK-66 compared to mUK-66 demonstrated a 10-fold reduction in binding
affinity (Fig. 19). Nevertheless, hUK-66 revealed a high affinity of 4,8 nM to IsaA. The binding
affinity of humanized antibody can be reconstructed by identifying the frame work residues,
which interacts with the antigen binding site. This process is called framework substitution.
High binding affinities are critical for neutralization of toxins and for multiple interactions
[153]. In case of hUK-66, the multiple interactions are the mediation of phagocytosis.
Furthermore, humanization of a rodent antibody reduced its immunogenicity and can extend
its serum half-life over 75 h [64]. Here, it has to be mentioned that the immunogenicity of an
antibody is dependent on the immune state of the patient, the dose and application route of
the antibody, the frequency of application, and the antibody’s epitope. Cell-bound antigens
demonstrated much higher immunogenicity than soluble antigens [154]. In general, patients
treated with mAbs can develop a cytokine releasing syndrome (CRS). This side effect
presents an excessive secretion of pro-inflammatory mediators [155]. Immune responses to
murine components of antibodies have been described as a major cause of CRS. These

reasons explain why the clinical development of mAbs is towards humanized antibodies.

Antibody therapeutics belongs to a well-established drug class and the development and
clinical experience gained from the generation and optimization of one antibody is applicable
to other antibodies [156]. From all antibodies with clinical application: 29% are chimeric
antibodies and 25% are humanized antibodies [157]. In the 1980s, 80% of all mAbs were of
mouse origin. This number dropped to 7% during the 2000. The humanization of antibodies
acts in concert with the reshaping of antibodies for therapy in humans. Antibody engineering
has two advantages over mouse antibodies: (1) The effector function can be selected and (2)

the antigen binding domain can be optimized by minimizing the anti-globulin response [158],
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[159]. The choice of the constant domain centers on whether specific effector functions are
required and the need for a suitable in vivo half-life [160]. The hUK-66 antibody was
designed as IgG1, IgG2 and IgG4 antibody based on the fact that different IgG subclasses
mediate various effector functions. In the case of S. aureus, it is unknown which host
defence is the most effective one against this pathogen. The isotype 1gG3 has not been
chosen for antibody development because of its shorter half-life, its susceptibility of the larger
hinge region to proteolysis, its allotypic polymorphism and the production is very complex
and expensive. Most of the humanized antibodies in the clinical application belong to the
IgG1 subclass. The antibody hUK-66 IgG1 was designed as IgG1 by the properties of this
immunoglobulin class to induce phagocytosis, complement activation and to mediate
antibody-dependent cell-mediated cytotoxicity [161]. The host immune response against
protein antigens is mainly an IgG1 response. Antibodies against carbohydrate antigens are
usually 1gG2 antibodies. This subclass activates the alternative pathway of the complement.
For 1IgG4 antibodies neutralization properties and long-term t-cell stimulation have been
described. All antibody isotypes have the same antigen binding domain. In this thesis, hUK-
66 was constructed as 1gG1, IgG2, and IgG4 isotype, respectively. It was expected that all
hUK-66 isotypes reveal the same binding affinity to IsaA. Interestingly, hUK-66 IgG1l
demonstrated the highest and 1gG2 the lowest affinity (Fig. 22). Reasons for this result could
be the binding affinity of the secondary antibody. Since all antibodies were tested with the
same incubation protocol and the same concentration of antibody, the binding affinity of the
secondary anti-lgG2 must be much lower than the affinity of the anti-lgG1 and anti-lgG4
antibodies to its corresponding Fc part. The Fc region is very important for the mediation of
effector functions via FcyR binding. IgG1 activates the complement pathway via C1q binding
and has a high affinity to FcyRI. This receptor, expressed on phagocytes, plays a key role for
phagocytosis. The results from the FcyR binding assay indicate that hUK-66 1gG1 is bound
by FcyRla, FcyRlla (low responder) and FcyRlla (high responder). The outcome from this
assay reflects the binding behaviour described in the literature: isotypes 1gG2 and IgG4
demonstrated less affinities to the most important receptors for phagocytosis [160]. All in all
the natural selection has generated four human IgG isotypes because each has a unique

purpose in the ever-changing defence tactics against pathogens.

Antibodies developed for therapeutic applications possess several clinically relevant
mechanisms of action. The reshaping of the Fc part allows to define the effector function of
the antibody and to include further functions like complement-dependent cytotoxicity,
antibody-dependent cellular cytotoxicity (ADCC) and antibody-dependent cellular
phagocytosis [162]. The clinical potential can be readily be increased by improving existing
properties through protein alteration or carbohydrate optimization. Today, different
engineering technologies have been developed to modulate the binding affinity of the Fc

region of therapeutic antibodies to enhance or suppress FcyR-dependent immune effector
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functions. There are two strategies to improve antibody efficacy: (1) Modifying the structure
of the Fc-attached oligosaccharides or (2) by engineering the Fc-polypeptide backbone. One
of the key amino acids in the Fc backbone is the Asn297. Glycoengineering at this position
has significant effects on the binding affinity to FcyRs and are more potent at mediating
ADCC [163]. The use of glycoengineering confers two relevant properties: antibodies can be
improved for effector functions, even in individuals harbouring low-affinity allotypes of FcyRs
and the activity of antibody can be preserved even in the presence of high concentrations of
nonspecific serum IgGs that compete with conventional therapeutic Abs for FcyRs and impair
their activity [164]. Antibody glycosylation also has an impact on FcyR binding and antibody
activity. Branching sugar residues such as N-acetylglucosamine or fucose have been

implicated in affecting antibody activity in vitro and in vivo [165]

The effector function is only one point for therapeutic success of the antibody. Another
aspect is the half-life of the antibody in serum for a maximum therapeutic effect. Remodelling
of the amino acid backbone can prolong serum half-life by protecting the antibody from
clearance. Another technique is the fusion of the antibody candidate with albumin. Studies by
Igawa et al. revealed an extended half-life in serum until three weeks [166]. Antibody
conjugates cannot only prolong serum half-life but fused with toxins, cytokines or antibiotics

the utility of therapeutic antibodies can be extended [167].

7.2. IsaA —Theright target for an antibody based therapy

The limitation of antibody therapeutics is the restriction of targets to those expressed on the
bacterial cell surface. S. aureus expresses a wide diversity of cell surface proteins essential
for growth and virulence of the pathogen. Immunotherapeutic strategies based on virulence-
associated determinants such as adhesins or toxins show varying efficacy, which is
dependent on disease type and the causative strain. IsaA was selected as target antigen for
immunotherapy based on its expression in vivo during sepsis caused by MRSA. In the study
by Lorenz et al, the antibody response in human sera from sepsis patients 1 day after the
detection of MRSA was compared with those from the same patients during the course of
infection 5-15 days after the detection of MRSA in blood culture. Results from this study
revealed a significant higher titer of anti-staphylococcal antibodies in patients with diagnosed
sepsis at later time points compared to early time points and also to healthy individuals and
colonized persons. Notable, none of the patients with high anti-staphylococcal antibody titers
died of a septic shock [116]. Especially, antibodies against the 29 kDa IsaA protein were
developed in patients with diagnosed sepsis. Furthermore, a study by van der Kooi-Pol
focused on the immune response of S. aureus colonized epidermolysis bullosa (EB) patients
demonstrated that these patients revealed a high anti-lsaA antibody titer in sera.

Interestingly, EB patients who developed anti-IsaA antibodies did not suffer from S. aureus
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bacteraemia [168]. These facts suggest that anti-lsaA antibodies are protective against
invasive S. aureus. Moreover, IsaA is presented on the bacterial surface of the major clinical
and community-associated MRSA/MSSA linages and is expressed during different growth
phases. Results from the binding studies indicated that hUK-66 binds not only recombinant
IsaA but also native IsaA of the most clinically relevant MRSA strains including CC5, CC8,
CC22, CC45, CC239, USA300, and USA400 [169].

7.3. Generation of hUK-66 producing cell lines

Different research cell lines were generated to provide sufficient amounts of antibodies for
initial biochemical and functional testing using the Lonza Biologics Glutamine Synthetase
(GS) gene expression system [170]. The binding and the in vitro studies were performed with
hUK-66 antibodies produced in house. Therefore, UK-66 specific antibody fragments were
generated. The scFv and scFv-Fc fragments are composed of the antigen binding domain of
UK-66 and were expressed by HEK 293 cells. The amount of antibody necessary for in vivo
experiments was produced by the companies Evitria and Catalent. A set of clones was
generated for each construct: hUK-66 IgG1, IgG2, 1gG4. During cell line generation, different
methods were tested to increase the production rate and to select high producer clones.
However, when comparing the specific productivity of individual cell lines, the production of
specific antibodies was improved, but no high producer clone was detected. Interestingly, the
MSX refinement is more efficient to select higher producer than the single cell dilution
method with constant MSX concentration. Nevertheless, product titers of each construct
three days after cultivation are in line with titers described in literature [171]. Problems in
productivity are perhaps due to the large size of antibody molecules and the difficult
assembling of separately expressed light and heavy chain via disulphide bonds [172].
Furthermore, low protein expression and poor survival might also be a result of trapped
misfolded proteins that are not exported from the cell but rather subjected to mechanisms
like the unfolded protein response. Cells that cannot cope with the high load of misfolded
protein will undergo apoptosis [173], [174]. A correlation between viable cell density and
productivity was not investigated. Interestingly, the applied feeding strategy revealed that
cells cultivated in normal RPMI media demonstrated comparable productivity rate compared
to cells cultivated in specialized CHO media. However, a specifically optimization addressing
the requirements of the hUK-66 IgG constructs will likely enhance the productivity of full
length antibodies. A great variety of feed media and strategies exist and special protocols for
the development of defined processes for monoclonal antibody production are available
[175].

Analysis of product quality and integrity of in-process samples by Western Blot and ELISA

revealed distinct, protein specific staining for scFv, scFv-Fc and full hUK-66 antibodies
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throughout the culture. Additional signals in Western Blot can be explained by protease
activity [176]. Samples of the full length IgG with additional protein fractions of lower
molecular weight were detectable at 25 kDa and 50 kDa. These signals resulted from
incomplete protein assembly and protein misfolding. The heavy chains are not secreted
unless assembled with the light chain, while the light chain can be secreted as monomers or
dimers [177], [178]. Therefore, the expression of light chain is a limiting step in antibody
folding and a low ratio of HC:LC has been reported to be favourable for optimal assembly
and high expression yields [179]. The precise balance of HC:LC ratio is difficult to achieve
and several approaches have been made. The construct used in this work is a double vector
system, which included the genes of the heavy and light chain. The expression vector was
designed in a bi-cistronic fashion in order to ensure for a favourable transcription efficiency of
heavy and light chain due to the identical integration locus. An intron was inserted between
the promoter and coding sequence since it has been shown that splicing is involved in
efficient transport from the nucleus to the cytoplasm [180]. The gene for the antibody heavy
chain was cloned 5°to that of the light chain using pEE12.4 because the transcript is twice as
large as that of the light chain and is expected to be processed more slowly. The sufficient
light chain ration was guaranteed by the availability of separate promoters for each gene.
The plasmid DNA was transfected as supercoiled. The respective clone pools were
compared in productivity and based on the first binding assays only marginal differences
could be observed.

The purification of antibody via Fc specific Protein G resins clear the final preparation from
fragments or light chain dimers. Protein G is highly specific for binding the Fc part of
antibodies and purities of > 90% are reported after purification [181]. The proteins from all

constructs were purified to satisfied purity applying the protein G method.

One of the major bottlenecks in the development of a stable transfected cell line was the
requirement of a homogenous high-producing cell line. Therefore, the producer cell line had
to be single cell derived. Different techniques exist for single cell cloning like limiting dilution
and FACS sorting. In this work, the limiting dilution was performed to select high producer
clones and to confirm uniformity in the antibody production process. In this approach, cells
were seeded into a 96-well plate in different dilutions. The well with the highest distance to
the well Al will be further diluted into a new 96 well plate. During this work, the producer cell
line for the different constructs consists of mini-pools. Based on the fact that the productivity
of the single cell clones was limited. The generation of a high producer clone was not

possible during cell line development.

The MSX refinement was used to select higher producer clones from the mini-pool cell
clones. Along with this method, product titer could be increased from 0.36 pg/ml to 4.0 pg/ml

of producer clones cultivated in 200 uM MSX. For the different time points the productivity
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was different between the groups of 150-200-300 uM MSX. In the 150 and 200 puM MSX
groups, a deficiency in production was restored to the next time point of measurement. This
might be due to the high load of recombinant protein being expressed, which can lead to
saturation of cellular folding machinery [182]. With optimized fed batch cultivation, cell lines
can reach a specific productivity of up 1-5 g/l [183]. Nevertheless, the antibody production of
the generated cell lines covered the need for the in vitro experiments.

7.4. Therapeutic efficacy of hUK-66 in vitro

As described in various studies the antibody response to IsaA plays an important role for the
protection against invasive S. aureus infections [168], [184], [185]. In vitro studies were
performed to investigate that hUK-66 binds to S. aureus and also trigger protective
mechanisms during S. aureus infection. Studies by Lorenz et al demonstrated the
therapeutic efficacy of mUK-66 IgG1l in two different mouse models: a central venous
catheter-related infection and a sepsis survival model. In both models, mUK-66 1gG1
revealed protection against staphylococcal infection. Furthermore, Lorenz et al., 2011
demonstrated the activation of professional phagocytes by mUK-66 IgG1 and the antibody
dependent production of microbial induced reactive oxygen metabolites. Based on these
results, in vitro studies with human whole blood samples were performed to analyse the
biological activity of hUK-66 IgG. Various experiments were performed to clarify the following
guestions: 1) Does the hUK-66 IgG antibody demonstrate any biological activity in blood
samples of donors infected with S. aureus? 2) Which IgG subclass reveals the most effective
effector function during a S. aureus infection? 3) Do even immunocompromised patients with

high risk at S. aureus infection benefit from therapy with hUK-66?

First, the biological activity of hUK-66 antibody was analysed with whole blood samples from
healthy donors. For this experiment, different isotypes of hUK-66 were included to investigate
the most effective phagocytic function of the antibodies which could serve as an indicator of
biological activity to combat a S. aureus infection. These experiments focused on the
antibody-mediated bacteria elimination due to opsonophagocytic kiling of S. aureus.
Furthermore, besides healthy volunteers blood samples from patients at high risk including
diabetic patients, patients undergoing dialysis and AOD patients were included to assess the

specific IsaA-mediated killing of S. aureus in those patient populations.

7.4.1. Invitro characterization of hUK-66 and hUK-66
related subclasses

Antibodies against microbes neutralize these agents, opsonize them for phagocytosis,

sensitize them for antibody-dependent cellular cytotoxicity, and activate the complement

system. These various effector functions are mediated by different IgG subclasses. The IgG
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class was chosen by its property to be bound by Fc receptors expressed on phagocytes and
its role in promoting phagocytosis. Fc receptors for different Ig isotypes are expressed on
different leukocyte populations. Of these Fc receptors, the most important for phagocytosis
are receptors for IgG antibodies, called FcyRs. There are three types of FcyRs, which have
different affinities for different IgG subclasses, and are expressed on different cell types. The
high affinity FcyR is called FcyRI (CD64). It strongly binds human IgG1 and 1gG3 and is
expressed on macrophages, monocytes, neutrophils and eosinophils. FcyRs with low affinity
to IgG are FcyRIl (CD32) and FcyRIll (CD16). Both receptors are expressed on neutrophils.
All 1gG subclasses are bound by all FcyRs with different affinity [186]. To analyse which I1gG
subclass promotes phagocytosis most efficiently, hUK-66 was designed as IgG1, IgG2 and
IgG4. These isotypes were tested for their biological efficacy against S. aureus using blood
samples from healthy donors. The assays were performed in physiological conditions to
simulate the closest natural infection situation. The biological efficacy of hUK-66 isotypes
were compared to the untreated samples and samples treated with the isotype control. As
described in literature, the isotype IgG1l is the most effective one to mediate antibody
dependent phagocytosis in humans by binding to the FcyRI [165]. This fact was confirmed by
the performed killing assays with blood samples of healthy volunteers. In these assays, the
hUK-66 IgG1 revealed the most effective killing of S. aureus. Results from these studies also
demonstrate the importance of antibody mediated phagocytosis, since the other isotypes
failed to kill S. aureus efficiently. Interestingly, hUK-66 1gG4 revealed a reduction of viable S.
aureus compared to samples treated with hUK-66 1gG2. Both isotypes have comparable
binding affinities to the most important FcyRs. Therefore, the killing of S. aureus must be
mediated by other mechanisms. The main function of 1gG4 is to interfere with immune
inflammation induced by complement-fixing antibodies. Furthermore, 1gG4 is predominantly
expressed under chronic antigen exposure why it may play an important role of antigen
neutralization and to recruit the alternative complement pathway [187], [188]. For reliable
results, two control antibodies were included into the experiments. As a matched IgG1l
isotype control antibody, Trastuzumab was chosen. This antibody is used in clinic for the
treatment of cancer by targeting the HER-2 receptor and revealed no cross reactivity to S.
aureus. As another control Gammunex was chosen. Gammunex is purified and pooled IgG
of normal human serum and is used in clinic for the treatment of patients with primary
immunodeficiencies [189]. Actually, Gammunex should be served as positive control in the
performed killing assays since the used IVIg preparation contained high titers of anti-
staphylococcal antibodies and more important high titers of anti-lIsaA antibodies (Fig. 32).
However, results from killing assays revealed that Gammunex mediated no antibody-
dependent killing of S. aureus in the designed experimental set up. Based on these results in
the in vitro assays, it is suggested that Gammunex contained only a minor fraction of active

antibodies. The terminal sialic-acid residues have recently been demonstrated to be centrally
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involved in antibody activity. In normal human serum which is used for the production of
purified IgG preparations such as IVIG, a minor proportion of the IgG molecules carry
terminal sialic-acid residues that are attached to the N297-linked sugar moiety [164]. This
residue is highly important for the FcyR interaction resulting in phagocytosis of pathogens
[190]. Another reason could be that the dose of 0.9 mg/ml IVIg neither contains enough
active anti-staphylococcal antibodies nor anti-IsaA antibodies to mediate effective antibody
dependent killing. The high dose of ineffective antibodies can also block FcyRs so that the
active antibodies cannot mediate their functions.

As complement forms one of the first barriers of innate immunity any pathogenic
microorganism has to cross this important layer of immune defence in order to establish an
infection. The individual complement reactions develop in a sequential manner, allowing
regulation that modulates the intensity of the response and adjusts the effector functions for
the specific immune response [191]. Complement was identified more than 100 years ago as
a result of its ‘complementary’ bactericidal activity and its role in phagocytosis of cellular
debris [192]. Complement activation in turn activates pro-inflammatory mediators, generates
anaphylactic peptides, cytolytic compounds and antimicrobial compounds, recruits effector
cells and induces effector responses [193]. Mononuclear phagocytes and neutrophils ingest
microbes for intracellular killing with and without antibodies. Nevertheless this process is
strongly promoted by specific surface coating of the microbes with antibodies. However, the
efficacy of an IgG antibody in mediating effector functions is not only determined by its
subclass. Several factors are important for the biological function of antibodies, including the
expression of the target protein on the cell surface, the signalling pathways associated with
the target protein and the availability of complement proteins acting in concert with and
effector cells. By using whole blood samples, a reduction of viable cfu was observed in
samples without additional antibodies. Therefore, these untreated samples were set as 100%

to analyse the antibody dependent killing of S. aureus.

Data from killing assays, performed with blood samples from healthy donors and patients at
high risk for S. aureus infection, demonstrate that hUK-66 enhances killing of S. aureus. In
consideration with the data from the assays with purified PMNs and hUK-66 N479A mutant in
concert with the data from the FcyR binding assays, the hUK-66 mode of action is closely
related with phagocytosis. In all killing assays comparing different IgG subclasses of hUK-66,
hUK-66 IgG1 revealed the highest efficacy of bacterial killing and was subsequently chosen

as lead candidate for further characterization of its biological activity.
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7.4.2. Invitro analysis of biological activity of hUK-66
IgG1in blood samples of high risk patients

During the last decade, active and passive immunization strategies have been examined in
clinical trials. Despite promising experimental data, clinical trials in human have not yielded
positive results. However, the importance of immune clearance is emphasized by the fact
that humans with intact immune system combat them successfully. Furthermore, recent
studies underlined the role of protective antibodies. Persons with increased levels of
protective anti-staphylococcal antibodies have a lower risk of death due to bacteremia and
sepsis [194], [195]. Nevertheless, immunocompromised patients are mainly affected by S.
aureus infections and therefore they are the target population, which have to benefit from
immunotherapy. IsaA was selected as target for an antibody based therapy, since all
analysed patients surviving staphylococcal sepsis produced significant levels of anti-lsaA
antibodies. The rationale behind the development of an antibody based therapy is that most
of the persons suffer from a S. aureus infection do not generate sufficient levels of functional
antibodies against S. aureus or infected individuals lacking of the development of a rapid
functional immune response. For the functional characterization of hUK-66 blood samples
from vulnerable patient groups: patients with diabetes, end-stage renal disease and AOD
were selected. The selected patient groups revealed increased susceptibility to
staphylococcal infection due to an impairment of innate immunity [196], [197]. Neutrophils act
as first-line-of-defence cells and the reduction of their functional activity contributes to the
high susceptibility to and severity of infections. Clinical investigations in diabetic patients and
experimental studies in diabetic rats and mice clearly demonstrated consistent defects of
neutrophil chemotactic, phagocytic and microbicidal activities [198]. These alterations have
been reported to occur during inflammation in diabetes mellitus include: impairment of
neutrophil adhesion to the endothelium and migration to the site of inflammation, production
of reactive oxygen species and reduced release of cytokines and prostaglandin by
neutrophils, increased leukocyte apoptosis and reduction in lymph node retention capacity
[199], [200], [201], [202], [203]. Most of diabetic patients have a worse prognosis once

infection is established.

Patients treated with dialysis suffering from uremia, the classical state of immune
hyporesponsiveness and chronic activation of the immune system. Infection rates are several
times higher in dialysis populations than in age-matched segments of general population
[204], [205]. Infectious causes have consistently ranked second to cardiovascular diseases in
reported causes of death in dialysis populations. In the United States during the years 2002-
2004, mortality rates in dialysis populations were 20 times higher than those in the general
population and mortality was attributed to septicaemia in 10% [206]. Major bacterial

infections, like septicaemia and pneumonia, are characterized by pronounced inflammatory
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activation, with downstream effects that include oxidative stress, abnormal endothelial
function, coagulation system disequilibrium, abnormal cardiac myocyte function and
diminished cellular oxygen availability [207]. These criteria are a characteristic of patients
with disorders of phagocytic cells, which result in a high frequency of infections [208].

Patients suffering from AOD are more susceptible to S. aureus infections. AOD is the
obstruction of the arteries and affects over 27 million individuals in Europe and North
America [209]. Critical for this kind of disease is the high level of oxidative stress markers in
the blood stream, which directly and indirectly enhances inflammatory pathways [210].
Bloemenkamp et al., identified in a multicentre, population-based, case-control study, that
the inflammatory response correlated with frequently infections in AOD patients [211].
Furthermore, AOD patients revealed a broad range of biomarkers in their blood samples.
Especially, the C-reactive protein is associated with the inflammatory state of the immune
system [212]. The imbalance of fibrinogen, intercellular adhesion molecules, homocysteine
and the levels of lipoprotein results in a malnutrition of immune cells. Further factors, like
lysozyme and defensins are antimicrobial substances and defects in these soluble mediators

can compromise host defence.

Neutrophil oxidative burst is a critical antimicrobial mechanism, which involves the
conversion of dimolecular oxygen into superoxide anion by the NADPH oxidase complex.
The entire complex is required for the production of superoxide, O,-. Superoxide itself is a
weakly microbicidal agent. Metabolism to H,O, by superoxide dismutase results in a more
microbicidal compound, and H,O, can be converted to HOCI by myeloperoxidase. Both H,0,
and HOCI are strongly microbicidal. Additional biochemical reactions produce peroxynitrite
anion and nitryl chloride, which contribute additional microbicidal activities [213]. Patients
with deficiencies in NADPH oxidase demonstrated a significant reduction of reactive oxygen
species and suffer from recurrent life-threatening infections of Gram-positive S. aureus [214].
Among the most common bacterial infections observed in patients with deficiencies in
NADPH oxidase are those involving S. aureus [214]. Patients with deficiencies in NADPH
oxidase suffer from chronic granulomatous disease (CGD). CGD is caused by mutations in
any one of four genes that encode the subunits of phagocyte NADPH oxidase. Of the 410
CGD mutations identified, 95% cause the complete or partial loss of NADPH oxidase
function. Moreover in patients, S. aureus account for 33-62% of all intensive care unit
pneumonia and are associated with significant morbidity and mortality [215]. Based on the
fact, that the critical effector pathway required for S. aureus clearance is neutrophil oxidative
burst, the oxidative burst of selected patient groups at high risk for S. aureus infection was
investigated in the presence of the therapeutic antibody hUK-66 IgG1l [216]. Diabetes
patients reveal a higher baseline of reactive oxygen species in blood compared to healthy

donors [217]. These studies also showed that, after stimulation of diabetic PMNs, the level of
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respiratory burst was lower than that of PMNs from healthy donors [218]. These results were
also represented in our phagoburst studies. The percentage of PMNs from diabetic patients
was strongly reduced compared to the PMNs from healthy donors. The same phenomenon is
observed in dialysis patients. The high frequency of bacterial infections in end stage renal
disease patients suggests that PMN dysfunction may be involved in the immune deficiency in
this population [219]. However, the chosen patient groups have frequent and repetitive
exposure to potential infectious risk factors during their normal course of therapy. The factors
related to PMN dysfunction are not completely understood and have ascribed to malnutrition,
iron unbalance, uremic toxins and zinc deficiency as well as disruption of cutaneous
protective barriers and the affinity of bacteria for foreign polymeric materials [220]. Based on
these factors it is hypothesized that the complement cascade is activated. This activation
results in a leukocyte activation and primarily activated leukocytes are less susceptible to
natural stimuli like microorganisms [221]. Changes in PMN function may result from
alterations at different levels: 1) receptor expression and activation, 2) signal transfer by
secondary messengers and target proteins and 3) dysfunction of the metabolic pathways and
result in insufficient chemotaxis, impaired ingestion, decrease production of free radical,
reduced metabolic activity and a significant inefficiency of bacterial killing. Changes in
receptor expression have been demonstrated for dialysis, diabetes and patients suffering
from AOD. A decrease in receptor expression is described for formyl-methionine-leucine-
phenylalanine and Fc receptors [222]. The dysfunction of metabolic pathways is essential
factor of PMNs of patients at high risk for S. aureus infections. The enzyme NAD(P)H
oxidase converts oxygen to superoxide free radicals. The energy necessary for this process
is delivered by the hexose monophosphate that breaks down glucose into CO,. Studies of
Vanholder et al., revealed a profound disturbance of PMN glycolysis in response to challenge
[223]. The inhibition is parallel for different stimuli: latex beads, S. aureus, f-MLP and PMA.
The fact that all of these stimuli including the direct activator PMA show a depression of the

activation mechanisms, suggest that a common distal metabolic pathway is disturbed.

The defect in opsonization may be more important in dialysis patients, where a depletion of
opsonins has been evidenced [224]. However, the high level of toxins in blood affects all
selected patient groups by an imbalance of the bicarbonate buffer system of the blood.
Furthermore, the enhanced availability of cytokines may result in the exhaustion of the
immune system. Schleiffenbaum et al., demonstrated that the preincubation of PMNs with
TNF caused functional deactivation of respiratory burst, corresponding with a down-
regulation of TNF receptors [225]. The sum of all these factors may explain why the
engulfment and the respiratory burst of phagocytes from the selected patient groups are
significantly reduced compared to those of the phagocytes from healthy volunteers.
Interestingly, the engulfment as well as the development of respiratory burst of phagocytes

between the selected patient groups is comparable and may be resulted from the interaction
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of common factors, like electrolyte abnormality, metabolic acidosis, the vascular
insufficiency, the increased level of chemokines and cytokines, and the under-supply of

phagocytes with nutrients.

The results from the in vitro studies demonstrated that the hUK-66 IgG1 did not enhance the
ingestion of S. aureus by phagocytes from healthy volunteers or patients. For the
phagocytes from healthy volunteers, it was detected that without additional antibody, over
90% of phagocytes had ingested bacteria. This clearly demonstrates that opsonization with
serum host factors, such as antibody and complement results in the maxima recognition and
phagocytosis of invading microorganisms. Consequently, the engulfment of S. aureus could
not be improved under these conditions by hUK-66 IgGl. To draw a conclusion, hUK-66
IgG1 is not able to induce phagocytosis of inactive or impaired phagocytes. Noteworthy, the
reduced percentage of activated phagocytes from selected patient groups ingested S. aureus
most effective, since the presence of additional antibody cannot improve phagocytosis.
Related to the results from the oxidative burst of phagocytes from healthy volunteers, hUK-
66 1gG1 cannot increase the percentage of phagocytes which are positive for respiratory
burst. A possible explanation is, that already over 80% of detected phagocytes are positive
for oxygen species and that the other 20% of phagocytes are inactive or dead. However,
blood samples from selected patient groups incubated with hUK-66 revealed a higher
percentage of oxidative burst positive cells compared to untreated samples or samples
treated with the isotype control. Based on these results, hUK-66 activates phagocytes to
produce oxygen species following FcyRs binding. These receptors activate signal
transduction pathways that prolong cell survival, facilitate phagocytosis, release of cytokines
and chemokines, elicit degranulation and promote reactive oxygen species production [226].
These processes are promoted by hUK-66, while the engulfment of staphylococci is

unaffected by hUK-66. These results act perfectly in concert with the data of Lu et al, [227].

The phagocytosis process can be distinguished in several phases: attachment of opsonized
particles by specific receptors, pseudopod extensions and completion of the engulfment
resulting in the formation of a phagosome (Fig. 54). The next steps involve mobilization and
fusion of the phagosome with different granule types resulting in the release of granule
content that is required for killing [228]. The in vitro results of the engulfment experiments
revealed that the hUK-66 antibody did not enhance the engulfment of S. aureus but
increased the killing of phagocytosed bacteria. Neutrophils are capable of engulfing as many
as 50 bacteria whereby a substantial amount of surface area is internalized while maintaining
cell size and shape [229]. Besides opsonins and their ligands also physical parameters have
influence on this process like particle size and shape. The bacterial size can be increased by
natural changes in cellular morphology or via antibody-mediated agglutination [230].

However, even if the phagocytosis process is normal of patients at high risk, a clear defect is
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observed in killing of S. aureus in vitro [231]. Furthermore, for effective bacterial killing, a

critical concentration of neutrophils is required in suspension.
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Fig. 54 Overview of neutrophil dependent killing of S. aureus.

Chemotactic molecules diffuse from the site of infection and into the bloodstream bind specific
receptors on the neutrophil surface, arresting the rolling process and induce firm adherence to the
endothelial wall. Once in the tissue, primed neutrophils chemotractically migrate to the site of infection
where they recognize and engulf invading microorganisms. Within the phagosome of the activated
neutrophil, microbes are destroyed by NADPH oxidase-derived reactive oxygen species and
antimicrobial proteins released upon granule fusion with the phagosome (degranulation).

From Deleo et al,, Semin Immunophalogogy, 2011

In vitro experimental killing demonstrates that a critical neutrophil concentration dictates the
outcome. The individual maximum bearable bacterial concentration dependent on: neutrophil
concentration, phagocytic activity and patient barrier integrity and can be varied by orders of
magnitude between patients [232]. The effector function of hUK-66 1gG1 is mediated by
FcyR binding and results in an enhancement of bacterial killing. This hUK-66 1gG1
dependent mechanism has a beneficial effect with granulocytes derived from
immunocompetent persons as well as immunocompromised patients. This finding is further
confirmed by in vitro kiling assays performed with purified PMNs and hUK-66 1gG1 Fc
mutant, which cannot be bound by FcyRs due to N297A mutation. Interestingly, the PMN
samples incubated with the isotype control Rituximab demonstrated more effective killing
than PMNs incubated with the hUK-66 IgG1 N297A Fc mutant. A possible explanation for
this observation can be, that the isotype control contains intact glycosylated Fc parts, which

can activate PMNs. The isotype control revealed killing only at high concentration of 500
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pg/ml. The high antibody density may results in the development of immune complexes,
which are more effective for PMN activation than Fc mutant opsonized bacteria complexes.
The deglycosylated mutant cannot be bound by FcyRs, so that the killing stimulus consists
only in the presence of bacteria. The presence of intact Fc parts by the isotype control is an
extra stimulus, which may explain the moderate bacteria reduction.

The complete mode of action of hUK-66 IgG1 cannot be fully explained by in vitro results.
However, there is a link between the increased oxidative burst reaction and the enhanced
killing capacity of phagocytes from patients as well as from healthy volunteers. Therefore,
hUK-66 1gG1 may act as a priming agent, serving to enhance phagocyte responses to S.
aureus. Priming was first described in the early 1980s and is defined as the ability of a
primary agonist to enhance the production of superoxide in response to a stimulus [233]. The
priming process occurs on almost all levels of phagocyte functions: cytokine secretion,
leukotriene synthesis, degranulation and microbicidal activities [226]. It is thought that
priming prepares phagocytes for maximal response to invading microorganisms and thereby
promoting efficient clearance. This assessment is borne out by the fact that the more
responsive state of the neutrophil is attributable to assembly of the NADPH oxidase,
reorganization of the plasma membrane, redistribution of signalling molecules into lipid rafts,
modulation of intracellular signalling, mobilization of secretory vesicles, enrichment of
specific surface receptors, cytokine secretion and transcriptional regulation of several gene
families [228]. Results from in vitro studies clearly demonstrated that hUK-66 IgG1l mediates
killing of S. aureus by binding FcyRs. Usually, S. aureus is recognized directly by its
pathogen-associated molecular patterns (PAMPS) via pattern recognition receptors (PRRS).
The engagement of two separate receptors activates signal transduction pathways may

explain the increase oxidative burst and the enhancement of killing capacity [226] (Fig. 55).
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Fig. 55 Work hypothesis of hUK-66 IgG1 function.

A priming effect of phagocytes is mediated by a second stimulus. Besides the activation of phagocytes
via PAMPs and PRRs, the binding of hUK-66 IgG1 by FcyRs mediate further signal pathways, which
results in enhancement of phagocytosis. A) Signal pathways activate via PAMPs and PRRs binding.
B) Signal cascade stimulates via hUK-66 1gG1 and FcyRs interaction. TLR4 Toll-loke receptor 4

The hUK-66 IgG1 opsonizes bacteria by binding of IsaA on the bacterial cell surface and
mediates opsono-phagocytosis and killing. The hUK-tox antibody neutralizes the secreted
alpha-toxin. This toxin is secreted as a water-soluble monomer by the majority of clinical
relevant S. aureus strains [146, 147]. By its ability to forming pores, alpha-toxin injures the
lung and other tissues and by this is involved in many diseases caused by S. aureus ranging
from minor skin infections to life-threatening deep tissue infections and toxinoses [147]. In
various animal models, immunization with antibodies directed against the staphylococcal
alpha-toxin protects against S. aureus colonization or infection and results in a significant
increase of survival in the treated animals compared to untreated animals (J. Wardenburg,
2008). Based on the promising animal data, a humanized anti-alpha-toxin 1gG1 antibody was
chosen to be tested in a combinatorial therapy with hUK-66 1IgG1. The results from these
assays revealed that the combination of hUK-66 IgG1l and hUK-tox IgG1 increases the
efficacy of antibody-mediated immunotherapy (Fig. 26). Analysis focused on the FcyRs
binding of hUK-66 1gG1 and hUK-tox revealed that both antibodies are bound by high affinity
receptor FcyRla and FcyRII, the most important FcyRs which mediates phagocytosis. For
intensive investigation, an improved experimental set up has to be designed to analyse

combinatorial effects of two antibodies with different effector mechanism in vitro.
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7.5. Therapeutic efficacy of hUK-66 in vivo

A recent increase in staphylococcal infections caused by MRSA, combined with frequent,
prolonged ventilator support of an aging, often chronically ill population, has resulted in a
large increase in cases of MRSA pneumonia in the health care setting [234]. Additionally,
caMRSA pneumonia has become more prevalent. Historically, this type of pneumonia affects
younger patients, follows infection with influenza virus, and is often severe, requiring
hospitalization and causing the death of a significant proportion. Both haMRSA and caMRSA
are important causes of pneumonia and present diagnostic and therapeutic challenges [235].
Indeed, MRSA now accounts for 20-40% of all hospital-acquired pneumonia and ventilator-
associated pneumonia [236]. To date, not only methicillin-resistant S. aureus are highly
prevalent, but also resistances to treatment with fluorchinolones, macrolides, clindamycin,
gentamicin, rifampicin, trimethoprime/ sulphonamide and mupirocin are reported (European
Antimicrobial Resistance Surveillance System annual report 2008 and 2009.). Following the
use of vancomycin as an antibiotic of last resort, intermediate and highly vancomycin-
resistant S. aureus strains are observed. Confronted with this situation, a model of S. aureus
Newman-induced pneumonia in adult Balb/c mice was established to investigate the
therapeutic potential of mUK-66, hUK-66 and hUK-tox in prophylactic and therapeutic
treatment. This infection model was chosen since it closely mimics the clinical and
pathological features of pneumonia in humans. Both, human and mouse, develop an
inducible bronchus-associated lymphoid tissue (iBALT) in case of infection, which initiate a
local immune response and maintain memory cells in the lung [237]. Furthermore, with
regard to the pneumonia model, mouse and human develop a similar immune response. The
first line of defence against microorganisms in human is neutrophils. After infection,
neutrophils dominate the infected site early while macrophages dominate infected sites at
later stages. For the pneumonia model in mouse, Chen et al., demonstrate an equal immune
response by comparing the cell number found in bronchoalveolar lavage fluid, after 1 and 3
days of infection. After 1 day of infection, the percentage of PMNs was dominated in MRSA-
infected mice and after 3 days of infection the percentage of neutrophils decreased, while the
percentage of macrophages increased. Macrophages dominated in the PBS group [238].

The S. aureus mediated pneumonia was induced by intranasal application of bacteria by
dropping bacterial suspension onto the nose of appropriate anesthetized mouse. This way of
bacterial inoculation ensures that approximately two-third of the inoculum could be recovered
from the lungs which are in good accordance to results presented by other scientific groups
using this mouse model [239]. S. aureus is not a natural colonizer of mice [240]. Therefore,
mice had to be infected with a high bacteria inoculum to induce pneumonia related clinical
symptoms. This high bacterial burden results in a progressive and rapid course of disease,

reflecting in a mortality rate of approximately 50% at 24 h, and an additional 20% of the
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animals succumbed to infection within 48 h following inoculation. Therefore, the effectiveness
period of the therapeutic antibody to mediate protection is extremly limited. After
establishment of the infection dose, first in vivo experiments were performed with mUK-66 to
validate the mouse model. The intranasal application of antibody was chosen to locate the
antibody direct at the side of infection. As it was shown in previous experiments using
different mouse models, mUK-66 mediates 100% protection at an effective dose of 5 mg/kg
in a prophylactic setting by intranasal application. Based on these results the pneumonia
model was chosen to evaluate the therapeutic efficacy of hUK-66 and further hUK-tox.
Noteworthy, the common clinical application of antibodies is the intravenous route of
infection. The intravenous application includes security, efficacy and rapid delivery of
medication. Medication dose can easily be monitored and is especially useful if long term
therapy is proposed. Furthermore, the intravenous application is less painful than the
administration of medicine subcutaneously or intramuscularly. However, intravenous
application is more costly than oral or injectable administration by the higher concentration of
medication necessary to be injected into the circulatory system to reach the effective dose at
the side of infection. Furthermore, the rapid changes in the circulatory system result in a limit
time of therapy, usually no more than 72 hours [241]. This situation explains why the
effective dose of hUK-66 is dependent on the application route and increases from 5 mg/kg

administered intranasally to 60 mg/kg intravenously.

Multiple S. aureus virulence factors contribute to the pathogenesis of pneumonia and
staphylococcal IsaA is not regarded as a classical virulence factor compared to alpha-toxin.
The alpha-toxin of S. aureus plays a critical role in the induction of pneumonia by causing
damage to alveolar epithelia and erythrocytes [242]. After binding to receptor sites on cell
surfaces, alpha-toxin forms heptameric assembly and funnel-shape pore that perforates host
cell membranes [243], [244]. The effects of alpha-toxin are both concentration and cell-type
dependent and include cell lysis, release of proinflammatory mediators and cytokines, and
induction of apoptosis [243]. Therefore, alpha-toxin impaired the function of the lung’s air-
blood barrier. Studies by Bramley et al. revealed that S. aureus mutants lacking hla have
reduced virulence in invasive disease models and larger numbers of staphylococci are
required to kill mice [245]. These studies were persuaded by Wardenburg et al. and
demonstrated that S. aureus hla mutant are less virulent than the wild type. Animals infected
with hla mutant strain appeared to be moderately ill within 24 h and only a small number of
these animals succumbed to the infection [239], [246]. These studies revealed also the
virulent power of alpha-toxin. The hUK-tox mode of action is the neutralization of the alpha-
toxin to inhibit the pathogenic effect on host cells. To the current knowledge, IsaA does not
interact with the host and is not a virulence factor per definition. The fact that IsaA is
associated with bacterial cell surface allowed the design of antibodies which mediate

bacterial killing by phagocytosis. The hUK-tox antibody mediates direct effector function
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compared to hUK-66 which has an indirect mode of action. The different modes of action of
both antibodies are clearly demonstrated in the in vivo results. Related to the dose of
efficacy, hUK-tox mediates 100% protection in a prophylactic set up at a concentration of 5
mg/kg compared to hUK-66 which mediates 70% protection at a concentration of 60 mg/kg.
The importance of effective concentration at the site of infection is conducted by the fact that
0.5 mg/kg of hUK-66 mediates 100% protection by intranasal application compared to 60
mg/kg of hUK-66 mediated 70% protection by intravenous application.

Further aspects have to be considered by evaluating the therapeutic efficacy of mUK-66,
hUK-66 IgG1 and hUK-tox. hUK-tox neutralizes alpha-toxin via binding and thereby the pore-
forming process is inhibited. No further effector cells have to be activated and no receptor

interaction is necessary.

All in all, the mouse pneumonia model is useful to demonstrate therapeutic efficacy of
antibodies which act directly on S. aureus virulence factors but needs further improvements
to be a useful model to analyse therapeutic efficacy of antibodies with indirect mode of action
like hUK-66. Furthermore, the high bacterial burden necessary to induce pneumonia by S.
aureus in mice provides a very small effectiveness period for the antibody in a prophylactic
setting. All results of in vivo experiments clearly demonstrate that both antibodies hUK-66
and hUK-tox have therapeutic efficacy to inhibit S. aureus induced pneumonia using as a
prophylactic treatment. To demonstrate the therapeutic efficacy of an antibody, a less
aggressive model would be more useful, especially infection models with a slow course of
disease and a small number of bacteria to induce the disease, like the models of sepsis and
endocarditis. It is important to note that the susceptibility of mice to staphylococcal infection
is significantly less than that of humans [137]. Due to the high bacterial load necessary to
induce the disease in mouse, there are high demands for the antibody to mediate protection
and in general the disease conditions are different to the human situation. The large
inoculum required to cause pneumonia in these animals demonstrates the remarkable ability
of the murine immune system to eliminate S. aureus from the lung. Hopefully, the
enlargement of knowledge about this model system of immunocompetent mice may enhance
our understanding of pulmonary immunity against S. aureus. One attempt to circumvent the
limitations of the model is to analyse anti-staphylococcal antibodies in rabbits, which are
naturally prone to S. aureus infections. For example S. aureus is able to colonize rabbits
[247]. Moreover, both rabbit and human neutrophils for are susceptible for S. aureus
virulence factor PVL, which is not the case for mice [248]. The development of an effective
anti-staphylococcal therapy will require the development of animal models that are more
closely approximate to human infections. S. aureus is not a natural colonizer of mice.
Therefore many of the virulence factors elaborated by S. aureus to evade the human

immune system may prove more difficult to study in mice, with PVL being a prime example
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[240]. The challenge of translating findings in mice to humans was further illustrated by a
publication by Soek et al. The study demonstrated that inflammatory responses are fairly
consistent in humans, but not in mice [249]. Furthermore, the balance of lymphocytes and
neutrophils in adult animals is quite different: human blood is neutrophil rich (50-70%)
whereas mouse blood has a strong preponderance of lymphocytes (75-90%) [250]. One of
the first lines of defence is antimicrobial peptides, called defensins. They are important in
mucosal defence in the gut and in epithelial defence. Neutrophils are a rich source of
defensins in humans, but defensins are not expressed by neutrophils in mice [251]. There is
strong evidence by a study of Ober et al., that the human and mouse FcRn have the same
function by regulating the serum half-lives of IgG. Thus, humanized antibodies may be
cleared more rapidly in mice than in human [252]. Noteworthy, there are well-known
differences in expression of Ig isotypes between mice and humans. Mice express four
subclasses of IgG: IgG1, IgG2a, 1gG2b and IgG3. In humans there are also four subclasses
of IgG: IgG1, 1gG2, IgG3 and IgG4. While different subclasses have different abilities to bind
FcR or complement and IgG1 antibody mediates different effector functions in mice than in
humans [253]. For the development of an effective anti-staphylococcal therapy, it is most
important to learn more about the natural immunity to S. aureus infections of
immunocompetent hosts. The mechanisms of natural immunity are poorly understood. S.
aureus disposes over broad range of virulence factors and strategies to evade human
immune response and to colonize human. However, colonizers must not necessarily develop

S. aureus induced clinical symptoms.
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8. Outlook

Antibody molecules demonstrate unique and complex characteristics. How complex the
development of an antibody based therapy against S. aureus is, demonstrate the fact that
each patient develops a unique S. aureus specific immune response, after infection. The
most critical step is the number of days to reach protective antibody levels. Therefore, it is
quite challenging to develop an antibody therapy based on a single staphylococcal
component. The cause of failure of previous staphylococcal immunotherapies is complex and
suffers from inadequate target selection. A pathogen, which is armed with a broad range of
virulence factors, is able to remain pathogenicity even when antigens are neutralized or
blocked.

In this work, the potential of hUK-66 was investigated as a candidate for a single anti-
staphylococcal immunotherapy and in combination with the alpha-toxin neutralizing antibody
hUK-tox. In summary, hUK-66 was shown to bind specifically to IsaA without cross-reactivity
with other staphylococcal surface proteins. Binding of hUK-66 to FcyRI and FcyRlla
expressed by neutrophils as well as the induction of a respiratory burst were also
demonstrated. Furthermore, hUK-66 was shown to induce bacterial killing in whole blood in
vitro and was consequently also active in pneumonia models in mice. These experiments
were exclusively performed with the S. aureus strain Newman. However, S. aureus strains
are diverse and very versatile in their antigenic repertoire, therefore it is important to
investigate the prophylactic effectiveness of hUK-66 and hUK-tox with further clinical relevant
S. aureus strains. In this context, the specific mode of action of hUK-66 and hUK-tox during
pulmonary infection of mice has to be defined with clinical important S. aureus strains and
their isogenic mutants. Furthermore, it has to be investigated whether hUK-66 and hUK-tox
protection against pneumonia is also protective against other forms of S. aureus infection like

bacteremia, sepsis or osteomyelitis.

The pharmacology of hUK-66 and hUK-tox has been characterized in terms of target affinity
and selectivity, in vitro functionality as well as an in vivo efficacy. These data clearly
demonstrate that the antibody molecules hUK-66 and hUK-tox possess several prerequisites
for a successful immunotherapy against S. aureus. However safety and pharmacokinetics of
both antibodies are not investigated yet as well as the safety, toxicity and bioavailability by
analysis of tissue cross-reactivity in animal tissues of the combination of hUK-66 and hUK-
tox. The main aim of the future non-clinical development will be to demonstrate the safety of
a dose leading to a multiple of the human target exposure in animals. Local tolerance will be
evaluated by histopathological examinations of the injection sites and toxicokinetics in

animals will give information on potential pharmacokinetic interactions of the two antibodies.
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To expand our knowledge of interaction with hUK-66 and hUK-tox with the immune system
further studies have to be performed to investigate the influences of cytokine development in
human immune cells as well as the effect on b- and t-cell stimulation. All data will be used to
identify a safe starting dose for a planned First-in-Man study.

The independent observation by van der Kooi Pol et al., and Lorenz et al., that human anti-
IsaA antibody are critical for successful protection during S. aureus infection demonstrates
the potential of hUK-66 as a candidate for immunotherapy. Furthermore, the therapeutic
combination of hUK-66 and hUK-tox includes two different effector mechanisms and allows
to combat S. aureus from two sides at once. The combination of two efficient anti-
staphylococcal antibodies reveals a new therapeutic strategy for untreatable S. aureus so
far.
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12. List of abbreviations

abbreviation explanation

ADCC antibody dependent cellular cytotoxicity
Amp ampicillin

AOD arterial occlusive disease

AT alpha-toxin

CA-MRSA community assosiated MRSA

CDC complement dependent cytotoxicity
CDR complementarity determining regions
CFU colony forming units

CH constant domain of heavy chain

CHO Chinese hamster ovary cells

DMSO dimethylsulfoxid

E.coli Escherichia coli

FCS Fetal Calf Serum

FcyR Fc gamma receptor

FITC fluorescein isothiocyanate

FR framework

GS glutamine synthetase

HAMA human anti-mouse antibodies
HA-MRSA hospital associated MRSA

HEK293 human embryonal kidney

HRP horseradish peroxidase

hUK-66 human anti-IsaA antibody

hUK-tox human anti-alpha-toxin antibody

IgG immunoglobulin G

IMAC immobilized metal ion affinity chromatography
IPTG isopropyl-B-D-thiogalactopyranosid
IsaA immunodominant staphylococcal antigen A
IVIg intravenous immunoglobulin

Kan Kanamycin

Kp dissociation constant

LB lysogeny broth

LT Iytic transglycosylase

mAb monoclonal antibody

MRSA methicillin resistant Staphylococcus aureus
MSX methione sulfoximine

mUK-66 mouse anti-IsaA antibody

NSO murine myeloma cells
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PBS
PBS-T
PCR
PG
PMN
PRSA
rlsaA
ROS
RT
S.aureus
scFv
SLT
spa
SPR
ST
TBS
TBST
TMB
VH
VL
Zeo®

phosphate-buffered saline
phosphate-buffered saline with Tween
Polymerase chain reaction
peptidoglykane

polymorphonuclear leukocytes
Penicillin resistant Staphylococcus aureus
rekombinant IsaA

reactive oxygen species

room temperature

Staphylococcus aureus

single chain Fv fragment

soluble lytic transglycosylase
staphylococcal protein A

surface plasmon resonance
Sequence type

tris-buffered saline

tris-buffered saline with Tween
3,3',5,5"-Tetramethylbenzidine
variable region of heavy chain
variable region of light chain

Zeocin
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13. Appendix

13.1. IsaA

13.1.1. IsaA-Nucleotide sequence

Start-Atg aaa aag aca att atg gca tca tca tta gca gtg gca tta ggt gta aca ggt tac gca gca ggt
aca gga cat caa gca cac gct gct gaa gta aac gtt gat caa gca cac tta gtt gac tta gcg cat aat
cac caa gat caa tta aat gca gct cca atc aaa gat ggt gca tat gac atc cac ttt gta aaa gat ggt ttc
caa tat aac ttt act tca aat ggt act aca tgg tca tgg agc tat gaa gca gct aat ggt caa act gct ggt ttc
tca aac gtt gca ggt gca gac tac act act tca tac aac caa ggt tca gat gta caa tca gta agc tac aat
gca caa tca agt aac tca aac gtt gaa gct gtt tca gct cca act tac cat aac tac agc act tca act act
tca agt tca gtg aga tta agc aat ggt aat act gca ggt gct act ggt tca tca gca gct caa atc atg gct
caa cgt act ggt gtt tca gct tct aca tgg gct gca atc atc gct cgt gaa tca aat ggt caa gta aat gct
tac aac cca tca ggt gct tca ggt tta ttc caa act atg cca ggt tgg ggt ccg aca aac act gtt gac caa
caa atc aac gca gct gtt aaa gca tac aaa gca caa ggt tta ggt gct tgg gga ttc taa-Stop (702bp)

13.1.2. IsaA-Vector maps
A . B HIS Ctem.

T7 terminator

” 1 origin
5 -
R ’ 4 p
amp "“w/// /'/.[
V4 kanR_ /7
& 4
.’! / t'{ rlf
U pQE-30 IsaA pETM11 IsaAkomplett
2:32bp

4

pBR322 origin  \ A

rrnB

IsaA expression vector systems:

IsaA was expressed in two vector systems: pQE-30 and pETM11 to generate IsaA with a C- and N-
terminal His-Tag for purification. Both systems are suitable for E. coli and IsaA from both systems are
functional.

13.2. Antigen binding domains

13.2.1. Antigen binding domain scFv mUK-66

The amino acid sequence of the variable antigen binding of the heavy chain is coloured in
yellow and the light chain is highlighted in blue. The heavy and light chain are connected by

a peptide sequence (sequence is underlined).
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AAQPAMADVKLVESGGGLVKLGGSLKLSCSASGFTFSNYYMSWVRQTPEKRLELVADINGN
GGSTYYPDTVKGRFTISRDNAKNTLYLQMSSLKSEDTALYYCVRRGGYYALDYWGQGTTVT
VSSGGGGSGGGGSCGGGGDVVMTQTPLSLPVSLGDQASISCRSSQSLVHINGNTYLHWYLQ
KPGQSPKLLIYRVSNRFSGVPDRFSGSGSGTDFTLKISRVEAEDLGVYFCSQSTHV
PWTFGGGTKLELKR

13.2.2. Antigen binding domain scFv hUK-66(1)

The amino acid sequence of the variable antigen binding of the heavy chain is coloured in
yellow and the light chain is highlighted in blue. The heavy and light chain are connected by
a peptide sequence (sequence is underlined).

EVQLLESGGGLVQPGGSLRLSCAASGFTFSNYYMSWVRQAPGKGLEWVSDINGNGGSTY
YPDTVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCVRRGGYYALDYWGQGTTVTVS
SGGGGSGGGGSGGGGEIVLTQSPGTLSLSPGERATLSCRSSQSLVHINGNTYLHWYQQKP
GQAPRLLIYRVSNRFSGIPDRFSGSGSGTDFTLTISRLEPEDFAVYYCSQSTHVPWT
FGGGTKLELKR

13.2.3. Antigen binding domain scFv hUK-66(2)

The amino acid sequence of the variable antigen binding of the heavy chain is coloured in
yellow and the light chain is highlighted in blue. The heavy and light chain are connected by

a peptide sequence (sequence is underlined).

EVQLLESGGGLVQPGGSLRLSCAASGFTFSNYYMSWVRQAPGKGLEWVSDINGNGGSTY
YPDTVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCVRRGGYYALDYWGQGTTVTVS
SGGGGSGGGGSCGCGGGDVVMTQTPLSLSVTPGQPASISCRSSGSLVHINGNTYLHWYLQKP
GQSPQLLIYRVSNRFSGVPDRFSGSGSGTDFTLKISRVEAEDVGVYYCSQSTHVPWTFGG
GTKLELKR
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13.2.4. Vectors used for cloning antigenbinding domains

Sckv
Hi’rﬂ]ll('z)
Himlll{4375) ApaLi(ag8) Avd (16D
\ Apall(8s8:) —Clae=
\ e s
ApaLl (735)7“% e Aud (1902)
Aud (=67
pHEN B pAB-6xHis """M_‘ L (23
4616bp — ‘ bcShp —“—’m ;
Cld(aa)  pall(G) . ApaL (2466)
BamHI (4130)
Hindl (ez-r)*J Xmal (4158)
cld (S’SSDT"*/ / \ \ " Aud (@193
HindlI (s241)

‘T (439
cld ()

Antigen binding domain expression vector systems:

The antigen binding domain of heavy and light chain was combined with a (SG4)3 linker. Therefore
the nucleotide sequence of heavy and light chain was cloned into the vector pHENZ2. The complete
scFv sequence, includes the sequence of the antigen binding domain of heavy and light chain as well
as the linker, was than cloned into the expression vector pAB.

LMB3 pelB leader
IacP///g\ [j Ned (60)
mUK-66 VH
Xhol (417)
linker
mUK -66 VL
- XhoI(813)
pAB1 scFv mUK-66 — cta
4066bp my g
H|s tag
LMB2
LMB4

Antigen binding domain expression vector with scFv mUK-66:
The murine antigen binding domain UK-66 was cloned into the expression vector pAB as scFv
fragment and two purification tags: His-Tag and Myc-Tag.
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