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Abstract.

Aim: To generate an antibody-antibiotic conjugate directed against Burkholderia
pseudomallei and to investigate combinational therapies. This involves antibody,
antibiotics and autophagy promoting compounds as potential alternative therapies

for melioidosis.

Melioidosis is a severely neglected tropical disease caused by the gram negative
bacterium B. pseudomallei. The bacterium can subvert the host immune system and
form an intracellular niche protected from current antibiotic therapies. This project
aims to investigate monoclonal antibodies and novel antimicrobial compounds as
potential therapeutics for melioidosis. An antibody will be incorporated into an
antibody-antibiotic conjugate (AAC) which has the potential to specifically target

bacteria and localise delivery of antibiotics to the site of intracellular infection.

RAW 264.7 macrophage-like cell infection assays have been used to down select
monoclonal antibodies based on their ability to opsonise Burkholderia in vitro.
Imaging flow cytometry and colony count data has shown that antibodies directed
against the capsule polysaccharide (CPS) of Burkholderia are opsonising and
significantly increase bacterial uptake into RAW cells. Confocal microscopy data
shows that antibody opsonised bacteria have a significant reduction in actin tail
formation within RAW cells, which is required for bacterial virulence and spread
between host cells. Autophagy inducing compounds have been investigated as
potential alternatives to antibiotics, with one compound displaying a level of bacterial
killing and autophagy induction in vitro.

An AAC has been developed consisting of an anti-CPS antibody conjugated to an
antibiotic via a cathepsin cleavable linker. The mechanism of action relies upon
opsonisation of Burkholderia and uptake of the AAC into phagocytes. Within the
phagocyte, the linker between the antibody and antibiotic is cleaved by cathepsin,
therefore releasing the antibiotic in an active form to kill the intracellular bacteria. Two
antibiotics have been successfully incorporated into a cathepsin cleavable linker and

antibiotic functionality demonstrated in vitro.



In conclusion this data is supporting the development of a novel antibody based
therapy for melioidosis and gaining insight into the cell-bacterial relationship during
Burkholderia infection. This work represents an initial proof of principle in the
development of an AAC as a targeted therapy for melioidosis. By targeting
intracellular infection it is hoped that this will improve current antibiotic therapy for

melioidosis and reduce relapse of infection in infected individuals.
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1. Introduction.

1.1 Melioidosis.

1.1.1. Burkholderia pseudomallei.

B. pseudomallei is a gram negative bacterium responsible for the disease
melioidosis. First described by Whitmore in 1913, Whitmore describes finding a
strange glanders like bacterium during post mortems in Rangoon, and after

describing the bacterium, proposed the name pseudomallei (1).

The bacterium has a low LDso, especially via the aerosol route of infection, as shown
by animal studies in which 10 or fewer bacterial colonies are fatal in BALB/c mice
(2). The strain K96243 is commonly used in melioidosis studies, first isolated from a
diabetic patient in Thailand. This strain has a LDso in BALB/c mice of 262 and 10
bacterial colonies, from the intraperitoneal and inhalational infection route

respectively (2).

B. pseudomallei is an Advisory Committee on Dangerous Pathogens (ACDP) hazard
group Il pathogen, itis a schedule 5 agent in the UK. The bacterium has been named
as a potential bio-threat pathogen (3), this is in part due to key features including
environmental persistence, a low infectious dose, together with a lengthy and

complex therapy to successfully treat melioidosis.

1.1.2. Burkholderia thailandensis.

B. thailandensis is closely related to B. pseudomallei, first described in 1996 by
Wuthiekanun et al as a potential new species of Burkholderia which is
morphologically and antigenically similar to B. pseudomallei (4). It is possible to
isolate both B. thailandensis and B. pseudomallei in the same environment (5),
although B. pseudomallei isolation is often dominant, possibly due to the bacterium
being able to inhibit the replication and motility of B. thailandensis (6). There are
occasional reports of human infection and disease caused by B. thailandensis (7-9),
it is probable that some of these cases are actually due to mistaken identity with B.

pseudomallei (10). The bacterium is considered to be essentially avirulent in humans.

21



In small animal models, a greater than 10° reduction in virulence is seen with B.
thailandensis strains compared to B. pseudomallei strains (2, 11). Colony
morphology is similar and difficult to distinguish from B. pseudomallei, although one
distinguishing factor is that B. thailandensis has the ability to assimilate L-arabinose
(4, 11, 12). A B. thailandensis strain isolated from Cambodia expressing a B.
pseudomallei like capsule polysaccharide (CPS) has been described in detail by Sim
et al (13). This strain designated E555, demonstrates a greater ability to replicate
and survive within the in vitro RAW cell infection model, when compared to non-
capsulated strains (13). The E555 strain is avirulent in murine in vivo infection
studies, demonstrating that the CPS alone is not sufficient to increase strain E555
virulence compared to other B. thailandensis strains (13). The E555 strain is
commonly used as an ACDP hazard group Il surrogate for B. pseudomallei within in

vitro infection models (14, 15).

B. thailandensis E555 was used throughout this research project as a surrogate for
B. pseudomallei. Non-capsulated strains of B. thailandensis such as E264 are
commonly used in cell infection studies, E264 was not used in this research project
since the bacterium replicates at a slower rate than B. pseudomallei in cell infection
studies (16, 17). Additionally, E264 lacks the capsular polysaccharide, therefore
lacking a major virulence factor and a specific target for monoclonal antibodies to be
assessed in this research project. An attenuated strain of B. pseudomallei
downgraded to containment level Il could be used for cell infection assays, if
permission could be grated for use in Dstl containment level Il laboratories. Although,
the characteristics for intracellular growth would have to be well defined. Capsular
mutants such as JW270 (18) would not be suitable for this research project, due to
the capsule being a crucial target for mAbs in this study. A study by Bayliss et al
investigated the capsular polysaccharide of B. thailandensis E555, and showed that
monoclonal antibody recognition of the B. thailandensis E555 capsule was
indistinguishable from B. pseudomallei 1026b (19). It has also been demonstrated
that B. thailandensis E555 replication in macrophages better represents that of B.
pseudomallei replication, when compared to the non-capsule strain B. thailandensis
E264 (15). B. thailandensis E555 shares some phenotypic characteristics with B.
pseudomallei, such as colony wrinkling, resistance to complement and intracellular

survival within macrophages (13). B. thailandensis E555 has been shown to be a
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suitable surrogate for B. pseudomallei cell infection experiments enabling work at a
lower level of containment. B. thailandensis E555 is avirulent in murine in vivo studies

and therefore is not a suitable surrogate for in vivo protection studies (13).

1.1.3. Infection.

Taking into account melioidosis occurrences along with environmental and human
factors, Limmathurotsakul et al (20) modelled the potential worldwide distribution. It
is predicted that 165,000 cases of melioidosis occur a year with up to 89,000 deaths
(20). The most common routes of infection by B. pseudomallei are through cutaneous
inoculation and inhalation, with a peak of infection seen during extreme weather such
as monsoon seasons, in which 75% and 81% of melioidosis cases in Thailand and
Australia occur respectively (21). In Thailand, a melioidosis endemic area, the total
numbers of culture-confirmed melioidosis cases in 2012, 2013, 2014, and 2015 were
1735, 1757, 1932, and 1702, respectively (22).

Cases of melioidosis in the UK are associated with travel from endemic areas, with
the majority associated with travel from Thailand (23). A total of 46 cases of
melioidosis were identified in the UK from January 2010 to July 2019 (23).

Melioidosis can present as an acute, chronic, or latent infection. The majority of
healthy people clear the infection without complications and survive melioidosis (24,
25). Patients that do develop symptoms from an infection will most likely develop the
acute form of melioidosis (25), the chronic form of infection (symptoms lasting >2
months) is less common, accounting for 11% of patients in a 20 year study from
Darwin Australia (24). The latent form of melioidosis is thought to be rare and
accounting for few cases, in patients that survive the initial acute melioidosis 5 - 28%
experience a recurrence of infection (24, 25). Although, the recurrence in infection
could be due to re-infection with a different B. pseudomallei strain rather than relapse
in infection. Relapse however, can occur from B. pseudomallei that failed to be

cleared from the initial infection (25-27).
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1.1.4. Identification.

Early identification is key to successfully treating melioidosis, the disease is known
as the great mimicker due to a wide variety of symptoms, commonly mistaken as
Mycobacterium tuberculosis (28). The lungs are the most commonly affected organ
in adults displaying symptoms such as pneumonia and fever, which can be difficult
to distinguish from other infectious diseases such as tuberculosis (29). The bacterium
can spread from the lungs to distant organs, such as the liver and spleen, causing
abscess formation (29). Interestingly, the appearance of symptoms such as acute
suppurative parotitis and central nervous system infection varies by regions (29),
likely due to differences in isolates present. A recent study in Australia described an
isolate of B. pseudomallei expressing a Burkholderia mallei-like Burkholderia
intracellular motility A (BimA) protein, resulting in an increased virulence and central

nervous system involvement in infection (30).

B. thailandensis can be present in the environment alongside B. pseudomallei,
although rarely isolated together in the same environmental samples (6). A study in
which B. pseudomallei and B. thailandensis were co-cultured, demonstrated that B.
pseudomallei can inhibit the replication and motility of B. thailandensis by targeting
the flagella (6). In Thailand, capsulated strains of B. thailandensis are less common
and the presence of CPS does not seem to enhance survival in the environment (5).
Seropositivity in healthy Thai farmers was shown to be due to exposure to B.

pseudomallei rather than B. thailandensis (5).

Clinical diagnosis of melioidosis based on symptoms alone is extremely difficult,
clinical manifestations may occur in a number of locations of the body including soft
tissues, central nervous system, cardiovascular system, respiratory system,
gastrointestinal and urinary tract system (25). Lab diagnosis of B. pseudomallei
infection can be achieved by bacterial culture typically by Ashdown’s selective media,
in addition to detection by enzyme-linked immunosorbent assay (ELISA) and
polymerase chain reaction (PCR) based technologies, although culture of B.

pseudomallei remains the most reliable method of identification (21).

Antigen detection in clinical samples can be achieved by PCR and antibody based
detection methods, these antigen diagnostic methods provide both a rapid and

accurate diagnosis of melioidosis. Although, for PCR based diagnostics a laboratory
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is required. This is often not available in remote endemic areas, and the cost involved
also makes this approach unviable for many (25). Antibody based detection using
the indirect haemagglutination assay is a specific test for B. pseudomallei, but this
test alone is not suitable for an accurate diagnosis (31, 32). High background
seropositivity in endemic areas can cause issues with misidentification and an
inaccurate diagnosis of B. pseudomallei infection, additionally a successful diagnosis

relies upon there being an antibody response in melioidosis patients (25, 31, 32).

Various PCR assays have been developed over the past 30 years, a study by Kaestli
et al tested a panel of PCR assays against a variety of clinical samples from acute
melioidosis patients (33). The study determined that a PCR assay targeting the type
lIl secretory system TTS1-orf2, was the best target for detection of B. pseudomallei
from clinical samples (33). The PCR test is highly specific and sensitive, although
PCR requires expertise and laboratory facilities which are not always available,

especially in remote endemic areas.

Lateral flow assays are simple to use and don’t require specialist facilities. A lateral
flow assay has been developed with an antibody specifically detecting the capsule
polysaccharide of B. pseudomallei (34). The assay can detect capsule
polysaccharide in a variety of samples, further studies are being undertaken with
melioidosis patient samples and clinical trials to validate the B. pseudomallei capsule
lateral flow assay. The assay has some sensitivity issues with blood samples,
although can detect capsular polysaccharide in urine and sera samples from patients
with severe sepsis (35, 36). The capsule polysaccharide has a low half-life with rapid

excretion, and therefore a positive urine test is likely to mean an active infection (35).

1.1.5. Risk factors.

More than 80% of adult melioidosis cases are associated with the presence of risk
factors, with type Il diabetes and renal disease being the most common (29). With
the incidence of type Il diabetes rising in low to middle income countries, there is a
double burden associated with diabetes together with melioidosis in poorer tropical
areas (37). In non-diabetic patients the CD4* CD8* T-cell response, NK cell, and
especially the production of interferon gamma (IFN-y), have all been shown to be
critical in the body’s ability to control melioidosis (38, 39). In patients with type II
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diabetes, the NK cell response is also important for survival, although there are some
differences, such as an enhanced antibody and CD4- CD8 T cell response in
melioidosis survivors (39). Lifestyle risk factors are an important consideration,
including exposure to contaminated soils and water with open wounds, working in
paddy fields, ingestion of soil contaminated foods and drinking untreated water (40,
41).

1.1.6. Distribution.

Melioidosis is thought to be present across all tropical regions of the world with
confirmed endemic areas including Northern Australia, Thailand, the Indian
subcontinent and parts of South America (20, 42-44). The bacterium survives in the
tropical environment and is most commonly found within soils at depths from 30cm
(45), the bacteria can also be found in water sources, especially those in close

proximity or draining from B. pseudomallei contaminated soils (46).

Melioidosis is a neglected tropical disease (47, 48), and therefore is often undetected
and unreported in less developed tropical regions. An example is the African
continent, where awareness and the ability to diagnose melioidosis is lacking, leading
to an estimated mortality as high as 50% (49-51). Therefore increased effort is
required to diagnose, treat and increase awareness of this disease in many tropical

regions worldwide.

In Northern Australia where melioidosis is endemic, the case fatality rate for critically
ill melioidosis patients has dramatically reduced, from 30% in the late 1980’s, to
currently 15% with the introduction of improved antibiotic treatment regimens (52).
This demonstrates what can be achieved in other endemic areas with improved

awareness, diagnosis and availability of treatments.

1.1.7. Therapy.

The current treatment regimen for melioidosis consists of an acute stage treatment
followed by an eradication stage. The aim of the acute stage therapy is to prevent
the patient dying from the infection, whereas the aim of the eradication stage is to

reduce the chance of a relapse in infection. Acute stage generally consists of a
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therapy of two weeks IV ceftazidime, or meropenem if the infection is particularly
severe (53, 54). The acute stage therapy is then followed by an eradication stage
consisting of 6 months oral co-trimoxazole (Trimethoprim sulfamethoxazole) or co-

amoxiclav (Amoxicillin clavulanic acid) (53, 54).

Finafloxacin is a novel fluoroquinolone antibiotic, which due to an increased activity
at low pH, is being investigated as a therapy for melioidosis (55, 56). Finafloxacin
has shown potential for improved treatment of other intracellular pathogens including
Listeria monocytogenes, Staphylococcus aureus and Legionella pneumophila (55,
56).

1.1.8. Immune response to B. pseudomallei

The innate and adaptive immune response is essential for protecting our bodies
against pathogens. The immune response is composed of various components that
work together to detect, clear and provide long lasting immunity to pathogens. The
leukocytes are the major cell component of the immune system and comprise of cells

such as the lymphocytes and phagocytes.

The lymphocytes are an adaptive immune response, the lymphocytes can be divided
into T cells and B cells. The B lymphocytes develop in the bone marrow and their
main function is in the production of antibodies. Upon stimulation by specific
antigens, the B cells differentiate into plasma cells, secreting antibody to target the
specific pathogen. T cells are responsible for cellular responses and can regulate the
immune response, there are different types of T cells such as the CD4+ T helper
(TH) cells and regulatory T cells (Tregs). The TH cells can be further divided into the
TH1, TH2 and TH17 cells. TH1 are involved in activation of phagocytic cells by IFN-
Y, while TH2 cells are responsible for secretion of IL-4 IL-5 and IL13 triggering
activation of cells such as B cells, basophils and eosinophils (57). TH17 cells secrete
IL-17 ultimately resulting in neutrophil recruitment, TH17 cells also play a role in B
cell activation (57). Another group of T cells, the CD8+ cytotoxic T lymphocytes (Tc)
are responsible for cytotoxicity of infected cells. Tregs as their name suggests,
regulate the immune response, and therefore protect against damage to the body
and autoimmunity. Tregs regulate the T cell response and exert effects on other
immune cells, through processes such as release of inhibitory cytokines, cytolysis,
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metabolic disruption, and inhibition of dendritic cell maturation (58). Antigen
presenting cells play an important role in activation of the T cell response, such as
dendritic cell antigen presentation and cytokine release, following recognition of a

pathogen by pattern recognition receptors (PRRs) (57).

Phagocytes are a group of cells which include the monocytes and neutrophils that
engulf components, such as bacteria. Once internalised, the bacteria are destroyed,
therefore removing pathogens from the tissues. Monocytes migrate to tissues via the
blood and become specialised tissue resident phagocytes, which are long lived

phagocytic cells, compared to the shorter-lived neutrophils.

The innate immune system is the initial response to a bacterial infection. PRRs
recognise components of the bacterial surface known as pathogen associated
molecular patterns (PAMPSs). The toll like receptors (TLRs) are a group of intracellular
and extracellular receptors able to detect PAMPSs, such as TLR4, TLR5 and TLR9
that can detect bacterial lipopolysaccharide (LPS), flagella and CpG DNA
respectively (59, 60). TLRs 1, 2, 4, 5 and 6 are extracellular on the plasma
membrane, whereas TLRs 3, 7, 8 and 9 are intracellular endosomal TLRs (61). The
majority of TLRs induce a pro-inflammatory cytokine response, via activation of the
myeloid differentiation protein 88 (MyD88) dependent NF«B pathway, TLR3 and
TLR4 can signal via MyD88 independent TIR domain containing adaptor protein
inducing interferon B (TRIF) pathway within the cell (61, 62). The TLRs TLR2 and
TLR4 have been shown to play an important role in recognition of B. pseudomallei,
genetic variations in TLR4 in particular have shown to vary susceptibility to
melioidosis (63, 64). It is known that B. pseudomallei actively disrupts the TLR
mediated NF«B pathway with a virulence factor termed TssM (65), therefore reducing

the pro-inflammatory cytokine response to infection.

1.1.9. Pathogenesis.

B. pseudomallei is a soil saprophyte and a facultative intracellular pathogen. The
bacterium is opportunistic, with most common routes of exposure being through
inhalation and skin inoculation in the environment (25). The disease has a variety of
outcomes from asymptomatic infection, and disease ranging from acute to chronic.

The severe disease state can lead to septic shock, together with pneumonia and
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bacterial spread to distant organs (29). Localised infection results in symptoms such
as abscess formation and pneumonia, although the bacterium over time can spread
to distant organs such as the brain, spleen and also the blood, resulting in
septicaemia (66, 67). The septicaemia infection of acute melioidosis is the most
serious form of the disease, and is a potential target of the antibody-antibiotic therapy
developed in this research project. An antibody-conjugate therapy delivered 1V,
would be present in the blood circulation to target a septicaemia infection, binding to
the bacteria and increasing uptake into phagocytes. Within the phagocyte, the
bacteria can be killed by antibiotic release from the conjugate, together with cell

mediated killing mechanisms.

Asymptomatic infection leads to seroconversion, with studies in India showing
seroconversion rates of between 27-29% in healthy individuals, reducing to 10% in
individuals with diabetes (68, 69). The relationship between environmental exposure
and seroconversion is not fully understood, with some studies showing farmers are
more than twice as likely to be seropositive (69), whereas other studies show no

difference within this population (68).

Once the bacterium has gained entry into the host, the bacterium is well equipped to
evade killing by the immune system. The bacterium is known to reside within cells
therefore avoiding detection by the immune system. Numerous virulence factors
promote survival of B. pseudomallei within the intracellular environment. The
bacterium has a large genome of 7.2 mb split between two chromosomes, encoding
virulence factors such as CPS, LPS, adhesins, flagella, and secretory systems of
which the type three and type six are required for optimum survival and virulence
within cells (29, 70-73).

B. pseudomallei can infect a variety of phagocytic and non-phagocytic cells. The
bacterial adhesins BoaA, and BoaB, as well as presence of the type IV pili, are
important factors for adhesion to non-phagocytic cells (73). Following phagocytosis
the bacteria are known to be able to escape endocytic vacuoles, and travel into the
cell cytoplasm using the type three secretory system apparatus (T3SS) (74, 75). The
T3SS is a syringe like mechanism, of which there are three types in B. pseudomallei

encoded on chromosome 2 (76, 77). The T3SS-3 is the most characterised and is
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essential for bacterial escape from endosome compartments, studies have shown it
is required for full virulence in cell infection assays and for virulence in murine
infection studies (77-79). The T3SS-3 transfers translocator and effector proteins into
the cell, such as the B. pseudomallei BipB, BipC, BipD, BopE, BopA, BopB, BopC
and CHBP (70, 74, 75, 77, 80).

BipB is a translocator protein secreted by the T3SS, B. pseudomallei mutants lacking
bipB display reduced cell invasion, reduction in bacterial spread between cells and a
reduction in multi-nucleated giant cell (MNGC) formation in vitro (77, 81). BipB
mutants are also highly attenuated in murine models of infection (82). BipC is
secreted by the T3SS and is a predicted translocator and effector protein. It has
diverse effects on B. pseudomallei adhesion to host cells, invasion, phagosomal
escape and intracellular survival, including effects on bacterial actin tail formation
(80, 83, 84). BipC has been shown to bind directly to actin and can polymerise actin
in vitro, although BipC is not able to stabilise the F-actin filaments (80). The full role
of BipC on actin formation and how this effects B. pseudomallei pathogenesis is yet
to be determined (80). BipD is a translocator protein secreted by the T3SS, and is a
protein of the T3SS needle tip with a role in sensing host cell membrane contact (77,
85). B. pseudomallei mutants in bipD are significantly attenuated in murine studies
(79).

BopE is a guanine nucleotide exchange factor shown to be important for invasion of
HeLa cells and actin re-arrangement (86). BopA is involved in avoidance of LC3
associated phagocytosis (74), and bopB is a predicted phosphatase, with bacterial
mutants displaying no negative effects on either intracellular replication or actin tail
formation (70). BopC mutants show decreased invasion of cells, decreased
phagosomal escape and intracellular survival (87, 88). CHBP causes cell cycle
arrest, with CHBP mutants less able to form plaques (70, 74, 75, 77).

The LPS of B. pseudomallei is a weak inducer of inducible nitric oxide synthase
(INOS), and therefore reduces exposure and killing by reactive nitrogen species
within host cells (71). The bacterium however does induce production of reactive
oxygen species (ROS), which it can counteract with its ability to neutralise ROS using

superoxide dismutase (71).
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Once in the cytosol, the bacteria can move via actin based motility. This process
involves host actin from the cytoskeleton, in the form of G actin, being assembled
into F actin by mimicking host cell nucleation promoting factors (89-94). This is not
unique to B. pseudomallei and B. thailandensis, other bacterial families including
Shigella and Listeria strains also utilise actin based motility for intracellular motility
(95, 96). Different mechanisms exist between bacteria for actin tail formation, and
even between Burkholderia strains there are differences. BimA from B. thailandensis
relies upon the ARP (actin related protein) 2-3 complex pathway for nucleation,
whereas B. pseudomallei and B. mallei BimA utilises host actin via Ena/VASP
(Vasodilator stimulated phosphoprotein) mimics (92). BimA is an essential virulence
factor required for intracellular actin based motility, BimA is required for full virulence
of B. pseudomallei in murine infection studies (97). BimA is located at the bacterial
pole, and in association with other currently unknown proteins, polymerises actin
propelling the bacterium forwards (93). Apart from the role of BimA, there are still
some unknowns about the mechanisms behind actin tail formation in B.
pseudomallei. Host cell factors required for actin polymerisation are being
investigated, a scaffold protein ras GTPase activating like protein (IQGAP1) has
been shown to play a role in the actin tail structure (98). As mentioned previously,
bipC is able to bind actin and can polymerise actin in vitro, although the protein is

unable to stabilise F-actin filaments (80).

It has been hypothesised that actin based motility may be involved in MNGC
formation, this could be due to the force exhibited on the cell membrane promoting
contact with adjacent cells (99). Cell fusion and MNGC formation is a hallmark of B.
pseudomallei infection of cells, the formation possibly allows bacterial spread while
avoiding the hostile extracellular environment (91). MNGC formation and granulomas
are also seen in other similar infections, such as tuberculosis, although the MNGC
formation in tuberculosis is not due to bacterial induced cell fusion (100). B.
pseudomallei MNGC formation can be seen in both phagocytic and non-phagocytic
cells, with intracellular bacterial replication eventually leading to cell damage and
plaque formations (101). The exact role of MNGC formation in the body is unclear, it
is likely MNGC formation is involved in granuloma formation and has a protective
effect for the bacterium in the body (100). Chronic melioidosis patients can present

with granuloma formation and require intensive IV antibiotic therapy, it is difficult to
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distinguish granuloma formation from other diseases such as tuberculosis (102). The
MNGC and granuloma formation could protect the bacteria from external therapies
such as antibiotics, this could be a target for an antibody-conjugate therapy to deliver
antibiotic to this difficult site of infection. The exact role and formation of granulomas
in melioidosis is not understood, more research is required to fully characterise and
target this site of infection. Melioidosis therapy is currently prolonged with an initial
IV antibiotic therapy (ceftazidime) followed by an eradication therapy of 6 moths oral
antibiotics (co-trimoxazole) (53, 54). The eradication stage aims to kill the bacteria in
areas such as MNGC within the body, although the exact role of granuloma formation
and bacterial survival is not known. In this research project an antibody-antibiotic
conjugate therapy will be developed to improve antibiotic delivery to the intracellular
environment. It is hoped that this could deliver antibiotic to sites such as the MNGC
and granuloma, where the bacteria reside potentially avoiding current IV or oral
antibiotics. This could shorten the overall antibiotic therapy required to clear the

bacterial infection and potentially reduce relapse in infections.

It has been hypothesised that B. pseudomallei may exploit phagocytes such as
neutrophils for survival and dissemination (103). It is well known that B. pseudomallei
evades host killing mechanisms such as autophagy, for survival and replication within
phagocytic cells (73). Krakauer’s hypothesis suggests a method of B. pseudomallei
spread between neutrophils and macrophages, by controlling apoptosis of
neutrophils the bacteria could reside within neutrophils and spread to other
phagocytes via efferocytosis (103). The ability of B. pseudomallei to survive inside
phagocytes and avoid host mediated killing such as autophagy, is critical for survival
and spread of the pathogen. It is therefore likely that processes such as autophagy
are a good target for future host-directed therapies for melioidosis (104-106). This
approach will be investigated with the use of potential autophagy inducing
compounds within this PhD research project, investigating autophagy inducers as a

host directed therapy for melioidosis.
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1.1.10. The capsule of B. pseudomallei.

The 200kDa CPS of B. pseudomallei, [-3)-2-O-acetyl-6-deoxy-B-d-manno-
heptopyranose-(1-], is a major virulence factor (70, 107). B. pseudomallei is known
to express at least 5 different CPS antigens, with CPS | known to play a major role
in virulence (70, 108-110). The B. pseudomallei CPS | is encoded by a 34.5 kb gene
cluster (Figure 1) on chromosome 1 (111). Although there are different CPS, the
majority of pathogenic B. pseudomallei strains are thought to express the same CPS
serotype (13, 112). Antibodies specific for the CPS demonstrate a level of protection
in B. pseudomallei challenge studies in vivo (113-115). Additionally, immunisation
with B. thailandensis E555, which expresses CPS, is protective against a B.
pseudomallei challenge in vivo (116). Further work is required to fully characterise
the CPS antigens in B. pseudomallei and the impact of recognition of CPS by
monoclonal antibodies. In this research project, monoclonal antibodies recognising
the CPS of B. pseudomallei will be evaluated in vitro for development of an antibody
based therapy. The antibody-antigen interaction for these antibodies has not been
fully characterised, therefore the recognition of different CPS antigens by these
antibodies is not currently known. Future work will be required to characterise the
antibody and CPS interaction. It is important to determine antibody recognition
between the different CPS antigens, to understand the impact on recognition of

different B. pseudomallei strains by a potential therapeutic.
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Figure 1. The capsule of B. pseudomallei.

The genetic organisation of the B. pseudomallei K96243 CPS coding region (A),
image adapted from Cuccui et al 2012 (111). The chemical structure of the
monosaccharide that makes up the B. pseudomallei CPS (B), image adapted from
Burtnick et al 2012 (112).

Mutants lacking CPS are attenuated by up to 10,000 fold, as demonstrated in a
hamster in vivo model of melioidosis (108). Importantly, B. thailandensis E555
expresses CPS, which has been shown to be structurally identical to that present on
B. pseudomallei strains (19). Possessing CPS enhances intracellular survival and
virulence of B. thailandensis E555 to a level similar to B. pseudomallei, with an
increased survival within macrophage assays up to 9 fold compared to CPS knockout
strains (13). The CPS plays a role in reducing complement deposition and
opsonophagocytosis of the bacterium (108). Possessing a CPS reduces complement
C3b deposition, reducing opsonisation and phagocytosis, therefore enhancing
survival of the bacterium in the blood (108). It is known that B. pseudomallei can
shed CPS, as well as LPS, during culture (117). This could be a survival mechanism,
by removing or reducing the presence of surface bound anti-CPS antibodies and

complement from the surface of the bacterium.

The capsule is known to be shed in the urine and blood of infected mice (118, 119),
the capsular polysaccharide can be detected from patient blood and urine samples
by a lateral flow assay (35, 36). This shedding has potential implications for an
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antibody therapy targeting the capsular polysaccharide of B. pseudomallei. The
shedding of CPS could have an effect on binding of therapeutic antibodies to the
capsule, this is a potential limiting factor that could reduce the efficacy of anti-CPS
antibody based therapies for melioidosis. The half-life of the capsule in circulation
has been determined to be up to 4.4 hours (118), this could reduce the half-life of an
anti-capsule antibody therapy in circulation, increasing clearance of the therapeutic
along with the capsule in urine. This could result in a greater concentration of
therapeutic required to target the bacterium, rather than the shed capsule in

circulation.

1.1.11. Antibiotic resistance.

The increase in antibiotic resistance among microbes is a global health concern. The
World Health Organisation states in a 2014 report, that bacterial resistance has
reached alarming levels, it is essential that there is a focus on preserving current
drugs and generation of new classes of antibacterial drugs if we are to continue
curing common infections (120). The economic impacts of antimicrobial resistance
as equally as great, with an estimated $21 to $34 billion dollar cost to the US health
system alone per year (120). Since then, the CDC has released a 2019 report on the
impact of anti-microbial resistance in the United States, it has been estimated that
drug resistant bacteria and fungi are causing at least 2.8 million infections per year
with 25,900 deaths per year (121). More drug resistant bacterial and fungal species
have been added to the watch list, and are considered urgent threats to global health,
there is a pressing need for new ways to treat drug resistant infections (121). A recent
study reported that globally 1.27 million deaths in 2019 could be directly linked to
bacterial drug resistance, with more than 70% of the deaths associated with

resistance to fluoroquinolones and B—lactam antibiotic classes (122).

B. pseudomallei is intrinsically resistant to various classes of antibiotics, such as
penicillins, aminoglycosides, cephalosporins, macrolides and polymyxins (21, 123-
125). The resistance mechanisms identified in B. pseudomallei are all encoded in the
bacterial chromosomes, including up to seven classes of 3-lactamases and ten efflux

systems (123). The class A B-lactamase, which is encoded by penA on chromosome
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2, is responsible for B-lactam antibiotic resistance (124, 126). Additionally,
ceftazidime resistance is associated with overproduction and mutations in penA
(123).

Efflux is a major resistance mechanism, B. pseudomallei encodes at least ten
different RND (resistance nodulation cell division family) efflux pumps, of which three
have been characterised (124). The efflux pumps are similar between B.
pseudomallei and B. thailandensis (125), making B. thailandensis a suitable
alternative for studies at containment level Il. AmrAB-OprA is responsible for intrinsic
aminoglycosides and macrolides resistance, BpeAB-OprB low level resistance to
tetracyclines, and BpeEF-OprC effluxes chloramphenicol, fluoroquinolones,
tetracyclines and trimethoprim (124). Mutations in efflux pump regulators have been
shown to alter the susceptibility of B. pseudomallei to a crucial front line antibiotic.
An increase in meropenem resistance was observed in clinical isolates due to a
mutation affecting the regulation of the B. pseudomallei AmrAB-OprA pump, leading
to overexpression and increased meropenem resistance (127). Exclusion also plays
a major role in resistance, LPS and porins both provide resistance to polymyxins by

reduced drug penetration (124).

The development of resistance in B. pseudomallei to most front line antibiotic
therapies is rare, although this does not mean it doesn’t happen, instead resistance
may be under reported (123). A level of resistance is seen with patients receiving
trimethoprim—sulfamethoxazole during the eradication stage of therapy, with rates
ranging from 2.5% in Australia to up to 16% in Thailand (123, 128-130).

B. pseudomallei is intrinsically resistant to various antibiotic classes, together with a
prolonged antibiotic therapy and persistent intracellular infections, there could be
more resistance seen against front line drugs in the future. This highlights a need to
investigate new therapeutic options to treat melioidosis, including discovering new
antibiotics, drug repurposing and using current front line antibiotics in a more

effective way.
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1.2. Antibody therapy.

1.2.1. Generation of monoclonal antibodies.

Hybridoma based generation of monoclonal antibodies was first discovered in the
1970s by Kohler and Milstein (131). The hybridoma fusion technique is used to
generate a stable monoclonal cell line which can be cultured continuously secreting
monoclonal antibody. The process first involves immunising animals, typically this
will be mice, with an antigen multiple times over an immunisation schedule until
hyper-immunity is reached. The spleen from the hyper-immune mouse is removed,
and mashed to create a suspension of spleen cells. The spleen cells are then fused
with a myeloma cell line, typically under centrifugation in the presence of
polyethylene glycol. The resulting successfully fused hybridoma cells are repeatedly
cultured and selected based on antibody secretion to the antigen of interest. Any
non-fused cells can be removed from culture with the use of cell culture in hybridoma
selective media. Techniques such as ELISA and microscopy, can be used to select
hybridoma cell colonies and screen for antibody positive cell lines. The hybridoma
cell lines can be kept in continuous culture, and frozen in liquid nitrogen for long term
storage. Large scale continuous hybridoma culture can be achieved with the use of
bioreactors, in which culture media can be continuously removed and replenished.
Purification of monoclonal antibodies from the cell culture media can be performed
with the use of antibody purification systems, and the use of protein G affinity

columns.

1.2.2. Structure.

IgG antibodies are 150 kDa proteins, consisting of two 50 kDa heavy chains
connected to two 25 kDa light chains by inter chain disulfide bonds. Each heavy (H)
chain consists of one N-terminal variable domain (VH), and three constant domains
(CH1-3), the light (L) chains each consist of one N-terminal variable domain (VL) and
a constant domain (CL) (132-134). A hinge region connects the CH1 and CH2
domains with disulphide bonds, this hinge varies in structure between antibody
isotypes (132). Two distinct light chains exist in human antibodies, an antibody can
either have kappa (k) or lambda (A) light chains (134). The heavy chain structure

determines antibody effector function, the five major heavy chain immunoglobulin
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(Ig) groups are IgA (a), IgD (d), IgE (g), 1gG (y) and IgM (u) (134). 1gG is the most
common antibody isotype present in serum, and has various subclasses in humans,
lgG1, 1gG2, IgG3 and IgG4. The IgG antibody will be the main focus of this research

project.
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Figure 2. Structure of a typical IgG.

A representation of the structure of an IgG molecule and important features.

The Fab (fragment antigen binding) is the portion of the antibody responsible for
binding to antigens. The Fab portion of the antibody contains the complementarity
determining regions (CDRS), these are regions of sequence variability that form the
specificity of the antigen binding site. The Fc (fragment crystallisable) is responsible
for the crucial antibody effector functions, such as interaction with FcyR receptors on
cells. At the interface of the CH2 and CH3 domains of the 1gG Fc region is a highly
conserved N- linked glycosylation site, this site has important effects on the
quaternary Fc structure and interaction with receptor binding (132). The FcRn
(neonatal receptor) binding site is also at the interface between the CH2 and CH3
domains, an important binding site that can determine antibody half-life and antibody
transport (132).
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1.2.3. Function.

Antibodies play a crucial role in the immune response to bacterial pathogens. As part
of the adaptive immune response, they are generated from specific B lymphocytes
to specifically target bacterial antigens. Antibodies can bind to and inactivate
bacterial secreted toxins, which is a typical role for anti-bacterial antibody therapies

such as the anthrax antibody therapy Raxibacumab (135).

Antibody immune complexes can activate the classical complement pathway,
especially IgM, 1gG1 and to a lesser extent other IgG isotypes (136). C1q interaction
with antibody immune complexes activate C1r / C1ls, leading to cleavage of C4 and
C2, activating a complement cascade ultimately leading to the formation of a
membrane attack complex and cell lysis (136). The classical complement activation
pathway can also lead to opsonisation of the bacteria and activation of inflammation
pathways (136).

Antibodies can opsonise bacteria directly and increase uptake into phagocytic cells
via interaction between the Fc portion of the antibody and Fc receptors (FCR’s) on
the surface of phagocytic cells, leading to pathogen degradation via the
phagolysosome. Interaction of the antibody immune complex with FcR’s has diverse
effects on a variety of cells. Interaction can activate phagocytosis and pro-
inflammatory compound release by macrophages, phagocytosis and release of
cytotoxic substances by neutrophils, release of chemoattractant and vasoactive
compounds by mast cells and basophils (137). On the other hand, interaction of
antibody complexes with the inhibitory FCcR present on cells, modulates cell activation
(137).

There are various FcyR’s present on phagocytic cells, which vary depending on the
cell type. Each receptor has differing activation or inhibitory functions, by possessing
either ITAM (immunoreceptor tyrosine-based activation motif) or ITIM
(immunoreceptor tyrosine-based inhibitory motif) in their intracytoplasmic domain
(138). Murine FcyR’s consist of FcyRI (activating), FcyRIIB (Inhibitory), FcyRIII
(activating) and FcyRIV (activating) present to differing extents on each class of
phagocytic cell (138-140). Human FcyR’s consist of receptors with various allelic
variants, the main groups being FcyRI (activating), FcyRIIA (activating), FcyRIIB
(Inhibitory), FcyRIIC (activating), FcyRIIIA (activating) and FcyRIIIB (activating)
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(140). The majority of the murine innate immune system expresses both activating
and inhibitory FcyR’s. Some cells only express one type, such as natural killer (NK)
cells expressing activating receptors, and B cells expressing inhibitory receptors in
mice (140).

In addition to binding surface receptors, antibodies can stimulate anti-microbial
effects by binding to intracellular receptors. Intracellular antibody can bind to an
intracellular receptor called the interferon inducible cytosolic Fc receptor tripartite
motif containing-21 (TRIM21) (141). TRIM21 has the unique ability as a receptor to
have a broad specificity to antibody isotypes (141, 142). In theory any therapeutic
antibody can bind TRIM21, although this relies upon the antibody being able to
penetrate cells in the first place (141). The binding of antibody to TRIM21 results in
activation of anti-microbial processes such as antibody-dependent cellular
neutralisation (ADIN), inflammation and activation of autophagy (143). An interesting
guestion, proposed by Rhodes and Isenberg 2017, is if the intracellular delivery of
antibodies can be optimised to increase antibody medicated killing via TRIM21
interaction (141). For example, if the antibody from an antibody based therapy can
be engineered to have enhanced interaction with TRIM21. This could be particularly
useful for an antibody-drug therapy for melioidosis, where the drug and antibody can

each exert intracellular killing of the bacterium.

The Fc region of an antibody is also important for interaction with the neonatal Fc
receptor (FCRn). Although there is some debate over FCRn expression in some cells,
FcRn is present in various cell types including tissue specific epithelial, endothelial,
monocytes and macrophage cells (144). The FcRn binds 1gG in a pH dependent
manner with majority of binding occurring at pH <6.5 (145). The binding of 1gG to
FcRn is through the Fc region histidine residues of the antibody, which due to the
homodimer structure of the Fc region, allows each IgG to bind two FcRn (146). The
binding of IgG to FcRn recycles IgG away from lysosomal degradation, transporting
the 1IgG FcRn complex to a higher pH extracellular environment in which the 1gG
disassociates from the FcRn (144). This recycling is responsible for the long half-life
of circulating 1IgG and is an important consideration for therapeutic antibodies. It is
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possible, through antibody engineering, to improve FcRn interaction at different pH
and further increase therapeutic antibody half- life (144, 145). Efforts to improve drug
delivery could focus on interaction with FCRn to increase delivery across epithelial

barriers, for example drug loaded nanoparticles displaying Fc (144).

Interaction with the FcRn will be crucial for any therapeutic antibody, to provide a
long serum half-life typical of an IgG. Engineering to improve circulating half-life could
offer huge benefits such as reducing the number of doses required for protection
against a pathogen. Improving transport across epithelial barriers by engineering
enhanced FcRn interactions, could increase the options for therapeutic delivery,
such as inhalational or oral delivery systems involving transport across lung and

intestine respectively.

Modifying glycosylation status of the antibody Fc is another important consideration.
Glycosylation effects the binding of an antibody to particular FcR’s. Fc glycobiology
is not fully understood, the glycoengineering of a therapeutic antibody has the
potential to increase antibody binding to receptors, therefore increasing desirable
functions such as phagocytosis and cell activation (137). It is important to consider
glycoengineering a therapeutic mAb to have a high affinity for FcR’s, as the
background sera IgG of approximately 15mg mL™ will be competing with these
FcyR’s (137).

1.2.4. Therapeutic antibodies.

Blood derived polyclonal antibody therapies are approved for use as therapies for
infectious diseases including anthrax, botulism, diphtheria, hepatitis, measles, rabies
and staph infections (147). Monoclonal antibody based therapies (mAb) exist for a
variety of diseases, mostly directed towards non-infectious diseases such as
cancers. Obiltoxaximab is a chimeric IgG1 mAb FDA approved in 2016, and
Raxibacumab is a human IgG1 mAb FDA approved in 2012, both are directed
against protective antigen of anthrax toxin as therapies and prophylaxis for
inhalational Bacillus anthracis infection (148-150). Palivizumab and bezlotoxumab
are therapeutic monoclonal antibodies, for the treatment of respiratory syncytial virus
and Clostridium difficile toxin B respectively (151, 152). The use of an experimental

cocktail of three chimeric mAbs (ZMapp®) was approved for therapeutic use by the
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world health organisation during the Ebola outbreak in Western Africa in 2014 (153-
156).

Monoclonal antibodies have advantages for use as therapeutics owing to their high
specificity and low toxicity. Although this is not without difficulties, such as the need
of a rapid diagnosis and difficulties estimating the antibody dose required for an
effective therapy (157). Antibodies have the ability to combat infectious diseases by
opsonisation, complement activation, neutralisation and direct anti-microbial abilities
(157). Various antibody formats exist that could be used for anti-bacterial therapies.
These include humanised full IgG monoclonal antibodies, antibody fragments,
bispecific, nanobodies and antibody conjugates (158). Each is not without
disadvantages, but each format offers benefits depending upon target and the
intended therapeutic use. Full IgG are the traditional choice for an antibody therapy,
IgG is favourable over other antibody isotypes, such as IgM, due to benefits such as
stability and long half-life in circulation (158). Importantly for a therapeutic, full IgG
antibodies offer strong effector functions from the Fc region, such as complement

activation and opsonisation, leading to uptake via FcyR into phagocytic cells.

There have been high profile failures in antibody therapy for infectious diseases such
as mAbs for Staphylococcus aureus cytotoxin therapies (159, 160). Nagy et al
suggests that lessons from past failures can be learnt, and when used under the right
conditions, antibodies can be a successful therapy for infectious diseases (158).
Antibody affinity, isotype, visibility of the target antigen and having realistic clinical

aims are all important considerations for a therapeutic mAb (158).

Antibodies are not always to be considered as an alternative to antibiotic therapy,
studies have shown a synergistic effect when used in combination (158). This could
be beneficial for melioidosis, to enhance the effect of current antibiotics in severe
cases of disease. Additionally, antibodies could be used as an initial therapy to
control infection, while a full diagnosis is made and front line antibiotics administered.
Alternatively, antibodies could be used as a prophylaxis for bacterial infections in
specific situations and groups of people (158). This would give a similar effect to
vaccination but with a shorter more immediate effect. This is a potential strategy that
could work for protection from melioidosis in highly susceptible individuals, or to
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protect a group of people visiting a known melioidosis endemic area for short periods

of time.

Antibody drug conjugates (ADCs) are a newer approach for mAb therapies. There
are over forty ADCs in development, with a focus on targeting cancers (161).
Examples of licenced ADCs include Gemtuzumab ozogamicin, a humanized IgG4
ADC against CD33 for therapy of acute myeloid leukaemia (162). Brentuximab
vedotin is a chimeric IgG1 ADC against CD30 for lymphomas (163). Trastuzumab
emtansine (T-DM1) is a Humanized IgG1 as therapy for breast cancer (163, 164)
and Inotuzumab ozogamicin is a Humanized IgG4 anti CD22 ADC (163).

Antibody-antibiotic conjugates (AAC) for bacterial infections have been developed
since 2015 by Genentech inc, consisting of antibodies targeting Staphylococcus
aureus and Pseudomonas aeruginosa (165-167). The AAC consists of an antibody
linked to antibiotic molecules via a cathepsin cleavable linker. The AAC coats the
bacterial target and delivers the antibiotic to the intracellular environment,
intracellular cathepsin then cleaves the linker, releasing active antibiotic to kill the

intracellular bacterial infection.

The current antibiotic therapy regimen for melioidosis is prolonged, with 2 weeks of
initial 1V ceftazidime antibiotic therapy followed by 6 months oral co-trimoxazole
antibiotics (53). B. pseudomallei can potentially avoid antibiotic therapy by forming
an intracellular niche, which could lead to relapse in infection post-therapy. An AAC
has the potential to clear intracellular bacteria by specifically delivering antibiotic to
the intracellular site of infection. The delivery of antibiotic and killing of intracellular
bacteria by an AAC was demonstrated by the S. aureus AAC developed by
Genentech Inc (165). A 20 year study of melioidosis in Australia showed that infection
relapse rates were approximately 5% in treated patients, with an average onset of 8
months post-antibiotic therapy (24). An AAC for melioidosis has the potential to
reduce or prevent infection relapse, by targeting the B. pseudomallei avoiding current
antibiotic therapies residing within intracellular environments. Not only could an AAC
reduce relapse of infection, the current antibiotic regimen duration could potentially
also be reduced if the AAC is able to clear intracellular bacteria. The AAC for
melioidosis could be used in combination with current IV and oral antibiotics to
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improve efficacy of antibiotic therapy, and reduce the overall duration of therapy for
patients. The disadvantage of introducing an AAC therapy is that the AAC is likely to
require 1V delivery, this requires medical facilities that are not always readily available
in rural and developing areas of the world. Requiring 1V delivery also limits the use
of the AAC as a prophylactic therapy for travellers to known endemic regions. Future
research for drug delivery could overcome the requirement for 1V delivery of an AAC,
such as development of inhalational AAC preparations or encapsulation for oral
delivery. An additional consideration for an AAC therapy is ensuring delivery of a
sufficient quantity of antibiotic to the intracellular environment, otherwise the AAC
may aid in the intracellular uptake of B. pseudomallei without effective bacterial
killing. Creating an AAC with a high drug-antibody ratio should help ensure that

delivery of antibiotic is maximised to the intracellular infection.
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An AAC consists of a monoclonal antibody linked to an antibiotic via a cleavable
linker (A). The AAC opsonises the bacteria and is internalised into the cell via FcyR
mediated uptake (B). Intracellular cathepsin enzymes cleave the AAC linker,
releasing antibiotic in an active form to kill the intracellular bacteria. The mAb can be

recycled intracellularly by interaction with the neonatal receptor.

The pharmacokinetic (PK) properties are essential when designing a therapeutic
mAb. The classic PK properties of an IgG mAb following administration include an
initial rapid distribution phase, followed by long slow elimination phase over weeks
(168). Binding of mADb to the neonatal receptor (FCRn) is beneficial in terms of mADb
recycling, resulting in the characteristic long half-life of mAbs in PK studies. The FcRn
can protect two thirds of the mAb taken up into acidic endosomes in the cell by
binding mADb at low pH and releasing mAb extracellularly when the pH raises back to
physiological levels, any mAb unbound to FcRn will be subjected to degradation by

lysosomal proteases (169, 170). The distribution of mAbs is generally restricted to
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the blood, with a typical 5-15% distribution to tissues (168). Clearance of mAb from
the blood is generally by cell uptake and proteolytic degradation, although in some
cases anti-therapeutic antibodies can target the mAb depending upon the mAb
species (168). The initial PK experiments for a melioidosis mAb based therapeutic
will determine how the antibody behaves in a murine body. This data would then
inform future studies such as in vivo murine mAb B. pseudomallei infection studies,

and PK studies involving antibody conjugates.

1.2.5. Antibody therapy for melioidosis.

Studies have shown that passive immunisation with monoclonal antibodies can
protect against a lethal challenge of B. pseudomallei. A study carried out at the
Defence Science Technology Laboratory (Dstl), demonstrated that monoclonal
antibodies provide a level of protection against a lethal challenge of B. pseudomallei
(4845) in mice (113). A delay to death was most prevalent in mice immunised with
anti-CPS monoclonal antibodies and anti-LPS monoclonal antibodies. Monoclonal
antibodies from this Jones et al study (113) will be available for use in this PhD project

for further analysis as a potential therapy for melioidosis.

Antibody target is important when determining protection against a challenge of B.
pseudomallei, often anti-CPS mAbs outperform other mAbs such as those specific
to LPS or protein targets. It is logical that mAbs binding to easily accessible
extracellular targets on the B. pseudomallei bacteria will demonstrate increased
opsonisation ability in vitro, and therefore are more likely to be protective in vivo when
compared to protein targets. This was the case for the Jones et al (113) study at Dstl,

an antibody protection study by AuCoin et al (115) and a study by Zhang et al (114).

In a study by AuCoin et al, two mAbs directed against the LPS and CPS of B.
pseudomallei were evaluated in vivo for protection against a B. pseudomallei intra
nasal challenge. This study found that an anti-CPS and anti-LPS mAb protect 86%
and 50% of mice respectively for 21 days (115). Additionally, the combination of
mADbs together could offer synergistic effects and protect 88% of the mice (115),
similar to observations by the Jones et al study in which cocktails of mAbs were

protective (113).
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A study by Zhang et al in which over a hundred mAbs were tested confirms previous
statements. Zhang et al showed that anti-CPS outperform anti-LPS mAbs within in
vitro opsonisation studies, and in vivo murine protection studies. Additionally, anti-
protein target mAbs were shown to be unsuitable for opsonisation and protection
from B. pseudomallei (114).

MAD binding to the CPS has been characterised by Marchetti et al (171), in this study
the interaction of mAb 4C4 with the CPS antigen was assessed by techniques such
as nuclear magnetic resonance (NMR) and surface plasmon resonance (SPR). The
study found that an acetyl group of the CPS was essential for mAb 4C4 binding,
removal of this acetyl group at position 2 of the CPS prevented mAb interaction (171).
Characterising this CPS and mAb interaction will help inform future studies
developing anti-CPS mAb based therapies, vaccine antigens and detection assays

for melioidosis.

Antibody therapy is not just restricted to antibodies that have a target antigen on the
pathogen of interest. Other targets may be the host immune response, for example
the cytokine IL-1B. This cytokine has been shown to lead to a negative outcome in
melioidosis, this is because of excessive neutrophil recruitment, which due to inability
to undergo pyroptosis, potentially supports intracellular bacterial replication (172,
173). A commercially available anti-IL-13 monoclonal antibody was assessed by in
vivo murine protection studies to observe the effect on disease progression and
outcome (172). The IL-18 mAb in this study showed a protective effect in vivo from
a B. pseudomallei challenge, the effect on bacterial counts in the study was similar
to that seen with ceftazidime treatment. Mice treated with the anti-IL-18 mAb showed
reduced neutrophil influx, reduced tissue damage, reduced bacterial loads in the

lungs and reduced dissemination from the lungs (172).

1.3. Alternatives to an antibody therapy for melioidosis.

1.3.1 Vaccines.
There is currently no vaccine available for melioidosis, the focus has mainly been on

antibiotic medical countermeasures against the disease. Despite the lack of an
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approved vaccine for melioidosis, there has been significant progress in pre-clinical
evaluation of vaccine candidates. Examples of potential vaccine candidates for
melioidosis include live attenuated (79, 174-179), inactivated (180-182), sub unit
(183-186) and glycoconjugate vaccines (187-192).

Live attenuated vaccine candidates have been investigated in murine protection
studies. One such example is a study by Khakhum et al 2019, a B. pseudomallei
AtonB Ahcp1 double mutant was investigated as an attenuated vaccine candidate
(PBKO0O01) against B. pseudomallei K96243 aerosol challenge in C57BL/6 mice (179).
At 27 days post infection, vaccinated mice showed bacterial clearance in the lung,
liver and spleen with near sterile immunity. A strong protective antibody response
was seen in PBK0OO1 vaccinated mice, which is essential for protection against the
B. pseudomallei challenge. Vaccinated mice also showed an increased cellular
response, with increased IFN-y and IL-17 cytokine production (179). Additional live
attenuated vaccine candidates include B. pseudomallei ApurN (174), ApurM (174),
AhisF (176), AbipD (79), AtonB and Ahcpl (179). Each with varying levels of
protection in B. pseudomallei murine models of infection. Protection ranged from
37% protection at day 65 for ApurN (174), 60% at day 75 for AbipD (79), to 100%
protection for ApurM (174) at day 17, AhisF at day 21 (176), AtonB and Ahcpl at day
27 (179). This data highlights the potential of attenuated vaccine candidates for

protection from B. pseudomallei infection.

B. thailandensis E555 has demonstrated potential as a live vaccine, as seen in
murine protection studies at Dstl. A study by Scott et al (116), investigated
immunising mice with B. thailandensis E555 and comparing survival post-challenge
to mice immunised with non-capsulated B. thailandensis CDC2721121. Mice
immunised with B. thailandensis E555 survived a lethal IP challenge of B.
pseudomallei K96243, additionally these mice had an IgG response against CPS,
mice immunised with non-capsulated B. thailandensis CDC2721121 had significantly
less survival against the challenge (116). Heat inactivated B. thailandensis and B.
pseudomallei have also been investigated as potential vaccine candidates, although
B. pseudomallei offered the best level of protection (80-100% at day 21)in this murine

study (182). A study by Puangpetch et al demonstrated that mice immunised
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intramuscularly with paraformaldehyde inactivated B. pseudomallei displayed a level
of protection in vivo, with a 50-60% survival at day 30 (180). An additional inactivated
study immunised mice with heat killed B. pseudomallei and a liposome-nucleic acid
adjuvant preparation, 100% survival from a B. pseudomallei pulmonary challenge
was observed at day 40 (181).

Glycoconjugate vaccine candidates have also been researched as potential vaccine
candidates for melioidosis. A synthetic hexasaccharide — TetHc (tetanus toxin Hc
carrier) conjugate was used to immune mice, the result was an antibody response to
CPS and protection against a B. pseudomallei K96243 challenge (190). Purified CPS
based glycoconjugates have also been shown to offer protection in murine studies
at Dstl (193). A LPS - TetHC based glycoconjugate has also shown promise as a
vaccine candidate, demonstrating an antibody and protective effect from B.
pseudomallei challenge (191). Additional glycoconjugate vaccine studies include the
use of capsular polysaccharide conjugates, CPS-LolC (188), CPS-CRMaie7-Hcpl and
CPS-CRMa1g7-TssM (189). Protection against a challenge ranged from 70% for CPS-
LolC (188), to 80-100% with CPS-CRMz197-Hcpl and CPS-CRMaig7-TssM (189).

Subunit B. pseudomallei candidates have been investigated as vaccines for
melioidosis. B. pseudomallei subunit studies include LolC (183), PotF (183), Omp
(Omp3, Omp7, Omp85 and OmpW) (184, 194, 195) and Hcp sub unit vaccines (185).
Additionally, Burkholderia mallei BimA and BopA have been investigated as subunit
vaccine candidates (186). In murine studies LolC and PotF gave a protection level of
83% and 50% respectively at day 42 (183). Omp3 and Omp7 both provided a
protection level of 50% at day 21 in murine studies (184). In comparison Omp85 and
OmpW provided protection of 70% at day 15 for Omp85 (194), and 75% at day 21
for OmpW (195). Protection offered from Hcp varied, with a protection level in mice
of between 33% and 80% at day 42 (185). BimA provided protection in murine
studies of 100% at day 21 and 20% at day 50, in comparison BopA provided
protection of 60% at day 50 (186).

A key feature between these studies is that a strong antibody response against
surface targets, such as the CPS and LPS of B. pseudomallei, is important for

protection. It is unclear exactly how important antibody response is in protection
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against the intracellular infection, although survivors of melioidosis have significantly
higher levels of antibody, especially to the LPS, than those patients that do not
survive the infection (196, 197). Inducing an antibody response by vaccination is
beneficial for targeting extracellular bacteria, conjugate vaccines have the added
benefit by the synergistic effect of stimulating both humoral and cellular immunity
against intracellular pathogens (198). Antibodies can have diverse anti-bacterial
functions both directly, such as interfering with bacterial replication, and non-directly

such as opsonisation and increased uptake into phagocytic cells by FcyR (198).

Great progress has been made identifying vaccine candidates for protection from
melioidosis. It now requires potential vaccine candidates to be taken forward and
developed into a melioidosis vaccine. It has been suggested that a vaccine is a cost

effective measure for immunisation of high risk individuals in endemic areas (199).

1.3.2. Autophagy as a host directed therapy for melioidosis.

The Nobel Prize winner Christian de Duve first published the concept of lysosomes
in 1955 whilst researching hydrolytic enzymes (200) and in 1963 during a lysosome
symposium coined the term autophagy (201). The Japanese scientist and Nobel
Prize winner Yoshinori Ohsumi first discovered autophagic bodies in 1992 and since
then we now know that autophagy plays a role in human disease including cancers
and infectious diseases (106, 202-204). Autophagy is a potential target for treatment

of diseases as a host directed therapy.

There are various forms of autophagy such as macroautophagy, microautophagy,
and chaperone mediated autophagy. Microautophagy consists of the direct
sequestration of components into the lysosome; whereas chaperone mediated
autophagy involves the translocation into the lysosome via the oligomerisation of a
lysosomal membrane protein LAMP-2A (205). Macroautophagy is a cellular process
in which cytoplasmic components are degraded, through a process involving the
formation of an autophagosome encompassing the component to be degraded.
Lysosomes containing acid hydrolases fuse with the autophagosome creating what

is known as an autolysosome, in which the cargo is degraded and components
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recycled (204, 205). Autophagy can be promoted by stresses such as nutrient
starvation, and by a variety of chemical compounds (104, 206-209). One such
compound rapamycin, which as the name suggests, targets the TOR (target of
rapamycin) complex and by doing so strongly promotes autophagy of Burkholderia
(104, 210, 211).

Host directed therapies aim to promote the host immune response to infection by a
variety of mechanisms, including compounds that promote cell mediated killing such
as autophagy, cytokine based therapies, mAb therapy and cell based therapies such

as mesenchymal stromal cells (212).

B. pseudomallei bacteria are able to escape phagosomes via the type Ill secretory
system and spread intracellularly, avoiding cell mediated killing processes that
require compartmentalisation of the bacteria. Autophagy is a collective term for the
targeted degradation and recycling of cellular components. Autophagy inducing
compounds offer an alternative approach as a host directed therapy to promote killing
of intracellular bacteria (xenophagy) by targeting the host autophagic pathway.
Examples of autophagy promoting drugs being investigated as host directed
therapies include vitamin D (213), metformin (214-217), statins (218), verapamil
(207, 219-225), carbamazepine (226, 227) and valproic acid (226, 227).
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Figure 4. B. pseudomallei and the autophagosome pathway.

Intracellular B. pseudomallei can be degraded by phagosome maturation with the
lysosome (pathway A), via LC3 associated phagocytosis (LAP) or without LC3
association. B. pseudomallei can escape from phagosomes (pathway B) using the
T3SS and move intracellularly via actin tail formation (pathway C). Escaped bacteria
can be targeted by auto-phagosomes (pathway D), stimulating this pathway has

therapeutic potential to target intracellular bacteria.

Autophagy targets intracellular pathogens for destruction via the lysosome, although
Burkholderia has the ability to avoid such killing by autophagy (Figure 4). The T3SS
is essential for bacterial escape from autophagy (71, 74, 77). A T3SS protein bopA
is known to be involved in ability of Burkholderia to evade autophagy (104), another
T3SS protein BimA required for actin based motility is known to be important for
avoidance of autophagy (228). The majority of Burkholderia bacteria will escape
phagosomes into the cell cytosol, and via actin based motility move and spread
between adjacent cells (73). The minority of B. pseudomallei that do not escape the

initial phagosome are targeted by LC3 associated phagocytosis (LAP), or
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phagosome maturation can occur without LC3 association, leading to fusion with the
lysosome and bacterial degradation (73, 74). Autophagy promoting compounds have
a potential as a host-directed therapy for melioidosis. If therapeutic compounds can
be used to promote B. pseudomallei compartmentalisation by auto-phagosomes,
then this could increase bacterial killing and prevent bacterial spread to neighbouring

cells.

1.3.3. Adjuncts to antibiotics.

Adjunct therapies have potential to improve the antibiotic treatment of melioidosis by
improving the efficacy of current front line antibiotics, or potentially even increasing
the available antibiotics by improving drugs that were previously regarded as
unsuitable therapies. One such example of a potential adjunct therapy is the drug

verapamil.

Aside to being a potential autophagy inducing drug, verapamil is a potent blocker of
T-type calcium channels (229). Verapamil can inhibit the action of ATP dependent
multidrug pumps and other multiple drug resistance pumps, this inhibitory effect has
been observed particularly in mycobacterial efflux pump studies (230). Verapamil as
an adjunct with anti-tuberculosis drugs has shown promise in various M. tuberculosis
studies (219, 224, 225, 231). Verapamil offers potential as an adjunct with antibiotics
for a melioidosis therapy. Efflux pumps are crucial for anti-microbial resistance,
allowing the bacterium to efflux anti-microbial compounds such as antibiotics out of
the cell. Known efflux pump families in bacteria include the small multidrug resistance
(SMR), major facilitator superfamily (MFS), multi-drug and toxic compound extrusion
(MATE), ATP binding cassette (ABC), resistance nodulation division (RND) and
proteobacterial antimicrobial compound efflux (PACE) (232-234). Efflux is a major
contributor to the intrinsic antibiotic resistance of B. pseudomallei, and therefore
blocking efflux with verapamil may increase antibiotic therapy options and increase

the efficacy of antibiotics.

Antibodies in combination with anti-microbial drugs offer potential as an adjunct

therapy. In a study by Olivares et al, polyclonal antibody from human blood donors
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was assessed as a potential adjunct therapy with conventional anti-tuberculosis
drugs in a murine model of lung M. tuberculosis infection (235). Antibody alone
(2mg/g given intraperitoneal) and anti-tuberculosis drugs, reduced murine lung
bacterial load in vivo. However, more significant was the combination of antibody and
anti-tuberculosis drugs that reduced lung bacterial burden to a greater extent, and
additionally reduced lung tissue damage (235). This study highlights the potential
beneficial adjunct effects of combining antibody therapy and anti-bacterial drugs
such as front line antibiotics. It was shown that the antibody alone had no intrinsic
anti-bacterial effect, and the in vivo effects are likely to be due to antibody
opsonisation of the bacteria and subsequent FcyR activation of phagocytic cells

immune response, reducing bacterial loads (235).

1.3.4. Antibiotic delivery.
There are various alternatives to an AAC therapy for delivering an antibiotic to
combat infection. These can include antibiotic conjugation or antibiotic encapsulation

methods for an enhanced delivery of antibiotic.

A conjugate approach published by Su et al, consists of ciprofloxacin conjugated, via
a cathepsin cleavable linker, to mannose and is termed a drugamer (236). This
drugamer showed enhanced uptake of ciprofloxacin in lung macrophages, enhanced
pharmacokinetic properties and when used in an inhalational in vivo Francisella
tularensis infection murine model, it achieved 100% survival compared to zero
survival with ciprofloxacin alone (236). This drugamer approach does not target and
increase uptake of the pathogen specifically unlike with the AAC, although the
mannose of the drugamer binding to the mannose receptor on the macrophage
surface should increase uptake into the cell. This binding to the mannose receptor
will also have the benefit of activating the macrophage and release of pro-
inflammatory cytokines. Once intracellular, the cathepsin cleavable linker of the
drugamer is cleaved releasing the antibiotic to kill intracellular bacteria, the same
process as in the AAC approach. The drugamer approach by Su et al could be used
as an alternative intracellular antibiotic delivery system for B. pseudomallei infection,

although the benefit of antibody opsonisation by an AAC could prove a greater
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advantage for additionally clearing extracellular bacteria and specifically targeting the

delivery of antibiotic.

A polymer-drug conjugate (PDC) consisting of a biodegradable Hex-Cys-DET
polymer conjugated to an antibiotic, has been developed as a concept for pH
dependent antibiotic release (237). The polymer offers synergistic effects in
combination with the antibiotic, the polymer interferes with the bacterial membrane
creating pores, increasing antibiotic uptake and reducing efflux (237). This
streptomycin PDC approach showed increased efficacy in cell and murine bacterial
infection studies involving S. aureus, P. aeruginosa and E. coli (237). A ciprofloxacin-
lectin inhibitor conjugate has been proposed as a targeted antibiotic delivery
mechanism to Pseudomonas aeruginosa within biofilms (238). This approach
specifically targets ciprofloxacin delivery to lectin receptors within biofilms, therefore

accumulating antibiotic to this normally protected environment for bacteria.

An alternative delivery system for antibiotics is encapsulation of the drug.
Encapsulation of antibiotic within nanoparticles is an approach that has been
investigated as a therapy for melioidosis. One example is bilosome encapsulation of
antibiotics as an oral drug delivery mechanism. Stable encapsulation of levofloxacin
and doxycycline into bilosomes was achieved by Dstl and the University of
Strathclyde (239). The antibiotic encapsulated bilosomes showed efficacy in a
murine model of melioidosis, the study showed that bilosome therapy increased
survival and reduced weight loss side effects when compared to the non-

encapsulated antibiotic control groups (239).

An additional encapsulation approach is the use of polymersome delivery of
antibiotics. In a collaborative project between Dstl and University of Southampton,
antibiotic loaded polymersomes were investigated in macrophage-like cell infection
assays to deliver antibiotic to intracellular B. thailandensis. Doxycycline and
rifampicin were successfully encapsulated within polymersomes and assessed in B.
thailandensis macrophage-like cell infection assays as a proof of principle antibiotic
delivery therapy (240). Imaging flow cytometry and CFU (colony forming unit)
analysis showed that polymersomes accumulate within the cells, co-localise with B.

thailandensis and have the ability to Kill intracellular bacteria (240). Further
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investigations are needed such as accurate quantification of encapsulated antibiotic,
defining the release and quantifying the antibiotic released within cells. In addition,
further research is needed to encapsulate other antibiotics, particularly front line

melioidosis therapies.

In a study by Xie et al (241), a bacterial ‘ghost’ is loaded with ciprofloxacin to deliver
the antibiotic to intracellular environments such as a macrophage. This is an
encapsulation method that could also be investigated for melioidosis. The bacterial
‘ghost’ displaying extracellular bacterial features, such as flagella and LPS, may
increase uptake of the bacterial ‘ghost’ compared to other antibiotic encapsulation

methods.

An improvement upon the nanoparticle based delivery of antibiotics could be to use
antibodies to specifically target bacteria. Antibody coated nanoparticles could be an
option for melioidosis, this could target delivery of antibiotic loaded nanoparticles to
bacteria (242). Similar to an AAC, the antibody could opsonise the bacteria,
increasing uptake of nanoparticles into the intracellular environment. This could be
achieved with or without a cleavable linker between the antibody and nanopatrticle.
The potential benefits over an AAC is that the nanopatrticle approach is potentially a
simpler production method, may be easier to scale up production, and ability to
switch antibiotic encapsulation without formulating new conjugation chemistry.
Although, it is not known if the antibody and macrophage Fc receptor interaction

would function with antibody coated nanoparticles.

1.4. Research project aims.

The current antibiotic therapy regimen for melioidosis is prolonged and can result in
relapse of infection. The aim of this thesis is to investigate an alternative therapeutic
option for targeting intracellular B. pseudomallei, which may provide an alternative
and improved therapeutic option for melioidosis. The project will focus on antibody
based therapy and provide proof of concept in vitro data for an antibody and antibiotic
combination therapy. Additionally, this research project will explore drugs that are
alternatives or adjuncts to antibiotics, especially drugs stimulating host intracellular

killing mechanisms such as autophagy.
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The aims of this research project can be summarised as the following.

A panel of Dstl owned monoclonal antibodies (mAbs) will be selected based
on previous in vivo data showing a level of protection from a B. pseudomallei
challenge. The mAbs will be investigated in an in vitro cell infection assay,
from this a single mAb will be selected for incorporation into an antibody-

antibiotic conjugate.

Potential autophagy inducing compounds will be assessed in vitro, as an
alternative to a mAb and antibiotic based therapy. These compounds will be
selected based on literature suggesting in vitro anti-bacterial effects.

A decision point will be made as to develop an AAC or further investigate an
autophagy inducing compound therapy. The selected therapy will be further
investigated in cell infection models, and an initial pharmacokinetic study in
mice will be completed. This will provide evidence for a proof of principle
therapy for melioidosis.
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2. Materials and Methods.

Experimental procedures were performed within ACDP containment level Il and IlI

laboratories at Dstl Porton Down, unless otherwise stated.

Generation of antibody-antibiotic conjugations were performed by Global Access
Diagnostics Ltd (previously trading as Mologic), Bedford Technology Park, Thurleigh,
Bedfordshire, MK44 2YA. United Kingdom.

All experimental data analysis was performed using GraphPad® prism software
unless otherwise stated. GraphPad® prism version 8 for Windows, La Jolla California

USA, www.graphpad.com).

2.1. Cell culture.

2.1.1 RAW 264.7 cell culture.

RAW 264.7 macrophage-like cells (ECCAC) were routinely cultured in Dulbecco’s
Modified Eagles Medium (DMEM) (Gibco) supplemented with 10% inactivated foetal
bovine serum (Gibco) and 2mM L-Glutamine (Gibco). RAW cells were cultured within
150 cm? vented cell culture flasks (Corning) within a 37°C, 5% carbon dioxide
humidified incubator. RAW cells were regularly passaged, by cell scraping and
culture into fresh DMEM when approximately 90% confluent, RAW cells were not
used past a passage number of 20. Prior to use for an infection assay, RAW cells
were assessed for viability and counted by trypan blue (Sigma) cell exclusion using
an automated cell counter (Nexcelom). RAW cells were cultured on 24 well cell
culture plates (Corning™ Costar™) in DMEM at a concentration of 5x10° cells mL™*
and cultured overnight within a 37°C, 5% carbon dioxide humidified incubator until

cell density reached 1x10° cells mL™2.

2.1.2. Isolation of bone marrow derived macrophages.
Bone marrow derived macrophages (BMDMs) were isolated as a primary
macrophage source from mice. BMDMs were isolated from BALB/c mice housed

within a dedicated animal facility (Dstl) in specific pathogen free conditions.
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Immediately prior to bone marrow harvest, the mice were culled by cervical
dislocation and transferred into a class Il microbiological safety cabinet. Mice were
soaked with 70% ethanol prior to removal of the femur with sterile disposable
scissors and forceps. Any attached muscle was removed, and both ends of the femur
removed with scissors. Holding the bone in place with forceps, 5 mL of cold sterile
PBS was washed through the bone cavity using a syringe and 25-G needle. The PBS
wash was collected in a sterile centrifuge tube and centrifuged at 500 x g for 10
minutes at room temperature. The supernatant was discarded and the pellet re-
suspended into 10 mL of DMEM/F12 (Gibco®) supplemented with 10 mM L-
glutamine (Gibco®), 100 units mL? penicillin (Sigma Aldrich), 100 pg mL*
streptomycin (Sigma Aldrich) and 25 ng mL* murine recombinant macrophage
colony stimulating factor (Sigma Aldrich). Cell flasks were incubated for 7 days within
a 37°C, 5% carbon dioxide humidified incubator. The culture media was removed
and replenished after 4 days of culture. After 7 days in culture, the BMDMs were
harvested into fresh DMEM/F12 (Gibco®) media by gently scraping with a cell
scraper. At this point BMDMs were analysed for purity and used in BMDM infection

assays.

2.2. Cell infection assays.

2.2.1. RAW cell infection assay.

An overnight bacterial Luria broth culture of B. thailandensis E555 (or B.
pseudomallei K96243) was centrifuged at 10,000 g for 5 minutes, and re-suspended
into Leibovitz's L-15 media (Gibco) supplemented with 10% inactivated foetal bovine
serum (Gibco) and 2mM L-Glutamine (Gibco). The bacterial suspension was diluted
to an ODeoo of 0.172 (0.4 for B. pseudomallei) which equates to an approximate
concentration of 1x108 bacteria mL1. A 10% dilution of this bacterial suspension was
prepared, and added to RAW cells for 1 hour at 37°C to allow bacterial uptake.
Following the incubation period, the bacterial culture medium was removed and
replaced with fresh Leibovitz's L-15 medium containing 1 mg mL? kanamycin
(Sigma) and incubated at 37 °C. This step was considered the start of time points to
monitor intracellular bacteria. Following a minimum 2 hour incubation period, the

intracellular bacteria were enumerated by cell lysis and CFU enumeration. Cell lysis
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was achieved with RAW cell incubation with distilled water (Gibco) for 10 minutes at
room temperature, followed by serial dilution and plating onto L-agar. Agar plates
were incubated at 37 °C for 48 hours prior to CFU enumeration. RAW cells were
alternatively harvested intact into PBS, for analysis by imaging flow cytometry. If cell
fixation was required, cells were centrifuged at 300 g for 5 minutes and re-suspended

into 4% paraformaldehyde (Alfa Aesar) prior to analysis.

2.2.2. Monoclonal antibody opsonisation assay.

Antibody opsonisation assays were performed as the RAW cell infection assay
(2.2.1), with the addition of antibody opsonisation of B. thailandensis prior to RAW
cell infection. A culture of B. thailandensis at 1x10” mL?' was incubated with
monoclonal antibody for 30 minutes at 37°C. An isotype control antibody (Invitrogen)
was used in each opsonisation assay. RAW cell infection and analysis was

performed as previously described in method 2.2.1.

Opsonisation assays with B. pseudomallei K96243 were performed the same as for
B. thailandensis E555, apart from the experiments were performed within ACDP
containment level Il facilities. Samples of B. pseudomallei infected RAW cells were
subjected to paraformaldehyde fixation, to enable analysis within ACDP containment
level 1l laboratories. RAW cells were fixed for 48 hours in 4% paraformaldehyde at

4°C, prior to removal from ACDP containment level Ill facilities.

2.2.3. Repurposed drugs infection assay.

The RAW macrophage infection assay (2.2.1) was used to assess a panel of
potential anti-microbial compounds. A panel of compounds consisting of
carbamazepine (Sigma), verapamil hydrochloride (Sigma), norverapamil
hydrochloride (Sigma) and valproic acid (Sigma) were incubated with the
macrophages post infection. Vehicle controls for each compound were DMSO
((CH3)2S0) for carbamazepine, methanol (CH3OH) for valproic acid, dH20 for both
verapamil and norverapamil. RAW cells were infected with B. thailandensis at a
multiplicity of infection (MOI) of 5 and incubated for an hour at 37°C in L-15 media

(Gibco). Following incubation the bacteria were removed and the cell culture media
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was subsequently replaced with 1mg mL* kanamycin maintenance antibiotic to Kill
extracellular bacteria. Additionally, test compounds were added post-infection and
incubated with the infected RAW cells for up to 24 hours. GFP expressing B.
thailandensis E555 (pBHR4-groS-eGFP) were used in the RAW cell assay to
visualise bacterial infection by imaging flow cytometry. For CFU analysis RAW cells
were lysed with distilled water and enumerated on L-agar. Alternatively, the cells
were harvested intact into 4% paraformaldehyde for fixation and analysis by imaging
flow cytometry. Subsequent experiments include staining RAW cells for autophagy,
as a host-directed mechanism of bacterial killing. Staining for autophagy was
achieved with anti-LC3 and anti-LAMP-1 specific fluorescent antibodies, and

analysis by imaging flow cytometry.

Kanamycin RAW cell infection assay.

RAW cells were infected with B. thailandensis E555 at a multiplicity of infection (MOI)
of 5 and incubated for an hour at 37°C in L-15 media (Gibco). Following incubation
the bacteria were removed and the L-15 cell culture media (Gibco) was subsequently
replaced with 1mg mL? kanamycin maintenance antibiotic to kill extracellular
bacteria. After 1 hour the kanamycin media was either left at 1mg mL™, reduced to
150 ug mL* or removed completely (L-15 culture media only). Additionally, RAW
cells were incubated with or without 200um of verapamil post-infection. RAW cells
were incubated for 4 and 24 hours at 37°C. At the specific time points the RAW cells
were lysed with distilled water and the intracellular bacteria enumerated by serial

dilution and culture on L-agar.

2.2.4. Antibody-antibiotic conjugate infection assay.

Antibody-antibiotic conjugate (AAC) batches (Global Access Diagnostics) were
assessed in a RAW cell infection assay (2.2.1) with B. thailandensis E555. AAC was
either pre-incubated with the bacteria prior to RAW cell infection, or added post-
infection in the kanamycin maintenance media. Controls consisted of antibody,
antibiotic, and bacterial only controls. At specific time points, the RAW cells were

analysed by CFU enumeration or imaging flow cytometry.
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An overnight culture of B. thailandensis E555 (RFP strain for imaging flow cytometry)
was diluted to 1x108 CFU mL™* (ODeoo of 0.172) in L-15 culture media (Gibco), the
bacteria culture was further diluted to 1xi0’ CFU mL™. In opsonisation experiments
the bacteria were opsonised with 3VIES5 or AAC for 30 minutes at 37°C, prior to RAW
cell infection. The control infection consisted of non-opsonised B. thailandensis.
RAW cells at 1x10°® cells mL*in L-15 media (Gibco) were infected with the opsonised
or non-opsonised bacteria at an MOI of 5, and incubated for 1 hour at 37°C. Following
incubation the cell culture media was removed, and immediately replaced with L-15
media containing 1mg mL"! kanamycin maintenance antibiotic. At this point the AAC
and ciprofloxacin were added to the RAW cells in the post-infection AAC
experiments. The RAW cells incubated for up to 24 hours at 37°C. RAW cells were
lysed by replacing the cell culture media with distilled water, until cell lysis occurred
(checked by light microscopy). Upon cell lysis the bacteria were enumerated by serial
dilution and culture on L-agar. Agar plates were incubated for a minimum of 24 hours

at 37°C until colonies could be accurately counted.

Alternatively, B. thailandensis E555 RFP infected cells to be analysed by imaging
flow cytometry were harvested intact into 4% paraformaldehyde (Alfa Aesar). RAW
cells were harvested into 4% paraformaldehyde by pipetting up and down. Imaging
flow cytometry was performed on the Amnis® ImageStream® X Mark Il. The gating
template previously described for RFP and mAb opsonisation experiments was
applied to the imaging flow cytometry analysis of AAC experiments. All lasers used
were set to full power (200 mW for 561nm laser), and x60 objective was used
throughout. RFP excitation (peak of 555nm) was achieved with the 561nm laser and
fluorescence emission (peak of 584nm) detected with channel 4. Additional bright
field imagery of the RAW cell was applied throughout with channel 1. RAW cells were
gated according to being in focus, single cells and containing bacterial GFP

fluorescence.

Ciprofloxacin and 3VIE5 combination assay.

An overnight culture of B. thailandensis E555 was diluted to 1x10® CFU mL™* (ODsoo
of 0.172) in L-15 culture media (Gibco), the bacteria culture was further diluted to
1x10” CFU mL1. The bacteria were opsonised with 1 ug mL* of 3VIE5 for 30 minutes
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at 37°C prior to RAW cell infection. The no mAb control consisted of non-opsonised
B. thailandensis. RAW cells at 1x10® cells mL?in L-15 media (Gibco) were infected
with the opsonised or non-opsonised bacteria at an MOI of 5, and incubated for 1
hour at 37°C. Following incubation the cell culture media was removed, and
immediately replaced with L-15 media containing 1mg mL* kanamycin maintenance
antibiotic. Additionally, ciprofloxacin was added to the cell culture media at
concentrations ranging from 0.1 yg mL* to 5 ug mL%, and the RAW cells incubated
for 4 and 24 hours at 37°C. RAW cells were lysed by replacing DMEM culture media
with distilled water, until cell lysis occurred (checked by light microscopy). Upon cell
lysis the bacteria were enumerated by serial dilution and culture on L-agar. Agar
plates were incubated for a minimum of 24 hours at 37°C until colonies could be

accurately counted.

2.2.5. Blocking of CD16 and CD32.

RAW 264.7 cells were pre-incubated with 1 pg of TruStain FcX™ (anti-mouse
CD16/CD32) (Biolegend) for 15 minutes at 37°C, prior to infection. Antibody
opsonisation was assessed as described previously (2.2.2), with the addition of 1 ug
of TruStain FcX™ (Biolegend) present during RAW cell infection. The RAW cells

were analysed as previously described for antibody opsonisation (2.2.2).

2.3. Bacterial culture and inactivation.

2.3.1 Preparation of bacterial culture media.
Luria broth, Mueller Hinton broth, and agar were all prepared by Dstl technical

services.

Luria broth was prepared with 10g tryptone peptone (Gibco), 5g yeast extract
(Gibco), and 5g sodium chloride (VWR) in 1L water (Milli-Q®). Luria agar was
prepared with the addition of 20g of dehydrated agar (BD). The media had a pH of

7.2 and was sterilised at 121°C for 15 minutes.

Mueller Hinton broth was prepared with 21g of dehydrated Mueller Hinton broth
(Oxoid) in 1L of water (Milli-Q®). Mueller Hinton agar was prepared with 38g
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dehydrated Mueller Hinton agar (Oxoid) in 1L of water (Milli-Q®). The media had a
pH of 7.4 and was sterilised at 121°C for 15 minutes. The Mueller Hinton media was
adjusted to the desired pH with hydrochloric acid (35%, VWR) and sodium hydroxide
(40%, VWR).

2.3.2. Culture of B. thailandensis E555.

B. thailandensis E555 was routinely cultured in Luria broth and on Luria agar at 37°C,
broth cultures were incubated with shaking at 180 rpm. Florescent protein expressing
strains (pBHR4-groS-eGFP/RFP) were cultured on Luria agar and Luria broth
supplemented with 50 pg mL* chloramphenicol, to ensure only plasmid containing
fluorescent protein expressing bacteria are cultured. Mueller Hinton broth and agar
was used for bacterial culture in finafloxacin MIC studies. Culture of B. thailandensis

E555 was performed in ACDP containment level Il facilities at Dstl.

2.3.3. Culture of B. pseudomallei K96243.

B. pseudomallei K96243 was routinely cultured in Luria broth and on Luria agar at
37°C, broth cultures were incubated with shaking at 180 rpm. A florescent protein
expressing strain (pBHR4-groS-RFP) was cultured on Luria agar and in Luria broth
supplemented with 50 ug mL* chloramphenicol. Culture of B. pseudomallei was

performed within ACDP containment level Il facilities at Dstl.

2.3.4. Inactivation methods.

Inactivation of B. thailandensis E555 was required for ELISA analysis outside of a
microbiological safety cabinet. Inactivation was performed by heat killing an
overnight culture of B. thailandensis at 80°C for 4 hours, within a sterile glass Duran
bottle. Confirmation of inactivation was achieved by culturing 10% of the bacterial
suspension in Luria broth for 1 week at 37°C with shaking at 180 rpm. After the week
long broth incubation, 10% of the broth was plated onto Luria agar and incubated for
a further 1 week at 37°C. Inactivation was deemed successful with no visible

replication in either the broth or on the agar plates. Enumeration of the stock culture,
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prior to inactivation, was achieved by serial dilution and CFU enumeration on Luria

agar.

Inactivation of B. pseudomallei K96243 was performed to enable removal and
analysis of RAW cells outside of containment level Il facilities. Inactivation was
achieved by fixation of infected RAW cells in 4% paraformaldehyde for 48 hours at

4°C, prior to removal from containment level 11l facilities.

2.4 Antibiotics.

2.4.1 Ciprofloxacin.
Ciprofloxacin hydrochloride (European pharmacopoeia reference standard, Sigma),
was dissolved in 1mL of 1M NaOH and 9mL of distilled water, to create a working

stock solution.

2.4.2 Finafloxacin.
Finafloxacin was supplied by MerLion Pharmaceuticals Ltd. A quantity of 118mg
(100mg of active finafloxacin) was dissolved in ImL of 1M NaOH and 9mL of dH20

to create a 10mg mL"! stock, as published by Barnes et al (56).

2.5 Cell staining.

2.5.1. Actin tail staining.

An overnight culture of B. thailandensis E555 or B. pseudomallei K96243 was diluted
to 5x106 CFU mL™*. The bacteria were opsonised with mAb 3VIE5 or a murine
antibody isotype control at 1 ug mL*%, for 30 minutes at 37°C prior to RAW cell
infection. The RAW cells were infected with the opsonised bacteria at an MOI of 5
for 1 hour at 37°C, the cell culture media was subsequently removed and replaced
with media containing 1mg mL* kanamycin maintenance antibiotic. The kanamycin
prevents extracellular bacterial growth and after 16 hours the RAW cells were

harvested for imaging flow cytometry analysis. RAW cells were harvested into 4%
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paraformaldehyde by pipetting up and down, or left adhered to a cell culture dish for
confocal microscopy. RAW cells were fixed and permeabilised with a BD
Cytofix/Cytoperm™ kit, following manufacturer’s instructions. Alexa Fluor® 647
phalloidin (Molecular Probes) was added to the RAW cells at 5% (vol/vol) in
perm/wash buffer, and the cells incubated at room temperature for 30 minutes.
Following incubation, the RAW cells were washed twice with PBS and finally re-
suspended in PBS for analysis by imaging flow cytometry or remained adhered to a

cell culture dish for confocal microscopy.

2.5.2. LC3 and LAMP-1 staining.

RAW cells were harvested, transferred to 200 L fixative-permeabilisation buffer (BD
Biosciences) and incubated for 30 minutes at room temperature on a roller. Following
incubation, the sample volume was increased to 1mL with 800 pL of 1X
permeabilisation-wash buffer (BD Biosciences) and centrifuged for 5 minutes at 300
g. Following centrifugation, cells were re-suspended into 200uL permeabilisation-
wash buffer (BD Biosciences) containing 5 pg mL* anti-LC3 mAb (Biolegend), and
incubated for 1 hour at room temperature on a roller. Following incubation, a further
800 pL of permeabilisation-wash buffer (BD Biosciences) was added to the sample.
The RAW cell sample was centrifuged for 5 minutes at 300 g, the cell pellet was re-
suspended into 200 L permeabilisation-wash buffer (BD Biosciences) containing 10
pug mL* goat anti-mouse Alexa Fluor 647 (Invitrogen) and 3.5 ug mL* PE/Dazzle™
594 anti-mouse CD107a (LAMP-1) Antibody (Biolegend, UK). The sample was
incubated for 1 hour at room temperature on a roller. Following incubation, 800 uL of
PBS (Gibco) was added and the sample centrifuged for 5 minutes at 300 g. Finally,
cell pellets were re-suspended into 50 pL PBS (Gibco) prior to analysis by imaging

flow cytometry.

2.5.3. Primary macrophage staining.

BMDM cells were stained and analysed for CD11b and CD14 markers.

BMDM cells were removed from culture by gentle scraping into DMEM/F12 (Gibco®)
media. The BMDM cell suspension was centrifuged at 400 g for 5 minutes at room
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temperature, and the supernatant discarded. The BMDM cell pellet was re-
suspended into PBS containing 2% FBS (Gibco®) and separated into four separate
vials. Vials consisted of a non-stained control, CD11b stained, CD14 stained and a
combination of both stains. To reduce non-specific staining, BMDM cell samples
were pre-incubated for 10 minutes with 1pg TruStain fcX™ anti-mouse CD16/32
antibody (BioLegend®) per 108 cells in a 100uL volume. Brilliant Violet 421™ anti-
mouse/human CD11b antibody (Biolegend®) and Alexa Fluor® 647 anti-mouse CD14
antibody (Biolegend®) were added to the BMDM cells at 0.25 ug per 10° cells. All
stains were incubated with BMDM cells for 45 minutes at room temperature and with
gentle shaking in the dark. Cells were subsequently washed with PBS and
centrifuged at 400 g for 5 minutes, this was repeated twice to remove unbound stain.

BMDM samples were analysed by flow cytometry and confocal microscopy.

2.6. Cell analysis.

2.6.1. Cell counting.
Cells were assessed for viability and enumerated by trypan blue (Sigma) cell
exclusion using an automated cell counter (Nexcelom). Trypan blue was used at 1:1

(vol/vol) with the cell suspension.

2.6.2. Confocal microscopy.

High definition imaging of RAW cells was achieved using a confocal laser scanning
microscope (Zeiss). Cells were analysed on 35 mm cell culture dishes (Corning)
using x20, x40, or x63 oil immersion lenses. Hoechst (Sigma) nuclei dye (excitation
peak at 352 nm and emission peak at 461 nm) was added to cells at 2ug mL?, to
discriminate between individual cells and multi-nucleated giant cells. A GFP
expressing B. thailandensis E555 (excitation peak at 489 nm and emission peak at
511 nm) was used throughout confocal microscopy studies. Cells were additionally
stained for bacterial actin tails with Alexa Fluor® 647 (excitation peak at 650 and
emission peak at 668nm) phalloidin (red). Laser power was set between 2 — 5 mw
for each laser used, 488nm (GFP), 405nm (Hoechst) and 633nm (Alexa Fluor ® 647).
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Bacterial actin tail fluorescence was imaged at 12 hours post infection by confocal
microscopy. Images were taken on the confocal microscope at x20 magnification,
and using a 5x5 tiled image around multiple focal points of infection on a 35 mm cell
culture dish (Corning). A 2 line average scan was used throughout, with a gain of
290 for green and a gain of 686 for red fluorescence. Confocal microscopy images
were  analysed using the Icy bio image  analysis  software
(http://icy.bioimageanalysis.org/) (243). A ratio was generated between the green
bacteria (B. thailandensis E555 GFP) and the red actin tail (Alexa Fluor® 647

phalloidin (Molecular Probes)).

Imaging FITC labelled AAC.

An overnight culture of B. thailandensis E555 RFP in L-broth was diluted to an OD
of 0.172, which equates to a concentration of 1x108 CFU mL™. The FITC labelled AAC
was added to the bacteria at a concentration of 10 ug mL-%, this high concentration
was selected to ensure that the fluorescence will be visible on the confocal
microscope. Confocal microscopy was used to visualise fluorescence from the FITC
(excitation peak of 490 and emission peak of 525) using a 488nm excitation laser,
and RFP using a 543nm excitation laser (excitation peak of 555 and emission peak
of 584). Laser power was set between 2 — 5 mw for each laser used, images were

taken using x63 magnification.

2.6.3. Imaging flow cytometry.

Imaging flow cytometry was performed on an Amnis® ImageStream® X Mark Il
Imaging flow cytometer. Cell samples were analysed either live or fixed in 4%
paraformaldehyde (Alfa Aesar), within an Eppendorf® tube. Ten thousand events
were collected, consisting of cells gated according to being in focus and single cells.
Channels 1 (bright field), 2 (GFP), 4 (RFP), 6 (side scatter) and 9 (bright field) were
all used at full laser power as standard. Magnification was set at x60 for all RAW cell
experiments. A compensation matrix was generated and applied to data where more
than one fluorophore is present in the sample, this was to compensate for any

potential cross-over between fluorescence.
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Ideas® software was used to analyse data. Analysis of infected cells was performed
by gating cells according to the associated bacterial fluorescence. Additionally, an
erode mask was applied to exclude extracellular bacterial fluorescence from the cell
analysis, as previously described by Jenner et al (244).

LAMP-1 analysis

RAW cells were analysed on the Amnis® ImageStream® X Mark II. The 488nm
(GFP) and 561nm (PE/Dazzle™ 594) lasers were used at 100mw and 200mw power
respectively. Fluorescence was detected using channel 2 (B. thailandensis E555
GFP, excitation peak at 489 nm and emission peak at 511 nm) and channel 4
(PE/Dazzle™ 594), magnification was set at x60 throughout. Cells were gating
according to being single cells, in focus, association with GFP and co-localisation
with LAMP-1 (Figure 30).

LC3 and LAMP-1 autophagy analysis

RAW cells were analysed on the Amnis® ImageStream® X Mark II. The 488nm
(GFP), 561nm (PE/Dazzle™ 594) and 642nm (Alexa Fluor 647) lasers were used at
100mw, 200mw and 150mw power respectively. Fluorescence was detected using
channel 2 (B. thailandensis E555 GFP, excitation peak at 489nm and emission peak
at 511nm), channel 4 (PE/Dazzle™ 594) and channel 11 (Alexa Fluor 647 excitation
peak at 650nm and emission peak at 665nm). Bright field (channel 1) was used
throughout at maximum power and magnification was set at x60 throughout. Cells
were gating according to being single cells, in focus, association with GFP, and co-
localisation between LC3 and LAMP-1 as a marker of autophagy (Figure 40). A
compensation matrix was generated in the Amnis Ideas® software and applied to
the data set to compensate for fluorescence cross over between the GFP,

PE/Dazzle™ 594 and Alexa Fluor 647 emissions.

2.6.4. Flow cytometry.
BMDM cells were harvested and stained with CD11b and CD14 (method 2.5.3).
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BMDM cell samples were analysed on a FACS Canto Il (BD Biosciences) and intact
cells gated according to SSC-A and FSC-A (side scatter and forward scatter). CD11b
and CD14 positive BMDM cells were gated according to pacific blue-A (violet) and
APC-A (red), for detection of Brilliant Violet 421™ anti-mouse CD11b antibody
(BioLegend) and Alexa Fluor® 647 anti-mouse CD14 antibody fluorescence
respectively. Each laser was used at full power, violet laser at 405nm and red laser
at 633nm. Brilliant violet 421 has an excitation wavelength of 405 nm and emits at
421 nm, whereas Alexa Fluor® 647 is excited at 633 nm and has a maximum
emission of 668 nm. A total of 18,727 CD11b and CD14 positive BMDM cells, and
19,396 unstained BMDM cells were gated during the analysis.

2.6.5. CFU analysis.

RAW cells were lysed by replacing the culture media with dH20 and incubated for a
minimum of 10 minutes at room temperature. Lysis was confirmed with visualisation
by light microscopy. Enumeration of bacteria was achieved by serial dilution and
plating onto Luria agar. Agar plates were incubated for 48 hours at 37°C, prior to

counting of colony forming units.

2.6.6. Analysis of LDH release from RAW cells.

Analysis of lactose dehydrogenase (LDH) release from RAW cells was achieved with
the use of Promega CytoTox 96® Non-Radioactive Cytotoxicity Assay kit (Promega
Corporation USA), following manufacturer’s instructions. Briefly, RAW 264.7 cells
(ECCAC) were cultured on 24 well cell culture plates (Corning™ Costar™) and
incubated with test compounds at various concentrations. At the specified time
points, the cell culture media in each well was gently mixed and 50uL of media
removed for analysis. Cell culture samples were transferred to a 96 well cell culture
plate (Corning™ Costar™), 50uL of CytoTox 96® reagent was added to each well.
The plate was incubated in the dark at room temperature for 30 minutes prior to
addition of 50ul CytoTox 96® stop solution. Absorption of each well was read on a
plate reader set at 492nm wavelength. Percentage of cell lysis was calculated by
comparison to a lysis control, in which all cells were lysed by CytoTox 96® lysis

solution.

70



2.6.7. Minimum inhibitory concentration (MIC).

An overnight Luria broth culture of B. thailandensis E555 or B. pseudomallei K96243
was diluted to an approximate concentration of 1x10® bacteria mL1, using a bacterial
OD reading of 0.172 ODsoonm and 0.4 ODsgonm respectively. The bacterial suspension
was further diluted to 1x10® cfu mL* with dilutions into either L-15 cell culture media
(Gibco), Luria broth or Mueller Hinton broth. A 96 well culture plate (Corning™
Costar™) was prepared with dilutions of test compounds within a 100puL volume of
either L-15 cell culture media (Gibco), Luria broth or Mueller Hinton broth per well.
To each well, 100uL of the 1x10® cfu mL bacterial suspension was added, therefore
the total volume was 200 pL per well. Control wells consisted of positive bacterial
culture with no test compounds, and negative controls consisted of 200 pL of culture
media only. Plates were sealed with an optically clear sterile plate sealer and placed
within an incubating plate reader (Multiskan FC, Thermo), with the incubator set to
37°C with gentle shaking. Automated OD readings were taken at ODsos every 15
minutes for 24 hours. Alternatively, plates were placed within a static incubator for
24 hours at 37°C. The MIC was calculated by a visual examination of the 96 well
plate to determine wells with no bacterial replication, as stated in the Clinical and
Laboratory Standards Institute (CLSI) guidelines (245). Alternatively the OD readings
from the incubating plate reader (Multiskan FC, Thermo) were plotted to display

bacterial replication over 24 hours.

2.6.8. Minimum bactericidal concentration (MBC).

To determine the MBC, 100ul aliquots were taken from wells of the MIC assay with
no visible bacterial replication. The aliquots were plated onto Luria agar and
incubated at 37°C for 24 hours to determine bacterial replication. A concentration of
the compound that killed 99.9% of the bacterial inoculum was considered the MBC

for that compound.
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2.7. Cathepsin assays.

2.7.1 In vitro cathepsin cleavage assay.

Dry powder AAC preparations were dissolved in 50uL of DMF (Sigma) followed by
addition of 950puL of cathepsin assay buffer (L100mM sodium acetate buffer (Sigma),
2mM DTT (Sigma), 1mM EDTA (Sigma), pH 5). Solubilised AAC samples were
provided by Global Access Diagnostics in PBS buffer. Cathepsin B from bovine
spleen (Sigma C6286) was reconstituted into cathepsin assay buffer and added to
AAC samples at between 1 and 10 unit concentrations. Cathepsin B was incubated
with the AAC samples for 1 hour at 37°C to enable linker cleavage. Antibiotic function

post cleavage was assessed by MIC (2.6.7) and MBC (2.6.8) analysis.

2.7.2 Cathepsin B activity.

The activity of cathepsin B (Cathepsin B from bovine spleen, Sigma C6286) was
assessed in pH 5 cathepsin buffer (100mM sodium acetate buffer (Sigma), 2mM DTT
(Sigma), 1mM EDTA (Sigma), pH 5) with a colorimetric Z-RR-pNA (z-arg-arg-p-
nitroanalide) substrate (Sigma). The colorimetric product (p-nitroaniline) formed from
cathepsin cleavage of Z-RR-pNA, was detected by OD at 405nm in a 96 well
incubating micro plate reader (Multiskan FC (Thermo)), with OD readings every

minute for 1 hour at 25°C.

2.8. Generation of AAC products by Global Access Diagnostics.

Octet analysis of mAbs, generation of antibiotic stub molecules, chemical
conjugation of 3VIE5 to antibiotics and HPLC/MALDI analysis were performed by
Global Access Diagnostics. All methods detailed in this section (2.8) were provided

by Global Access Diagnostics.
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2.8.1. Octet analysis of antibodies.
A heat-killed cell preparation of B. thailandensis E555 was prepared at Dstl (2.3.4)
and sent to Global Access Diagnostics. Four mAbs (3VIE5, 4VIH12, 4VA5 and CC6)

were provided for characterisation by real time label free kinetics analysis.

Data was generated using the Octet® RED Biolayer interferometry platform (ForteBio
Sartorius). To test the bacterial ligand, a dilution series was set up on the reaction
plate to assess whether immobilisation was taking place on the APS
(aminopropylsilane) surface, and at what level the signal threshold was reached.
Antibody 3VIES was chosen to test for analyte binding at a concentration of 333 nM.
For further evaluations of antibody binding, the loading concentration was set at
1/400 dilution. A series of kinetics measurements were set up for the four candidate
antibodies. In each case duration of association phase was set to between 200 and

250 seconds and the dissociation phase to between 500 and 1000 seconds.

2.8.2. Generation of antibiotic stub molecules.

Tert-Butyl-4-(hydroxymethyl)phenylcarbamate (199.6 mg, 894 p moles, Fluorochem
Ltd. Cat no. 061120, Lot no. FCB062749, MW = 223.272), was solubilised in
dimethylformamide (DMF) dried over a molecular sieve (3.1 mL). A solution of thionyl
chloride (Sigma-Aldrich 230464, 120 mg, 74 uL, 1009 p moles, MW = 118.97, d =
1.638) in dichloromethane (DCM) dried over a molecular sieve (0.52 mL) was added
in portions dropwise. The solution was a deep red in colour. Stirring was continued
with the reaction vial septum top pierced by a syringe needle connected to a balloon
of nitrogen gas. A further 65 mg (40 pL, 546 pyM) SOCI2 in 156 pyL dry DCM was
added dropwise after three hours. The solution, which was still deep red in colour,
was stirred with a balloon of nitrogen in place overnight. The next day a solution of
SOCI2 (15 L, i.e. 24.5 mg) in dry DCM (156 pL) was added and stirring was
continued for 2 h. The volume of solution in the vial was reduced by approximately a
half using a stream of nitrogen gas. One half of the solution was added to a vial
containing a 196 mg aliquot of finafloxacin. HCI (+ 434.85 = 451 yM), while the other
half was added to a vial containing a 149 mg aliquot of ciprofloxacin (Sigma-Aldrich
17850, 450 uM). Each mixture was diluted with an additional 1.025 mL aliquot of

DMF dried over molecular sieve, and the mixtures were stirred open to the air for 0.5
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h. A 217 pL aliquot of N,N-Diisopropylethylamine (DIPEA) (2.25 mM, i.e. a 5x molar
excess with respect to antibiotic) was added to each mixture, the vials were capped
and stirring was continued overnight. Following overnight stirring of the reaction
mixtures, 22 L aliquots of DIPEA were added to each one and stirring was
continued. After 5 hours an additional 22 uL aliquot of DIPEA was added to each
reaction vial and stirring was continued overnight. Following overnight stirring of the
reaction mixtures, 22 yL aliquots of DIPEA were added to each one and stirring was
continued for 1 h. At this point samples were taken for high performance liquid
chromatography (HPLC) analysis. A solvent control sample was run (DMF + 80/20
water/MeCN) using a Phenomenex Kinetex 5 ym C18 100A LC column, 250 x 4.6
mm (Part no. 00G-4601-E0, batch no. 5701-0039), with a gradient of 20 — 100 % B
from 2 to 16 minutes, where Solvent A = 0.1 % trifluoroacetic acid (TFA) in water and
Solvent B = 0.1 % TFA in acetonitrile. Fractionation confirmed the carbamate
products of ciprofloxacin and finafloxacin at retention times of 9.2 min and 9.11 min
respectively. Free unreacted antibiotic eluted significantly earlier at 3 min. Liquid
chromatography mass spectrometry (LC-MS) analysis confirmed the expected

masses.

After HPLC purification of the target peak, pooling and lyophilisation, the de-
protection was carried out to remove the tert-butyloxycarbonyl (Boc) group. A 1 mL
aliquot of DCM was added to the freeze-dried material, and a 1 mL aliquot of TFA
was added to the resulting solution. The de-protection mixture was incubated at room
temperature. After 2 hours, the de-protection solution was transferred to a round-
bottom flask and the liquid phase was removed by rotary evaporation. The de-
protected material was subjected to a cold diethyl ether wash and the de-protected
material was solubilised in 50/50 MeCN/water. The solution was transferred to a vial

to be lyophilised.
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Figure 5. Structure of antibiotic stubs.

Finafloxacin-PAB and ciprofloxacin-PAB were generated by Global Access

Diagnostics, for analysis by Dstl to determine antibiotic activity.

2.8.3. Synthesis of Boc-amine Linker intermediate.

A 2 mL aliquot of DMF dried over molecular sieve was added to a 203.67 mg aliquot
of MC-Val-Cit-PABA-OH (+ 572.66 = 356 uM) in a glass vial. A stirrer bar was added
and stirring commenced to solubilise the linker. A 500 uL aliquot of 2-(Boc-
amino)ethanethiol (BocAET) (= 2.96 mM, i.e. 8.3 x molar excess wrt linker) was
added to the linker solution. A septum cap was fitted on the vial and a syringe needle
attached to a nitrogen balloon was put through the septum. The mixture was stirred
overnight at RT. Having stirred the reaction mixture overnight, a 15 pL aliquot was
removed for analysis. The solution was diluted with 0.1 % TFA in 50/50 MeCN/water
(300 uL) and HPLC purification was carried out using a Phenomenex Kinetex 5 ym
C18 100A LC column 250 x 4.6 mm (Part no. 00G-4601-EO, serial no. 643153-7). A
gradient of 5— 100 % B from 2 to 16 minutes was employed, where Solvent A = 0.1%
TFA in water and Solvent B = 0.1 % TFA in acetonitrile. Target material was

confirmed by mass spec. Expected mass = 749.38; measured MH+= 750.3.

2.8.4. Synthesis of Boc-amine linker-ciprofloxacin intermediate.

A 5.93 mg (+ 749.92 = 7.908 puM) aliquot of Linker-BocAET was dried in the freeze-
drier for 25 minutes. The material was solubilised in DMF dried over molecular sieve
(90 uL), and a solution of thionyl chloride (Sigma-Aldrich 230464, 0.983 mg, 0.60 uL,
8.261 uM, MW = 118.97, d = 1.638) in DCM dried over molecular sieve (10 uL) was

75



added. The reaction mixture was tumbled at room temperature. After approximately
2 h, a solution of thionyl chloride (0.42 L, 5.783 pM) in dry DCM (5 uL) was added
to the reaction mixture and Tumbling at RT was continued overnight. An additional
aliquot of thionyl chloride (0.42 uL, 5.783 pM) in DCM (5 uL) was added to the
reaction mixture, and tumbling was continued for a further 5 h. The mixture was
transferred to an Eppendorf that continued a 3.49 mg (+ 385.82 = 9.046 yM) of
ciprofloxacin hydrochloride (Abcam, Product no. ab141918, Lot ho. GR193496-12).
N.B. Before the solution was added to the aliquot of Cip.HCI, the volume was not
reduced on this occasion using a stream of nitrogen gas. An additional aliquot of
DMF (25 uL) was added to the mixture and tumbling was resumed. The Cip.HCl was
not completely solubilised in the liquid phase. After 20 minutes, tumbling was
interrupted to add a 6.90 uL aliquot (6.90 x 0.742 x 1000/129.247 = 39.54 uM, i.e. a
5x molar excess wrt of linker-BocAET material and ciprofloxacin.HCI) of DIPEA
(Sigma-Aldrich, Product no. D125806, Lot no. STBD4638V). Tumbling of the reaction
mixture was continued overnight at RT. Over 72 hours, additional aliquots of DIPEA
were added until a product peak was observed on HPLC. HPLC purification was
carried out with a Phenomenex Kinetex 5 um C18 100A LC column 250 x 4.6 mm
(Part no. 00G-4601-EO, serial no. 643153-7, batch no. not stated). A gradient of 5 —
100 % B from 2 to 16 minutes was employed, where Solvent A = 0.1 % TFA in water
and Solvent B = 0.1 % TFA in acetonitrile. Target material was confirmed by mass
spec. Expected mass = 1062.50; Measured MH+ = 1063.3.

2.8.5. The modification of 3VIES antibody with sulfo-SMCC.

A 4mg/mL aqueous solution of sulphosuccinimidyl-4-(N-maleimidomethyl)
cyclohexane-1-carboxylate sodium salt (sulfo-SMCC, Apollo Scientific, Cat. no.
BICL207, Lot no. 29745) was prepared, and an 11.3 pL aliquot (103.6 nM) of this
solution was added to an Eppendorf tube that contained a 280 pL aliquot (6.907 nM)
of 3.7 mg/mL 3VIES diluted with PBS, pH 7.4 (220 pL). Sulfo-SMCC:Ab molar ratio
= 15:1. The contents of the tube were agitated at room temperature using a rotator.
After 1 hour, the tube containing the reaction mixture was removed from the rotator,
and the solution was applied to a Zeba Spin column, 7K MWCO, 2 mL (Thermo Sci.
Cat. no. 89890, Lot no. XA339944) that had been equilibrated with PBS, pH 7.4, + 2
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mM Ethylenediaminetetraacetic acid (EDTA). A 4 uL aliquot of the eluate was
removed for MALDI-TOF MS analysis.

2.8.6. Modification of linker-Ciprofloxacin with Traut’s reagent.

A 0.60 mg (+ 963 = 623 nM) aliquot of LinkerAETCiprofloxacin in an Eppendorf tube
was solubilised in DMF (15 pL), and the resulting solution was diluted with a 105 pL
aliquot of 20 mM borate buffer, pH 9.0, + 2mM EDTA. A 20 mg/mL soln. of Traut’s
reagent (2-Iminothiolane hydrochloride, Sigma-Aldrich, Cat no. 16256, Lot no.
SLBZ5571, MW = 137.63) in water was prepared, and a 4.28 pL aliquot (622 nM) of
this solution was added to the LinkerAETCiprofloxacin solution for a molar ratio of
1:1. The reaction mixture in the Eppendorf tube was agitated at room temperature
using a rotator. After approx. 1 hour, the solution was added to the modified antibody
solution (2.8.7) after a 4 L aliquot of the Traut-modified solution had been removed

for LC-MS analysis.

2.8.7. Reaction of sulfoSMCC-modified antibody with Traut-modified
LinkerAETCiprofloxacin.

The sulfoSMCC-modified antibody eluate that remained, after a small sample of the
solution had been taken, was transferred from a 15 mL collection tube to a 1.5 mL
Eppendorf tube. The remaining Traut-modified LinkerAETCiprofloxacin solution
(2.8.6) was added to the mADb eluate, and the mixture was agitated overnight at room

temperature using a rotator. Theoretical calculations:
Molar ratio of Traut-modified LinkerAET Ciprofloxacin:sulfoSMCC-modified Ab =91:1

Following overnight agitation on the rotator, the conjugation solution was applied to
a Zeba Spin column, 7K MWCO, 2 mL (Thermo Sci. Cat. no. 89890, Lot no.
VK311740) that had been equilibrated with PBS, pH 7.4. The eluate was stored in a
fridge.
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2.8.8. LC-MS analysis of LinkerAETCiprofloxacin.

The aliquot of the Traut-modified solution was diluted with 0.1 % aq. formic acid in
LC-MS grade water. The solution was transferred to a sample vial for LC-MS
analysis, which was carried out after an LC-MS water control using a Waters
BioAccord LC-MS system. A gradient of 2 — 90 % B1 from 2 to 20 minutes was used,
where Solvent A1 = 0.1 % formic acid in water and Solvent B1 = 0.1 % formic acid in
acetonitrile. The flow rate was 0.6 mL/min. and the injection volume =5 pL. Column
= Acquity UPLC CSH C18 130A, 1.7 um, 2.1 x 100 mm, Part no. 186005297, Serial
no. 01703107825196.

2.8.9. MALDI-TOF MS analysis.
The analysis was carried out on a Shimadzu MALDI-8020 mass spec using the

following three solutions:

3.7 mg/mL 3VIES Ab solution (Lot no. 3VIE51908P).
SulfoSMCC-modified 3VIES antibody.

The antibody-ciprofloxacin conjugate solution.

Preparation of the three sample solutions for MALDI-TOF analysis was carried out
using freshly prepared sinapic acid (Sigma) (SA) solution in 50/50 MeCN/water as
the matrix solution. For each sample, a 0.5 pL aliquot of matrix solution was used to
pre-treat the TO-431R00 target plate. Once dry, a 0.5 uL aliquot of sample solution
was applied, followed by a second 0.5 pL aliquot of matrix solution. Analysis was
carried out on the MALDI-TOF MS after the plate had been allowed to air dry. The

instrument parameters were:

Mass range: 10,000 — 200,000
Tuning: Linear

Spots: manual positioning (rastered)
5 shots @ 200 Hz

200 profiles
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Monitor range 140,000 — 160,000
Pulsed extract: on @ 150,000
Blanking mass: 10,000

Laser power = 110

2.8.10 Conjugation of fluorescein to ciprofloxacin AAC.

A 1.4 pL aliquot of a 20 mg/mL solution of carboxyfluorescein-dPEGi2-NHS ester
(Quanta Biodesign Ltd) was added to the antibody-ciprofloxacin conjugate solution
at a ratio of 4:1 (fluorescein:AAC). The mixture was agitated at room temperature
using a rotator. After 2 h, the reaction mixture was applied to a Zeba Spin column,
7K MWCO, 2 mL (Thermo Scientific) that had been equilibrated with PBS, pH 7.4.
The yellow-coloured eluate was transferred to a 1.5 mL Eppendorf tube and stored

in a fridge.

2.9. Pharmacokinetic analysis.

2.9.1 ELISA.

ELISA microtitre plates (96 well Immulon 2 HB) were coated with heat inactivated B.
thailandensis E555 at a range of concentrations (1x10®to 1x10® cfu mL™) in 100 pL of
0.05M carbonate-bicarbonate buffer pH 9.6 (Sigma). The plates were coated by
overnight refrigeration at 4°C and subsequently washed three times with PBST (0.01
M phosphate buffered saline containing Tween® 20 at 0.05% pH 7.4 (Sigma)). Plates
were blocked with 200uL of casein blocking buffer (Sigma) for 45 minutes at 37°C,
followed by a three stage wash with PBST. The mAb 3VIES was prepared in casein
blocking buffer and added to the ELISA plates, plates were incubated at 37°C for 45
minutes. Following incubation, the plates were washed with PBST three times, and
a goat anti-mouse IgG (H+L) HRP (horseradish peroxidase) conjugated secondary
antibody (Sigma) was added to the plate (1 in 3000 dilution) in 100uL casein blocking
buffer (Sigma). Plates were incubated at 37°C for 45 minutes followed by a three
stage wash with PBST. Finally, 100uL of ABTS™ (2,2"-azino-di-(3-

ethylbenzthiazoline sulfonic acid) solution (Roche) was added to each well of the
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plate and incubated for 45 minutes at room temperature. Absorption values were
determined with a 96 well micro titre plate reader (Multiskan FC, Thermo) at a

wavelength of 414nm.

2.9.2. Pharmacokinetics of mAbs in vivo.

A group of 15 female BALB/c mice (Charles River) were housed at the experimental
animal facility at Dstl. All 15 mice received an intravenous dose of 3VIES mAb at 5
mg kg into the lateral tail vein. Groups of 3 mice were subjected to blood collection
by cardiac puncture under terminal anaesthesia at 24, 96, 192, 360 and 432 hours
post mAb 3VIES dose. Blood samples were centrifuged (1500 x g for 10 minutes)
and the sera stored at -80°C prior to testing by ELISA. Sera samples were analysed
in triplicate by an immobilised antigen ELISA at 1xi0o’ cfu mL?t (2.9.1).
Pharmacokinetic properties were determined by generating a standard curve from
control mAb 3VIE5 ELISA data, and the subsequent interpolation of sera samples
from this standard curve using GraphPad® prism (version 8 for Windows, La Jolla

California USA, www.graphpad.com).
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3. Antibody opsonisation of Burkholderia in vitro.

3.1. Introduction.

Opsonisation is the process whereby a pathogen is labelled for destruction by the
immune system. First described in the early 1900’s by Wright and Douglas, serum
was shown to be opsonising by rendering bacteria more liable to uptake by
phagocytic cells (246).

Antibodies bind to the surface of the bacterial target via the Fab (fragment antigen
binding) region and interact with cell surface receptors via the antibody Fc (fragment
crystallisable) region. The Fc region of antibody opsonised bacteria can interact with
a variety of different FcyRs (Fc receptors) present on the surface of phagocytic cells.
In this study we will be investigating opsonisation with a murine antibody and murine
macrophage-like cells, murine FcyRs can have either activating or inhibitory effects
on the phagocyte. The murine receptors FcyRI, FcyRIll and FcyRIV are activating,
whereas FcyRIIB is inhibitory (138-140). Once the antibody is intracellular there is
an additional activating cell receptor called TRIM-21 (interferon inducible cytosolic
Fc receptor tripartite motif containing-21), which has a broad specificity to antibody
and an ability to trigger intracellular killing mechanisms (141-143). The neonatal
fragment crystallisable region receptor (FCRn) is an intracellular receptor which plays
an important role in antibody recycling and saving antibody from degradation within
the phagolysosome compartment, the FcRn binds the Fc portion of the antibody and
binds monomeric IgG with a high binding affinity during low pH conditions (138, 247,
248). Engineering antibodies for enhancing interaction with the FCRn can promote a
long half-life in circulation (248, 249), a favourable pharmacokinetic property of a

potential therapeutic antibody.

The role of antibodies in opsonisation of bacteria and phagocytosis of bacteria is well
documented. There has been past research in the literature investigating serum
opsonins for ability to increase phagocytosis and killing of B. pseudomallei. Serum
antibodies and complement have been shown to opsonise B. pseudomallei,

increasing uptake into phagocytic cells (250). It has also been shown that although
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antibodies and complement increase bacterial uptake, macrophages struggle to then

clear B. pseudomallei or B. thailandensis without prior activation by IFN-y (250, 251).

Antibodies play a key role and have been shown to offer a level of protection against
melioidosis in B. pseudomallei in vivo challenge experiments (113-115). Human sera
from melioidosis survivors has been tested in vitro and shown that antibodies play
an important role of opsonising B. pseudomallei, and help to control intracellular
bacterial replication (251). An antibody based therapy is likely to be one of the best

options to provide protection against melioidosis in humans.

An aim of this chapter is to develop a suitable macrophage-like cell in vitro infection
assay and to assess mADbs for ability to opsonise bacteria. Opsonisation ability of
mADbs is not a new concept, the reason for assessing opsonisation here is that a
functional antibody-antibiotic conjugate (AAC) will rely upon antibody opsonisation of
B. pseudomallei for the AAC concept to work. In this chapter, monoclonal antibodies
will be characterised based on opsonisation ability and down-selected for later

incorporation into an AAC.

Antibodies previously generated at Dstl will be assessed in this study. The antibodies
in this study are murine monoclonal antibodies that bind to either CPS or LPS of B.
pseudomallei. These antibodies have been assessed in previous in vivo studies at
Dstl, demonstrating that the anti-CPS and LPS mADbs provide a level of protection in
mice against a B. pseudomallei challenge (113). The anti-CPS mAbs in particular,
outperformed the anti-LPS and any anti-protein mAbs in protection studies carried
out at Dstl. These Dstl owned mAbs are available for use in this research project,
based on the previous in vivo protection study data the anti-LPS and anti-CPS mAbs

were selected for antibody opsonisation studies in this chapter.

Initially, the cell line to be used in this research project is the RAW 264.7
macrophage-like cell line, the use of a primary cells will also be investigated for a
macrophage infection assay. This RAW macrophage-like cell line has been used
extensively and for many years, it is an appropriate Burkholderia infection cell model
(75, 244, 252-254). This cell line is capable of macrophage processes such as

phagocytosis, pinocytosis, nitric oxide production and antibody dependent
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cytotoxicity (255, 256). The cell line has been studied for stability in continuous

culture and shown to be stable, at least until passage 30 (255).

Other commonly used macrophage cells for Burkholderia studies are the J774
macrophage-like cell line (15, 257), and primary derived macrophage cells such as
bone marrow derived macrophages (BMDM) (173, 258). There are advantages and
disadvantages associated with a continuous cell line compared to primary derived
macrophage cells. Primary cells are isolated from an animal and are a finite resource,
a cell line can be passaged many times and much larger cell quantities are readily
culturable without the requirement for animal use. A primary macrophage cell is likely
to have a stronger response to infection, and better represent a response that may
be seen with an in vivo model. In a study comparing J774 to BMDM cells in a
tuberculosis infection assay, it was seen that BMDM cells responded quicker to
infection and to a greater extent (259). The study compared the induction and
repression of differentially expressed genes in both cell lines during infection,
especially in early time points the response to infection was weaker in J774 cells
(259).

The aims of this chapter can be summarised as:

e Development of a macrophage-like cell infection assay to assess antibody
opsonisation.

e Assess a panel of monoclonal antibodies for opsonisation of B. thailandensis
and B. pseudomallei.

e Down-select a single monoclonal antibody for further investigation as a

potential therapeutic.

3.2. Development of a macrophage-like cell infection assay to assess antibody
opsonisation.

The aim of this section was to modify a RAW 264.7 macrophage-like cell infection
assay to assess antibody opsonisation. Initial experiments will show bacterial growth
over time, followed by initial testing of antibody opsonisation and quantification of

bacterial infection of RAW cells by imaging flow cytometry and by enumeration on L-
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agar. This RAW cell infection assay will then be applied to assessing a panel of
monoclonal antibodies for opsonisation of B. thailandensis and B. pseudomallei. A
cell infection assay was chosen as the primary in vitro method to analyse
Burkholderia infection of macrophage-like cells and the effect of antibody
opsonisation. The initial cell line of choice is the RAW 264.7 macrophage-like cell,
this cell line is a murine macrophage-like cell line purchased from the European
Collection of Authenticated Cell Cultures (ECACC, 91062702) (UK Health Security
Agency). The RAW 264.7 cell line was selected for its ability to be continuously
cultured, and being phenotypically and functionally stable (255). Primary cell lines
isolated directed from mice are more favourable as a macrophage model, but are
generally harvested in lower cell densities and unsuitable for long term cell culture.
Therefore the bulk of cell infection studies were performed with RAW 264.7 cells,

and where possible additional studies with a primary macrophage cell line.

Initially, B. thailandensis E555 was used in the development and testing of cell
infection assays before progressing onto infection assays with ACDP hazard group
[l B. pseudomallei K96243. B. thailandensis E555 expresses CPS identical in
structure to B. pseudomallei (19); this was an important feature in the choice of this
bacterium for assessing CPS specific antibodies in cell infection assays. B.
thailandensis E555 has been shown to be a suitable surrogate for B. pseudomallei
K96243, when compared to other B. thailandensis strains such as E264 (15). Data
from J774 macrophage-like infection assays shows a similar intracellular replication
profile and similar genetic makeup between B. thailandensis E555 and B.
pseudomallei K96243 (15), thus confirming the utility of E555 as an initial ACDP

hazard group Il surrogate for B. pseudomallei.

A cell infection assay was used to demonstrate that B. thailandensis E555, including
the GFP (green fluorescent protein) and RFP (red fluorescent protein) mutants, are
able to be phagocytosed by RAW 264.7 cells (2.2.1. RAW cell infection assay.). The
fluorescent expressing bacterial strains B. thailandensis E555 GFP / RFP and B.
pseudomallei K96243 RFP were originally generated by Exeter University UK and
provided to Dstl. The fluorescence is constitutively expressed on a plasmid pBHR4-

groS-eGFP/RFP with chloramphenicol resistance. The GFP has an excitation and
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emission peak of 489nm and 511nm, whereas RFP has an excitation and emission

peak of 555nm and 584nm.

The RAW cell infection assay is an established and widely published method, with a
B. thailandensis RAW 264.7 cell assay previously published by Jenner et al (244) at
Dstl. This RAW cell infection assay was used as a tool to assess cell infection, and
the effect of mAbs on intracellular bacteria. A kanamycin maintenance media was
used throughout the RAW cell infection assay to prevent extracellular bacterial
growth (2.2.1. RAW cell infection assay.). A 1mg mL* concentration was chosen to
ensure extracellular bacterial growth was prevented during the short 2 hour
incubation time points of antibody opsonisation studies. Later studies will determine
the effect of kanamycin on intracellular bacteria during longer incubation time

periods.

85



Macrophage cells B. thailandensis /

x B. pseudomallei mAb
GFP/RFP + N 2
‘\ >

S >

/a\

x Infection for 1 hour at 37°C
Followed by 1mg mL?! kanamycin

Lyse cells

Harvest cells intact

' , CFU analysis
Imaging flow cytometry Confocal microscopy

Figure 6. In vitro mADb opsonisation assay design.

The RAW 264.7 macrophage-like cell infection assay was selected as the primary
method to analyse intracellular infection by B. thailandensis or B. pseudomallei
(2.2.1. RAW cell infection assay.. B. thailandensis E555 and B. pseudomallei K96243
were cultured overnight in L-broth at 37°C with gentle shaking (2.3.2. Culture of B.
thailandensis E555. 2.3.3. Culture of B. pseudomallei K96243.). The next day B.
thailandensis and B. pseudomallei were diluted to 1x10’ bacteria mL™* in L-15 media
using optical density (ODsoo 0.172 and ODeoo 0.4 respectively, equating to 1xio®
bacteria mLt). RAW cells were infected with B. thailandensis or B. pseudomallei at
a multiplicity of infection (MOI) of 5, antibody opsonised bacteria were previously
incubated with monoclonal antibody for 30 minutes prior to infection of RAW cells.
RAW cells were incubated with B. thailandensis or B. pseudomallei for an hour, the
cell media was subsequently replaced with 1mg mL* kanamycin maintenance

antibiotic to kill extracellular bacteria. Green or red fluorescent protein (GFP/RFP)
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expressing B. thailandensis E555 and B. pseudomallei K96243 (pBHR4-groS-eGFP
| RFP) were used in the RAW cell assay to visualise bacterial infection by imaging
flow cytometry and confocal microscopy. Colony forming unit (CFU) analysis is the
lysing of macrophage cells and the enumeration of bacteria on agar plates. RAW
cells were lysed with distilled water and enumerated on L-agar, or alternatively
harvested intact into 4% paraformaldehyde for fixation and analysis by imaging flow

cytometry or confocal microscopy.
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Figure 7. Infection of RAW cells with B. thailandensis E555, GFP and RFP.

RAW 264.7 cells were infected with B. thailandensis E555, GFP and RFP at a MOI
of 5 for 1 hour at 37°C. Following infection, the cell culture media was replaced with
culture media containing 1 mg mL* kanamycin antibiotic to kill extracellular bacteria.
At 2, 4 and 6 hours post-infection the intracellular bacteria numbers were analysed
by CFU enumeration on L-agar with triplicate technical replicates. Data are
represented as the mean derived from two independent biological experiments,
statistical data was generated from the data including all technical replicates (n=6)
with error bars representing SD. No significant difference was observed at 2 hours
post-infection. At 4 hours, both GFP and RFP were significantly different (P 0.0008
and P 0.0105 respectively). At 6 hours, GFP and the non-fluorescent E555 were
significantly different to the RFP strain (P 0.0066 and P 0.0164 respectively) by Two-
way ANOVA Tukey's multiple comparisons test.

Colony forming unit (CFU) data from the cell infection assay shows that B.
thailandensis E555 does infect RAW264.7 cells, with intracellular replication over 6
hours post infection. Results show a similar profile of uptake and intracellular survival
between GFP, RFP and wild type B. thailandensis E555. Some significant
differences were observed at 4 and 6 hours post-infection (Figure 7). Although the
differences are significant, the different fluorescent strains are not vastly different in
CFU values. The data shows that the fluorescent strains each can infect cells to a

similar or greater extent than the non-fluorescent stain. This demonstrates that the
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GFP and RFP strains of B. thailandensis E555 are suitable alternatives for in vitro
analysis of infection, when a fluorescent strain is required for analysis. Fluorescent
protein expressing B. thailandensis strains are required for monitoring infection of

cells by techniques such as confocal microscopy and imaging flow cytometry.

The RAW264.7 macrophage-like cell infection assay is the primary method that will
be used to monitor infection in vitro and analysing monoclonal antibody opsonisation

of Burkholderia strains.

Initial assay workup involved determining if a mAb can bind to B. thailandensis, this
was achieved by imaging flow cytometry and an anti-CPS mAb 4VIH12. B.
thailandensis E555 was opsonised with 4ug mL™* of mAb 4VIH12 for 30 minutes prior
to RAW cell infection. RAW cells were infected with the B. thailandensis at a MOI of
5 for 1 hour at 37°C to allow bacterial uptake. Following infection the cell culture
media was removed and the RAW cells fixed and permeabilised (BD
Cytofix/Cytoperm™ kit) following the manufacturer instructions. The permeabilised
RAW cells were stained with 1ug mL* of Alexa Fluor® 555 Goat anti-mouse IgG
(Biolegend) fluorescent secondary antibody for 30 minutes in permeabilisation wash
buffer (BD Cytofix/Cytoperm™ Kkit), this was subsequently removed and replaced
with PBS prior to imaging. . Alexa Fluor® 555 fluorescence was detected by imaging
flow cytometry at x60 magnification with a 488 nm excitation laser, and the emission
(565nm) detected in channel 3. Representative images were taken that showed
4VIH12 binds to B. thailandensis, and is bound to bacteria intracellularly within RAW
cells (Figure 8 A).
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Figure 8. Imaging flow cytometry and CFU analysis of mAb 4VIH12.

A — Imaging flow cytometry representative images demonstrating mAb 4VIH12
binding to B. thailandensis E555 within RAW cells. The aim of this experiment was
to determine if mAb 4VIH12 can bind to B. thailandensis E555 within RAW cells, this
was achieved with the use of a fluorescent anti-lgG secondary antibody. B.
thailandensis E555 at 5x10° CFU mL* was opsonised with 4 pg mL* of mAb 4VIH12
prior to RAW cell infection. RAW cells were infected with the B. thailandensis E555
at a MOI of 5, following infection the cells were fixed and permeabilised and
subsequently stained with 1ug mL* of Alexa Fluor® 555 Goat anti-mouse IgG
(Biolegend) fluorescent secondary antibody. Fluorescence was observed by imaging

flow cytometry and representative images collected. B —The mAb 4VIH12 was added
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to B. thailandensis E555 at 0.1 and 10 pug mL* prior to cell infection. RAW cells were
then infected as described previously at an MOI of 5. RAW cells were lysed at 2 and
4 hours post-infection for CFU enumeration. Data are represented as the mean
derived from two independent biological experiments, statistical data was generated
from the data including all technical replicates (n=12) with error bars representing
SD. **** P <0.0001 Two-way ANOVA Sidak's multiple comparisons test to control
mAD.

The mAb 4VIH12 was also used to set up antibody opsonisation experiments, the
mAb was used at two concentrations and two time points (Figure 8 B). B.
thailandensis E555 was opsonised with 4VIH12 at 0.1 and 10 pg mL* for 30 minutes
prior to cell infection. RAW cells were infected with opsonised B. thailandensis at a
MOI of 5 for 1 hour at 37°C. Post-infection the media was changed and contained
1mg mL kanamycin antibiotic to prevent extracellular bacterial growth. At 2 and 4
hours post-infection the media was removed and replaced with distilled water to lyse
the RAW cells. The intracellular B. thailandensis were enumerated by serial dilution
and culture on L-agar. A significant increase in bacterial uptake by RAWs was seen
by CFU analysis at both 0.1 and 10 ug mL* of mAb 4VIH12 at either time point. This
increase in CFU can be seen at 2 and 4 hours post-infection, from this data the 2
hour time point was selected for future opsonisation experiments. Later time points
were not considered necessary for monitoring opsonisation. The 2 hour time point
allows time for kanamycin killing of extracellular bacteria, and the data clearly shows
this time point is suitable to see the mAb opsonisation effect. Later time points pose
a risk of cell damage occurring due to the increase in intracellular bacteria associated
with mAb opsonisation, the effect of later time points and mAb opsonisation will be

determined in subsequent experiments.

Kanamycin is an aminoglycoside, considered to have low cell permeability (260) and
often used as a maintenance antibiotic in cell infection assays to prevent extracellular
bacterial replication. A high concentration of kanamycin (500ug - 1mg mL1) is
typically used in Burkholderia macrophage-like cell infection assays, especially for
early time points, to prevent extracellular replication of bacteria (15, 244, 250, 257).

The concentration of kanamycin is reduced in some studies after an initial kill step,
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this is due to concerns regarding potential intracellular accumulation. In this research
project if any significant intracellular killing is observed in control infections over time,
then a reduction in kanamycin will be investigated. The risk of reducing the
kanamycin maintenance concentration is allowing extracellular bacterial replication.
The effect of reducing kanamycin will be assessed in later experiments, especially
where there will be additional anti-microbial compounds present alongside

kanamycin.

3.3. Antibody opsonisation.

A panel consisting of three anti-CPS mAbs (4VIH12, 3VIE5 and 4VA5) and one anti-
LPS mAb (CC6) were selected (Table 1) and investigated for opsonisation ability.
The aim of this study is to down-select a mAb for incorporation into an antibody based
therapy, generating a proof of principle antibody-antibiotic conjugate (AAC).
Antibodies were tested in vitro and down-selected based on ability to opsonise
Burkholderia strains in a cell infection assay. Opsonisation is a desired quality of the
down-selected antibody, the function of an AAC relies upon antibody opsonisation to

uptake antibiotic into infected cells.

Each mAb was tested in the RAW 264.7 macrophage-like cell infection assay (2.2.2.
Monoclonal antibody opsonisation assay.). An overnight culture of B. thailandensis
E555 or B. pseudomallei K96243 was diluted to 5x10® CFU mLt. The bacteria were
opsonised with a range of mAb concentrations and a murine antibody isotype control
at the highest concentration, for 30 minutes at 37°C prior to RAW cell infection. The
RAW cells were infected with the opsonised bacteria at an MOI of 5 for 1 hour at
37°C, the cell culture media was subsequently removed and replaced with media
containing 1mg mL kanamycin maintenance antibiotic. The kanamycin prevents
extracellular bacterial growth and after 2 hours the RAW cells are either harvested

for imaging flow cytometry analysis or lysed for enumeration.

RAW cells were harvested into 4% paraformaldehyde by pipetting up and down, and
B. pseudomallei samples left for a minimum of 48 hours for inactivation prior to

analysis. A gating template was created and applied to all opsonisation experiments
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using imaging flow cytometry. Fluorescent strains of B. thailandensis E555 GFP and
B. pseudomallei K96243 RFP were excited with the 488nm and 561nm lasers
respectively. GFP has an excitation and emission peak of 489nm and 511nm,
whereas RFP has an excitation and emission peak of 555nm and 584nm.
Fluorescence emission was detected with channel 2 and channel 4 on the imaging
flow cytometer for GFP and RFP respectively. RAW cells were gated according to

being in focus, single cells and containing bacterial fluorescence.

RAW cells analysed for CFU were lysed by replacing the culture media with distilled
water until cell lysis occurred (checked by light microscopy). Upon cell lysis the
bacteria were serial diluted and multiple dilutions plated onto L-agar spread plates,
agar plates were incubated for a minimum of 24 hours until colonies can be

accurately counted.

Table 1. Monoclonal antibodies evaluated in this study

Antibody Target Isotype Species
4VIH12 CPS IgG2b Murine
3VIE5 CPS IgG2b Murine
4VVA5S CPS IgG1 Murine
CCo LPS lgG2a Murine

CPS — capsule polysaccharide, LPS - lipopolysaccharide

3.3.1 Monoclonal antibodies opsonise B. thailandensis E555 in a RAW 264.7

cell infection model.

The first method to analyse antibody opsonisation was colony forming units (CFU)
enumeration of B. thailandensis E555. Each monoclonal antibody was added to B.
thailandensis at a concentration range from 0.1 ng mL*to 1 pg mL™? (anti-CPS mAbs)
and 10 ng ml't to 100 pg ml* (anti-LPS mAb). The aim of this experiment set was to
determine the opsonisation ability of each mAb against B. thailandensis E555 in the

RAW cell infection assay (2.2.2. Monoclonal antibody opsonisation assay.).
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Opsonisation of each mAb was determined by an increase in intracellular bacteria
analysed by both CFU (2.6.5. CFU analysis.) and imaging flow cytometry (2.6.3.
Imaging flow cytometry.). Each experiment was performed in duplicate for both CFU
and imaging flow cytometry. This initial opsonisation data set was then repeated with
the high containment pathogen B. pseudomallei, generating a data set to select an

antibody for further analysis based on opsonisation ability.

94



Al A R1 B

R1

(.

0 20 40 60 80 100 0 100 200 300 400 500 600 70O

[
1
o_M0O1

10.9 -

Aspect Rat

<
=]
1

Normalized Frequency

Gradient RMS_M01_Ch01 Area_M01
C R3 D
R2
R4
4e3 - 1.5
3 1.2
2 363 2
O, 3
Q 2089 -
= 2e3 =
g 8
o = 0.6
§ 1e3 - E
Z 0.3
D_
T T T T T T T D ! ‘J” I T T
-led4 -1e301e3 1e4 1ed 1leb -10 -5 0 5 10
Intensity_MC_Ch02 Internalization_Erode(M01, 4)_Ch02
e E
20
RE
£15-
E10-
E
=z 5]
0ol— ||':' ‘ ‘
0 10 20 30

SpotCount_Spot(M0Z Ch02 Bright, 10, 4)

Figure 9. Imaging flow cytometry gating strategy for analysis of B.
thailandensis GFP within RAW cells.

An analysis template was set up to be used on RAW cell infection assays involving
B. thailandensis E555 GFP, the GFP has an excitation and emission peak of 489nm
and 511nm respectively. Imaging flow cytometry was performed on the Amnis®
ImageStream® X Mark II. All lasers used were set to full power (100 mW for 488nm
laser), and x60 objective was used throughout. GFP excitation (peak of 489nm) was
achieved with the 488nm laser and fluorescence emission (peak of 511nm) detected
with channel 2. Additional bright field imagery of the RAW cell was applied throughout
with channel 1. Cells were gated based on being in focus (A) and single cells (B)
(10,000 cells gated). Cells associated with B. thailandensis E555 GFP were gated

95



(C) and an internalisation erode of 4 pixels applied to gate cells containing only
intracellular B. thailandensis E555 GFP (D). Spot count analysis (E) was applied to
calculate high and low bacterial burden within cells. Spot count high and low cut off
values were chosen by observing typical bacterial numbers present in opsonised and
non-opsonised RAW cells, the aim of the cut off values was to give an indication of
low and high bacterial burdens within the RAW cells. (F) Example images of spot
counting B. thailandensis E555 GFP within RAW cells.
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Figure 10. Monoclonal antibody opsonisation of B. thailandensis E555 by CFU

and imaging flow cytometry.
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A-B 4VIH12, C-D 3VIE5, E-F 4VA5, G-H CC6. B. thailandensis E555 (GFP
expressing strain for imaging flow cytometry) was opsonised at a range of
concentrations of mAb for 30 minutes at 37°C prior to RAW cell infection. RAW cells
were infected for 1 hour at 37°C, the bacteria were subsequently removed and
replaced with Img mL! kanamycin maintenance media for 2 hours. At this time point
the RAWSs were lysed with distilled water and the intracellular bacteria analysed by
serial dilution and CFU enumeration on L-agar. Alternatively, the RAW cells were
harvested intact into 4% paraformaldehyde and analysed by imaging flow cytometry.
Data are represented as the mean derived from two independent biological
experiments (represented by different symbols), statistical data was generated from
the data including all technical replicates (n=6 for CFU and n=4 for imaging flow
cytometry) with error bars representing SD. Controls consist of a non-specific isotype
control mAb at the highest concentration. ** P <0.001, * P <0.01 One-way ANOVA

Dunnett's multiple comparisons test to control mAb.
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Figure 11. Bacterial fluorescent spot count profiling of intracellular B.
thailandensis E555 by Imaging flow cytometry.

A- 4VIH12, B- 3VIES5, C- 4VA5, D- CC6. Imaging flow cytometry opsonisation data
was further analysed to determine intracellular spot counting. A spot counting gate
was applied to the channel 2 B. thailandensis E555 GFP fluorescence, this gated
RAW cells into a high or low intracellular fluorescence spot count. Spot count high
and low cut off values were chosen by observing typical bacterial numbers present
in opsonised and non-opsonised RAW cells, the aim of the cut off values was to give
an indication of low and high bacterial burdens within the RAW cells. Intracellular
bacterial fluorescent spots were analysed comparing mAb opsonised B.
thailandensis E555 GFP and isotype control mAbs. Data are represented as means
of all technical replicates (n=4) derived from two independent biological experiments,
each experiment is represented by a different symbol shape. Error bars represent
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SD of all technical replicates. ** P <0.001, * P <0.01 One-way ANOVA Dunnett's

multiple comparisons test to control mADb.

CFU data (2.6.5. CFU analysis.) demonstrates that each mAb is opsonising B.
thailandensis E555 in a RAW264.7 macrophage-like infection assay (Figure 10).
Each mAb increased the CFU count in a dose dependant manner compared to an
isotype control mAb at the highest concentration. Two of the anti-CPS mAbs showed
a significant increase in B. thailandensis CFU from 0.01 pg ml* with the third anti-
CPS mAb from 0.1 ug mL*. There is a clear difference in CFU between the anti-CPS
mADbs and the anti-LPS mAb. The concentration of anti-LPS mAb required to achieve
a significant increase in B. thailandensis CFU is 10ug mL, thus demonstrating a
lower opsonisation ability in this RAW cell infection assay when compared to anti-
CPS mAbs.

Analysis of intracellular bacteria in a macrophage-like infection assay by CFU is a
well-established method and widely published in the literature. In order to gain a
greater insight into bacterial infection on an individual cell level, techniques such as
imaging flow cytometry can be applied. A B. thailandensis E555 strain expressing
GFP was used to enable visualisation of intracellular bacteria. Imaging flow
cytometry was performed on RAW 264.7 cells harvested intact from a B.
thailandensis E555 GFP infection assay. The analysis of imaging flow cytometry was
based upon a gating strategy (Figure 9) which ultimately results in selection of cells
that have only intracellular B. thailandensis, the output of which is a percentage of

cells with only intracellular B. thailandensis E555 GFP.

All mAbs analysed for opsonisation by imaging flow cytometry (2.6.3. Imaging flow
cytometry.) showed a dose dependant ability to significantly increase the percentage
of cells infected with B. thailandensis (Figure 10). Two of the anti-CPS mAbs showed
a significant increase in intracellular B. thailandensis from 0.01 pg mL* of mAb, with
the third anti-CPS mAb from 0.1 pg mL* of mAb. Again there is a clear difference
between the anti-CPS mAbs and the anti-LPS mAb, mirroring the result seen by CFU
analysis. Imaging flow cytometry reveals that when the bacteria are opsonised with
mAb there is a significant increase in the percentage of cells infected with B.

thailandensis (Figure 10). Additionally, spot count profiles show there is a significant
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increase in the average number of intracellular bacteria per cell when opsonised with
1 yg mL* of anti-CPS mAb or 100 yg mL* of anti-LPS mAb (Figure 11). Spot count
analysis on the imaging flow cytometry data allows individual bacteria to be counted
in each RAW cell, therefore adding to our understanding of the effect of mAb on

intracellular levels of B. thailandensis.

Comparing the CFU data and Imaging flow cytometry analysis, the percentage of
intracellular bacteria shows a near identical profile of mAb opsonisation compared to
the CFU data. This gives increased confidence in the data, since the two techniques
(CFU and imaging flow cytometry) are fundamentally different in the way results are
generated. CFU analysis involves the lysis of a population of cells, and does not
discriminate between extracellular or intracellular bacteria. In comparison, imaging
flow cytometry analyses individual intact cells, and with the use of a gating strategy
(Figure 9), only analyses intracellular bacteria. Imaging flow cytometry also allows
additional information to be generated, such as spot counting of individual bacteria
within a large pool of infected cells. Additional data could be analysed from the
imaging flow cytometry, such as fluorescence intensity values. This is a potential
alternative to percentage data, which can be difficult to analyse statistically. Future
studies should investigate additional data that can be collected from imaging flow
cytometry macrophage infection assays, and compare this to the percentage of cell

infection data generated in this study.

3.3.2 Monoclonal antibody opsonisation of B. pseudomallei K96243 in a RAW
264.7 macrophage-like cell infection model.

The monoclonal antibody panel was assessed to determine if the opsonisation ability
demonstrated for B. thailandensis E555 can also be observed with the highly
pathogenic ACDP hazard group Il B. pseudomallei K96243. The clinical isolate B.
pseudomallei K96243 was chosen as a representative strain for testing antibody
opsonisation of B. pseudomallei (2.3.3. Culture of B. pseudomallei K96243.). The
opsonisation of B. pseudomallei K96243 was determined by counting colony forming
units (2.6.5. CFU analysis.) and by imaging flow cytometry (2.6.3. Imaging flow
cytometry.) (Figure 13). A RFP expressing strain of B. pseudomallei K96243 was
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used to enable visualisation of the bacterium within RAW cells (Figure 12). The RAW
cell infection assay was performed in high containment laboratories using the same

concentrations of RAW cells, bacteria and antibody as for B. thailandensis assays.

CFU data shows that opsonisation of B. pseudomallei K96243 by each mAb is
comparable to the data for B. thailandensis E555 (2.6.5. CFU analysis.). Each of the
three anti-CPS mADbs significantly increased B. pseudomallei uptake into RAW cells
from 1 pg mL?* of mAb, with the anti-CPS mADb significantly increasing uptake from

10 pg mLtwhen compared to an isotype control mAb (Figure 13).

Imaging flow cytometry data is more variable for B. pseudomallei opsonisation
compared to B. thailandensis opsonisation. Although, each mAb still demonstrates
opsonisation of B. pseudomallei from 1 pug mL™2. Variability between replicates is
more pronounced for B. pseudomallei data, as seen by a clear separation between
biological replicates in the imaging flow cytometry data. Although, technical
replicates in the same experiment are consistent. There is however a difference in
the concentrations of mAb that are significantly opsonising between the CFU and
imaging flow cytometry data for B. pseudomallei. This difference is likely due to the
working practices in high containment laboratories, which is adding more variability
to the data between biological replicates. The differences in the mAb opsonisation
data between B. thailandensis and B. pseudomallei is discussed further in the

discussion section.
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Figure 12. Imaging flow cytometry gating strategy for B. pseudomallei RFP
within RAW cells.

An analysis template was set up to be used on RAW cell infection assays involving
B. pseudomallei K96243 RFP. Imaging flow cytometry was performed on the Amnis®
ImageStream® X Mark II. All lasers used were set to full power (200 mW for 561nm
laser), and x60 objective was used throughout. RFP excitation (peak of 555nm) was
achieved with the 561nm laser and fluorescence emission (peak of 584nm) detected
with channel 4. Additional bright field imagery of the RAW cell was applied throughout
with channel 1. Cells were gated based on being in focus (A) and single cells (B)
(10,000 cells gated). Cells associated with B. pseudomallei K96243 RFP were gated
(C) and an internalisation erode of 4 pixels applied to gate cells containing only
intracellular B. pseudomallei K96243 RFP (D). Spot count analysis (E) was applied
to calculate high and low bacterial burden within cells. Spot count high and low cut
off values were chosen by observing typical bacterial numbers present in opsonised
and non-opsonised RAW cells, the aim of the cut off values was to give an indication
of low and high bacterial burdens within the RAW cells. (F) Example images of spot
counting B. pseudomallei K96243 RFP within RAW cells.
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Figure 13. Monoclonal antibody opsonisation of B. pseudomallei K96243 by
CFU and imaging flow cytometry.
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A-B 4VIH12, C-D 3VIE5, E-F 4VA5, G-H CC6. B. pseudomallei K96243 (RFP
expressing strain for imaging flow cytometry) was opsonised at a range of
concentrations of mAb for 30 minutes at 37°C prior to RAW cell infection. RAW cells
were infected for 1 hour at 37°C, the bacteria were subsequently removed and
replaced with Img mL! kanamycin maintenance media for 2 hours. At this time point
the RAWSs were lysed with distilled water and the intracellular bacteria analysed by
serial dilution and CFU enumeration on L-agar. Alternatively, the RAW cells were
harvested intact into 4% paraformaldehyde and analysed by imaging flow cytometry
48 hours later. Data are represented as the mean derived from two independent
biological experiments (represented by different symbols), statistical data was
generated from the data including all technical replicates (n=6 for CFU and n=4 for
imaging flow cytometry) with error bars representing SD. Controls consist of a non-
specific isotype control mAb at the highest concentration. ** P <0.001, * P <0.05 One-

way ANOVA Dunnett's multiple comparisons test to control mAb.
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Figure 14. Bacterial fluorescent spot count profiling of intracellular B.
pseudomallei K96243 by Imaging flow cytometry.

A -4VIH12, B - 3VIE5, C-4VAS5 and D — CC6. Imaging flow cytometry opsonisation
data was further analysed to determine intracellular spot counting. A spot counting
gate was applied to the channel 4 B. pseudomallei K96243 RFP fluorescence, this
gated RAW cells into a high or low intracellular fluorescence spot count. Spot count
high and low cut off values were chosen by observing typical bacterial numbers
present in opsonised and non-opsonised RAW cells, the aim of the cut off values
was to give an indication of low and high bacterial burdens within the RAW cells.
Intracellular bacterial fluorescent spots were analysed comparing mAb opsonised B.
pseudomallei K96243 RFP and isotype control mAbs. Data are represented as
means of technical replicates (n=4) derived from two independent biological

experiments, each experiment is represented by a different symbol shape. Error bars

106



represent SD of all technical replicates. ** P <0.001, * P <0.01 One-way ANOVA
Dunnett's multiple comparisons test to control mAb.

In summary, opsonisation data for both B. thailandensis and B. pseudomallei
demonstrates that all 4 mAbs are opsonising. Significantly, the anti-CPS mAbs
(4VIH12, 3VIE5 and 4VAS5) are capable of opsonising at a lower concentration
compared to the LPS mAb (CC6). This data has been used to down select mAb
3VIES for further investigation as a potential therapeutic antibody for melioidosis.

Although each anti-CPS mAb displayed very similar opsonisation data, antibody
binding kinetic data from an Octet® RED Biolayer interferometry platform (ForteBio
Sartorius) indicated that 3VIES has more favourable binding kinetics when compared
to the other anti-CPS mAbs (generated by Global Access Diagnostics). The initial
experiment on the Octet red was to determine if the heat killed B. thailandensis E555
can be immobilised onto the APC (aminopropylsilane) coated glass biosensor tip, the
tip of the biosensor is where the antibody-antigen interaction takes place. The
antibody-antigen interaction is detected by bio-interferometry on the Octet red
machine, by measuring the interference pattern of white light passing through the
glass sensor. This creates an off (Koff) and on (Kon) rate from antibody binding to the
antigen on the sensor, along with an affinity constant (Kp) for each antibody
interaction with the immobilised antigen (appendix A.3.1). A range of dilutions of heat
killed B. thailandensis were assessed for binding onto the biosensor tip, a signal
increase is observed during the loading phase indicating antigen coating the
biosensor tip. A 1 in 400 dilution of heat killed B. thailandensis E555 was chosen as
an optimum dilution based on this biosensor loading data (data not shown). This 1 in
400 dilution of antigen was then used to assess each monoclonal antibody for
antigen interaction on the Octet biosensor. No interaction was observed for mAb
CC6, whereas mAbs 4VIH12 and 4VA5 bound to the antigen in a nanomolar
concentration range (Kp) (appendix A.3.1). The mAb 3VIES5 displayed the best affinity
to the antigen, with a 690 pM affinity (Kp) to the antigen on the Octet biosensor.
Therefore mAb 3VIE5 was selected as the mAb with the most favourable binding

kinetics to take forward for development of an AAC.

The opsonisation experiments in this chapter were performed without addition of

complement. Complement and the interaction with antibody, can increase bacterial
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opsonisation and uptake into phagocytic cells, via the classical complement pathway.
The classical complement pathway and the resulting complement cascade can result
in effects such as increases in inflammation, opsonisation and cell lysis (via formation
of a membrane attack complex) (136). The addition of complement could increase
bacterial uptake, via the classical pathway and interaction with complement receptors
on the present on the phagocytic cell. The addition of complement to the macrophage
infection assay would better reflect antibody opsonisation of B. pseudomallei in vivo.
It was decided to not add complement at this stage and selection of an antibody was
based on antibody opsonisation alone. Future studies should investigate the effects
of complement with mAb 3VIE5 on opsonisation and bacterial killing, especially in
primary macrophage cells which are likely to be a more realistic model of the effects

of complement in vivo.

3.4. 3VIE5 opsonisation ability is dependent on FcyRs CD16 and CD32.

To further characterise the down selected mAb 3VIES5, the effect of blocking CD16
and CD32 on opsonisation was investigated in a RAW cell infection assay (2.2.5.
Blocking of CD16 and CD32.). The aim in this experiment was to determine the role
of CD16 and CD32 in mAb 3VIES opsonisation, and if blocking these receptors will
effect opsonisation of B. thailandensis E555 by RAW cells. RAW cells were pre-
incubated with 1 pg of TruStain FcX™ (anti-mouse CD16/CD32) (Biolegend) for 15
minutes at 37°C (a control consisted of untreated cells), prior to cell infection. Cells
were infected with 3VIES5 opsonised (1 and 0.1 pg ml?t) B. thailandensis E555 at a
MOI of 5 for 1 hour at 37°C, with 1 pug of TruStain FcX™ also present in the cell
culture media. Post-infection the bacterial culture media was replaced with 1 mg mL"
1 kanamycin antibiotic maintenance media, and the RAW cells incubated for 2 hours
at 37°C. After the 2 hour incubation, RAW cells were harvested into 4%
paraformaldehyde and analysed by imaging flow cytometry, using the same method
and gating strategy as previously described for analysing antibody opsonisation of
B. thailandensis GFP. Imaging flow cytometry was performed on the Amnis®
ImageStream® X Mark II. All lasers used were set to full power (100 mW for 488nm
laser), and x60 objective was used throughout. GFP excitation (peak of 489nm) was
achieved with the 488nm laser and fluorescence emission (peak of 511nm) detected
with channel 2. Additional bright field imagery of the RAW cell was applied throughout
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with channel 1. RAW cells were gating according to being in focus, single cells and
cells associated with GFP fluorescence. The result is a percentage of RAW cells with
associated GFP fluorescence in cells treated with TruStain FcX™ (Biolegend)
compared to cells without treatment. The mAb control is an isotype control antibody.
The mAb 3VIE5 was used at 1 and 0.1 pg mlt which from previous data is a
concentration that opsonises B. thailandensis, the control mAb was used at 1 pg ml-
1, CD16 and CD32 are the FcyR Il and FcyR Il which will both bind the IgG2b mAb
3VIE5, although the mAb will still be able to opsonise via the FcyR | (CD64) (139).
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Figure 15. The effect of anti-Fc mAbs on 3VIES5 opsonisation of B.
thailandensis.

The RAW cell Fc receptors CD16 (FcyRIll) and CD32 (FcyRII) were blocked with 1
ug of TruStain FcX™ (anti-mouse CD16/CD32) (Biolegend) in a RAW cell infection
assay with B. thailandensis E555 GFP. RAW cells were infected at a MOI of 5 and
mAb 3VIE5 was used at 0.1 and 1 yg mL?' concentrations, an isotype control
antibody was used at 1uyg mL*. The effect of CD16 and CD32 on mAb 3VIE5
opsonisation of B. thailandensis E555 by RAW cells was determined by imaging flow
cytometry analysis. RAW cells infected with B. thailandensis E555 GFP were
analysed by imaging flow cytometry using the gating strategy developed from
previous opsonisation studies. Data are represented as means of technical replicates

(n=3) derived from two independent biological experiments. Error bars represent SD
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of all technical replicates. **** P <0.0001 Two way ANOVA Tukey's multiple

comparisons test.

Blocking of CD16 and CD32 reduces the ability of 3VIES to opsonise B. thailandensis
E555 in a RAW 264.7 macrophage-like assay (Figure 15). At 0.1 ug mL?* 3VIE5 is
opsonising, shown by an increase in the percentage of cells infected compared to
the isotype control antibody. When CD16 and CD32 blocks are present, the
opsonisation ability of 3VIE5 at 0.1 pug mL™* is reduced, and the cell infection level is
comparable to the control mAb. The opsonisation ability of 3VIES is then reinstated

at 1 ug mL*to a level comparable with no Fc blocks.

This data demonstrates that FcyRIl and IIl are at least partly responsible for the mAb
based opsonisation in the RAW cell infection assay. The ability of an increased
concentration of 3VIE5 to overcome the FcyR inhibition could be due to the mAb
binding to another Fc receptor such as FcyRI, or 3VIE5 outcompeting the CD16 and
CD32 blocking antibody. This data builds upon the CFU and imaging flow cytometry

opsonisation data, further characterising 3VIE5 opsonisation in the RAW cell assay.

3.5. The effect of mAb 3VIES5 on bacterial replication.

The aim here is to determine the effect of mAb 3VIES5 on bacterial replication, this
will determine the effect of 3VIES mAb alone on bacteria in culture. This data will
inform future studies using high concentrations of 3VIE5 mAb in bacterial culture.
The effect of mAb 3VIE5 on replication of B. thailandensis and B. pseudomallei
cultures was assessed by optical density readings over 24 hours within an incubating
plate reader at 37°C (2.6.7. Minimum inhibitory concentration (MIC).). The mAb
3VIE5 was diluted from 100 yg mL* to 0.19 uyg mL? on a 96 well culture plate. An
overnight culture of B. thailandensis or B. pseudomallei was diluted to a
concentration of 1x108 CFU mL™, and 100 ul added to each well of the culture plate
containing mAb 3VIES. The 96 well culture plate was incubated for 24 hours at 37°C
with automated OD readings every 15 minutes. A control culture plate consisted of

an isotype control mAb diluted to the same concentrations as mAb 3VIES.
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Additionally, each culture plate contained positive and negative controls, consisting

of bacteria only and media only controls respectively.

High concentrations of mAb 3VIES reduced B. thailandensis E555 OD compared to
an isotype control mAb (Figure 16). The effect can be seen by a mAb 3VIE5
concentration of 6.25 ug mL* or greater reducing the bacterial OD at 24 hours, from
a bacterial control OD of 0.6 to an OD of 0.3 for 3VIES treated groups. The control
mAb shows little effect apart from at two concentrations where there is a trend for a
reduction in OD. The reduction in OD is not seen at the highest mAb concentrations,
this effect therefore seems to be an artefact of the experiment and not an antibody
dose related effect. Visual inspection of the plate at all mAb 3VIE5 concentrations
tested there is no inhibition of bacterial replication, therefore according to Clinical and
Laboratory Standards Institute (CLSI) guidelines (245) there is no minimum inhibitory
concentration (MIC) value of mAb 3VIES5 in this data.

111



— 100 ng

— &0 ug
25 ug

— 125 ug
6.25 ug

— 312 ug

— 1.56 ug

— 0.78 ug

— 0.39 ug

— 019 ug
Bacterial control
Megalive contral

1.0

0D 594 nm

1.0 — 100 ug

— 50 g
25 ug

— 12.5 ug
6.25 ug

— 312 ug
1.56 ug

— [.78125

— (.39 ug

— 019 ug
Bacterial control
Megative control

0D 594 nm

Figure 16. B. thailandensis replication curves with dilutions of mAb.

A — Isotype control mAb, B — mAb 3VIES5. The isotype control mAb and mAb 3VIES5
were diluted in a 96 well micro culture plate, to this plate a 1x106 CFU mL™* of B.
thailandensis E555 culture was added in L-broth. An incubating plate reader was
used to take optical density readings at 594nm every 15 minutes for 24 hours at
37°C. Controls consisted of a B. thailandensis only control and a negative L-broth
only control. Data are represented as means of technical replicates (n=4) derived

from two independent biological experiments.
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The same method was applied to B. pseudomallei culture and addition of 3VIE5 has
a similar effect (Figure 17), although the reduction in OD is not as great compared to
the B. thailandensis data. With 3VIE5 concentrations of 6.25 pg mL™ or greater there
is a trend for reduced B. pseudomallei replication, from a bacterial control OD of 0.73
down to an OD of between 0.53 and 0.58 with 3VIE5 treated groups. Whereas the
control mADb has no effect on the replication of B. pseudomallei at the concentrations
tested. There was no inhibition of bacterial replication visible by observing the 96 well
culture plate (2.6.7. Minimum inhibitory concentration (MIC).), therefore there was no
MIC value for mAb 3VIES in this experiment.
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Figure 17. B. pseudomallei replication curves with dilutions of mAb.

A — Isotype control mAb, B — mAb 3VIES. The isotype control mAb and mAb 3VIES
were diluted in a 96 well micro culture plate, to this plate a 1x106 CFU mL* of B.
pseudomallei K96243 culture was added in L-broth. An incubating plate reader was
used to take optical density readings at 620nm every 15 minutes for 24 hours at
37°C. Controls consisted of a B. pseudomallei only control and a negative L-broth
only control. Data are represented as means of technical replicates (n=8) derived

from two independent biological experiments.
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3.6. Investigating primary cells for opsonisation infection assays.

The aim in this section is to investigate isolating murine primary cells as an alternative
cell for use in infection assay studies. The RAW macrophage-like cell line has been
shown to be a good model for cell infection and assessing mAb opsonisation,
although primary cells isolated directly from source should better demonstrate effects
that would be seen during in vivo studies. In this study murine primary cells were
isolated, and used in cell infection assays to investigate B. thailandensis infection

and mAb 3VIES opsonisation.

Initially, both bone marrow cells and peritoneal macrophages were isolated from
BALB/c mice. After isolation it was apparent that extremely low numbers of cells were
harvested from the mouse peritoneum, making this approach unviable for infection
assays. Alternatively, it was decided to focus on harvesting bone marrow cells and
differentiating these in cell culture to bone marrow derived macrophages (BMDMs)
(2.1.2. Isolation of bone marrow derived macrophages.). Bones from each leg of a
BALB/c mouse were harvested for bone marrow cells, the cells were cultured in
media containing murine recombinant macrophage colony stimulating factor (MCSF)
for a period of 7 days. The isolation of BMDMs was not without challenges, several
attempts to differentiate the cells resulted in low cell numbers, cell death and
contamination within cell culture. Contamination was overcome with the use of
penicillin and streptomycin during initial BMDM cell culture. The issue of cell death
whilst in culture, and low cell numbers, were both overcome with additional attempts
of cell harvesting and culture. This resulted in a cell population that was suitable for
analysis by flow cytometry, confocal microscopy (Figure 18) and a small scale B.

thailandensis infection assay (Figure 19).

BMDM cell samples were analysed on a FACS Canto Il (BD Biosciences) and intact
cells gated according to SSC-A and FSC-A (side scatter and forward scatter) (2.6.4.
Flow cytometry.). CD11b and CD14 positive BMDM cells were gated according to
pacific blue-A (violet) and APC-A (red), for detection of Brilliant Violet 421™ anti-
mouse CD11b antibody (BioLegend) and Alexa Fluor® 647 anti-mouse CD14
antibody fluorescence respectively (2.5.3. Primary macrophage staining.). Each
laser was used at full power, violet laser at 405nm and red laser at 633nm. Brilliant
violet 421 has an excitation wavelength of 405 nm and emits at 421 nm, whereas
Alexa Fluor® 647 is excited at 633 nm and has a maximum emission of 668 nm. A
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total of 18,727 CD11b and CD14 positive BMDM cells, and 19,396 unstained BMDM
cells were gated during the analysis.

Additionally, BMDM cells were imaged by confocal microscopy. BMDM cells were
infected with B. thailandensis E555 GFP as described previously for RAW cells, and
imaged at 24 hours post-infection. Images were taken on a confocal laser scanning
microscope (Zeiss). Cells were analysed on 35 mm cell culture dishes (Corning)
using x20 magnification. Hoechst (Sigma) nuclei dye (excitation peak at 352 nm and
emission peak at 461 nm) was added to cells at 2ug mL™, to discriminate between
individual cells and multi-nucleated giant cells. A GFP expressing B. thailandensis
E555 (excitation peak at 489 nm and emission peak at 511 nm) was used throughout
confocal microscopy studies. The cells were additionally stained for bacterial actin
tails (F-actin stain) with Alexa Fluor® 647 (excitation peak at 650 and emission peak
at 668nm) phalloidin (red). Although no actin tails were visible in this cell population
by confocal microscopy.
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Figure 18. Characterisation of murine bone marrow derived macrophages.

A — Light microscope images of bone marrow derived macrophage (BMDM)
differentiation in cell culture media containing macrophage colony stimulating factor.
Cells were used for analysis from day 7 in culture. B — Flow cytometry analysis of
BMDM cells stained with anti-CD11b and anti-CD14 fluorescent antibodies. CD11b
and CD14 positive BMDM cells were gated according to pacific blue-A (violet) and
APC-A (red), for detection of Brilliant Violet 421™ anti-mouse CD11b antibody
(BioLegend) and Alexa Fluor® 647 anti-mouse CD14 antibody fluorescence
respectively. Each laser was used at full power, violet laser at 405nm and red laser
at 633nm. C — Example confocal microscopy images of BMDM cells infected with B.
thailandensis E555 GFP at 24 hours post-infection. Images were taken on a confocal
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laser scanning microscope (Zeiss). Cells were analysed on 35 mm cell culture dishes
(Corning) using x20 magnification. The cells were additionally stained with a nuclei
stain Hoechst (blue) (excitation peak at 352 nm and emission peak at 461 nm) at 2ug
mL*?, to discriminate between individual cells. The cells were also stained for
bacterial actin tails with Alexa Fluor® 647 phalloidin (red) (excitation peak at 650 and

emission peak at 668nm).
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Figure 19. 3VIE5 opsonisation of B. thailandensis E555 in bone marrow derived
macrophages.
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Samples of BMDMs were infected with B. thailandensis E555 GFP (Bt) as described
for the RAW cell infection assay (2.2.1. RAW cell infection assay.). BMDM cells were
infected with B. thailandensis at an MOI of 5, with or without prior opsonisation with
1pug mLt mAb 3VIES. Cells were harvested into 4% paraformaldehyde at 1, 4 and
24 hours post-infection, and subsequently analysed by imaging flow cytometry using
the same B. thailandensis gating strategy described previously for RAW cells and
GFP expressing B. thailandensis E555 (Figure 9). Data consists of a single cell
sample for each data point with an average of 5988 cells analysed per data point. No
additional data was generated with BMDM cells due to difficulties with isolation of a

sufficient quantity of cells for cell infection studies.
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A BMDM cell population consisting of 96.6% cells positive for CD11b and CD14 was
achieved using the bone marrow isolation and MCSF culture method. The BMDM
cells visualised by confocal microscopy showed that the cells can be infected with B.
thailandensis E555 GFP, and there are examples where the bacteria can be seen
compartmentalised within the cell with no actin tail formation. Due to low cell
numbers, only representative images were taken of the infected BMDM cells, and
the cell density was too low for actin tail image analysis. The interpretation of this
primary cell data is problematic, due to the low cell population and lack of reproduced
data. Therefore no firm conclusions can be made from the cell infection data and
mAb opsonisation in BMDM cells. This initial data however, demonstrates that
BMDM could be used as a macrophage infection assay with B. thailandensis E555.
Although, the harvesting and differentiation of BMDM cells requires more

optimisation prior to further cell infection assays.

The BMDM cells were tested as a macrophage infection assay, to determine if 3VIES
can opsonise and increase uptake of B. thailandensis into BMDMs (Figure 19). The
mAb 3VIE5 was opsonising with BMDMSs, and an increase in the percentage of cells
infected can be seen when the mAb 3VIES is present at 1, 4 and 24 hours post-
infection. No reduction in cell infection levels can be seen over the 24 hour period,
although due to the single data point no firm conclusions can be drawn from this data.
In RAW cell infection assays a population of 10,000 in focus and single cells per
sample are routinely analysed, in this BMDM assay an average of just under 6,000
cells was achieved per sample. This low cell population issue is the main limitation
of using BMDM cells for infection assays. Imaging flow cytometry was used, rather
than CFU analysis, so that identical samples with low cell numbers can be combined
to enable successful analysis for infection. The cell population was too low to enable
accurate analysis by CFU enumeration. No further infection assays were achieved
with BMDM cells, and it was decided to not pursue additional infection assays and

opsonisation data with BMDM cells.
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3.7. Discussion.

The aim of this chapter was to develop an infection assay that can be used to assess
a panel of mADbs for antibody opsonisation. This assay will be applied throughout this
research project for assessing antibodies, antibiotics and novel anti-microbial

compounds.

Initial development of a RAW macrophage-like cell infection assay to assess
antibody opsonisation involved a modified assay based on published data in the
literature (17, 78, 244, 250, 254, 261, 262). Macrophage infection assays are well
established and a common method for analysis of bacterial infection by CFU
enumeration. It has also been demonstrated by Jenner et al that imaging flow
cytometry is a method that can also be used to assess intracellular B. thailandensis
(244). The assessment of antibody opsonisation of B. pseudomallei using both CFU
and imaging flow cytometry together, is a novel method for screening a panel of
mADbs. The data in this chapter has shown that both methods are complimentary, and
each can be used to assess a panel of antibodies for opsonisation of B. thailandensis
and B. pseudomallei. Imaging flow cytometry has additional benefits, imaging flow
cytometry can assess intracellular infection on a single cell level from a large
population of cells in a sample. The technique is especially beneficial when using
intracellular fluorescent stains, such as assessing the intracellular location of
opsonised bacteria with the use of lysosomal staining. This additional level of detail
is a benefit to further characterise the effect of mAb on intracellular B. thailandensis,

and will be used in subsequent studies in this research project.

The bacterium B. thailandensis E555 was used in the development and testing of
RAW cell infection assays, before progressing onto infection assays with B.
pseudomallei K96243. B. thailandensis E555 expresses a CPS identical in structure
to B. pseudomallei (19); this was an important feature in the choice of this bacterium
for assessing CPS specific antibodies in cell infection assays. B. thailandensis E555
has been shown to be a more suitable surrogate for B. pseudomallei K96243, when
compared to other B. thailandensis strains such as E264 (15). Data from J774
macrophage-like infection assays, shows a similar intracellular replication profile and

similar genetic makeup between B. thailandensis E555 and B. pseudomallei K96243
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(15), thus confirming the utility of E555 as an ACDP hazard group Il surrogate for B.
pseudomallei. The murine RAW 264.7 macrophage-like cell was selected based on

its ease of use, stability and replication in continuous culture.

The opsonisation ability of the mAbs was consistent across B. thailandensis and B.
pseudomallei, additionally the concentration of mAb that opsonised was consistent
between analysis techniques. The consistent results between strains validated the
approach of using B. thailandensis as a surrogate for B. pseudomallei. This is
important since B. thailandensis can be handled at a lower level of containment,
where a greater spectrum of analysis methods are available. It has been
demonstrated that imaging flow cytometry is an alternative technique that can be
successfully used to assess antibody opsonisation within a cell infection assay.
Imaging flow cytometry offers advantages over CFU analysis, such as the ability to
analyse individual cell infection events rather than the infection level as a whole
population. This would be particularly useful with studies using a less homogeneous
cell population, such as assessing infection in ex vivo macrophage cell populations.
The process is also less labour intensive than CFU analysis in general, although with
the high containment pathogen B. pseudomallei there is the added sterility check
required to analyse cells on the imaging flow cytometer. On a cell by cell level,
antibody opsonisation was shown to increase the average number of bacteria per
cell, as well as increasing the overall percentage of infected cells in the population.
Together, CFU and imaging flow cytometry analysis provide a robust method for

analysing intracellular infection levels in cell infection assays.

Imaging flow cytometry data was more variable for B. pseudomallei mAb
opsonisation, although each mADb still demonstrates opsonisation of B. pseudomallei
from 1 pg mLL. Variability between replicates is more pronounced, which is possibly
due to effects of the cell infection assay being performed at ACDP level llI
containment and the associated 48 hour fixation in paraformaldehyde prior to

imaging flow cytometry.

Working practices within ACDP level Il high containment laboratories may adversely
affect the infection assay, potentially causing some variation between B.

pseudomallei and B. thailandensis data. Potential variables include temperature
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differences within high flow rate CL3 cabinets, presence of paraformaldehyde
residues, sodium hypochlorite residues, and the requirement to fix cells in 4%
paraformaldehyde. Infected cells containing B. pseudomallei were required to be
fixed in 4% paraformaldehyde for a minimum of 48 hours, prior to removal from the
laboratory and analysis by imaging flow cytometry at ACDP containment level Il. In
comparison, the CFU analysis for B. pseudomallei was fully performed within ACDP
level 1l containment laboratories, and therefore not exposed to any direct

paraformaldehyde treatments.

There are benefits and disadvantages of using each analysis technique. CFU
analysis is a gold standard technique that provides a concentration of live intracellular
bacteria from the whole cell population. In comparison, imaging flow cytometry relies
upon bacterial fluorescence and therefore does not discriminate between viable and
non-viable bacteria. The benefit of imaging flow cytometry is that a large nhumber of
cells (typically 10,000 per sample) can be analysed in a matter of minutes, and
bacterial infection assessed on an individual cell basis. Spot counting is an additional
output from the imaging flow cytometry data, this gives an indication of bacterial load
per cell. Although, in this opsonisation study the spot counting data did not always
correlate with the percentage of cell infection data, especially for mAb CC6. The spot
counting gating on the imaging flow cytometry data is an arbitrary cut off value, to
enable gating between high (>4) and low (<4) bacterial spot counts. The spot
counting analysis therefore requires more optimisation before it can be used as a
standalone result. In this study the spot counting gives an indication of bacterial load
in the RAW cell, with the main data set being the percentage of cell infection which

was used to down select an antibody.

It has been demonstrated here that opsonisation of B. thailandensis by 3VIES5
involves binding to the FcyRs. Blocking CD16 and CD32 has shown that FcyR 1l and
Il are at least partly responsible for the mAb opsonisation in this RAW macrophage-
like cell infection assay. The ability of a high concentration of 3VIES to overcome the
FcyR inhibition could be due to the mAb increasingly binding to another Fc receptor
such as FcyRI. Additionally, 3VIE5 mAb could be outcompeting the CD16 and CD32
blocking antibodies present in the assay.
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The mADb 3VIE5 has also been shown to decrease bacterial OD in culture. This was
seen by a reduction in bacterial replication OD when a high concentration of 3VIE5
is present. An explanation for this could be that 3VIE5 has aggregated the bacteria
in the micro titre plate, although upon visual inspection of the plate no obvious
bacterial aggregation was seen. There is an example in the literature of an IgY
antibody reducing replication of Staphylococcus aureus in culture (263), it is not
known if this effect can be seen with IgG in B. pseudomallei culture. It is known that
B. pseudomallei can form micro aggregates in culture, and the reduction in OD
observed is most likely due to micro-aggregations in the culture plate that are not
visible by eye. There was no complete inhibition of bacterial replication in this assay,
and therefore no MIC value for mAb 3VIES5. To further investigate the trend in
reduction in replication with mAb 3VIE5, the bacterial culture plate could be

enumerated to determine any reductions in bacterial replication.

RAW cells are simple to culture, phenotypically and functionally stable, up to
passages of 30 (255). This makes them a good choice for performing multiple and
consistent cell infection assays. Primary cells were assessed in this chapter as an
alternative cell line for use in opsonisation in vitro infection assays. Primary BMDM
macrophages isolated directly from a mouse could potentially be superior to RAWS
at representing macrophage responses in vivo. However, there were challenges with
BMDMs, these included low cell densities, difficulty isolating, and difficulties
differentiating BMDM cells. It was therefore decided that the RAW cell assay will be

taken forward for subsequent studies in this thesis.

Macrophage-like cell lines are considered to be passive to infection and require prior
activation with IFN-y to see any killing effects with B. pseudomallei (250), this has
been shown for both RAWs and primary cells. Although we have focused on
opsonisation and not investigated bacterial killing in this chapter, the effect of
opsonisation on bacterial killing by activated macrophages is something that could

be investigated in future studies.
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The aim of this study was to develop and assess an antibody opsonisation infection
assay and to down select a mAb for further development as a therapeutic, this has
been achieved. It was clear from the data that an anti-CPS antibody should be down-
selected based on consistent opsonisation of B. thailandensis and B. pseudomallei
above the level for that of the anti-LPS mAb. Although each anti-CPS mAb generated
similar results in the opsonisation studies, Octet (red) data generated by Global
Access Diagnostics (appendix A.3.1) indicated that the antibody 3VIE5 has
favourable binding kinetics. Therefore 3VIES5 was selected for further investigation in

infection assays and in development of an AAC therapy.
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Appendix.

CCé

No Result
| 3VIES 5.5 x 105 3.8x 103 0.69 11 |
4VAS5 3.9x 10° 5.2x103 1.35 1:1
4VIH12 1.2x10° 2.8x 103 2.3 1:1

* 1:1 Binding fits applied in all cases with a truncated fit applied in the dissociation phase due to incomplete release
of analyte . Mass transport limited algorithms were tested but calculated unrealistic Rmax values at lower
concentrations. Heterogenous ligand binding fits either gave similar values to 1:1 results or fitted more poorly to the
sensorgrams.

e 3VIES - BThailandensis
A 1\
’ £/ 2l '_,,'-J‘f’""‘WN.'w\ \'\ » KD =0.69 nM
A/ ‘,""-M \:.\__\."._‘ \ Ko’\ = 5-5 X 106 M’lsil
[ L2 N Kore= 3.8x 1035

A.3.1. Antibody binding kinetic data generated by Global Access Diagnostics. Data
was generated on an Octet® RED Biolayer interferometry platform (ForteBio
Sartorius). A 1 in 400 dilution of antigen was used to assess each monoclonal
antibody for interaction with the B. thailandensis E555 heat killed antigen on the Octet
APC (aminopropylsilane) coated biosensor. No interaction was observed for mAb
CC6, whereas mAbs 4VIH12 and 4VA5 bound to the antigen in a nanomolar affinity
concentration range (Kp). The mAb 3VIES5 displayed the best affinity to the antigen,
with a 690 pM affinity (Kp) to the antigen on the Octet biosensor.
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4. Fate of intracellular bacteria following mAb opsonisation.

4.1. Introduction.
The mAb 3VIES5 opsonises B. thailandensis and B. pseudomallei, however it is not
known what effect the mAb has on the survival of intracellular bacteria within cells,

and if opsonisation disrupts the natural intracellular behaviour of this bacterium.

Following phagocytosis into macrophage cells, B. pseudomallei is known to be able
to escape endocytic vacuoles using the type three secretory system apparatus
(T3SS) (74, 75). B. pseudomallei is known to survive intracellularly, avoiding host
cell mediated killing. Once in the cytosol, the bacteria move via actin based motility;
this process involves host actin from the cytoskeleton in the form of G actin being
assembled into F actin by mimicking host cell nucleation promoting factors (89-93).
It is thought that actin based motility leads to multi nucleated giant cell (MNGC)
formation, by the force exhibited on the cell membrane promoting contact with
adjacent cells (99). The T6SS is composed of various structural proteins including
the contractible sheath proteins TssB and TssC, the inner tube protein TssD, and the
VgrG (Tssl) spike protein (99, 264). The T6SS is a syringe like mechanism that
mediates cell fusion through insertion of effector proteins across the two cell
membranes, causing lipid bilayer disturbance and fusion (99). Both B. thailandensis
and B. pseudomallei cause cell fusion and MNGC formation in vitro (72, 91, 257), the
role cell fusion plays for disease progression in melioidosis patients is yet to be fully
determined (264). MNGC formation is a hallmark of B. pseudomallei infection of cells
and MNGC formation can be seen in both phagocytic and non-phagocytic cells,
where intracellular bacterial replication eventually leads to cell damage and plaque

formations (101).

The previous chapter has demonstrated that the mAb 3VIE5 is opsonising. This
chapter will assess the fate of bacteria once they are opsonised by 3VIES into RAW
cells. The hazard group Il pathogen B. thailandensis E555 will be used throughout
this chapter. B. thailandensis E555 is a proven surrogate for B. pseudomallei

intracellular infection studies (15), allowing studies to be completed at a lower level
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of containment. This is especially important when completing studies involving live
confocal microscopy. For example, imaging live B. pseudomallei would not be

possible due to the required imaging facility being a containment level Il laboratory.

Initially, the effect of non-opsonised bacteria within RAW cells will be visualised by
confocal microscopy, to increase our understanding whether B. thailandensis E555
causes cell fusion and actin tail formation in the RAW cell infection assay. The effect
of mAb opsonisation on actin tail formation will then be assessed using either imaging
flow cytometry or confocal microscopy analysis (Figure 20). The formation of actin
tails is essential for bacterial motility in the intracellular environment, and eventual
spread of the infection between cells. If this process can be disrupted by mAb 3VIE5
opsonisation, then this would be an advantage for an antibody based therapy.
Additionally, the effect of opsonisation on bacterial CFU over 24 hours will be
determined, together with bacterial association with lysosomal markers. The marker
lysosomal associated membrane protein 1 (LAMP-1) present on the lysosomal
surface, will be used to signify bacterial association with phagosome maturation, and

therefore likely bacterial killing.
The aims of this chapter can be summarised as:

e Utilise the RAW macrophage-like cell infection assay to determine the
intracellular fate of mAb 3VIE5 opsonised B. thailandensis.

e Investigate intracellular bacterial killing and if mAb 3VIES5 enhances bacterial
killing.

e Image and quantify bacterial actin tail formation.

e Determine bacterial association with lysosome markers within RAW cells.

4.2. Imaging of B. thailandensis infected RAW cells.

The aim of this experiment was to image RAW cell infection, specifically staining for
B. thailandensis E555 actin tail formation and observing RAW cell fusion. The
bacterium B. thailandensis is known to form actin tails and spread between
neighbouring cells causing cell fusion. This study will image this bacterial process
within RAW cells, with the aim to investigate the effect of mAb 3VIES5 opsonisation

on the fate of intracellular B. thailandensis, such as actin tail formation and bacterial
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spread. High definition imaging of RAW cells was achieved using a confocal laser
scanning microscope (Zeiss) (2.6.2. Confocal microscopy.).Confocal microscopy
was used to visualise infection of RAW macrophage-like cells with B. thailandensis
E555 GFP (excitation peak at 489 nm and emission peak at 511 nm), this was
achieved with time lapse imaging over 24 hours. Cells were analysed on 35 mm cell
culture dishes (Corning) using x20, x40, or x63 oil immersion lenses. Hoechst
(Sigma) nuclei dye (excitation peak at 352 nm and emission peak at 461 nm) was
added to cells at 2ug mL?, to discriminate between individual cells and multi-
nucleated giant cells. Cells were additionally stained for bacterial actin tails with
Alexa Fluor® 647 (excitation peak at 650 and emission peak at 668nm) phalloidin
(red) (2.5.1. Actin tail staining.). Laser power was set between 2 — 5 mw for each
laser used, 488nm (GFP), 405nm (Hoechst) and 633nm (Alexa Fluor ® 647).

RAW cells initially show little change in intracellular levels of B. thailandensis over
the first 10 hours post infection (Figure 21). From 11 hours post infection, cells can
be seen fusing together, forming the start of MNGCs with intracellular bacterial
numbers rapidly increasing. At 20 hours post infection, many MNGCs exist with high
numbers of intracellular bacteria observed. The intracellular bacteria are able to
multiply within the cells, avoiding exposure to the 1 mg mL"! kanamycin antibiotic

present in the extracellular cell culture media.

Actin tail staining was achieved using Alexa Fluor™ 647 phalloidin (Molecular
Probes) to bind to F-actin (2.5.1. Actin tail staining.). It is known that B. thailandensis
is able to form actin tails similar to B. pseudomallei and B. mallei, and this is achieved
by the conversion of G actin to F actin following bacterial escape from phagosomes
into the cytosol. The formation of F-actin tails propel the bacteria forwards allowing
the bacteria to move throughout the cytosol. It can be observed from confocal
imaging that the intracellular B. thailandensis protrude outwards from the cell
membrane, enabling contact with neighbouring cells (Figure 22). This actin based
motility, and contact with neighbouring cells, allows the bacterial type VI secretory
system of Burkholderia to cause MNGC formation by initiating cell fusion (99) (Figure
23 and Figure 24). Bacteria can be seen freely moving between fused cells by actin
tail formation, enabling cell to cell spread while avoiding the extracellular

environment, which in this infection assay contains 1 mg mL! kanamycin antibiotic.
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Figure 20. Flow diagram of RAW cell infection assay for actin tail analysis.

This flow diagram represents the experimental steps involved in analysing B.
thailandensis actin tail formation in a RAW cell infection assay. The effect of mAb
3VIE5 is assessed by opsonising B. thailandensis prior to cell infection. The RAW
264.7 macrophage-like cell infection assay was selected as the primary method to
analyse intracellular infection and actin tail formation by B. thailandensis. RAW cells
were infected with B. thailandensis E555 GFP at a multiplicity of infection (MOI) of 5,
antibody opsonised bacteria were previously incubated with monoclonal antibody
3VIES for 30 minutes prior to infection of RAW cells. RAW cells were incubated with
B. thailandensis E555 GFP for an hour, the cell media was subsequently replaced
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with 1mg mL-! kanamycin maintenance antibiotic to kill extracellular bacteria. Green
fluorescent protein (GFP, excitation peak at 489 nm and emission peak at 511 nm)
expressing B. thailandensis E555 (pBHR4-groS-eGFP) were used in the RAW cell
assay to visualise bacterial infection by imaging flow cytometry and confocal
microscopy. RAW cells on a 35 mm cell culture dish (Corning) were fixed and
permeabilised with a BD Cytofix/Cytoperm™ kit, following manufacturer's
instructions. Alexa Fluor® 647 (excitation peak at 650 and emission peak at 668nm)
phalloidin (Molecular Probes) was added to the RAW cells at 5% (vol/vol) in
perm/wash buffer, and the cells incubated at room temperature for 30 minutes.
Following incubation, the RAW cells were washed twice with PBS prior to
visualisation by confocal microscopy. Alternatively, cells were re-suspended in PBS
for analysis by imaging flow cytometry. Hoechst (Sigma) nuclei dye (excitation peak
at 352 nm and emission peak at 461 nm) was added to cells at 2ug mL?, to
discriminate between individual cells and multi-nucleated giant cells by confocal
microscopy. Laser power was set between 2 — 5 mw for each laser used, 488nm
(GFP), 405nm (Hoechst) and 633nm (Alexa Fluor ® 647).
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Figure 21. Confocal microscopy time course images of RAW cell infection with
B. thailandensis.

RAW 264.7 cells were infected with B. thailandensis E555 GFP at a MOI of 5 on a
35 mm cell culture dish (Corning). RAW cells were incubated with B. thailandensis
E555 GFP for an hour, the cell media was subsequently replaced with 1mg mL?
kanamycin maintenance antibiotic to kill extracellular bacteria. Green fluorescent
protein (GFP, excitation peak at 489 nm and emission peak at 511 nm) expressing
B. thailandensis E555 (pBHR4-groS-eGFP) were used in the RAW cell assay to
visualise bacterial infection by confocal microscopy over 20 hours. Hoechst (Sigma)
nuclei dye (excitation peak at 352 nm and emission peak at 461 nm) was added to
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cells at 2ug mL1, to discriminate between individual cells and multi-nucleated giant
cells. Hoechst is cell permeable and stains adenine-thymine regions of the cell DNA.
Laser power was set between 2 — 5 mw for each laser used, 488nm (GFP), 405nm
(Hoechst) and 633nm (Alexa Fluor ® 647). (A) 1 hour post infection, (B) 11 hours
post infection, (C) 20 hours post infection, and (D) 20 hours post infection with the
addition of Hoechst nuclei dye. Images were taken using a confocal laser scanning

microscope (Zeiss, Germany) using the x20 objective. Scale bars represent 50 pm.
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Protrusion of B. thailandensis E555 (green)
with actin tail (red) from the RAW cell.

Figure 22. Confocal microscopy of B. thailandensis and actin tails.

Green fluorescent protein (GFP, excitation peak at 489 nm and emission peak at 511
nm) expressing B. thailandensis E555 (pBHR4-groS-eGFP) were used in the RAW
cell assay to visualise bacterial infection by confocal microscopy. RAW cells were
infected in a cell infection assay as described previously. Alexa Fluor® 647
(excitation peak at 650 and emission peak at 668nm) phalloidin (Molecular Probes)
was added to the RAW cells at 5% (vol/vol). Hoechst (Sigma) nuclei dye (excitation
peak at 352 nm and emission peak at 461 nm) was added to cells at 2ug mL?, to
discriminate between individual cells and multi-nucleated giant cells. Cells were
analysed at20 hours post infection. Arrows highlight examples of the bacterial actin
tails. Image was taken using a confocal laser scanning microscope (Zeiss, Germany)
at x63 objective. Laser power was set between 2 — 5 mw for each laser used, 488nm
(GFP), 405nm (Hoechst) and 633nm (Alexa Fluor ® 647).
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Figure 23. Confocal microscopy of cell fusion between RAW cells.

Green fluorescent protein (GFP, excitation peak at 489 nm and emission peak at 511
nm) expressing B. thailandensis E555 (pBHR4-groS-eGFP) were used in the RAW
cell assay to visualise bacterial infection by confocal microscopy. RAW cells were
infected in a cell infection assay as described previously. Alexa Fluor® 647
(excitation peak at 650 and emission peak at 668nm) phalloidin (Molecular Probes)
was added to the RAW cells at 5% (vol/vol). Hoechst (Sigma) nuclei dye (excitation
peak at 352 nm and emission peak at 461 nm) was added to cells at 2ug mL?, to
discriminate between individual cells and multi-nucleated giant cells. Cells were
analysed at 20 hours post infection. Image was taken using a confocal laser
scanning microscope (Zeiss, Germany) at x63 objective. Laser power was set
between 2 — 5 mw for each laser used, 488nm (GFP), 405nm (Hoechst) and 633nm
(Alexa Fluor ® 647).
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Figure 24. Confocal microscopy of a RAW cell MNGC.

Green fluorescent protein (GFP, excitation peak at 489 nm and emission peak at 511
nm) expressing B. thailandensis E555 (pBHR4-groS-eGFP) were used in the RAW
cell assay to visualise bacterial infection by confocal microscopy. RAW cells were
infected in a cell infection assay as described previously. Alexa Fluor® 647
(excitation peak at 650 and emission peak at 668nm) phalloidin (Molecular Probes)
was added to the RAW cells at 5% (vol/vol). Hoechst (Sigma) nuclei dye (excitation
peak at 352 nm and emission peak at 461 nm) was added to cells at 2ug mL?, to
discriminate between individual cells and multi-nucleated giant cells. Cells were
analysed at 20 hours post infection. Image was taken using a confocal laser scanning
microscope (Zeiss, Germany) at x40 objective. Laser power was set between 2 — 5
mw for each laser used, 488nm (GFP), 405nm (Hoechst) and 633nm (Alexa Fluor ®
647).
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This imaging data has demonstrated that RAW 264.7 cells infected by B.
thailandensis E555 produce MNGCs from 11 hours post-infection, with the majority
of MNGCs formed by 24 hours post-infection. This gives a time point at which to
analyse bacterial actin tail formation in this cell line. This will be used to determine
the effect mAb 3VIE5 has on this actin tail formation process. It has also
demonstrated that B. thailandensis E555 bacteria form actin tails in this RAW
macrophage-like cell infection assay, the concentration of phalloidin required to stain

for bacterial F actin has been determined.

4.3. Quantifying bacterial actin tail formation.

Whilst imaging infected RAW cells by confocal microscopy, it was noticed that there
was a clear difference in bacterial actin tail formation between mAb 3VIE5 opsonised
and non-antibody opsonised B. thailandensis. The aim of this experiment was to
investigate if opsonisation by mAb 3VIE5 reduces B. thailandensis E555 actin tail
formation in the RAW cell infection assay (2.2.2. Monoclonal antibody opsonisation
assay.). Additionally, there will be a focus on using imaging flow cytometry (2.6.3.
Imaging flow cytometry.) and confocal microscopy (2.6.2. Confocal microscopy.) to
determine a robust method to analyse bacterial actin tail formation in RAW cells.
Imaging flow cytometry and confocal microscopy were initially both selected as
techniques that can image and potentially quantify B. thailandensis E555 actin tall

formation in the RAW cell infection assay (2.5.1. Actin tail staining..

Imaging flow cytometry was investigated for analysing actin tail formation due to the
high throughput and data analysis ability. Confocal microscopy has the benefit of
high definition images of the uninterrupted cell population, although confocal
microscopy lacks high throughput and image analysis can be difficult. Imaging flow
cytometry has the potential to quantify bacterial actin tail formation from a large
population of cells. Thousands of infected RAW cells can be analysed within minutes,
and fluorescent markers quantified using the imaging flow cytometry analysis
software (IDEAS®).

An overnight culture of B. thailandensis E555 was diluted to 5x10® CFU mLt. The
bacteria were opsonised with mAb 3VIE5S or a murine antibody isotype control at 1
bug mL*? for 30 minutes at 37°C prior to RAW cell infection. Control infections
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consisted of non-antibody opsonised bacteria. The RAW cells were infected with B.
thailandensis E555 GFP at an MOI of 5 for 1 hour at 37°C, the cell culture media was
subsequently removed and replaced with media containing 1mg mL* kanamycin
maintenance antibiotic to prevent extracellular bacterial growth. Following 16 hours
incubation the RAW cells were harvested for imaging flow cytometry analysis, or the
cells remained adhered to the cell culture dish for confocal microscopy analysis from
12 hours post-infection. RAW cells were harvested into 4% paraformaldehyde for
imaging flow cytometry by pipetting up and down. RAW cells were fixed and
permeabilised with a BD Cytofix/Cytoperm™ kit, following manufacturer’s
instructions. Alexa Fluor® 647 phalloidin (Molecular Probes) was added to the RAW
cells at 5% (vol/vol) in perm/wash buffer, and the cells incubated at room temperature
for 30 minutes. Following incubation, the RAW cells were washed twice with PBS
and finally re-suspended in PBS for analysis by imaging flow cytometry, alternatively

the cells remained adhered and in PBS for confocal microscopy analysis.

For imaging flow cytometry the gating template previously described for antibody
opsonisation was applied, consisting of gating cells according to being in focus,
single cells and cells associated with GFP fluorescence. The fluorescent strain of B.
thailandensis E555 GFP (excitation peak of 489 and emission peak 511nm) was
excited with the 488nm laser and the Alexa Fluor® 647 (excitation peak at 650 and
emission peak at 668nm) phalloidin with the 642nm laser. Fluorescence emission
was detected with channel 2 and channel 11 on the imaging flow cytometer, for GFP

and Alexa Fluor® 647 respectively.

Confocal microscopy was used to visualise infection of RAW cells with B.
thailandensis E555 GFP (excitation peak at 489 nm and emission peak at 511 nm)
and Alexa Fluor® 647 (excitation peak at 650 and emission peak at 668nm)
phalloidin (red). This was achieved with imaging of RAW cells from 12 hours post-
infection. Cells were analysed on 35 mm cell culture dishes (Corning) using an x20
objective. Laser power was set between 2 — 5 mw for each laser used, 488nm (GFP)
and 633nm (Alexa Fluor ® 647).

The fluorescently stained actin tails were visible within RAW cells (Figure 25),
although it was soon determined that analysing cells in a flow is not ideal for bacterial
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actin tails. Bacteria and actin tails often protrude outwards from the cell membrane
and fused cells are often fragile, therefore they are not suitable for the harsh
conditions experienced during cell harvesting and analysis in a flow. Additionally, the
fluorescent phalloidin also stained non-infected RAW cells, this was observed by a
ring of fluorescence around the cell membrane (Figure 25 A). This caused issues
with cell analysis, since the bacterial actin tails are also often found at the edge of
cell membranes or protruding from the cell. With this in mind it was decided to focus
on confocal microscopy for bacterial actin tail analysis. The RAW cells are not
harvested for confocal microscopy analysis, therefore features such as giant cell
formation and actin tails remain fully intact. The challenge with confocal microscopy
is that data collection can be time consuming, and image analysis software is

required to avoid manually counting bacterial actin tails in a large population of cells.
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Figure 25. Examples of B. thailandensis actin tail images generated by Imaging
flow cytometry.

A — Examples of non-infected RAW cells stained with Alexa Fluor® 647 phalloidin
(red). B — Examples of cells infected with B. thailandensis E555 GFP (green) and
stained with Alexa Fluor™ 647 phalloidin (red). C — Close up of an Imaging flow
cytometry image, a bacterial actin tail is visible within the RAW cell. The fluorescent
strain of B. thailandensis E555 GFP (excitation peak of 489 and emission peak
511nm) was excited with the 488nm laser and the Alexa Fluor® 647 (excitation peak
at 650 and emission peak at 668nm) phalloidin with the 642nm laser. Fluorescence
emission was detected with channel 2 and channel 11 on the imaging flow cytometer,
for GFP and Alexa Fluor® 647 respectively. Representative images of B.
thailandensis E555 GFP infected RAW cells with actin tail formation are shown.

Images were taken 16 hours post-infection at x60 magnification.

Manually counting the bacteria and actin tails in a population of cells is one method

that can be used to quantify bacterial actin tail formation. Manually counting is highly
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time consuming and a limited number of cells can reasonably be counted. Therefore,
it was decided to use an open source computer software, Icy

(http://icy.bioimageanalysis.org/) (243), to analyse confocal microscopy images. This

was achieved by quantifying the intensity of GFP fluorescence (B. thailandensis) and
the intensity of the red phalloidin fluorescence (actin tails), generating a ratio between
the two. The confocal microscope was set at x20 magnification to image a 5 x 5
square tiled image around a chosen field of view, giving a total image analysis area
size of 675 um? (Figure 26). This process was repeated at multiple other locations
on the cell culture dish and replicated across three separate weeks, together this

generated the final data set (Figure 27).
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Figure 26. Actin tail analysis by confocal microscopy.

Confocal microscopy was used to visualise infection of RAW cells with B.
thailandensis E555 GFP (excitation peak at 489 nm and emission peak at 511 nm)
and Alexa Fluor® 647 (excitation peak at 650 and emission peak at 668nm)
phalloidin (Molecular probes,). This was achieved with imaging of RAW cells from 12
hours post-infection, RAW cells were infected in the cell infection assay as described
previously. Cells were analysed on 35 mm cell culture dishes (Corning) using an x20
objective. The white square represents one field of view with an x20 objective on a
35 mm cell culture dish (Corning), a 5x5 tiled image was generated around this

central foci of infection to generate a total analysis area of 675 pm?.
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4.4. The effect of 3VIE5 opsonisation on bacterial actin tail formation.

It has been previously shown that B. thailandensis forms actin tails in the RAW
macrophage-like infection assay, a process that is known to be crucial for intracellular
bacterial motility and spread of infection between cells. The aim is now to determine
the effects of mAb 3VIE5 opsonisation on the intracellular fate of the bacteria,

beginning with bacterial actin tail formation.

An overnight culture of B. thailandensis E555 was diluted to 5x10® CFU mL™*. The
bacteria were opsonised with mAb 3VIES5 or a murine antibody isotype control at 1
pg mL for 30 minutes at 37°C prior to RAW cell infection. Control infection consisted
of non-antibody opsonised bacteria. The RAW cells on a 35 mm cell culture dishes
(Corning) were infected with B. thailandensis E555 GFP at an MOI of 5 for 1 hour at
37°C. The cell culture media was subsequently removed, and replaced with media
containing 1mg mL? kanamycin maintenance antibiotic to prevent extracellular
bacterial growth. Following 12 hours incubation the RAW cells were fixed and
permeabilised with a BD Cytofix/Cytoperm™ kit, following manufacturer's
instructions. Alexa Fluor® 647 phalloidin (Molecular Probes) was added to the RAW
cells at 5% (vol/vol) in perm/wash buffer, and the cells incubated at room temperature
for 30 minutes. Following incubation, the RAW cells were washed twice with PBS,
the cells remained adhered to the 35 mm cell culture dishes (Corning) and in PBS

for confocal microscopy analysis.

Confocal microscopy was used to visualise infection of RAW cells with B.
thailandensis E555 GFP (excitation peak at 489 nm and emission peak at 511 nm)
and Alexa Fluor® 647 (excitation peak at 650 and emission peak at 668nm)
phalloidin (red). This was achieved with imaging of RAW cells from 12 hours post-
infection. Cells were analysed on 35 mm cell culture dishes (Corning) using an x20
objective. Laser power was set between 2 — 5 mw for each laser used, 488nm (GFP)
and 633nm (Alexa Fluor ® 647). The open source computer software Icy

(http://icy.bioimageanalysis.org/) (243) was used to analyse confocal microscopy

images. This was achieved by quantifying the intensity of GFP fluorescence (B.
thailandensis) and the intensity of the red phalloidin fluorescence (actin tails),
generating a ratio between the two. The confocal microscope was set at x20
magnification to image a 5 x 5 square tiled image around a chosen field of view,
giving a total image analysis area size of 675 um? (Figure 26). This process was
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repeated at multiple other locations on the cell culture dish and replicated across
three separate biological experiments, together this generated the final data set
(Figure 27).
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Figure 27. The effect of mAb 3VIE5 on bacterial actin tail formation.

B. thailandensis E555 GFP was opsonised with mAb 3VIE5 or a murine antibody
isotype control at 1 yg mL-* for 30 minutes at 37°C prior to RAW cell infection. Bt
control consists of non-antibody opsonised B. thailandensis. The RAW cells on a 35
mm cell culture dishes (Corning) were infected with B. thailandensis E555 GFP at an
MOI of 5. Bacterial actin tail formation was assessed at 12 hours post-infection of a
RAW 264.7 cell infection assay. The two fluorescence markers B. thailandensis E555
GFP (excitation peak at 489 nm and emission peak at 511 nm) and Alexa Fluor® 647

(excitation peak at 650 and emission peak at 668nm) phalloidin (Molecular probes).
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Images were taken by laser scanning confocal microscopy (Zeiss, Germany) using
an x20 objective on a 35 mm cell culture dish (Corning). Laser power was set
between 2 — 5 mw for each laser used, 488nm (GFP) and 633nm (Alexa Fluor ®
647). Analysis was achieved using Icy open source software

(http://icy.bioimageanalysis.org/) to generate the fluorescence intensity ratio data. A

- Data are represented as a ratio between the two fluorescent signals with each
technical replicate consisting of a field of view (Figure 26), Data (n=14 technical
replicates) are derived from three independent biological experiments (each
represented on the graph) error bars represent SD. B - Example images of infected
RAW cells and B. thailandensis E555 GFP actin tail formation. Scale bars represent
50um. ** P 0.0038, *** P 0.0002, **** P <0.0001 One-way ANOVA Tukey's multiple

comparisons test.

Plotting the ratio generated from GFP and phalloidin fluorescence, shows a
significant difference in actin tail formation between mAb 3VIE5 opsonised B.
thailandensis and non-opsonised B. thailandensis (2.6.2. Confocal microscopy.). The
B. thailandensis opsonised with mAb 3VIES5 have a significantly reduced intensity of
actin tail fluorescence, compared to both the isotype control antibody and the
bacterial control. It is interesting that the isotype control antibody also has a
significantly reduced actin tail formation ratio, when compared to the bacterial control.
This is likely due to the murine IgG2b isotype control antibody cross-linking and
interacting the FcyRs on the RAW 264.7 macrophage-like cells. This interaction with
the FcyRs could result in an increase in phagosome compartmentalisation of the B.
thailandensis, and therefore a reduction in bacteria associated with actin tails. The
anti-CPS monoclonal antibody (3VIES5) is known to be opsonising and increase cell
infection levels, although the reduction in actin tail formation of mAb opsonised B.
thailandensis was unexpected and a novel finding. Further studies are required to
characterise the effect of mAb 3VIE5 and bacterial actin tail association. Non
capsular mutants and BimA mutant strains of B. thailandensis could be used in future
studies. This could include determining if 3VIE5 has a direct effect on actin
polymerisation by BimA, or if there is an indirect effect by mAb 3VIES5 and the control

mADb interacting with FcyRs that is reducing cytosolic bacteria. Additionally, studies
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including FcyR blocks and staining for phagolysosome formation, could add to the

characterisation of mAb 3VIE5 and the reduction in bacterial actin tail association.

4.5. The effect of mAb 3VIES5 on intracellular bacterial CFU over 24 hours.

The aim of this experiment was to determine how opsonisation by mAb 3VIE5
changes the intracellular bacterial CFU count over 24 hours. After the initial increase
in CFU with mAb 3VIES5 opsonisation, this experiment will determine if bacterial killing
is occurring in the RAW cells when bacteria are opsonised compared to non-
opsonised. The effect of mAb 3VIE5 opsonisation was determined by analysing
bacterial CFU from infected RAW cells at 2, 6 and 24 hours post-infection. A mAb
3VIES5 concentration of 1ug mL™* was chosen, this is a concentration that is known to

be opsonising and reduce bacterial actin tail formation in vitro.

In this RAW cell infection assay, bacteria were opsonised with mAb 3VIES at 1ug
mL-* prior to cell infection. Alternatively, mAb 3VIE5 was added post-infection in the
kanamycin maintenance media at 1ug mL-1, without any prior opsonisation. Controls
consisted of a B. thailandensis E555 control and an antibody isotype control at 1ug
mLt. RAW cells were infected with B. thailandensis E555 as described previously,
at an MOI of 5 for an hour at 37°C. Following infection, cells were incubated with 1mg
mL* kanamycin maintenance media (with or without 3VIE5 present) for up to 24
hours. At each time point (2, 6 and 24 hours) RAW cells were lysed with distilled
water, followed by enumeration by serial dilution and culture onto L-agar (2.6.5. CFU
analysis.). The addition of mAb 3VIES5 post-infection was to determine if the antibody
can opsonise any bacteria that escape from the cells over time. A reduction in CFU,
compared to the control, in the later time points would indicate antibody induced
bacterial killing by the RAW cell. The mAb 3VIES5 opsonised bacteria were incubated
with mAb 3VIE5 for 30 minutes, prior to a 1 hour RAW cell infection step. In
comparison, the post-infection group were incubated with mAb 3VIE5 in the external

maintenance media for a full 2, 6 or 24 hours.
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Figure 28. The effect of mAb 3VIE5 on intracellular bacterial CFU.

The effect of 1ug mL* of mAb 3VIE5 added pre and post-infection, was determined
in a B. thailandensis RAW cell infection assay over 24 hours. RAW cells were
infected with opsonised or non-opsonised B. thailandensis E555 at an MOI of 5.
Following infection cells were incubated in kanamycin maintenance media, with the
post-infection group additionally containing 1ug mL* mAb 3VIES5. The intracellular
bacterial CFU count was determined by cell lysis with distilled water, with subsequent
enumeration of bacteria by culture on L-agar. Controls consist of an isotype control
antibody (IgG2b) and a B. thailandensis E555 only control. Data are represented as
CFU means of all technical replicates (n=6) derived from two independent biological
experiments, error bars represent SD of all technical replicates. *** P <0.0001, 2-

way ANOVA Dunnett's multiple comparisons test to bacterial control.

The mAb 3VIE5, when added pre-infection, significantly increases intracellular
bacterial CFU at 2 and 6 hours, compared to the controls (Figure 28). This
opsonisation effect is to be expected, and is comparable to the mAb opsonisation
data generated in chapter 3. At 24 hours post-infection there is a significantly lower
CFU for both 3VIE5S added pre-infection and 3VIE5 added post-infection. There is
also a significantly lower CFU for the isotype control antibody added post-infection.
Although significant, the CFU reduction is much greater in the mAb 3VIE5S groups

compared to the isotype control group.

Initially there is no significant difference between 3VIE5 added post-infection and the

bacteria controls or isotype controls. At 24 hours, the CFU value for 3VIE5 added
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post-infection is significantly lower by a log fold, with a CFU of 1.6 x10* CFU
compared to the bacterial control of 1.8 x10° CFU. This provides evidence that mAb
3VIES present in the external media can interact with the RAW cell, reducing
replication of intracellular bacteria over a 24 hour period. The mAb 3VIES5 added pre-
infection to opsonise the bacteria, also has a significant effect in reducing CFU by 24
hours. At 24 hours there is a significantly lower CFU of 4.5x10* for mAb 3VIE5

opsonised bacteria, compared to the bacterial control of 1.8 x10> CFU.

4.6. Bacterial association with LAMP-1 following mAb 3VIE5 opsonisation.

It has been demonstrated that mAb 3VIES5 can opsonise, reduce actin tail association
and reduce bacterial intracellular CFU in vitro. The aim of this experiment was to
investigate if the mAb 3VIE5 reduction in bacterial CFU is due to association with
lysosomes (Figure 29). This could also add to the actin tail data, in which mAb 3VIE5
reduced bacterial association with actin. This reduction in bacterial actin tail
association when opsonised by mAb 3VIE5, could be due to bacterial
compartmentalisation within lysosomes. This study will determine if there is any
increase in bacterial association with LAMP-1 positive lysosomes, when opsonised
by mAb 3VIES in RAW cells. The effect of the mAb 3VIES5 on bacterial survival was
investigated by analysing cell infection over 24 hours, and staining for bacterial
association with lysosomes using a fluorescent anti-LAMP-1 antibody (2.5.2. LC3
and LAMP-1 staining.).

B. thailandensis E555 GFP was opsonised with 1 yg mL* mAb 3VIE5 or isotype
control mADb for 30 minutes at 37°C prior to cell infection. RAW cells were infected at
an MOI of 5 for an hour, bacteria were subsequently removed and RAW cells were
incubated in 1mg mL* kanamycin maintenance media. At the specified time points
post-infection, RAW cells were harvested by pipetting, transferred to 200 L fixative-
permeabilisation buffer (BD Biosciences) and incubated for 30 minutes at room
temperature on a roller. Following incubation, the sample volume was increased to
ImL with 800 pL of 1X permeabilisation-wash buffer (BD Biosciences) and
centrifuged for 5 minutes at 300 g. Following centrifugation, cells were re-suspended
into 200uL permeabilisation-wash buffer (BD Biosciences) containing 3.5 pg mL™*

PE/Dazzle™ 594 (excitation peak of 566 nm and emission peak of 610 nm) anti-
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mouse CD107a (LAMP-1) antibody (Biolegend, UK). The sample was incubated for
1 hour at room temperature on a roller. Following incubation, 800 uL of PBS (Gibco)
was added and the sample centrifuged for 5 minutes at 300 g. Finally, cell pellets
were re-suspended into 50 pL PBS (Gibco) prior to analysis by imaging flow
cytometry (2.6.3. Imaging flow cytometry.). RAW cells were analysed on the Amnis®
ImageStream® X Mark Il. The 488nm (GFP) and 561nm (PE/Dazzle™ 594) lasers
were used at 100mw and 200mw power respectively. Fluorescence was detected
using channel 2 (B. thailandensis E555 GFP, excitation peak at 489 nm and emission
peak at 511 nm) and channel 4 (PE/Dazzle™ 594), magnification was set at x60
throughout. Cells were gating according to being single cells, in focus, association
with GFP and co-localisation with LAMP-1 (Figure 30).

A RAW cell infection assay, together with imaging flow cytometry analysis, was used
to analyse cell infection levels. 3VIE5 was used at 1ug mL™* to keep consistency
between experiments, the time points were chosen as 2, 4, 6 and 24 hours post-
infection. At each time point, cells were harvested and analysed by imaging flow
cytometry, generating a percentage of cells with intracellular GFP. Additionally,
bacterial association with lysosomes was assessed in the population of infected
RAW cells, this was achieved by staining and gating for the lysosome marker LAMP-
1.
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Figure 29. MAb 3VIES opsonisation and bacterial association with LAMP-1.

A - B. thailandensis and B. pseudomallei rapidly escape phagosomes via the type 3
secretory system. In the cell cytosol, the bacteria form actin tails by polymerising host
actin. B — MAb 3VIES5 opsonisation and interaction with the FcyR will potentially send
the bacteria down a different pathway, resulting in bacterial degradation via the
phagolysosome. This theory will be investigated by mAb 3VIES opsonisation, LAMP-

1 staining and analysis of RAW cell infection.
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Figure 30. Imaging flow cytometry gating analysis of GFP and LAMP-1 co-
localisation.

Imaging flow cytometry was used to analyse RAW macrophage-like cells for co-
localisation between intracellular GFP expressing B. thailandensis, and a fluorescent
(PE/Dazzle™ 594) antibody specific for LAMP-1. The 488nm (GFP) and 561nm
(PE/Dazzle™ 594) lasers were used at 100mw and 200mw power respectively.
Fluorescence was detected using channel 2 (B. thailandensis E555 GFP, excitation
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peak at 489 nm and emission peak at 511 nm) and channel 4 (PE/Dazzle™ 594),
magnification was set at x60 throughout. Cells were gated based on being in focus
(A) and single cells (B). Cells associated with B. thailandensis E555 GFP were gated
(C), and an internalisation erode applied to gate cells containing only intracellular
GFP (D). GFP and LAMP-1 (PE/Dazzle™ 594) positive cells were gated (E), and the
co-localisation of the two markers gated (F). Each sample consisted of collecting

10,000 events of R1 and R2 per sample (average 9800).
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Figure 31. The effect of mAb 3VIE5 on RAW cell association to B. thailandensis
and bacterial association with LAMP-1.

Imaging flow cytometry was used to analyse RAW cells infected with B. thailandensis
E555 GFP (A), and the percentage of infected macrophages that have bacterial
association with LAMP-1 (B). RAW cells were either incubated with B. thailandensis
alone (Bt control), or opsonised with 1ug mL* of either control antibody or mAb
3VIE5. RAW cells were analysed on the Amnis® ImageStream® X Mark Il. The
488nm (GFP) and 561nm (PE/Dazzle ™ 594) lasers were used at 100mw and 200mw
power respectively. Fluorescence was detected using channel 2 (B. thailandensis
E555 GFP, excitation peak at 489 nm and emission peak at 511 nm) and channel 4
(PE/Dazzle™ 594, excitation peak of 566 nm and emission peak of 610 nm),
magnification was set at x60 throughout. Cells were gating according to being single
cells, in focus, association with GFP and co-localisation with LAMP-1 (Figure 30).
Data are represented as the mean of all technical replicates (n=4) derived from two
independent biological experiments, error bars represent SD. * P<0.05 repeated
measures ANOVA Bonferroni’s post-tests, indicating a difference in uptake between
the mAb 3VIES5 group and the control groups. There is a probable time effect in both
plots (P<0.001 ANOVA). The ANOVA indicated possible differences in LAMP-1
between groups (P<0.05); however, these differences were not discernible in this

data set.
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Figure 32. Examples of bacterial GFP and LAMP-1 co-localisation.

Example images of RAW cells (bright field, Ch01) with B. thailandensis GFP (green,
Ch02) and co-localisation with LAMP-1 (red, ch04). RAW cells were analysed on the
Amnis® ImageStream® X Mark II. The 488nm (GFP) and 561nm (PE/Dazzle™ 594)
lasers were used at 100mw and 200mw power respectively. Fluorescence was
detected using channel 2 (B. thailandensis E555 GFP, excitation peak at 489 nm and
emission peak at 511 nm) and channel 4 (PE/Dazzle™ 594), magnification was set
at x60 throughout. Cells were gating according to being single cells, in focus,
association with GFP and co-localisation with LAMP-1 (Figure 30).Images are
representative from the imaging flow cytometry data, the data set consisted of an

average 9800 cells per sample.
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As expected, 3VIES increases the percentage of cells infected with B. thailandensis
GFP (Figure 31 A). The percentage of cells infected increases at 24 hours post-
infection for the mAb 3VIES group, this is in contrast to CFU data in which there was

a decrease in CFU at 24 hours for opsonised bacteria (Figure 28).

Bacterial GFP fluorescence and an anti-LAMP-1 antibody fluorescent marker can be
successfully detected by imaging flow cytometry (Figure 32 and Figure 30). This was
used to calculate the association between the two fluorescent markers in RAW cells.
Association between bacterial GFP fluorescence and LAMP-1 fluorescence (Figure
31 B), shows a decrease in the percentage of cells with GFP and LAMP-1 association
over 24 hours. Although the mAb 3VIES5 opsonised group is greater than the controls
over the first 6 hours, this difference was not considered significant when analysed
by ANOVA.

In this data set, there is not a significant association between mAb 3VIE5
opsonisation and bacterial co-localisation with LAMP-1. The killing effect of mAb
3VIE5 seen in RAW cell infection assays (Figure 28), could not be explained by
imaging flow cytometry and LAMP-1 analysis. Under the conditions in this imaging
flow cytometry experiment, mAb 3VIE5 opsonisation does not significantly reduce
the percentage of cells with GFP fluorescence, or increase the bacterial GFP
association with LAMP-1 in RAW cells.

4.7. Discussion.

In this chapter, the effect of 3VIES mAb on the fate of intracellular B. thailandensis
was investigated. Confocal microscopy, imaging flow cytometry and CFU
enumeration were all used for analysis of RAW cell infection assays. A RAW cell
infection assay was used to image the intracellular infection by B. thailandensis,
showing the presence of bacterial actin tails, cell fusion and MNGC formation. Using
confocal microscopy and image analysis software, a technique was generated to
determine a ratio between bacterial actin tail formation and bacterial fluorescence.
This data was used to determine the effect of mAb 3VIES on bacterial actin tails
within RAW cells. The cell infection assay was also assessed by CFU and imaging

flow cytometry, to assess the effect of mAb 3VIES on intracellular bacterial survival.
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Initially, RAW cell infection by B. thailandensis E555 GFP was imaged over 24 hours
by confocal microscopy. Confocal imaging revealed that cell fusion and MNGC
formation frequently occurs in the RAW cell infection assay, from approximately 11
hours post-infection onwards. The formation of MNGCs varies depending upon cell
type, and more work is being done to characterise MNGC formation in different cell
lines and primary cells (72). The extent and role of MNGC formation in vivo is not
fully known, more work is needed to determine the relevance to granuloma formation
and disease progression in patients (100). In cells that are susceptible, the
Burkholderia T6SS plays an important role in MNGC formation (72). Cell density
could play a role with  MNGC formation, requiring close contact between
neighbouring cells, this could explain why MNGC is commonly seen in vitro with
infected RAW macrophage-like cells cultured as a monolayer. It has been
demonstrated here that RAW cells, infected with B. thailandensis E555, do undergo

cell fusion and MNGC formation.

Bacterial actin tail formation was imaged by staining B. thailandensis infected RAW
cells with fluorescent phalloidin. A method to analyse confocal microscopy images
for B. thailandensis bacterial actin tail formation has been established. An open
source software was used for analysis of confocal microscopy images

(http://icy.bioimageanalysis.org/) (243). Confocal microscopy images of bacterial

actin tails were analysed in this software, generating a ratio between bacterial GFP
fluorescence and actin tail phalloidin fluorescence. The confocal microscopy images
were generated by finding a focal point containing cell infection, then expanding this
area by taking a 5 x 5 tiled image around this point. This was done to expand the
analysis area to include as many cell images as possible, reducing any bias selection
of cells by the microscope operator. This method successfully generated a large
selection of cell images, from which to generate a ratio between bacteria and actin
tail fluorescence. This technique was then applied to infection assays where the GFP
B. thailandensis was opsonised with mAb 3VIE5 or isotype control antibody. The
ratios generated were then compared to a non-opsonised control infection to analyse
the effect of antibody opsonisation on bacterial actin tail formation. Imaging flow
cytometry was also investigated as a method to analyse bacterial actin tail formation.
Although some bacterial actin tails were visible, the process of harvesting cells and
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the fluidics involved in sample processing, are both likely to damage the cells from
later time points. The majority of bacterial actin tails were observed in fused cells and
MNGCs, these RAW cells are particularly fragile and therefore imaging by
microscopy was considered to be the best option.

It has been demonstrated that the anti-CPS mAb 3VIES reduced bacterial actin tail
formation in vitro. Although the mechanism for this actin tail reduction is currently
unknown, reducing this bacterial virulence factor is a desirable feature of a
therapeutic antibody for melioidosis. It is known that B. thailandensis is able to form
actin tails similar to B. pseudomallei and B. mallei, and this is achieved by the
conversion of G actin to F actin following bacterial escape from phagosomes into the
cytosol (90, 93, 265). Is it believed that bacterial actin based motility can lead to
neighbouring cells coming into contact, allowing the type VI secretory system of

Burkholderia to cause cell fusion, leading to MNGC formation (99).

The mechanism whereby the anti-CPS mAb 3VIES5 is reducing actin tail formation is
unknown. The T3SS is crucial for bacterial virulence, antibodies have been
investigated as immunotherapies to target the T3SS in other pathogenic gram
negative bacteria (266). It is possible in this study, that mAb 3VIE5 binding to the
CPS of B. thailandensis is preventing bacterial escape from phagosomes, possibly
by interfering with the T3SS. Alternatively, the bacteria could be escaping the
phagosomes and then the mAb is preventing the function of BimA, and therefore
polymerisation of host actin. In studies with L. monocytogenes, it has been
demonstrated that an antibody against ActA can reduce bacterial actin tail formation
and cell to cell spread (267). The surface protein ActA is required by L.
monocytogenes to form actin tails (268), the anti-ActA antibody additionally
demonstrated a level of protection within in vivo protection studies (267). Although
mAb 3VIES is not directed against BimA, the binding of the mAb 3VIE5 to the CPS
of the bacterium could potentially be blocking the action of BimA. Further studies are
required to determine the effect of mAb 3VIE5 on BimA in vitro. Additionally, the
effect of the mAb could be due to a cloud effect where the bacterium is surrounded
by so much mAb that there is a general steric hindrance, preventing bacterial actin

tail formation within RAW cells in vitro.
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An alternative hypothesis is that 3VIES mAb opsonisation is causing cell activation
by interaction with activating FcyRs, therefore sending the bacteria down a
phagolysosome degradation route, rather than allowing the bacteria to escape the
phagosome. It is known that binding of mAb to activating FcyRs increases bacteria
associated with lysosomes (269, 270). Staining cells for lysosomal markers could
gain insight into the fate of opsonised intracellular B. thailandensis, compared to un-
opsonised bacterial controls. The isotype control mAb shows a reduction in actin tail
formation, this effect could be due to the isotype control mAb binding to and activating
FcyRs. The control antibody should not be binding to the bacterial surface or Fc
receptors, although high concentrations of control mAb could be forming aggregates
which could be triggering Fc receptors, via non-specific interactions with cellular
components. Alternatively, control antibody aggregates could be interacting non-
specifically with the bacterium itself, therefore to some extent interfering with BimA

based actin tail formation.

Reducing bacterial actin tail formation in vitro is a desirable characteristic of a
therapeutic mAb for melioidosis. The ability of the mAb to reduce actin tail formation
should reduce spread of infection between neighbouring cells. Cell fusion enables
the bacteria to spread intracellularly between cells, avoiding the extracellular
environment. This allows the bacterium to potentially avoid antibiotic therapy, or host
immune responses such as specific bacterial antibodies. The anti-CPS mAb 3VIES
could be particularly useful as a combination therapy with antibiotics, and other host
directed compounds such as autophagy inducers (271). This could involve using the
mAb 3VIES to prevent bacterial movement within the cell, while the secondary

component such as the autophagy inducer or antibiotic promotes bacterial clearance.

Opsonisation by mAb 3VIES reduced cell infection by CFU analysis, but not by
imaging flow cytometry. Over a period of 24 hours, it was seen that the CFU
significantly decreased in the RAW cell infection assay, this was not comparable to
imaging flow cytometry in which the percentage of cells infected increased. An
explanation for this difference could be that non-viable bacteria, and viable-but-non-
culturable (VBNC) bacteria, are potentially being detected by imaging flow cytometry
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and not by CFU. Various environmental stresses such as high temperature, osmotic
stress and low pH can cause B. pseudomallei to enter a VBNC state, with differences

seen in bacterial numbers between culture and flow cytometry (272, 273).

Green fluorescent protein is known to be highly stable (274), and studies have shown
that there is little difference in fluorescence intensity between live and VBNC cells
(275). It has been shown that dead cells do lose their GFP signal over time, although
a proportion of dead cells will retain GFP fluorescence, this is likely to be dependent
on membrane integrity of the dead cell (275). Imaging flow cytometry is detecting
GFP fluorescence, and therefore is unable to discriminate between live, VBNC and
recently dead fluorescent bacteria. In comparison, analysis by CFU gives a specific
bacterial count from the whole cell population and only live bacteria are enumerated.
In bacterial survival studies, CFU enumeration is therefore the analysis option if the
aim is to only include live bacteria. However, CFU analysis will exclude any VBNC
bacteria, the benefit of imaging flow cytometry is that VBNC bacteria can be analysed
rather than excluded. Here it has been shown that 3VIES does significantly decrease
live bacterial CFU over time, although the exact mechanism for this killing was not
determined. Imaging flow cytometry indicates no significant difference in bacterial
infection as shown by no significant reduction in GFP signal. Therefore, potentially
the B. thailandensis is entering a VBNC state due to intracellular stresses, such as

exposure to low pH conditions.

The MNGC'’s formed during the RAW cell infection assays are fragile, and are easily
damaged by cell harvesting methods. These MNGC's are typically not observed by
imaging flow cytometry, this is likely due to the cell harvesting process and the flow
cytometry fluidics damaging the fragile giant cells. Therefore, to analyse giant cell
formation and bacterial infection of MNGC'’s, confocal microscopy is the appropriate
method. Bacterial enumeration by CFU analysis will include the fragile infected
MNGC'’s, and therefore CFU analysis is suitable for analysing bacterial infection

levels at later time points in the infection assay.

Bacterial association with LAMP-1 was assessed, this was to determine if bacterial
killing by mAb 3VIES5, observed in CFU assays, is due to an increased bacterial
association with lysosomes. LAMP-1 was selected as a marker for lysosomes, and
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was stained with the use of a fluorescently labelled LAMP-1 specific antibody. LAMP-
1, together with LAMP-2, are transmembrane proteins estimated to account for 50%
of the proteins on the lysosomal membrane (276, 277). LAMP-1 is primarily located
on the lysosomal surface as a transmembrane protein with a large luminal domain,
however under certain circumstances LAMP-1 can be also be located on the cell
surface (278, 279).

No significant increase in bacterial association with LAMP-1 was detected over the
24 hour RAW cell infection assay. There was an increase in the 3VIE5 opsonised
group over the first 6 hours, but this increase was determined to be not significant by
ANOVA statistical analysis. It has been determined that there is a reduction in actin
tail formation and bacterial CFU when opsonised with mAb 3VIES5, the reason for this
reduction remains unclear. It is possible that the bacteria are being killed via the
lysosomal pathway, but the LAMP-1 antibody staining method has not been efficient
at detecting lysosomes in this study. Additionally, the time points used to stain for

LAMP-1 may have not been optimal for bacterial association with the lysosome.

Other commonly used lysosomal stains are available such as LysoTracker or
acridine orange, these could be investigated in future studies as alternative methods
to assess lysosomes. These stains accumulate in the live cell over time, although
they also do have disadvantages, especially for longer time point cell experiments.
Acridine orange can suffer with phototoxicity and specificity issues, LysoTracker can
suffer with stability of the fluorescent signal and photoconversion issues (280-282).
Bacteria opsonised with mAb 3VIES are taken up into phagocytic cells via interaction
with FcyRs on the surface of the phagocytic cell. Non-opsonised bacteria are taken
up by phagocytes via recognition of bacterial surface pathogen associated molecular
patterns (PAMPS) by pattern recognition receptors (PRRs) such as the dectin-1,
mannose, CD14, scavenger receptors and MARCO (macrophage receptor with
collagenous structure) (57, 283). Bacterial interaction with the toll like receptor family
leads to inflammation, and activation of bacterial kiling pathways within the
phagocyte. As mentioned in the previous chapter, future studies are required with
mAb 3VIE5S and complement. When complement is present in vivo, the mAb 3VIES
opsonised bacteria will likely be taken up into phagocytes via the classical
complement pathway, by interaction with complement receptors on the cell surface.
This complement cascade pathway not only leads to bacterial opsonisation, but
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additional processes such as inflammation and cell lysis, via formation of the
membrane attack complex (136). A study has shown that antibody and complement
together significantly increased M. tuberculosis opsonisation and uptake into
macrophages, additionally affecting bacterial survival in vitro (284). Therefore future
studies should investigate complement and mAb 3VIES5 opsonisation and fate of B.
pseudomallei in primary cells in vitro. These studies will more accurately demonstrate
the likely effect of opsonisation of the mAb 3VIE5 when studies progress to in vivo

models of infection.

This chapter has concluded that 3VIE5 mAb demonstrates a level of intracellular B.
thailandensis killing, as shown by CFU analysis of a RAW macrophage-like cell
infection assay. MAb 3VIES5 also has additional beneficial anti-microbial properties,
such as opsonisation and reducing bacterial actin tail formation. The mAb 3VIE5
alone is not enough to effectively clear intracellular bacteria, the mAb therefore has
potential for use as a combination therapy with additional anti-microbial compounds.
This could be as an AAC, with the antibody effectively delivering drug to the
intracellular bacteria via opsonisation, and an enhanced killing effect in combination
with antibiotics. In the following chapters, mAb 3VIE5 will be investigated for
incorporation into an AAC to deliver antibiotic into infected cells. Additionally, novel
anti-microbial compounds as alternatives to antibiotics will be investigated to clear

intracellular bacteria in vitro.

Data from this thesis, the opsonisation data and reduction in bacterial actin tail
formation by 3VIES5, has been published as a scientific report in the Journal of

Bacteriology (285).
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Appendix.

A.4.1. Antibody opsonisation and the reduction in bacterial actin tail formation by

3VIES5. Publication in the Journal of Bacteriology.
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ABSTRACT Melioidosis is a neglected tropical disease caused by the bacterium
Burkholderia pseudomallei. The bacterium is intrinsically resistant to various antibiot-
ics, and melioidosis is therefore difficult to treat successfully without a relapse in
infection. B. pseudomallei is an intracellular pathogen and therefore, to eradicate the
infection, antimicrobials must be able to access bacteria in an intracellular niche.
This study assessed the ability of a panel of monoclonal antibodies (MAbs) to opson-
ize Burkholderia species and determine the effect that each antibody has on bacterial
virulence in vitro. Murine macrophage infection assays demonstrated that monoclo-
nal antibodies against the capsule of B. pseudomallei are opsonizing. Furthermore,
one of these monoclonal antibodies reduced bacterial actin tail formation in our in
vitro assays, indicating that antibodies could reduce the intracellular spread of
Burkholderia thailandensis. The data presented in this paper demonstrate that mono-
clonal antibodies are opsonizing and can decrease bacterial actin tail formation, thus
decreasing their intracellular spread. These data have informed selection of an anti-
body for development of an antibody-antibiotic conjugate (AAC) for melioidosis.

IMPORTANCE Melioidosis is difficult to treat successfully due to the causal bacterium
being resistant to many classes of antibiotics, therefore limiting available therapeutic
options. New and improved therapies are urgently required to treat this disease.
Here, we have investigated the potential of monoclonal antibodies to target this in-
tracellular pathogen. We have demonstrated that monoclonal antibodies can target
the bacterium, increase uptake into macrophages, and reduce actin tail formation
required by the bacterium for spread between cells. Through targeting the bacte-
rium with antibodies, we hope to disarm the pathogen, reducing the spread of infec-
tion. Ultimately, we aim to use an opsonizing antibody to deliver antibiotics intracell-
ularly by developing an antibody-antibiotic conjugate therapeutic for melioidosis.

KEYWORDS actin, antibody, macrophage, melioidosis, opsonization

elioidosis is a potentially fatal neglected tropical disease caused by the Gram-nega-

tive bacterium Burkholderia pseudomallei. It has been estimated that 165,000 cases of
melioidosis occur worldwide each year, with up to 89,000 deaths (1). Melioidosis is often
misdiagnosed due to the wide variety of symptoms associated with the disease (2, 3). Even
with successful diagnosis and treatment, studies have shown relapse rates of between 13
and 23% in survivors (4-7), with the majority of cases occurring within 12 months of initial
therapy. Due to the complex antibiotic therapy, rates of relapse and the prevalence of anti-
microbial resistance, it is clear that new therapeutic approaches are required to aid in the
treatment of melioidosis. Monoclonal antibody (MAb) therapies have been in development
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in the oncology field for many years (8), with research and development into antibody-
based therapeutics for infectious diseases accelerating in recent years (9).

B. pseudomallei is well equipped to evade killing by the immune system. One aspect
to this is its ability to reside within host cells, therefore avoiding detection and denying
access to humoral defenses. The bacterium has a large genome of 7.2 Mb, which is split
between two chromosomes. These chromosomes encode virulence factors such as
capsular polysaccharide (CPS), lipopolysaccharide (LPS), adhesins, flagella, and secre-
tory systems, of which the type three and type six secretory systems are required for
optimum intracellular survival and virulence (10-14).

B. pseudomallei can infect a variety of phagocytic and nonphagocytic cells. B. pseu-
domallei adhesins, such as BoaA and BoaB, are important factors for adhesion to non-
phagocytic cells (14). Following phagocytosis into macrophage cells, B. pseudomallei
can escape endocytic vacuoles using the type three secretory system (T3SS) apparatus
(15, 16). Once in the cytosol, the bacteria move via actin-based motility; this process is
a bacterially mediated process that involves the bacteria recruiting host actin from the
cytoskeleton in the form of G actin, when is then assembled into F actin by mimicking
host cell nucleation-promoting factors (17-21). In B. pseudomallei and Burkholderia
thailandensis, this process is driven by the BimA gene. Although the type VI secretion
systems of B. thailandensis and B. pseudomallei are responsible for the cellular fusion,
the motility of the bacterium is an important aspect of mobility to facilitate spread
(18). Actin-based matility is not unique to B. thailandensis, B. pseudomallei, and B. mal-
lei; for example, bacteria from the Shigella and Listeria genus can also utilize actin for
intracellular motility (22, 23). It is thought that actin-based motility leads to multi-
nucleated giant cell (MNGC) formation via the force exhibited on the cell membrane
promoting contact with adjacent cells (24). For B. pseudomallei and B. thailandensis,
MNGC formation is an important aspect of cellular invasion that can be seen in both
phagocytic and nonphagocytic cells, where intracellular bacterial replication eventually
leads to cell damage and plaque formation (25). The ability of B. pseudomallei to sur-
vive intracellularly, thus avoiding some traditional antibiotic therapies, highlights the
importance of investigating novel antimicrobial therapies for melioidosis.

Burkholderia thailandensis shares many similarities to the hazard group 3 pathogen
B. pseudomallei, although B. thailandensis is rarely pathogenic to humans and is there-
fore a hazard group 2 organism. B. thailandensis E555 can be used as a surrogate for B.
pseudomallei, as the bacterium possesses a polysaccharide capsule identical to the
polysaccharide capsule of B. pseudomallei (26) and is virulent in macrophage cell cul-
ture infection assays. Techniques for analyzing intracellular bacteria within RAW 264.7
macrophages by CFU and imaging flow cytometry have been previously reported for
B. thailandensis (27). A range of anti-Burkholderia murine monoclonal antibodies devel-
oped and owned by the Defence Science and Technology Laboratory (Dstl) have previ-
ously been tested in vivo for protection against B. pseudomallei in mice (28), with the
capsule-specific antibodies demonstrating a level of protection.

In this study, we test a range of Burkholderia-specific monoclonal antibodies for
their abilities to interfere with B. pseudomallei and B. thailandensis in vitro infection
and, as such, their suitability for use as therapies for melioidosis. The aim is to investi-
gate opsonization and its effect on intracellular bacteria. These antibody data set the
foundations for the generation of a proof-of-principle antibody-antibiotic conjugate
(AACQ) for melioidosis.

RESULTS

Monoclonal antibodies are opsonizing in a RAW 264.7 macrophage infection
assay. A RAW 264.7 macrophage infection assay was used to determine monoclonal
antibody opsonization. Opsonization was assessed by measuring bacterial uptake with
a viable count assay and imaging flow cytometry, initially using B. thailandensis E555.
Each MAb (Table 1) was added to B. thailandensis concentrations ranging from 0.1 ng -
ml~"to T ug - ml~" (anti-CPS MAbs 4VIH12, 3VIES5, and 4VA5) and from 10 ng - ml~' to
100 g - ml~" (anti-LPS MAb CC6). Antibodies were incubated for 30 min with the B.
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TABLE 1 Monoclonal antibodies evaluated in this study

Antibody Target?® Isotype Species
4VIH12 Anti-CPS IgG2b Murine
3VIES Anti-CPS IgG2b Murine
4VAS Anti-CPS lgG1 Murine
CCo6 Anti-LPS lgG2a Murine

aCPS, capsular polysaccharide; LPS, lipopolysaccharide.

thailandensis cells to allow binding prior to macrophage infection. Numbers of viable
bacteria (CFU/well) were determined by lysis of intact macrophage cells and enumera-
tion of the intracellular bacteria by serial dilution and culture on Luria agar plates.
Imaging flow cytometry of intact macrophage cells was used as an additional method
to determine antibody opsonization, together with confocal microscopy for high-defi-
nition imaging of intracellular bacterial infection.

Intracellular CFU enumeration experiments showed that each MAb analyzed was opso-
nizing toward B. thailandensis E555 in the RAW264.7 macrophage infection assay (Fig. 1A).
A statistical modeling approach was taken to analyze the data, where the logarithmic
transformation of dose was included as a covariate and the bacteria, antibody, and repli-
cate experiments were included as fixed factors and with all interactions. Each anti-CPS
MAb is opsonizing in a dose-dependent manner (P < 0.001) by increasing intracellular
CFU level by a greater than 1-log fold increase. An average CFU of 2.1 x 10* CFU - ml™"is
observed at 0.0001 pg - ml~" of anti-CPS MAb; this increases to 4 x 10° CFU - ml~ " at an
anti-CPS MAb concentration of 0.1 +g - ml~'. In comparison, an anti-LPS antibody concen-
tration of 10 g - ml~" or greater is required to achieve a similar level of intracellular CFU
increase. Modeling suggested differences between antibodies (P << 0.001) with a greater
concentration of the anti-LPS MAb CC6 required to achieve an increase in B. thailandensis
intracellular CFU compared to the anti-CPS MAbs 4VIH12, 3VIE5, and 4VAS5 (P < 0.001, for
all Bonferroni's posttests in which CC6 MAb was compared to each of the other MAbs).

All MAbs analyzed for opsonization by imaging flow cytometry showed a dose-de-
pendent ability to increase the percentage of cells infected with B. thailandensis (Fig.
10). A similar modeling approach was taken as with the CFU data. Again, there was a
dose response for the antibodies (P < 0.001) and a clear difference between the anti-
CPS MADbs (P < 0.001) (4VIH12, 3VIE5, and 4VA5) and the anti-LPS MAb (CC6), mirroring
the result seen by intracellular CFU analysis (P << 0.001 for all Bonferroni’s posttests in
which CC6 MAb was compared to each of the other MAbs). Additionally, imaging flow
cytometry can be used to estimate the proportional extent of bacterial presence within
the cell by “spot counting” in the focal plane of each cell (see Fig. S1 in the supplemen-
tal material). Although the spot counting profiles (Fig. 1E) differ between MAbs and
bacterial strains, the data indicate an increase in the average number of intracellular
bacteria per cell when opsonized with MAb. The spot count analysis broadly demon-
strated the same conclusions as the CFU-associated data, demonstrating a dose effect
(P < 0.0071; analysis of covariance [ANCOVA] for dose response).

The ability of monoclonal antibodies to opsonize B. pseudomallei K96243 is
comparable to ability to opsonize B. thailandensis E555. The MAb panel was
assessed to determine if the opsonization ability demonstrated for B. thailandensis
E555 can also be applied to the highly pathogenic (Advisory Committee on Dangerous
Pathogens, UK (ACDP, level lll B. pseudomallei K96243 (Fig. 1B, D, and F). A red fluores-
cent protein (RFP)-expressing strain of B. pseudomallei K96243 was used to enable visu-
alization of the bacterium within macrophage cells by imaging flow cytometry.

Analysis of intracellular bacteria by CFU enumeration and imaging flow cytometry
showed that opsonization of B. pseudomallei K96243 by each MAb is comparable to
the data for that of B. thailandensis E555 (Fig. 1). These data were analyzed within the
modeling discussed in the previous section, alongside the B. thailandensis data. We
found overall levels of uptake were different when measuring CFU (P < 0.001) or flow
cytometry (P = 0.009). However, these differences did not seem to alter the role of
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FIG 1 Monoclonal antibody opsonization. Burkholderia thailandensis (left) and Burkholderia pseudomallei (right) were opsonized at a range of
concentrations of anti-capsular polysaccharide (CPS) monoclonal antibodies (MAbs) (4VIH12, 3VIES, and 4VA5) and anti-lipopolysaccharide
(LPS) MAb (CC6; note higher concentrations). Intracellular bacteria within RAW 264.7 macrophages were analyzed ay 2 h postinfection by
CFU enumeration (A, B), imaging flow cytometry (C, D), and spot counts (E, F). For each concentration of MAb, replicates were performed
across two separate experimental days. Controls consisted of an isotype control antibody at the highest concentration. (A to D) Statistics for
bacteriology and cytometry. P << 0.001 (analysis of covariance [ANCOVA]) for MAb dose response); P << 0.001 for all Bonferroni’s posttests in
which CC6 MAb was compared to each of the other MAbs. (E, F) Statistics for spot counts. P < 0.001 (ANCOVA for MAb dose response).

mAb concentration pg mL"*

-+ CC6

Imaging flow cytometry gating and spot count analysis are shown in Fig. S1 in the supplemental material.

antibody when measuring CFU (P < 0.810) or flow cytometry (P = 0.891). The conclu-
sions are therefore the same as those with B. thailandensis. Each antibody was opsoniz-
ing and significantly increased bacterial uptake with dose (P < 0.001; ANCOVA for
dose response); anti-CPS MAbs (4VIH12, 3VIE5, and 4VAS5) outperformed the anti-LPS
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MADb (CC6) in terms of opsonization ability (P << 0.001 for all Bonferroni's posttests in
which CC6 MAb was compared to each of the other MAbs). Antibody opsonization data
were used to select an anti-CPS antibody for further analysis in cell infection assays. The
anti-CPS MADb 3VIE5 was selected because this MAb had previously been shown in other
studies to have favorable binding kinetics (data not shown).

Opsonized B. thailandensis bacteria have a reduction in actin tail formation
within RAW 264.7 macrophages. Confocal microscopy was used to visualize infection
of RAW 264.7 macrophage cells with B. thailandensis E555 enhanced green fluorescent
protein (eGFP) over 24 h. Actin tail staining using fluorescently labeled phalloidin
reveals actin tail formation by intracellular B. thailandensis E555 (Fig. 2).

An open-source computer program, Icy (29), was used to analyze confocal micros-
copy images by quantifying the intensity of GFP-B. thailandensis and the intensity of
red phalloidin-stained actin tails, generating a ratio between the two.

Plotting the ratio generated from the GFP and phalloidin fluorescence clearly dem-
onstrates a difference in actin tail formation between 3VIE5 MAb-opsonized B. thailan-
densis and nonopsonized B. thailandensis in RAW 264.7 macrophages (Fig. 3). The B.
thailandensis cells opsonized with the anti-capsule MAb 3VIE5 have a reduced intensity
of actin tail fluorescence compared to that of both the isotype control antibody and
the nonopsonized bacterial control (P < 0.001 and P << 0.0001, respectively, using anal-
ysis of variance [ANOVA]). It is interesting that the isotype control antibody also has a
reduced actin tail formation ratio compared to that of the nonopsonized control
(P << 0.01). Our theory to explain this observation is that the isotype control antibody is
causing nonspecific activation of the RAW macrophages through the interaction with
their Fc receptor, thus increasing their activation status. This, in turn, leads to compart-
mentalization of the bacterium, thereby suppressing bacterial actin tail formation.

Opsonization does not increase bacterial colocalization with LAMP-1-positive
phagolysosomes. The MAb 3VIE5 has demonstrated the ability to opsonize and
reduce actin tail formation in vitro. Although it is known that B. pseudomallei and B.
thailandensis are both able to escape the phagolysosome (12, 14, 15), it is not known
how MAb 3VIE5 will affect the intracellular fate of the opsonized bacteria. It is possible
that opsonized bacteria are unable to escape from the phagolysosome, which would
be a desirable characteristic for an antibody-based therapy.

A B. thailandensis E555 GFP macrophage infection assay with imaging flow cytometry
analysis was used to investigate the uptake of opsonized and nonopsonized bacteria. The
MAb 3VIE5 was used in a RAW 264.7 macrophage infection assay at 1 g - ml~1, which has
already been shown to be opsonizing, compared to an isotype control antibody and no-
antibody controls. At each time point, cells were harvested and analyzed by imaging flow
cytometry; this generated a percentage of cells infected with B. thailandensis E555 GFP
(Fig. 4A). Statistical analysis of these data indicated that cell association with bacteria
changed over time (P << 0.001; repeated-measures ANOVA) and that the MAb 3VIE5
enhanced association compared to that in the two control groups (P = 0.022 versus no-
antibody and P = 0.020 versus isotype control; Bonferroni's posttests). An increase in associ-
ation between cell and bacteria with MAb 3VIE5 is to be expected, since we have previ-
ously demonstrated the opsonization ability of this MAb.

It is known that binding of MAb to activating FcyRs increases the number bacteria
associated with lysosomes and that this process can be independent of MAb opsoniza-
tion of the bacteria (30, 31). In order to assess bacterial association with lysosomes, the
lysosome marker lysosomal associated membrane protein 1 (LAMP-1) was detected
with the use of a fluorescently labeled antibody and image analysis software (see Fig.
S2 in the supplemental material). Statistical analysis of these data indicated that LAMP-
1 association with bacteria changed over time (P = 0.003; repeated-measures ANOVA).
We also note that there was some evidence for difference between treatment groups
(P = 0.010; repeated-measures ANOVA); however, the effects were too modest to iden-
tify the nature of which groups might be different from each other (P > 0.05 in all
cases). These data indicate that 3VIE5 MAb opsonization enhanced bacterial uptake;
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FIG 2 B. thailandensis E555 actin tail and multinucleated giant cell (MNGC) formation within RAW 264.7 macrophages. RAW264.7 macrophages were
infected with B. thailandensis ES55 enhanced green fluorescent protein (eGFP) and at 20 h postinfection were stained for actin using Alexa Fluor 647
phalloidin and a Hoechst nucleus stain. Images were taken using a confocal laser scanning microscope using 40x (A, B) and 63x (C, D) objectives. Arrows
highlight examples of the bacterial actin tails.

however, we could not detect a significant enhancement in maturation of the
phagolysosome.

DISCUSSION

Here, we investigated the ability of monoclonal antibodies to opsonize B. pseudo-
mallei. A macrophage infection assay was chosen as the primary in vitro method to an-
alyze intracellular infection and the effect of antibody opsonization.

Initially, B. thailandensis E555 was used in the development and testing of macro-
phage infection assays before progression to infection assays with B. pseudomallei
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FIG 3 Ratio of actin tail fluorescence to bacterial fluorescence. (A) Bacterial actin tail fluorescence to GFP ratio was analyzed at 12 h postinfection using Icy
open-source software. Data consist of 14 data points from 3 separate experimental weeks. **, P = 0.0038; ***, P = 0.0002; ****, P < 0.0001 (two-way analysis
of variance [ANOVA] with Tukey’s multiple-comparison test). (B) Example images used to calculate the actin tail to GFP fluorescence ratio. These images are
a single representation of all the images taken, as the original images are 8,780 by 8,780 pixels. The images shown here are the central image from which
the 5-by-5 tile scan was produced. Bar, 50 um.

K96243. B. thailandensis E555 has been shown to be a suitable surrogate for B. pseudo-
mallei K96243 compared to other B. thailandensis strains (32). Data from J774 macro-
phage infection assays show similar intracellular growth profiles for B. thailandensis
E555 and B. pseudomallei K96243 (32), thus confirming the utility of E555 as a surrogate
for B. pseudomallei in macrophage infection studies.

The opsonization ability of the MAbs was consistent across bacterial strain and anal-
ysis technique. The consistent results between the two Burkholderia species tested pro-
vided the opportunity to focus our research on B. thailandensis, which can be handled
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derived from the mean of two biological replicates) and are shown as a repeated-measures plot. Repeated-
measures ANOVA indicated a time effect in both plots (P < 0.001). Bonferroni’s posttests indicate a difference
in uptake between the 3VIES MAb and the control groups (P < 0.05) (A), and the ANOVA test indicated
possible differences in LAMP-1 (P < 0.05) (B); however, these differences were not discernible by posttest.

at a lower level of containment, where a greater spectrum of analysis methods is avail-
able. Imaging flow cytometry combines the high-throughput aspects of standard flow
cytometry (analyzing many cells though a flow cell) with the informative aspects of mi-
croscopy delivering thousands of images of cells. A B. thailandensis E555 strain express-
ing green fluorescent protein (GFP) was used to enable visualization of intracellular
bacteria. Imaging flow cytometry was performed on RAW 264.7 macrophages har-
vested intact from a B. thailandensis E555 GFP infection assay to determine the opsoni-
zation ability of each MAb. The analysis of imaging flow cytometry was based upon a
novel analysis and gating strategy (see Fig. S1 in the supplemental material). This strat-
egy delivered information such as the proportion of cells infected and the relative bac-
terial load.

It has been demonstrated here that imaging flow cytometry is an alternative tech-
nique that can be successfully used to assess antibody opsonization within a macro-
phage infection assay. Imaging flow cytometry offers advantages over CFU analysis,
such as the ability to analyze individual cell infection events, rather than the infection
level of the whole population. It is to be noted that both methodologies have advan-
tages and disadvantages. For example, CFU data are based on viable bacterial count
on a population level, whereas imaging flow cytometry data are unable to distinguish
between live and dead bacterial fluorescence. The comparable data from both meth-
ods increase the confidence in the data set. On a cell-by-cell level, antibody opsoniza-
tion was shown to increase the average number of bacteria per cell, as well as increas-
ing the overall percentage of infected cells in the population. Together, CFU and
imaging flow cytometry analysis provide a robust method for analyzing intracellular
infection levels in cell infection assays.

We observed that MAb opsonization reduced bacterial actin tail formation in vitro. It
is known that B. thailandensis is able to form actin tails, similarly to B. pseudomallei and B.
mallei, and that this is achieved by the conversion of G actin to F actin following bacterial
escape from phagosomes into the cytosol (18, 21, 33). It is believed that bacterial actin-
based motility can cause neighboring cells to contact, allowing the type VI secretory sys-
tem of Burkholderia to cause cell fusion, leading to MNGC formation (24). The mechanism
whereby the anti-capsule MAb 3VIE5 reduced actin tail formation is unknown. It is possi-
ble that MAb opsonization activates the cell, resulting in increased bacterial association
with phagolysosomes and fewer cytosolic bacteria. However, in this study, no significant
increase in association between bacteria and LAMP-1 was observed following antibody
opsonization. Alternatively, opsonized bacteria could still be escaping from phagosomes
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but the MAb prevents the bacteria from recruiting and polymerizing host actin in the
cytosol. The mechanism for preventing access to host actin by the MAb is unknown; it
could be as simple as the MAb essentially blocking access to the actin. However, eluci-
dating the exact mechanism requires further research.

Reducing actin tail formation in vitro is a desirable characteristic of a therapeutic
MADb for melioidosis. The ability of the MAb to reduce actin tail formation should, in
theory, reduce the spread of infection between neighboring cells. Cell fusion enables
the bacteria to spread intracellularly between cells, avoiding the extracellular environ-
ment, which may contain antibiotic therapy or host immune responses, such as specific
bacterial antibodies. It is known that neutrophils (34, 35) and NK and CD8 cells (36) are
likely to contribute to removal of bacteria. As an antibody therapy, the anti-CPS MAb
3VIES could be particularly useful as a combination therapy with antibiotics, and
potentially with other host-directed compounds, such as autophagy inducers (37). This
could involve utilizing the MAb to prevent bacterial motility within the intracellular
environment, while the secondary component, such as the autophagy inducer or anti-
biotic, promotes bacterial clearance. We have shown that antibody opsonization of
extracellular B. thailandensis can decrease actin tail formation, which in turn could
reduce intracellular bacterial spread, which is a desirable property for a potential
therapeutic.

It is unclear as to whether enhanced uptake by phagocytes would be of therapeutic
value. The intracellular compartment may well provide a growth niche for B. pseudo-
mallei (discussed in the introduction). As such, enhancing uptake may seem like folly.
However, by using opsonization, we are targeting uptake into immune effector cells
that could be activated to kill the bacteria. It is clear, however, that an MAb therapy
alone is not the complete solution to infection. We are therefore combining MAb ther-
apy with antibiotics by developing a proof-of-concept antibody-antibiotic conjugate
(AAC) for melioidosis; at the time of writing, this work is still ongoing. Antibody conju-
gates have the potential to enhance killing by colocalizing antibiotic to bacterium
within the intracellular phagosome environment. This has been demonstrated by
recent developments of an AAC for Staphylococcus aureus and Pseudomonas aerugi-
nosa (38-41). We are currently developing an AAC for melioidosis with the MAb 3VIE5
assessed in this opsonization study. This MAb has been linked to two different antibiot-
ics via a cathepsin-cleavable linker and is currently undergoing in vitro assessment. The
aim of this AAC is to use the opsonization ability of 3VIE5 to deliver antibiotic intracell-
ularly, killing B. pseudomallei bacteria residing within the intracellular environment.
The development of an AAC requires the use of a well-characterized antibody with a
known ability to opsonize and target the bacterium of interest. In this study, the data
we have outlined lays the foundation for the development of an AAC for melioidosis.

In summary, we have shown that a panel of monoclonal antibodies, directed
against the capsule and LPS of B. pseudomallei, are opsonizing in a RAW 264.7 macro-
phage infection assay. Furthermore, an antibody directed against the capsule of B.
pseudomallei has demonstrated the ability to reduce bacterial actin tail formation
within macrophage cells, an important process that the bacterium requires for intracel-
lular motility and, ultimately, for cell-to-cell spread. Imaging flow cytometry has been
demonstrated to be an alternative to the CFU method for analyzing antibody opsoni-
zation of bacteria. In addition, this method offers a greater level of detail for analyzing
antibody opsonization on a single-cell level. A capsule MAb analyzed in this study,
3VIE5, is being developed into an AAC as a proof-of-principle therapeutic for
melioidosis.

MATERIALS AND METHODS

Macrophage cell culture. RAW 264.7 macrophages (ECCAC) were routinely cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco) supplemented with 10% inactivated fetal bovine serum
(Gibco) and 2 mM L-glutamine (Gibco). Macrophage cells were cultured within 150-cm? vented cell cul-
ture flasks (Corning) within a 37°C and 5% carbon dioxide humidified incubator. Cells were regularly pas-
saged by cell scraping and culture into fresh DMEM when approximately 90% confluent; cells were not
used past a passage number of 20.
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FIG 5 Macrophage infection assay. A RAW 264.7 macrophage infection assay was the primary
method to analyze MAb opsonization of B. pseudomallei and B. thailandensis. Antibodies were
incubated with bacteria prior to cell infection to allow for antibody-bacterium binding. Cells were
infected for 1 h, followed by removal and replacement with kanamycin antibiotic medium. At specific
time points, cells were harvested for analysis by imaging flow cytometry and confocal microscopy, or
cells were lysed for bacterial enumeration.

Prior to use for an infection assay, macrophages were assessed for viability and counted by trypan
blue (Sigma) cell exclusion using an automated cell counter (Nexcelom). Cells were typically cultured on
24-well cell culture plates (Corning) in DMEM at a concentration of 5 x 10% cells - mlI~! and cultured over-
night within a 37°C, 5% carbon dioxide humidified incubator until cell density reached 1 x 10° cells - ml~".

Macrophage infection assay. An overnight broth culture of B. thailandensis E555 or B. pseudomallei
K96243 was diluted to an approximate concentration of 1 x 10® bacteria - ml~" using bacterial optical
density (OD) readings of 0.172 OD at 600 nm (ODg,,) and 0.4 OD.,, respectively. A 10% dilution of this
bacterial suspension was prepared and added to RAW 264.7 macrophages at a multiplicity of infection
(MOI) of 5 for 1 h at 37°C to allow bacterial uptake. Following the incubation period, the culture medium
was removed and replaced with fresh Leibovitz's L-15 medium containing 1 mg - ml~" kanamycin
(Sigma) and incubated at 37°C to kill any remaining extracellular bacteria. This step was considered the
start of time points to monitor intracellular bacteria. Following a specific incubation period (2 h for op-
sonization studies), the intracellular bacteria were enumerated by cell lysis with distilled water (Gibco)
for a minimum of 10 min, serially diluted, plated onto Luria agar, and incubated at 37°C for 48 h.
Macrophages were also harvested into phosphate-buffered saline (PBS) without lysis for analysis by
imaging flow cytometry; in this case, macrophages were centrifuged at 300 x g for 5 min and resus-
pended into 4% paraformaldehyde (Alfa Aesar) prior to analysis. See Fig. 5 for an overview of the assay
design.

Culture of B. thailandensis and B. pseud llei. B. thailandensis E555 and B. pseudomallei K96243
were routinely cultured in Luria broth and on Luria agar plates. Green and red florescent protein-
expressing strains (pBHR4-groS-eGFP and pBHR4-groS-RFP) of B. thailandensis E555 and B. pseudomallei
K96243 were provided to Dstl by Exeter University, United Kingdom. Fluorescent strains were cultured in
Luria broth and agar supplemented with 50 wg - ml~' chloramphenicol to ensure that only plasmid-con-

taining fluorescent protein-expressing bacteria were cultured. Culture of B. thailandensis was performed
within containment level 2 facilities and culture of B. pseudomallei within containment level 3 facilities.

Actin tail staining. RAW 264.7 macrophages on a 35-mm cell culture dish (Corning) were fixed and
permeabilized using a Cytofix/Cytoperm (BD Biosciences) kit following manufacturer’s instructions.
Alexa Fluor 647 phalloidin (Molecular Probes) was added to the RAW macrophages at 5% (vol/vol) and
incubated at room temperature for 30 min. Following incubation, the RAW macrophages were washed
twice with PBS, prior to visualization by confocal microscopy.

LAMP-1 staining. At the specified time point (between 2 and 24 h) postinfection, macrophages
were harvested, transferred to 200 wl fixative-permeabilization buffer (BD Biosciences) and incubated for
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30 min at room temperature on a roller. Following incubation, the sample volume was increased to 1 ml
with 800 ul of 1x permeabilization-wash buffer (BD Biosciences) and centrifuged for 5 min at 300 x g.
Following centrifugation, cells were resuspended into 200 wl permeabilization-wash buffer (BD
Biosciences) containing 3.5 g - ml~' PE/Dazzle 594 anti-mouse CD107a (LAMP-1) antibody (BioLegend,
UK) and incubated for 1 h at room temperature on a roller. Following incubation, 800 ul of PBS (Gibco)
was added to the samples and centrifuged for 5 min at 300 x g. Finally, all cell pellets were resuspended
into 50 ul PBS (Gibco) for analysis by imaging flow cytometry.
Confocal microscopy. Confocal microscopy was performed on a confocal laser scanning microscope
(Zeiss). RAW 264.7 macrophages were analyzed on 35-mm cell culture dishes (Corning) using a 20x,
40x, or 63x oil immersion lens. Hoechst (Sigma) nuclei dye was added to RAW 264.7 macrophage cells
at 2 ug - ml™" to be able to discriminate between individual cells and multinucleated giant cells. Green
fluorescent protein-expressing B. thailandensis E555 (pBHR4-groS-eGFP) was used throughout confocal
microscopy studies.
The bacterial actin tail fluorescence to bacterial GFP ratio was calculated using lcy open-source soft-

ware (http://icy.bioimageanalysis.org/) (29). To include as many cells as possible per image, the confocal

microscope at x20 magnification was set to image a 5 by 5 square tiled image around a chosen field of
view, giving a total image analysis area size of 675 um? (see Fig. S3 in the supplemental material). This
process was repeated at multiple other locations on the cell culture dish and replicated across three sep-
arate weeks to generate the final data set.
Imaging flow cytometry. Imaging flow cytometry was performed on an Amnis ImageStream X
mark Il imaging flow cytometer. Cell samples were analyzed in a 50-ul volume within an Eppendorf
tube. In total, 10,000 events were collected, consisting of cells gated according to being in focus and sin-
gle cells. Channels 1 (bright field), 2 (GFP), 4 (RFP or LAMP-1), 6 (side scatter), and 9 (bright field) were all
used at full laser power, as standard, during all analysis of B. thailandensis GFP- or B. pseudomallei RFP-
infected RAW macrophages. Magnification was set at x60 for all experiments. Compensation controls

were performed on experiments consisting of more than one fluorescent marker, and the compensation
matrix was then applied during data analysis. Data analysis for bacterial opsonization and LAMP-1

experiments was achieved using IDEAS (Amnis) software (see supplemental material).

Statistical analysis. GraphPad Prism v8 software was used in the preparation of all graphs. For sta-
tistical analysis, bacterial count data and actin ratio data were log,, transformed to better fit the test
requirement for approximate Gaussian distribution equal variance. In all analyses, the test requirements
were assessed using residual plots and quantile-quantile plots of the residuals against the normal distri-
bution. Two-way ANOVA analysis of the actin ratio data was performed using GraphPad Prism v8, and
the three experiments and three conditions were used as the two factors. Three-parameter ANCOVA
analysis of the opsonization in the image stream and CFU data was performed using JASP v13.1 soft-
ware. The three parameters were antibody, pathogen, and dose (log,, transformed and used as a contin-
uous factor). Time course data were analyzed by repeated-measures ANOVA in which treatment and ex-
perimental run were factors. All posttests were performed using Bonferroni’s correction.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.4 MB.
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5. Repurposed drugs as anti-bacterial compounds.

5.1 Introduction.

With the rise in antibiotic resistance among bacterial infections there is an urgent
need to research alternatives to antibiotics. Unless action is taken, by 2050 it is
predicted that 10 million people a year will die from drug resistant infections, together
with a cost of 100 trillion dollars to the global economy (286). To continue successful
treatment of bacterial infections in the future, research into new therapeutic
approaches is required now. Given the intrinsic antibiotic resistance of B.
pseudomallei, this requirement for alternative anti-microbial therapies applies to
melioidosis (271, 287, 288).

Screening of existing FDA approved drugs for anti-microbial properties can lead to
drugs being repurposed as anti-microbial therapies. There are a variety of drugs that
may have synergistic effects in combination with current antibiotics, for example by
stimulating host cell mediated killing pathways such as autophagy. Alternatively, the
repurposed drugs may have synergistic effects with current therapies as an adjunct
(289, 290), thereby improving the efficacy of antibiotics. Drug repurposing offers
many advantages, much of the toxicity, pharmacodynamic and pharmacokinetic data
for the drug will already be known (290). This chapter focuses on FDA approved
drugs that in the literature have shown potential as an anti-microbial. In the first
instance, a panel of potential anti-microbial compounds will be assessed in vitro for
ability to reduce B. thailandensis infection. Depending upon the outcome of the initial

studies, down-selected compounds will be further assessed in cell infection assays.

As described previously, B. pseudomallei is an intracellular pathogen and therefore
therapies that promote killing of intracellular bacteria are likely to be successful in
eradiating infection. A review of the literature highlighted several compounds that
have potential to reduce intracellular bacteria, which could be of interest as
repurposing as antimicrobial compounds. The compounds verapamil, norverapamil,

carbamazepine and valproic acid were selected to investigate further in this chapter.
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Verapamil and the metabolite norverapamil, have both been investigated as potential
antimicrobial compounds. Verapamil is a calcium channel antagonist, and is an FDA
approved drug for heart conditions such as angina and hypertension. Verapamil
demonstrates potential as a host directed therapy to reduce intracellular M.
tuberculosis (207, 219-225). Concentrations as low as 12.5 yM verapamil have
reduced intracellular M. tuberculosis by 40% in vitro (207). Norverapamil is the
metabolite of verapamil, and has a similar ability to reduce intracellular bacteria within
in vitro cell infection assays (207). Verapamil has been tested as an adjunct with
antibiotics in an inhalable therapy for inhalational M. tuberculosis, the verapamil and
antibiotic combination demonstrates an enhanced effect compared to the individual
drugs alone (291). Verapamil is an efflux pump inhibitor and therefore has direct
effects on the bacterium (219, 230, 231), in addition to host directed effects such as
inducing autophagy (227, 292). This complicates analysis of this compound in vitro,
since verapamil could potentially increase the effect or increase intracellular
accumulation of antibiotics, such as the kanamycin present in the cell maintenance
media (2.2.3. Repurposed drugs infection assay.). In this study the host directed
effect of verapamil will be assessed, together with any direct bacterial effects.
Additionally, the combination of verapamil and kanamycin in the in vitro infection
assay will be investigated, this is important to determine the effect of kanamycin in

combination with verapamil in vitro.

Carbamazepine is a FDA approved drug commonly used for treatment of epilepsy
and bipolar disorder, this drug has potential to reduce intracellular M. tuberculosis
infection in macrophages and can stimulate autophagy (226, 227). The drug has
additionally demonstrated potential from in vivo studies involving zebrafish, and

murine models of infection (226).

Valproic acid is a FDA approved anti-convulsive drug, the drug has potential to
stimulate autophagy and bacterial clearance of M. tuberculosis in cell infection
assays (226, 227). A concentration of 1mM of valproic acid increased nitric oxide
production, and reduced survival of M. tuberculosis in J774 cells stimulated with IFN-
y (293).

Melioidosis is often misdiagnosed as tuberculosis (294), both share a strong host

interferon dominated response to infection, and can be difficult to distinguish (295).
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Similarities between the infections include the forming of an intracellular niche within
macrophages, granuloma like formations, giant cells, and the ability to form latent
infections (100). Given the similarities in intracellular infection characteristics,
compounds investigated for tuberculosis infection could also offer potential as

therapeutics for melioidosis.

The aims of this chapter can be summarised as:

e Investigate compounds that in the literature demonstrate potential anti-
microbial properties. The compounds could offer potential as a combination
therapies with antibodies or antibiotics, as an improved therapy option for
melioidosis.

e Assess a panel of compounds in the RAW macrophage-like cell infection
assay for bacterial killing.

e Down-select a compound for further analysis in RAW cell infection assays,
including cell toxicity assays, bacterial killing and mechanism of bacterial

killing.

5.2. Assessment of potential antimicrobial compounds in a RAW cell infection
assay.

The aim of this set of experiments was to investigate possible alternatives to
antibiotics, a panel of compounds were selected from the literature to test in vitro for
anti-microbial activity. The compounds verapamil hydrochloride, norverapamil,
carbamazepine and valproic acid were assessed for ability to reduce intracellular B.
thailandensis infection within a RAW macrophage-like cell infection assay (Figure
33) (2.2.3. Repurposed drugs infection assay.). An initial screen of each compound
at a concentration of 200uM will be used to select compounds for further investigation
(Figure 34). Studies have shown that concentrations from 30uM of carbamazepine
(226), 0.5mM of valproic acid (226, 296), 12.5uM of verapamil and norverapamil
(207), demonstrate anti-microbial effects in vitro. It is not known what concentration
of each compound will demonstrate killing of B. thailandensis in RAW cells. Therefore

a concentration of 100uM was chosen, as a starting concentration for each
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compound that was likely to demonstrate anti-microbial effects for the majority of the
compounds tested. Down-selected compounds from the initial screen will be
subsequently assessed in a RAW cell infection assay at multiple concentrations, to
determine an optimum concentration for killing of B. thailandensis in vitro (2.2.3.

Repurposed drugs infection assay.).
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Imaging flow cytometry

CFU analysis

Figure 33. RAW cell infection assay to determine antimicrobial effects of each
compound.

The RAW 264.7 macrophage-like cell infection assay was selected as the primary
method to analyse intracellular infection by B. thailandensis E555 (2.2.3.
Repurposed drugs infection assay.. RAW cells were infected with B. thailandensis at
a multiplicity of infection (MOI) of 5 and incubated for an hour at 37°C. Following
incubation the bacteria were removed and the cell culture media was subsequently
replaced with 1mg mL? kanamycin maintenance antibiotic to kill extracellular
bacteria. Additionally, test compounds were added post-infection and incubated with
the infected RAW cells for up to 24 hours. GFP expressing B. thailandensis E555
(pPBHR4-groS-eGFP) were used in the RAW cell assay to visualise bacterial infection
by imaging flow cytometry. For CFU analysis RAW cells were lysed with distilled
water and enumerated on L-agar. Alternatively, the cells were harvested intact into
4% paraformaldehyde for fixation and analysis by imaging flow cytometry.
Subsequent experiments include staining RAW cells for autophagy, as a host-

directed mechanism of bacterial killing. Staining for autophagy was achieved with
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anti-LC3 and anti-LAMP-1 specific fluorescent antibodies, and analysis by imaging

flow cytometry.
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Figure 34. Effect of compounds on viability of intracellular B. thailandensis.

RAW cells were infected with B. thailandensis and incubated with 100uM of
carbamazepine, valproic acid, norverapamil and verapamil. Each compound was
assessed for ability to reduce intracellular B. thailandensis, this was achieved by CFU
enumeration at 4 and 24 hours post-infection. RAW cells were infected with B.
thailandensis E555 at a multiplicity of infection (MOI) of 5, test compounds were
added post-infection at and incubated with the infected RAW cells for up to 24 hours.
Intracellular B. thailandensis was enumerated by lysing RAW cells with distilled
water, serial dilution and culture on L-agar. A separate vehicle control for each
compound was incubated with RAW cells, and assessed for bacterial killing. A — 4
hours incubation and B - 24 hours incubation. Controls consist of a no compound
control, DMSO vehicle (for carbamazepine), water vehicle (for verapamil and
norverapamil) and methanol vehicle (for valproic acid). Data are represented as the
mean of technical replicates (n=6) derived from two independent biological
experiments, and error bars represent SD of all technical replicates. **** P <0.0001.

One-way ANOVA Dunnett's multiple comparisons test.
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There is a significant reduction in RAW cell intracellular B. thailandensis infection
when incubated for 4 hours with verapamil hydrochloride or norverapamil. The
vehicle control RAW cell intracellular CFU was 2.4 x104, this reduces significantly to

2.2 x10% and 4.3 x102 for norverapamil and verapamil respectively (Figure 34).

At 24 hours of incubation there is a significant reduction in CFU for verapamil, with a
reduction from 5.5 x10* CFU for the vehicle control, to 2.5 x10%2 CFU for verapamil.
In wells incubated with norverapamil there is complete CFU clearance at 24 hours,
compared to the vehicle control of 5.5 x10* CFU. Both carbamazepine and valproic
acid also significantly reduced intracellular bacterial CFU, although only at 24 hours
of incubation. Carbamazepine significantly reduced intracellular CFU, from a vehicle
control of 4.9 x10* CFU to 1x10* CFU, at 24 hours of incubation. Valproic acid
significantly reduced intracellular CFU, from a vehicle control of 5.9 x104 to 1.3 x104
CFU, at 24 hours of incubation. A significant reduction is only observed at the 24
hour post-infection time point for both compounds, and the reduction in CFU is to a

lesser extent than both verapamil and norverapamil.

Based on this data set, both verapamil hydrochloride and norverapamil hydrochloride

were selected for further investigation in this chapter.

5.3. The effect of verapamil and norverapamil on the viability of B.
thailandensis bacterial culture.

The aim of this experiment was to determine if both verapamil and norverapamil can
kill B. thailandensis E555 when there are no RAW cells present. This experiment will
be a test of the effect of verapamil and norverapamil directly on a bacterial culture.
An MIC (minimum inhibitory concentration) assay was used in which a visual
observation of bacterial replication inhibition determines an MIC value, together with
an OD reading from an automated incubating plate reader over 24 hours (2.6.7.
Minimum inhibitory concentration (MIC).). A serial dilution of each compound was
assessed by optical density for ability to reduce replication of B. thailandensis. An
overnight Luria broth culture of B. thailandensis E555 was diluted to an approximate
concentration of 1x108 bacteria mL, using a bacterial OD reading of 0.172 ODsoonm.
The bacterial suspension was further diluted to 1x10® cfu mL* with dilutions into Luria
broth. A 96 well culture plate (Corning™ Costar™) was prepared with dilutions of
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verapamil and norverapamil (from 400um) within a 100uL volume of Luria broth per
well. To each well, 100uL of the 1x10® cfu mL bacterial suspension was added,
therefore the total volume was 200 pL per well. Control wells consisted of positive
bacterial culture with compounds present, and negative controls consisted of 200 L
of Luria broth only. Plates were sealed with an optically clear sterile plate sealer and
placed within an incubating plate reader (Multiskan FC, Thermo), with the incubator
set to 37°C with gentle shaking. Automated OD readings were taken at ODsgs every
15 minutes for 24 hours. The MIC was calculated by a visual examination of the 96
well plate to determine wells with no bacterial replication, as stated in the Clinical and
Laboratory Standards Institute (CLSI) guidelines (245). Additionally, the OD readings
from the incubating plate reader (Multiskan FC, Thermo) were plotted to display

bacterial replication over 24 hours.
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Figure 35. MIC of verapamil on a B. thailandensis culture.

The aim of this experiment was to determine any direct anti-microbial effects of
verapamil. Verapamil hydrochloride was incubated with a culture of B. thailandensis
over 24 hours to determine an MIC. Verapamil hydrochloride was serial diluted
across a micro titre plate from 400uM to 0.7uM, and assessed for any ability to inhibit
the replication of B. thailandensis E555. An overnight Luria broth culture of B.
thailandensis E555 was diluted to an approximate concentration of 1x10® bacteria mL-
!, using a bacterial OD reading of 0.172 ODsoonm. The bacterial suspension was
further diluted to 1x10® cfu mL* with dilutions into Luria broth, the culture was then
added to the 96 well plate together with the verapamil dilutions. The 96 well plate
was incubated at 37 °C with shaking, and optical density readings (OD 595 nm) were
taken every 15 minutes for 24 hours. Controls consist of a positive B. thailandensis
E555 bacterial only control and a negative L-broth only control. Each line represents
an average OD from all technical replicates (n=4) derived from two independent

biological experiments.
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Figure 36. MIC of norverapamil on a B. thailandensis culture.

The aim of this experiment was to determine any direct anti-microbial effects of
norverapamil. The compound was incubated with a culture of B. thailandensis over
24 hours to determine an MIC. Norverapamil hydrochloride was serial diluted across
a micro titre plate from 400uM to 0.7uM, and assessed for any ability to inhibit the
replication of B. thailandensis E555. An overnight Luria broth culture of B.
thailandensis E555 was diluted to an approximate concentration of 1x10® bacteria mL-
!, using a bacterial OD reading of 0.172 ODsoonm. The bacterial suspension was
further diluted to 1x10® cfu mL* with dilutions into Luria broth, the culture was then
added to the 96 well plate together with the verapamil dilutions. The 96 well plate
was incubated at 37 °C with shaking, and optical density readings (OD 595 nm) were
taken every 15 minutes for 24 hours. Controls consist of a positive B. thailandensis
E555 bacterial only control and a negative L-broth only control. Each line represents
an average OD from all technical replicates (n=4) derived from two independent

biological experiments.

Both verapamil and norverapamil had no direct inhibition on the replication of B.
thailandensis at the range of concentrations tested (Figure 35 and Figure 36). No

inhibition of bacterial replication was observed by visual examination of bacterial
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growth after 24 hours incubation, therefore, no MIC value was determined for either
compound. More guantitative analysis methods are available for determination of
bacterial replication, such as Gompertz fitting and Richards models. The Richards
modelling in particular has been demonstrated to be a good model for OD data (297).
No inhibition of growth was observed in this experiment, therefore the visual
observation of bacterial growth was deemed sufficient for the purpose of this
experiment. There is an increase in OD observed at some concentrations, this is
either due to a low level contamination in one of the replicates, or potentially some
aggregation in the inoculum leading to that well receiving a higher inoculum. The
increase is not dose dependent and therefore is not an effect of the verapamil or
norverapamil. The aim of this experiment was to determine if the reduction in CFU,
observed in the RAW macrophage-like cell infection assay (Figure 34), is due to the
compound having direct anti-microbial activity against B. thailandensis. This data
shows that both verapamil and norverapamil have no direct anti-microbial effect on
B. thailandensis. Therefore to observe killing by these compounds there is a
requirement for the RAW cell to be present, or another factor of the cell infection

assay such as extracellular antibiotics to be present.

5.4. Cell toxicity of verapamil and norverapamil.

The aim of this experiment was to assess the toxicity of verapamil and norverapamil
on the RAW 264.7 macrophage like cell line. The anti-bacterial effect of verapamil
and norverapamil could be due to cell toxicity, and cell death of RAW cells leading to
exposure of the intracellular B. thailandensis to the extracellular 1 mg mL™*
kanamycin maintenance media. A lactose dehydrogenase (LDH) colorimetric assay
was used to determine toxicity of verapamil and norverapamil on RAW 264.7 cells
over 24 hours (Figure 37) (2.6.6. Analysis of LDH release from RAW cells.). The
toxicity of each compound on the cells is important, if the compound is causing cell
lysis, then extracellular kanamycin could be responsible for intracellular killing
observed in the in vitro infection assays. LDH is an enzyme present within the RAW
cells, LDH is released extracellularly into the cell culture media during cell lysis. The
increase in detection of LDH is therefore a quantitative measure of cell lysis caused

by verapamil or norverapamil.
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Analysis of lactose dehydrogenase (LDH) release from RAW cells was achieved with
the use of Promega CytoTox 96® Non-Radioactive Cytotoxicity Assay kit (Promega
Corporation USA), following manufacturer’s instructions. Briefly, RAW 264.7 cells
(ECCAC) were cultured on 24 well cell culture plates at 1x10® cells mL* (Corning™
Costar™) and incubated with verapamil and norverapamil at concentrations of
between 10um and 200um. At the specified time points, the cell culture media in
each well was gently mixed and 50uL of media removed for analysis. Cell culture
samples were transferred to a 96 well cell culture plate (Corning™ Costar™), 50uL
of CytoTox 96® reagent was added to each well. The plate was incubated in the dark
at room temperature for 30 minutes prior to addition of 50ul CytoTox 96® stop
solution. Absorption of each well was read on a plate reader set at 492nm
wavelength. Percentage of cell lysis was calculated by comparison to a lysis control,

in which all RAW cells were lysed by CytoTox 96® lysis solution.
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Figure 37. Determining toxicity of verapamil and norverapamil by the release
of LDH from RAW cells.

RAW cells at 1x10® cells mL™? on a 24 well cell culture plate were incubated with
concentrations of verapamil and norverapamil of between 10um and 200um. RAW
cells and the compounds were incubated at 37°C for between 2 and 24 hours. At
each time point the cell culture media in each well was gently mixed and 50uL of
media removed for analysis. Cell lysis releases LDH which is detected with the use
of a LDH colorimetric detection kit (Promega Corporation USA). Cell toxicity was
calculated based on a maximum LDH release RAW cell lysis control, the percentage
cytotoxicity was calculated as the percentage above the RAW control cells. A —
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Verapamil hydrochloride, B — Norverapamil hydrochloride. Each line represents the
average OD of technical replicates (n=3) and two independent biological replicates
are each represented by a separate line. Verapamil concentrations or the effect of
hours post-exposure, were deemed not significant by two-way ANOVA.
Norverapamil concentrations and hours post-exposure, both have a significant effect
for norverapamil only. The source of the majority of the variation in the data set was
norverapamil concentration (58.78%) ** P 0.0018, and hours post-infection (17.37%)
*** P 0.0002, two-way ANOVA. Post tests could not discriminate significance

between the different norverapamil concentrations.

Verapamil increased cytotoxicity when compared to the control cells. At a
concentration of 200 uM, verapamil increased cytotoxicity over the 24 hours between
20% and 27% above the control. There is variability in the data between replicates,
although the cytotoxicity does not rise above 34% for any verapamil concentrations
throughout the 24 hour incubation. RAW cells incubated with norverapamil generally
have a higher level of cytotoxicity, with a maximum of 23% at 2 hours to 48% at 24
hours. At 24 hours, norverapamil concentrations of 100uM and above have a cell
cytotoxicity of between 36% and 48%, above the level of the control cells. All
concentrations below 100uM have a cytotoxicity of under 7% at 24 hours incubation.
The data for norverapamil is less variable, and there is a dose and time trend to the
cytotoxicity data. This is reflected in the statistics, both time and concentration were
significant factors in the norverapamil data, with a two-way ANOVA P-value of 0.0002

and 0.0018 respectively.

This data has highlighted that cells incubated with norverapamil concentrations of
100uM and above, have a higher cytotoxicity than the equivalent verapamil
concentrations. Norverapamil reduced intracellular CFU to a greater extent than
verapamil in the RAW cell infection assay (Figure 34), this could be attributed to a
greater cytotoxicity on the RAW cells from incubation with norverapamil. Based on
this cytotoxicity data and previous anti-microbial data, verapamil was taken forward

as the primary compound of interest to investigate further.
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5.5. The effect of verapamil on bacterial CFU in a RAW cell infection assay.

Verapamil hydrochloride was down selected for further investigation, based upon
previous in vitro RAW macrophage-like cell infection assay data and cytotoxicity
data. Previous in vitro experiments assessed verapamil at a single concentration of
100uM. The aim of this experiment is to expand upon the initial data and include a
range of concentrations of verapamil, the aim is to determine if concentrations as low
as 10uM can reduce intracellular bacteria in a RAW cell infection assay (2.2.3.

Repurposed drugs infection assay.).

Verapamil did not inhibit bacterial replication in the previous MIC assays, and
therefore the killing effect of verapamil on intracellular bacteria is likely to be host
directed. There is a possibility that intracellular bacteria are directly susceptible to
killing by verapamil, potentially in the low pH environment of the phagolysosome.
This could be investigated in future studies by testing verapamil in MIC assays at a
lower pH. This study will investigate different concentrations of verapamil for ability
to Kill intracellular B. thailandensis, this will be followed by studies to investigate the

host directed killing response, such as verapamil induction of autophagy.

In this study verapamil was tested at 4 and 24 hours post infection, and at a range of
concentrations from 10uM to 200uM. RAW cells were infected with B. thailandensis
at a multiplicity of infection (MOI) of 5 and incubated for an hour at 37°C. Following
incubation the bacteria were removed and the cell culture media was subsequently
replaced with 1mg mL? kanamycin maintenance antibiotic to kill extracellular
bacteria. Additionally, verapamil concentrations of between 10um and 200um were
added post-infection, and incubated with the infected RAW cells for up to 24 hours.
At 4 and 24 hours post-infection the RAW cells were lysed with distilled water, the
intracellular B. thailandensis was serial diluted and enumerated by culture on L-agar
(2.6.5. CFU analysis.).
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Figure 38. The effect of different verapamil concentrations on intracellular B.
thailandensis.

100, M Verapamil
150,M Verapamil
200, M Verapamil

RAW cells were infected with B. thailandensis E555 at an MOI of 5 for an hour at
37°C. Post-infection the RAW cells were incubated with a range of concentrations of
verapamil of between 10um and 200um. Following 4 and 24 hours incubation, the
RAW cells were lysed with distilled water. The intracellular B. thailandensis E555
CFU was enumerated by serial dilution and culture on L-agar. A — CFU data for 4
hours incubation, B — CFU data for 24 hours incubation. Data are represented as
mean CFU of the technical replicates (n=6) derived from two independent biological
experiments, and error bars represent SD of all technical replicates. * P 0.0423, ****

P <0.0001 One-way ANOVA, Dunnett’'s multiple comparisons test to vehicle control.
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Figure 39. Images of RAW cells infected with B. thailandensis and incubated
with verapamil.

RAW cells were infected with B. thailandensis at an MOI of 5 and incubated with
200uM verapamil for 4 and 24 hours. Representative light microscope images were
taken of the RAW cells to compare control cells and those cells incubated with
verapamil. The aim of taking representative images of cells at each time point was
to demonstrate visually that cells incubated with verapamil are intact, and also at a
similar cell density to the control cells at each time point. A — RAW cells at 4 hours
post-infection. B — 4 hours post-infection with 200uM verapamil. C — RAW cells at 24
hours post-infection. D — 24 hours post-infection with 200uM verapamil. Images
taken using an x10 objective on the Invitrogen™ EVOS™ M5000 Imaging System.
Scale bar represents 200um.

All verapamil concentrations significantly reduced intracellular bacterial CFU at 4
hours incubation, compared to the vehicle control (Figure 38). The lowest verapamil
concentration of 10uM significantly (P 0.0423) reduced bacterial CFU, from a control
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of 1.1x10* CFU to 7.4x10° CFU. The highest verapamil concentration of 200uM
significantly (P <0.0001) reduced bacterial CFU, from the control of 1.1x10* CFU to
4x10% CFU.

At 24 hours incubation, a concentration of 100uM verapamil or greater, significantly
reduced intracellular bacterial CFU. A 100uM concentration of verapamil reduced
CFU from a vehicle control of 8.7x10* CFU, to 35 CFU with 100uM verapamil.
Concentrations of verapamil greater than 100uM reduced intracellular CFU to

complete clearance in this RAW cell infection assay.

Light microscope images of the RAW cells were taken as an example of the cells at
each time point. The aim of these images was to show the cells exposed to 200uM
verapamil are present and intact at 24 hours post-infection (Figure 39). The cells
exposed to verapamil are however more rounded than the control cells, indicating
that the cells are less healthy than the controls. Although not a quantitative method,
these images are a visual representation of the RAW cells incubated with verapamil.
The aim of the images was to visually demonstrate that the RAW cells are intact
when incubated with verapamil for up to 24 hours. The images complement the
cytotoxicity data, demonstrating that the reduction in intracellular B. thailandensis

CFU by verapamil, is not solely due to RAW cell lysis.

5.6. Assessing the ability of verapamil to induce autophagy.

The aim of this experiment is to investigate the bacterial killing by verapamil within
RAW cells, specifically by detecting an increase in autophagy markers in RAW cells
when exposed to verapamil. This experiment will aim to show if there is an increase
in autophagy within the RAW cells, which corresponds to an increase in intracellular
killing of B. thailandensis E555. The host macrophage is able to kill intracellular
bacteria through autophagy, a cell recycling process which can be enhanced upon
infection, to help clear intracellular bacteria. During the formation of the
autophagosome, cytosolic microtubule-associated protein 1A/1B light chain 3 (LC3)
is converted to LC3 Il via conjugation to phosphatidylethanolamine (298). LC3 Il is
membrane bound to the autophagosome, and is a common marker used for
detection of autophagosome formation. The lysosomal associated membrane protein
1 (LAMP-1) is one of the main protein components of the lysosomal membrane, and
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is a common marker used for detection of lysosomes. Detection of LC3 Il and LAMP-
1 by imaging flow cytometry (2.5.2. LC3 and LAMP-1 staining.), is a method for
autophagy analysis of autolysosome formation within the cell (299) (2.6.3. Imaging
flow cytometry.). In this results section, the co-localisation of LC3 and LAMP-1 will
be used as a maker for autophagy, in response to RAW cell incubation with
verapamil. In other cell models, verapamil can induce host cell autophagy (292), and
therefore it is possible that the bacterial killing observed with verapamil here is by
stimulation of autophagy in RAW cells. Verapamil was added to infected RAW cells
at a range of concentrations, to investigate a concentration at which stimulation of
autophagy may occur. At 16 hours post-infection, cells were harvested, stained and
analysed by imaging flow cytometry. Cells were analysed for percentage of cell

infection and percentage of cells with autolysosomes (Figure 40).

RAW cells were infected with B. thailandensis E555 GFP at a multiplicity of infection
(MOI) of 5 and incubated for an hour at 37°C. Following incubation the bacteria were
removed and the cell culture media was subsequently replaced with 1mg mL*:
kanamycin maintenance antibiotic to kill extracellular bacteria. Additionally,
verapamil concentrations of between 10um and 200um were added post-infection,
and incubated with the infected RAW cells for 16 hours. At 16 hours post-infection
RAW cells were harvested, transferred to 200 uL fixative-permeabilisation buffer (BD
Biosciences) and incubated for 30 minutes at room temperature on a roller. Following
incubation, the sample volume was increased to 1mL with 800 pL of 1X
permeabilisation-wash buffer (BD Biosciences) and centrifuged for 5 minutes at 300
g. Following centrifugation, cells were re-suspended into 200uL permeabilisation-
wash buffer (BD Biosciences) containing 5 pug mL! anti-LC3 mAb (Biolegend), and
incubated for 1 hour at room temperature on a roller (2.5.2. LC3 and LAMP-1
staining.). Following incubation, a further 800 pL of permeabilisation-wash buffer (BD
Biosciences) was added to the sample. The RAW cell sample was centrifuged for 5
minutes at 300 g, the cell pellet was re-suspended into 200 pL permeabilisation-
wash buffer (BD Biosciences) containing 10 ug mL* goat anti-mouse Alexa Fluor
647 (Invitrogen) and 3.5 pg mL* PE/Dazzle™ 594 anti-mouse CD107a (LAMP-1)
Antibody (Biolegend, UK). The sample was incubated for 1 hour at room temperature
on a roller. Following incubation, 800 pL of PBS (Gibco) was added and the sample

centrifuged for 5 minutes at 300 g. Finally, cell pellets were re-suspended into 50 pL
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PBS (Gibco) prior to analysis by imaging flow cytometry (2.6.3. Imaging flow
cytometry.).

RAW cells were analysed on the Amnis® ImageStream® X Mark Il. The 488nm
(GFP), 561nm (PE/Dazzle™ 594) and 642nm (Alexa Fluor 647) lasers were used at
100mw, 200mw and 150mw power respectively. Fluorescence was detected using
channel 2 (B. thailandensis E555 GFP, excitation peak at 489nm and emission peak
at 511nm), channel 4 (PE/Dazzle™ 594) and channel 11 (Alexa Fluor 647 excitation
peak at 650nm and emission peak at 665nm). Bright field (channel 1) was used
throughout at maximum power and magnification was set at x60 throughout. Cells
were gating according to being single cells, in focus, association with GFP, and co-
localisation between LC3 and LAMP-1 as a marker of autophagy (Figure 40). A
compensation matrix was generated in the Amnis ldeas® software and applied to
the data set to compensate for fluorescence cross over between the GFP,

PE/Dazzle™ 594 and Alexa Fluor 647 emissions.
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Figure 40. Imaging flow cytometry gating for identifying infected cells
containing LC3 and LAMP-1 fluorescent markers.

Imaging flow cytometry was used as a method to assess the ability of verapamil to
induce autophagy in RAW cells. Co-localisation between LC3 and LAMP-1 was used
as a marker for autolysosome formation, and therefore autophagy occurring within
infected cells. Fluorescently labelled anti-LC3 (Alexa Fluor 647 (Invitrogen)) and anti-
LAMP-1 (PE/Dazzle™ 594 anti-mouse CD107a (LAMP-1) antibody (Biolegend, UK))
antibodies were used to stain RAW cells. RAW cells were previously infected with B.
thailandensis GFP at an MOI of 5, and post-infection were incubated with verapamil
as previously described (2.2.3. Repurposed drugs infection assay.). RAW cells were
harvested, stained and analysed by imaging flow cytometry at 16 hours post-
infection. The 488nm (GFP), 561nm (PE/Dazzle™ 594) and 642nm (Alexa Fluor 647)
lasers were used at 100mw, 200mw and 150mw power respectively. Fluorescence
was detected using channel 2 (B. thailandensis E555 GFP, excitation peak at 489nm
and emission peak at 511nm), channel 4 (PE/Dazzle™ 594) and channel 11 (Alexa
Fluor 647 excitation peak at 650nm and emission peak at 665nm). Bright field

(channel 1) was used throughout at maximum power and magnification was set at
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x60 throughout. RAW cells were gated according to being in focus (A) and single
cells (B). Additionally infected cells (C) were gated according to GFP intensity and
those cells with internalised GFP signal (D). Cells with co-localisation between LC3
and LAMP-1 (E, F) were gated as a population of cells with autolysosome formation.
A compensation matrix was applied to the data to account for any cross over

fluorescence between the different fluorescent markers.
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Figure 41. Examples of LC3 and LAMP-1 co-localisation by imaging flow
cytometry.

Imaging flow cytometry was used to analyse B. thailandensis E555 GFP infected
RAW cells for autolysosome formation, following incubation with verapamil. The
488nm (GFP), 561nm (PE/Dazzle™ 594) and 642nm (Alexa Fluor 647) lasers were
used at 100mw, 200mw and 150mw power respectively. Fluorescence was detected
using channel 2 (B. thailandensis E555 GFP, excitation peak at 489nm and emission
peak at 511nm), channel 4 (PE/Dazzle™ 594) and channel 11 (Alexa Fluor 647
excitation peak at 650nm and emission peak at 665nm). Bright field (channel 1) was
used throughout at maximum power and magnification was set at x60 throughout.

Representative images of RAW cells are shown from the experimental data in Figure
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42. Images shown are bright field (Ch01), infected with B. thailandensis E555 (Ch02,
GFP), and stained with anti-LC3 (Ch11, Alexa Fluor 647), and anti-LAMP-1 (Ch04,
PE/Dazzle™ 594) fluorescent antibodies. Co-localisation between LC3 and LAMP-1
(representing autolysosome formation in the RAW cells) can be observed in
Ch04/Ch11. A compensation matrix was applied to the data to account for any cross
over fluorescence between the emission fluorescence of the PE/Dazzle™ 594, Alexa
Fluor 647 and GFP markers. This was achieved using separate samples of RAW
cells with the individual markers present, and compensating for cross over

fluorescence using the Ideas ® software compensation matrix generator.
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Figure 42. The effect of verapamil on autolysosome formation in infected RAW
cells.

RAW macrophage-like cells infected with B. thailandensis E555 at an MOI of 5, post-
infection the cells were incubated with concentrations of verapamil (10um to 200um)
for 16 hours. RAW cells were harvested, stained for LC3 and LAMP-1 with specific
fluorescent antibodies. RAW cells were assessed by imaging flow cytometry for cell
infection with B. thailandensis E555 GFP and autolysosome formation. Cells were
considered autolysosome positive with co-localisation between fluorescent LAMP-1
and LC3 markers. RAW cells were harvested for staining 16 hours post-infection.
Control data consists of a water vehicle control comparable to that of the 200um
verapamil. Data are represented as the means (n=3) derived from three independent
biological experiments, error bars represent SD of biological replicates. *** P <0.001
One-way ANOVA Dunnett's multiple comparisons test to control. No significant

differences were observed in the autolysosome data by one-way ANOVA.

The aim of the analysis was to determine if the intracellular killing observed by

verapamil in previous experiments, is due to verapamil stimulating an increase in
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autophagy within the RAW cells. The cells were analysed by imaging flow cytometry,
by gating the cell population that was in focus and single cells (Figure 40 A, B). This
population was then analysed by gating for intracellular B. thailandensis GFP (Figure
40 C), and the fluorescent markers LC3 and LAMP-1. The LC3 and LAMP-1 markers
were gating according to RAW cells with co-localisation between the two markers
(Figure 40 E, F), following a published method by Pugsley et al (299). Co-localisation
between LC3 and LAMP-1 indicates formation of an autolysosome within the cell.
RAW cells were analysed to determine if incubation with verapamil increases the

percentage of cells containing autolysosomes (Figure 42).

Imaging flow cytometry has demonstrated that autolysosome formation can be
assessed in the B. thailandensis RAW macrophage-like cell infection assay (Figure
40 and Figure 41). Imaging flow cytometry has additionally detected the reduction in
cell infection by verapamil, in a dose dependent manner (Figure 42). The reduction
in the percentage of cells infected with B. thailandensis GFP is significantly reduced
(P <0.001 ANOVA), from a concentration of 100uM verapamil compared to the

vehicle control.

Autolysosome formation within RAW cells incubated with verapamil was analysed by
imaging flow cytometry (Figure 42). There is a trend towards an increase in
autolysosome formation with exposure to increasing verapamil concentration, this
change is not significant when analysed by ANOVA. There is a high degree of
variation in the autolysosome data between the experimental replicates, as seen by
the large error bars resulting in a non-significant result. This is especially apparent in
the high concentrations of verapamil, for 100pM of verapamil the experimental
replicates vary from 57% to as low as 3% of cells with autolysosome formation. The
data for 10uM verapamil and the control is much more consistent between
experimental replicates, with a consistently low percentage of RAW cells with
autolysosomes. The percentage of cells with autolysosomes is between 2% and 7%
for 10uM verapamil, and between 0% and 15% for the controls, between the three

experimental biological replicates.

201



5.7. The effect of reducing kanamycin in the RAW cell infection assay.

The aim of this experiment is to determine the effect kanamycin has on the
intracellular killing of B. thailandensis E555, when RAW cells are incubated with or
without verapamil. Kanamycin is used in the RAW cell infection assay as a
maintenance antibiotic to prevent extracellular B. thailandensis bacterial replication,
the kanamycin was used at 1mg mL* throughout the RAW cell infection assays
(2.2.1. RAW cell infection assay.). Verapamil significantly reduces intracellular
bacterial CFU in the RAW cell infection assay. The high level of kanamycin in the
extracellular media is present to reduce the replication of extracellular B.
thailandensis, although the effect of kanamycin and verapamil in combination on the
bacteria is not known. In this infection assay kanamycin was reduced or absent, this
is to investigate the effect kanamycin has on bacterial CFU with and without

verapamil.

RAW cells were infected with B. thailandensis E555 at a multiplicity of infection (MOI)
of 5 and incubated for an hour at 37°C. Following incubation the bacteria were
removed and the cell culture media was subsequently replaced with 1mg mL*
kanamycin maintenance antibiotic to kill extracellular bacteria. After 1 hour the
kanamycin media was either left at 1mg mL™?, reduced to 150 yg mL* or removed
completely (L-15 culture media only). Additionally, RAW cells were incubated with or
without 200um of verapamil post-infection. RAW cells were incubated for 4 and 24
hours at 37°C. At the specific time points the RAW cells were lysed with distilled
water and the intracellular bacteria enumerated by serial dilution and culture on L-
agar (2.6.5. CFU analysis.). The CFU data was plotted for the 4 and 24 hours post-
infection to show the effect of reducing kanamycin concentrations on intracellular
bacterial CFU.
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Figure 43. The effect of kanamycin on the ability of verapamil to reduce
intracellular bacterial CFU.

RAW cells were infected with B. thailandensis at an MOI of 5 and subsequently
incubated with or without 200uM verapamil. Kanamycin concentration in the cell
culture media were either at a standard concentration of 1mg mL%, reduced to 150
ug mL1, or removed post-infection. Cells were lysed at 4 and 24 hours post-infection,
and the intracellular CFU enumerated by serial dilution and culture on L-agar. A — 4
hours post-infection, B — 24 hours post-infection. Data are represented as technical
replicate means (n=6) derived from two independent biological experiments, error
bars represent SD of all technical replicates. ** P 0.0016, **** P <0.0001 One-way

ANOVA Dunnett’s multiple comparisons test.

At 4 hours post-infection, reducing the concentration of kanamycin had no significant
effect on bacterial CFU when verapamil is present or absent (Figure 43). At 24 hours

post-infection, reducing kanamycin does significantly increase the bacterial CFU.
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When there is verapamil and kanamycin present together, there is either complete
CFU clearance with high levels of kanamycin present, or a significant increase of
approximately 1x102 CFU when no kanamycin is present. High kanamycin
concentrations in combination with verapamil, does reduce bacterial CFU to a greater
extent. Although, the reduction in CFU observed with verapamil incubation is not
completely due to kanamycin being present in the external media. At 24 hours, when
kanamycin is removed post-infection, there is a significant reduction in bacterial CFU
when verapamil is present. There is a RAW cell bacterial CFU of 1.1x10? with
verapamil incubation, compared to 1.2x10° CFU for the control with no verapamil.
This data highlights that kanamycin does have an effect on bacterial CFU to a certain
extent, although kanamycin is not required for verapamil to significantly reduce

intracellular bacteria.

5.8. Discussion.

In this chapter, a panel of compounds were investigated for anti-microbial activity in
a B. thailandensis RAW macrophage-like cell infection assay. This work was a
parallel set of investigations together with development of an antibody-antibiotic
conjugate (AAC). Due to uncertainty in the development of an AAC, the research of
anti-microbial compounds provided an alternative for investigating an anti-microbial
therapy for melioidosis. A panel of compounds were selected based on literature
suggesting an anti-microbial effect for similar intracellular bacterial pathogens. The
panel of compounds had published activity against M. tuberculosis infection, which
forms an intracellular niche similar to B. pseudomallei. Carbamazepine, verapamil,
norverapamil, and valproic acid were all selected to be tested in a B. thailandensis
RAW cell infection assay. Many other compounds in the literature show potential as
anti-microbial compounds, due to the time and costs associated with screening
additional compounds, there was not scope in this project to investigate further
candidate compounds. The hazard group Il pathogen B. thailandensis was used for
all initial screening methods, rather than the high containment pathogen B.
pseudomallei. Studies with B. pseudomallei would be required in future experiments,
if verapamil was to be taken forward for further analysis as an anti-microbial

compound for melioidosis.
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The RAW cell infection assay highlighted that verapamil and norverapamil
significantly reduced bacterial CFU, at both 4 and 24 hours post-infection (Figure 34).
At 24 hours post-infection, both carbamazepine and valproic acid also significantly
reduced bacterial CFU, although not to the same extent when compared to verapamil
and norverapamil. This initial screen in the RAW cell infection assay was at a single
concentration of 100uM, this was based on the literature that demonstrated anti-
microbial effects. Ideally each compound would have been taken forward and tested
at a range of concentrations, this was not possible in this project due to timescales,

and therefore an initial screen and down select of compounds was required.

In the initial screen of compounds, valproic acid and carbamazepine displayed a
significant reduction in bacterial CFU at 24 hours post-infection. For both valproic
acid and carbamazepine, the reduction in bacterial CFU was to a lesser extent than
that of verapamil and norverapamil. Valproic acid has been tested at high
concentrations by Schiebler et al (226), although a concentration of 3 mM was
required, and this was considered to not be safely achievable in vivo. Carbamazepine
was tested at 50 uM by Schiebler et al (226), and shows promise in vitro as an
autophagy inducing compound and reduction of bacterial infections. Verapamil and
norverapamil were the down selected compounds, since the reduction in bacterial
CFU was apparent at both 4 and 24 hours post-infection. Additionally, the reduction

in CFU was to a greater extent than that of valproic acid and carbamazepine.

Verapamil and norverapamil were initially tested for any anti-microbial effects on
bacteria alone (Figure 35 and Figure 36), and subsequently for RAW cell toxicity
(Figure 37). This was to determine if any reduction in bacterial CFU is due to direct
anti-bacterial effects, or simply due to cell death caused by the compounds toxicity.
RAW cell death would lead to bacterial killing, due to the high levels of kanamycin

maintenance antibiotic present externally in the cell culture media.

Both compounds were tested with a culture of B. thailandensis to determine any MIC
over 24 hours. The data showed that neither compound inhibited the replication of B.
thailandensis over the 24 hours, therefore both verapamil and norverapamil have a
MIC of greater than 400 uM. This data shows that the anti-bacterial killing effect of

each compound requires the RAW cell to be present.
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The cell toxicity of both compounds was assessed with the use of a LDH cytotoxicity
assay kit. The assessment of cellular integrity by LDH release is an established and
widely used method (300), bacterial infection however can interfere with the assay
by acidification of the media and release of proteases (301). In this study, verapamil
and norverapamil were assessed by incubation with RAW cells without bacterial
infection. The colorimetric LDH assay detects LDH release from the cell upon
membrane damage, caused by verapamil or norverapamil toxicity. The coloured
product is formed from the enzymatic activity of LDH released from the cell, therefore
the colour intensity is proportional to the cell toxicity. Both compounds increased
cytotoxicity above the level of control untreated cells, although the cytotoxicity of
norverapamil was greater than that of verapamil. Verapamil did increase RAW cell
death over a 24 hour incubation, with an increase in cytotoxicity for 200uM verapamil
of between 20 and 27% above the control. The maximum increase in cytotoxicity was
34%, for 100uM verapamil at 24 hours of incubation. Norverapamil increased cell
death to a greater extent, as shown by an increase in cytotoxicity of between 36%
and 48% above the control, for concentrations of 100puM norverapamil and greater.
Norverapamil had a maximum cytotoxicity of 48% above control, at 24 hours
incubation, at a concentration of 150uM. This cytotoxicity data was used to further
down select for a single compound, experiments were therefore subsequently

focused on verapamil.

Verapamil did increase cell toxicity compared to control RAW cells, and imaging of
the cells during the assay revealed signs of some cell damage. In the later time points
the verapamil exposed cells are phenotypically less like the control cells,
phenotypically they were smaller and more rounded (Figure 39). The LDH assay
showed an increase in cell toxicity, although unless the cell membrane is damaged,
the LHD release will be modest. The RAW cells could therefore be intact, but not a
favourable environment for bacterial survival or replication. There is a possibility of
kanamycin maintenance media penetrating the RAW cells, during incubation with
verapamil. The data shows that removing kanamycin after the initial kill step, does
allow some bacteria to survive verapamil treatment at 24 hours. Although this effect
could be due to a low level of extracellular bacterial replication, especially since the

media contained no kanamycin maintenance antibiotic (Figure 43). The data
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provides evidence that kanamycin is not required for verapamil to significantly reduce

intracellular bacterial CFU.

The effect of verapamil concentrations from 50uM to 200uM on cell viability and cell
proliferation, has been investigated by Kania et al (292). A variety of cancer cell lines
were incubated with verapamil, all cells suffered significant effects on viability and
proliferation when incubated with verapamil for 48 hours. However, the effect on
viability and proliferation varied between cell lines, with one cell line having a viability
of 80% after 48 hours incubation with 200uM verapamil (292). Verapamil
concentrations as low as 12.5 uM have been demonstrated to reduce intracellular M.
tuberculosis by 40% in vitro (207).

If verapamil was to be taken further as a potential anti-bacterial therapeutic, then
further analysis of cell toxicity would be required, together with expanded autophagy
studies in a variety of cell lines. In primary macrophage cell lines the concentration
of verapamil required for anti-microbial effects may be reduced, compared to a cell
line such as RAW macrophage-like cells. The aim of this would be to identify a
concentration that limits toxicity to the cell, but still significantly reduces intracellular
bacteria in the majority of cell lines investigated. Norverapamil significantly reduced
bacterial CFU within RAW cells, although the compound was more cytotoxic than
verapamil. Norverapamil is the metabolite of verapamil, and therefore in the body
both compounds will be present once partly metabolised. The cytotoxicity of
norverapamil needs to be further investigated, a range of concentrations will need to
be tested for cytotoxicity. It may be possible to find a concentration whereby there is
a significant bacterial killing, together with a reasonable level of cytotoxicity. Finding
an effective anti-microbial concentration with low toxicity may be a challenge,
verapamil is known to have low bioavailability and a low half-life in circulation (302).
Therefore repeated and higher therapeutic doses may be required, although slow
release formulations of verapamil are available with improved pharmacokinetics
(302). Verapamil plasma concentrations of between 125 to 400ng mL! is achievable
with rapid release verapamil, and 16 — 77ng mL* with slow release formulations
(303). Oral toxicity levels are reported to be between 3 — 14 mg kg* (303). A
concentration of 100uM of verapamil hydrochloride in cell infection assays, equates
to a 49ug mL* concentration. To improve therapeutic delivery of verapamil, future

studies could investigate encapsulation in nanoparticles as a way to improve delivery
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to the intracellular environment, and limiting drug toxicity. Antibiotics have been
successfully encapsulated into polymersomes, and delivered to the intracellular site

of infection for B. thailandensis (240), this could also be an option for verapamil.

Although verapamil significantly reduced bacterial CFU, the reason behind the killing
is unclear. Autophagy is known to play a significant role in control of bacterial
disease, and is likely to play an important role in control of intracellular Burkholderia.
A study by Rinchai et al (304), demonstrated that B. pseudomallei infection increases
LC3 flux in human neutrophils, with defects in autophagy significantly increasing
survival of intracellular B. pseudomallei. Additionally, this study showed that B.
pseudomallei stimulates autophagy in neutrophils, possibly via the type Ill secretory
system or effector proteins (304). It is therefore reasonable to predict that individuals
with defects in the autophagy pathway will have an increased susceptibility to

melioidosis.

Verapamil is a known autophagy inducer, a study by Kania et al (292) reports that
verapamil is an inducer of autophagy in a variety of cell lines. The study investigated
the cytotoxic effects, autophagic induction, autophagic flux and the mechanism
behind autophagy induction by verapamil. Confocal microscopy showed an increase
in conversion of LC3I to LC3Il with verapamil treatment, increasing LC3Il puncta
within a population of cells (292). A study by Juarez et al (227) analysed a range of
drugs including verapamil, and autophagy was assessed by confocal microscopy of
LC3, P62, and lysotracker co-localisation. This study showed that verapamil induced

autophagy, together with a reduction in intracellular M. tuberculosis replication (227).

Although verapamil is a known autophagy inducer, a study by Abate et al (207)
concluded that autophagy may not be the main mechanism behind verapamil
induced M. tuberculosis bacterial killing. Instead the killing effect is possibly related
to other factors, there is evidence of verapamil induced bacterial membrane

disruption of M. tuberculosis (305).

In this chapter, verapamil was studied for autophagy induction in RAW cells by
imaging flow cytometry, using LAMP-1 and LC3 fluorescent antibodies (Figure 40

and Figure 41). In these assays, verapamil resulted in an increase in autolysosome

208



formation, but this was not deemed significant by ANOVA (Figure 42). The co-
localisation of LC3 and LAMP-1 markers was used as a method to monitor
autophagic flux, this approach was based on published methods (299, 306). The
autolysosome formation data, generated in this chapter, varied greatly between
experiments. The issue with staining for autophagy is the time point selected,
autophagy is a fluid process within the cell and is therefore difficult to observe at
specific time points. For future work, and to further investigate the autophagic
response to verapamil, more time points are required. Additionally, methods such as
the use of live cell autophagy stains should be explored.

Verapamil is a known efflux pump inhibitor, and possibly concentrates antibiotics
within the cell. Verapamil has shown to potentiate anti-tuberculosis drugs in both cell
and murine models (219, 224, 225, 231). B. pseudomallei and B. thailandensis
possess numerous RND (resistance nodulation cell division family) efflux pumps,
known to contribute to the high level of antibiotic resistance of the bacterium (123-
125). Three of these efflux pumps AmrAB-OprA, BpeAB-OprB and BpeEF-OprC are
responsible for resistance to antibiotics from various classes including
aminoglycosides, macrolides, tetracyclines and fluoroquinolones (123, 124). There
is potential for verapamil as an efflux pump inhibitor therapy for melioidosis. Efflux is
one of the major factors in B. pseudomallei resistance to antibiotics, therefore
blocking the efflux with a compound such as verapamil may have the ability to
enhance the efficacy of antibiotics. Combination of efflux pump inhibitors with
antibiotics, may even lead to antibiotics that have previously been disregarded for

melioidosis becoming viable therapeutic options.

The B. thailandensis RAW macrophage-like cell infection assay represents a tool
that could be further utilised, especially for screening other potential anti-microbial
compounds for melioidosis. One exciting compound in particular, metformin, would
be an interesting comparison to verapamil. Metformin is a licenced diabetic drug that
offers potential as a host directed therapy. The activity of metformin against
intracellular M. tuberculosis has been published in the literature (214-217). Metformin

has shown benefits as an adjunct therapy both in vitro and in vivo murine models of
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tuberculosis infection. Singhal et al demonstrated that between 103 and 10* uM
metformin significantly reduces survival of M. tuberculosis, within human monocyte
derived macrophages in vitro (217). In vivo murine studies have shown that
metformin enhances the efficacy of anti-tuberculosis drugs, and improves clinical
outcomes of disease with improved tissue pathology, reduced inflammatory
responses, together with an improved CD8* and CD4* T cell immune response (217).
Diabetes is a major factor in melioidosis disease progression, and has a negative
effect on the immune response to B. pseudomallei infection, and therefore patient
survival (37, 39, 307). Metformin has been associated with a greater chance of
survival from melioidosis (308). Together with the potential repurposing as an anti-
microbial, metformin offers great potential for melioidosis patients. Future work
should include analysis of the anti-bacterial effects of metformin and other potential
anti-microbial compounds, utilising the RAW macrophage-like cell infection assay

from this chapter.

Verapamil demonstrates promise as an anti-microbial compound in this study,
although the mechanism of action remains unclear. The anti-microbial action seen in
this project is likely to be partly due to cell toxicity, in addition to induction of cell
mediated killing mechanisms such as autophagy. The focus of the research project
as a whole, is to investigate antibody and antibiotic based combination therapies.
This chapter has shown that there is also potential in repurposing compounds for use
as alternatives to antibiotics. Although, there is more research required to fully
understand the compounds tested, and their mechanisms of action on the cell and
intracellular bacteria. This research was performed in parallel with development of
an antibody-antibiotic conjugate (AAC), it was decided to halt verapamil studies at

this point, and focus research on developing an AAC for melioidosis.
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6. Generation of an antibody-antibiotic conjugate.

6.1 Introduction.

In this project, the anti-CPS mAb 3VIE5 has demonstrated the ability to opsonise and
reduce bacterial actin tail formation in vitro. Previous work with this antibody at Dstl
has demonstrated that mAb 3VIE5 offers a level of protection against B.
pseudomallei infection in murine studies (113). In this chapter, the mAb 3VIES will
be incorporated into an antibody-antibiotic conjugate (AAC), and tested in vitro as a

proof of principle therapeutic for melioidosis.

Monoclonal antibody based therapies offer great potential as a therapeutic for
infectious diseases. Although not a new technology, antibodies are now gaining more
attention as therapeutics. As technology progresses, the costs associated with
antibody production and engineering are reducing, leading to increases in
therapeutic antibody development. New and improved production methods have
been developed, including improved mammalian cell based production systems and
plant based expression systems (309-312). Antibodies have many benefits as
therapeutics especially from their stability, tolerability, ability to engineer, and their
potential in combating the rise in antibiotic resistant bacterial infections (157, 159,
313-316). The therapeutic antibody market has increased dramatically in recent
years and is valued at hundreds of billions of dollars (317). Engineering of mAbs is
now routine, with humanisation of mAbs driving forward the potential of therapeutic
mAbs (317, 318). Additionally, techniques such as phage display, transgenic mice
and isolation of single B cells, have driven the development of fully human antibody
therapeutics (311, 317, 318). Antibodies offer potential as a therapy for melioidosis,
with several in vivo studies demonstrating the protective effect of anti-LPS and CPS
specific mAbs (113-115, 319, 320). Antibodies also have potential to be used as
combination therapies, antibody and antibiotic combinations can demonstrate
synergistic effects against pathogens. Antibiotics in combination with antibodies have
the ability to enhance clearance of pathogens, not only by the antibiotic action alone,
but via enhancing processes such as complement mediated phagocytosis and

opsonisation of pathogens (321). Several studies have highlighted synergistic effects
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of antibiotic and antibody combinations (321), these include respiratory infection
models of sepsis (322, 323), P. aeruginosa (324, 325), S. aureus (326, 327) and B.
anthracis (328, 329).

ADCs are a more recent approach for mAb based therapies, aiming to specifically
target delivery of a drug. ADCs are generally composed of an antibody conjugated
to a payload via a linker. There are currently 14 FDA approved ADCs as cancer
therapies, and hundreds more in clinical trials (330, 331). Examples include
Gemtuzumab ozogamicin, a humanized IgG4 ADC targeting CD33 for therapy of
acute myeloid leukaemia (162). Brentuximab vedotin is a chimeric 1IgG1 ADC,
targeting CD30 of lymphomas (163). Adotrastuzumab emtansine (T-DM1) is a
humanized IgG1 as therapy for breast cancer (163, 164) and Inotuzumab ozogamicin
is a humanized 1gG4 anti CD22 ADC (163). Polatuzumab vedotin (332-334) is a
humanised 1IgG1 ADC for lymphoma therapy, and trastuzumab deruxtecan (334,
335) is a humanised IgG1 ADC for breast cancer, both of which were approved for
use in 2019.

Alternative ADCs are being researched, including an ADC to specifically target
Trypanosoma brucei, consisting of a recombinant human IgG linked to a toxin (336).
This ADC takes inspiration from anti-cancer ADCs to deliver a toxin directly to the
cell surface receptor on the trypanosome cell, allowing a single low dose of ADC to
cure disease in a murine model of infection (336). An anti-viral ADC has been
proposed, as a potential therapy for targeted drug delivery to human

immunodeficiency virus (HIV) infected cells (337).

The first ADC developed for a bacterial disease is the THIOMAB™ anti-S. aureus
antibody-antibiotic conjugate (AAC), first published in 2015 and currently in
development with Genentech Inc (165, 166). Since then, Genentech are also
developing an AAC as a therapy for P. aeruginosa, similar in design to the S. aureus
AAC consisting of an engineered monoclonal antibody conjugated to antibiotic via
cathepsin cleavable linkers (167). Lehar et al (165) engineered an anti-S. aureus
antibody, linked to a rifalogue antibiotic, via a cathepsin cleavable linker. The AAC
mode of action relies upon opsonisation of the bacteria, and uptake via Fcy receptors
into the cell. The cleavable linker is cleaved intracellularly, releasing the antibiotic in
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its active form to target intracellular bacteria. The S. aureus AAC was able to function
in vitro and clear intracellular S. aureus, by greater than 4 logs to the limit of detection
of the assay, when compared to controls of antibody alone and a non-cleavable
version of the AAC (165). Lehar et al (165) used dithiothreitol (DTT) treatment of the
antibody to engineer cysteines for conjugation, via reduction of interchain disulfides,
a typical 1gG antibody contains 8 interchain cysteines (338). When designing the
AAC it is important to consider antibiotic incorporation ratios, as high incorporation
ratios are likely to adversely affect antibody functionality. In the Lehar et al study
(165), an incorporation ratio of 1.9 was achieved, it is thought that a ratio of 2 to 4 is
optimum for an AAC (338).

The efficacy of the AAC can be influenced by various parameters including the
cleavability of the linker, efficacy of the antibiotic, drug antibody ratio (DAR), antibody
specificity, and pharmacokinetics (PK) of the antibody. This chapter will investigate
cleavability of the AAC linker, efficacy of conjugated antibiotic, and PK properties of
the mAb 3VIES.

Ciprofloxacin and finafloxacin were selected as the antibiotics to conjugate to mAb
3VIES. Ciprofloxacin (C17H18FN3O3) was first introduced in the 1980’s, and like other
fluoroquinolones it is a DNA gyrase inhibitor. Ciprofloxacin is known to be active
intracellularly, and accumulate within phagocytic cells to a higher level multiple times
that of the external ciprofloxacin concentrations (339-341). The uptake is not
dependent on active transport mechanisms, and it has been shown that ciprofloxacin

can rapidly leave cells once the extracellular levels decrease (339, 340).

Finafloxacin (C20H19FN4O4) is a novel fluoroquinolone antibiotic, which due to an
enhanced activity at low pH, is being investigated as a therapy for melioidosis (55,
56). Finafloxacin has shown potential for improved treatment of intracellular
pathogens including L. monocytogenes, S. aureus, L. pneumophila and B.
pseudomallei (55, 56).

Fluoroquinolones are generally not considered as therapeutic options for melioidosis,
in part due to efflux based resistance expressed by many B. pseudomallei strains

(342). Ciprofloxacin is associated with high relapse rates and lower efficacy (MIC of
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4 mg/L) than other front line antibiotics (53, 343-345), although ciprofloxacin does
accumulate within the intracellular environment (340, 341). Ciprofloxacin is not a first
choice front line therapeutic for melioidosis therapy, finafloxacin does offer potential
as a future therapeutic for melioidosis. Finafloxacin demonstrates efficacy, despite
bacterial efflux mediated fluoroquinolone resistance, compared to other
fluoroquinolones especially at lower pH (56, 346, 347). Despite efflux pump based
resistance, both ciprofloxacin and finafloxacin display efficacy against B.
thailandensis and B. pseudomallei strains in vitro. In this study, both of these
antibiotics will be investigated for incorporation into an AAC. This proof of concept
AAC will be compared to the antibiotic alone in cell infection models, to demonstrate
benefit of the AAC approach for antibiotic delivery. This proof of principle AAC
approach using fluoroquinolones, will inform future studies whereby different
antibiotic classes could also be conjugated to the AAC. Additionally, the efficacy and
pharmacokinetics of the fluoroquinolones could be improved as an AAC, the AAC
approach could lead to improvements and increased therapeutic options for

melioidosis.

Pharmacokinetics is the study of how a drug behaves in a body; this involves the
analysis of properties such as distribution, metabolism and excretion of a drug.
Determining the PK of a therapeutic antibody is essential to be able to determine
parameters such as antibody distribution and clearance, to inform dosing regimens.
IgG is generally characterised by a slow clearance and long half-life in circulation,
this is due to properties such as binding to the neonatal receptor (FcRn), which saves
antibody from lysosomal degradation (168). The major factors affecting the PK
properties of the antibody include the antibody charge, glycosylation pattern and
antibody engineering modifications (169). Therapeutic antibody delivery is most
commonly achieved by intravenous (IV) and subcutaneous (SC) dosing, the
distribution of the therapeutic antibody in the body is generally limited to the vascular

system, together with interstitial spaces (348).

A PK study of the Genentech AAC (DSTA4637A) showed that in non-infected mice
the AAC behaved the same as a monoclonal antibody, displaying short distribution,

slow clearance and long half-life (166). In infected mice, the S. aureus had minimal
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effect on the PK of the AAC, demonstrating prolonged strong anti-bacterial activity at
25 and 50mg kg in multiple organs and tissues, including the kidneys, heart and
bone (166).

Following on from the murine PK study (166), DSTA4637A has been further
assessed in studies involving rats and cynomolgus monkeys (349). The AAC and
antibody behaved as expected, mirroring the previous murine studies with a short
distribution phase and a long elimination phase (349). The conjugation of antibiotic
onto the S. aureus antibody has overall not adversely affected the PK behaviour of
the antibody, as shown in murine, rat, and monkey studies (166, 349). The use of
cynomolgus monkeys is considered a suitable model for predicting the PK properties
of AAC in humans; this is due to similarities in antibody binding receptor pathways
and antibody elimination pathways between non-human primates and humans (349).
The study created a human model of AAC PK, predicted from the cynomolgus
monkey PK analysis, to inform and predict the behaviour of the AAC in human clinical
trials (349).

In this chapter, a proof of principle AAC targeting intracellular B. thailandensis will be
assessed in vitro. Additionally, the pharmacokinetic properties of mAb 3VIES will be
determined in BALB/c mice. This work represents the initial steps in developing an

AAC therapeutic for melioidosis.

The aims of this chapter can be summarised as:

e Work in collaboration with Global Access Diagnostics to develop the first proof
of principle AAC for melioidosis.

e In vitro testing of initial antibody conjugations, and analysis of conjugate
cleavage by cathepsin.

e Test AACs in RAW cell infection assays and assess intracellular bacterial
killing by the AAC.

¢ Determine the pharmacokinetic properties of mAb 3VIES.
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6.2 Development of a cathepsin cleavable linker-antibiotic.

6.2.1 Antibiotic stub conjugations.

The aim of this experiment is to investigate the AAC cleavage product, the products
of AAC cathepsin cleavage being the active antibiotics ciprofloxacin and finafloxacin.
This initial experiment is crucial to ensure antibiotic function post-cleavage.
Cathepsin cleavage of the AAC linker, releases the antibiotic from the antibody,
during this cathepsin cleavage a stub consisting of a portion of the linker (PAB, p-
aminobenzyl) is retained on the antibiotic molecule (Figure 44). This stub has the
potential to interfere with antibiotic function, it is therefore essential to investigate the
effect of having the stub on the antibiotic, prior to developing the full AAC molecule.
Antibiotic stubs were generated for both ciprofloxacin and finafloxacin (2.8.2.
Generation of antibiotic stub molecules.) (Global Access Diagnostics), mimicking the
final product generated from cathepsin cleavage of a full AAC. The purity of the
antibiotic stub molecules (HPLC analysis, Global Access Diagnostics) were
determined to be 90% and 95%, for finafloxacin-stub and ciprofloxacin-stub
respectively. The antibiotic stubs were each tested in vitro in comparison to free

antibiotic, this was to determine any differences in activity.

mAl W ‘
amine :)J O)\H ’O/\NQ
conjugation % ‘o o O F “ Cathepsin

Figure 44. Amine conjugated AAC.

An AAC consists of an antibiotic conjugated to an antibody via a cleavable linker.
The linker is cathepsin cleavable within the intracellular environment, releasing active
antibiotic-stub. The cathepsin cleavage site is highlighted with a bolt on the AAC
structure, and the stub is circled on the ciprofloxacin structure. Structures have been

provided by Global Access Diagnostics.
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Antibiotic stub molecules were assessed in a MIC assay (2.6.7. Minimum inhibitory
concentration (MIC).). A visual observation of bacterial replication inhibition was used
as a determination of an MIC value, together with an OD reading from an automated
incubating plate reader over 24 hours. A time point of 24 hours was chosen as a
point where antibiotic activity by inhibition of B. thailandensis replication is clearly
visible. More quantitative analysis methods are available for determination of
bacterial replication, such as Gompertz fitting and Richards models (297). The aim
of this experiment was to observe bacterial growth inhibition by the antibiotic-stub
molecules, therefore a visual examination of bacterial replication was sufficient for
this purpose. A serial dilution of each compound was assessed by optical density for
ability to reduce replication of B. thailandensis. An overnight Luria broth culture of B.
thailandensis E555 was diluted to an approximate concentration of 1x108 bacteria mL-
1, using a bacterial OD reading of 0.172 ODeoonm. The bacterial suspension was
further diluted to 1x108 cfu mL* with dilutions into Luria broth (Mueller Hinton broth for
finafloxacin). A 96 well culture plate (Corning™ Costar™) was prepared with dilutions
(75ug mL? to 0.14ug mL1) of ciprofloxacin, finafloxacin and the associated sub
molecules, within a 100uL volume of Luria broth (Mueller Hinton broth for
finafloxacin) per well. To each well, 100uL of the 1x10® cfu mL bacterial suspension
was added, therefore the total volume was 200 pL per well. Control wells consisted
of a positive B. thailandensis E555 only, and a negative control of 200 pL Luria broth
(Mueller Hinton broth for finafloxacin). Plates were sealed with an optically clear
sterile plate sealer and placed within an incubating plate reader (Multiskan FC,
Thermo), with the incubator set to 37°C with gentle shaking. Automated OD readings
were taken at ODsgs every 15 minutes for 24 hours. The MIC was calculated by a
visual examination of the 96 well plate to determine wells with no bacterial replication,
as stated in the Clinical and Laboratory Standards Institute (CLSI) guidelines (245).
Additionally, the OD readings from the incubating plate reader (Multiskan FC,

Thermo) were plotted to display bacterial replication over 24 hours.
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Figure 45. Minimum inhibitory concentration of antibiotic-stubs.

The MIC of the antibiotic-stubs was assessed by serial dilution on a 96 well micro
titre plate from 75ug mL* to 0.14 yg mL?t in Luria broth (Mueller Hinton broth for
finafloxacin). An overnight Luria broth culture of B. thailandensis E555 was diluted to
an approximate concentration of 1x10® bacteria mL™, using a bacterial OD reading of
0.172 ODsoonm. The bacterial suspension was further diluted to 1x10° cfu mL* with
dilutions into Luria broth (Mueller Hinton broth for finafloxacin), the culture was then
added to the 96 well plate together with the antibiotics and antibiotic-stubs. Plates
were incubated for 24 hours at 37°C in an incubating plate reader (Multiskan FC,
Thermo), additionally ODsgsnm readings were taken every 15 minutes. The MIC was
determined by visual inspection of the wells, the MIC was determined as the well with
no bacterial replication after 24 hours incubation. Additionally, the bacterial
replication curves were plotted by taking ODsgsnm readings every 15 minutes for 24
hours. A — Ciprofloxacin stub, B — Ciprofloxacin control, C — Finafloxacin stub, D —
Finafloxacin control. Positive (Pos) control and negative (Neg) controls consist of B.
thailandensis and Luria broth (Mueller Hinton broth for finafloxacin) respectively.
Each data point is the average of two technical replicates from a single biological

experiment, due to the quantity of antibiotic-stub product available.
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Antibiotic stubs were analysed by serial dilution and incubation with bacterial culture
over 24 hours. Ciprofloxacin stub displayed efficacy, reducing bacterial replication to
the same extent of the ciprofloxacin control (Figure 45 A and B), with an MIC of
1.17ug mL?! at 24 hours. Finafloxacin stub also inhibited bacterial replication,
although to a lesser extent than that of the finafloxacin control (Figure 45 C and D).
The finafloxacin stub preparation suffered with precipitation issues, with a visible
precipitate present in the antibiotic-stub preparation. Potentially, this is a solubility
issue resulting in a lower active concentration of finafloxacin stub being applied to

the assay.

In this assay, the stub does not inhibit ciprofloxacin function. This could also be the
case for finafloxacin, once the issue with precipitation is solved. Overall this data
provides evidence that successful cleavage of the AAC will release antibiotic in an

active form.

6.2.2 Cathepsin cleavage of linker-antibiotic preparations.

The aim of this experiment was to determine if linker-antibiotic molecules can be
successfully cleaved by the enzyme cathepsin B. Linker-antibiotic molecules were
cleaved by cathepsin B in vitro, and the cleaved products tested by an MIC assay. A
MC-Val-Cit-PAB(N-[(2S)-1-[[(2S)-5-(carbamoylamino)-1-[4-(hydroxymethyl) anilino]-
1-oxopentan-2-ylJamino]-3-methyl-1-oxobutan-2-yl]-6-(2,5-dioxopyrrol-1-yl)
hexanamide) cathepsin cleavable linker was conjugated to ciprofloxacin and to
finafloxacin (2.8.4. Synthesis of Boc-amine linker-ciprofloxacin intermediate.), as
separate linker-antibiotic batches (Global Access Diagnostics). The purity of the
linker-antibiotic preps were 98% and 95%, for ciprofloxacin and finafloxacin
respectively (Global Access Diagnostics LC-MS analysis). Conjugates were sent to
Dstl for testing, to determine if cathepsin B can cleave the linker (2.7.1 In vitro

cathepsin cleavage assay.), therefore releasing active antibiotic.

Cathepsin B from bovine spleen (Sigma) was used to cleave the MC-Val-Cit-PAB-
ciprofloxacin / finafloxacin linker, the reaction was performed in cathepsin buffer
(100mM sodium acetate buffer (Sigma), 2mM DTT (Sigma), 1mM EDTA (Sigma), pH
5) for 1 hour at 37°C (2.7.1 In vitro cathepsin cleavage assay.). Post cleavage,

antibiotic activity was assessed by serial dilution and MIC analysis. Antibiotic-linker
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molecules were assessed in a MIC assay (2.6.7. Minimum inhibitory concentration
(MIC).). A visual observation of bacterial replication inhibition was used as a
determination of an MIC value, together with an OD reading from an automated
incubating plate reader over 24 hours. A serial dilution of cathepsin B cleaved and
intact linker-antibiotics was assessed by optical density, to determine reduction in
replication of B. thailandensis. An overnight Luria broth culture of B. thailandensis
E555 was diluted to an approximate concentration of 1x10® bacteria mL, using a
bacterial OD reading of 0.172 ODsoonm. The bacterial suspension was further diluted
to 1x108 cfu mL* with dilutions into Luria broth (Mueller Hinton broth for finafloxacin).
A 96 well culture plate (Corning™ Costar™) was prepared with dilutions of
ciprofloxacin, finafloxacin and the antibiotic-linker molecules (cleaved and intact),
within a 100pL volume of Luria broth (Mueller Hinton broth for finafloxacin) per well.
To each well, 100uL of the 1x10® cfu mL bacterial suspension was added, therefore
the total volume was 200 pL per well. Control wells consisted of a positive B.
thailandensis E555 only, and a negative control of 200 uL Luria broth (Mueller Hinton
broth for finafloxacin). Plates were sealed with an optically clear sterile plate sealer
and placed within an incubating plate reader (Multiskan FC, Thermo), with the
incubator set to 37°C with gentle shaking. Automated OD readings were taken at
ODsgs every 15 minutes for 24 hours. The MIC was calculated by a visual
examination of the 96 well plate to determine wells with no bacterial replication, as
stated in the Clinical and Laboratory Standards Institute (CLSI) guidelines (245).
Additionally, the OD readings from the incubating plate reader (Multiskan FC,

Thermo) were plotted to display bacterial replication over 24 hours.
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Figure 46. Cathepsin cleavage of linker-ciprofloxacin.

The MIC of the linker-ciprofloxacin was assessed by serial dilution on a micro titre
plate from 500ug mL* to 0.9ug mL™L. Linker-ciprofloxacin was either tested intact or
with prior cleavage by cathepsin B at 4 units and 1 unit concentrations. An overnight
Luria broth culture of B. thailandensis E555 was diluted to an approximate
concentration of 1x10® bacteria mL%, using a bacterial OD reading of 0.172 ODesoonm.
The bacterial suspension was further diluted to 1x10® cfu mL* with dilutions into Luria
broth (Mueller Hinton broth for finafloxacin), the culture was then added to the 96 well
plate together with the linker-ciprofloxacin products (cleaved and intact) and
ciprofloxacin control. Plates were incubated for 24 hours at 37°C in an incubating
plate reader (Multiskan FC, Thermo), additionally ODsgsnm readings were taken every
15 minutes. The MIC was determined by visual inspection of the wells, with no visible
bacterial replication after 24 hours incubation. Additionally, the bacterial replication
curves were plotted by taking optical density (OD) readings every 15 minutes for 24
hours. A — Intact linker-ciprofloxacin, B — Cleaved linker-ciprofloxacin with 4 units
cathepsin, C — Cleaved linker-ciprofloxacin with 1 unit cathepsin and D -
Ciprofloxacin control. Positive (Pos) control and negative (Neg) controls consist of B.
thailandensis E555 and Luria broth respectively. Each data point is the average of
two technical replicates from a single biological experiment, due to quantity of linker-

ciprofloxacin available.
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Figure 47. Cathepsin cleavage of linker-finafloxacin.

The MIC of the linker-finafloxacin was assessed by serial dilution on a micro titre
plate from 650ug mL? to 1.2ug mL™2. Linker-finafloxacin was either tested intact or
with prior cleavage by cathepsin B at 4 units and 1 unit concentrations. An overnight
Luria broth culture of B. thailandensis E555 was diluted to an approximate
concentration of 1x10® bacteria mL™, using a bacterial OD reading of 0.172 ODseoonm.
The bacterial suspension was further diluted to 1x10® cfu mL* with dilutions into Luria
broth (Mueller Hinton broth for finafloxacin), the culture was then added to the 96 well
plate together with the linker-ciprofloxacin products (cleaved and intact) and
ciprofloxacin control. Plates were incubated for 24 hours at 37°C in an incubating
plate reader (Multiskan FC, Thermo), additionally ODsgsnm readings were taken every
15 minutes. The MIC was determined by visual inspection of the wells, with no visible
bacterial replication after 24 hours incubation. Additionally, the bacterial replication
curves were plotted by taking optical density (OD) readings every 15 minutes for 24
hours. A — Intact linker-finafloxacin, B — Cleaved linker-finafloxacin with 4 units
cathepsin, C — Cleaved linker-finafloxacin with 1 unit cathepsin and D — Finafloxacin
control. Positive (Pos) control and negative (Neg) controls consist of B. thailandensis
E555 and Mueller Hinton broth respectively. Each data point is the average of two
technical replicates from a single biological experiment, due to quantity of linker-

finafloxacin available.
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There was no clear difference in bacterial replication inhibition between intact or
cathepsin cleaved linkers, this was the result for both ciprofloxacin and finafloxacin
linkers. It was expected that the intact linker-antibiotic would have no efficacy, based
on published literature on the activity of AAC conjugated antibiotic for the S. aureus
AAC (165). Although once the linker is cleaved, the antibiotics should then be
released in the active stub-antibiotic form, and show efficacy to a MIC similar to the
antibiotic control MIC. The stub-antibiotic form has previously shown efficacy in the
MIC assay (Figure 45), therefore if the linker had been cleaved successfully then this
efficacy should have been demonstrated in this MIC assay. The MIC assay gives an
indication of cleavage efficiency, since the antibiotic is only active post-cleavage and
the MIC value should reflect the concentration of antibiotic on the AAC. In future
studies, fluorescent linkers or colorimetric linkers could be developed to more
accurately quantify AAC cleavage by cathepsin B. For example, a linker incorporating
Z-RR-pNA could be developed, this would release pNA which can be quantified in a
colorimetric assay to determine the efficiency of linker cleavage by cathepsin B.
Alternatively, a fluorescent linker could be developed in which fluorescence is
detected post-cleavage, this method could also be used to visualise AAC cleavage

within infected cells in vitro (165).

This data shows that, either the linker itself was not cathepsin cleavable in this initial
linker-antibiotic product, or the cathepsin B used to cleave the linker was inactive.
Based on this data, cathepsin B was replaced with a new batch, and the enzymatic

activity tested prior to any further AAC cleavage experiments.

6.2.3. Cathepsin B activity.

The aim of this experiment was to test the activity of cathepsin B, this was important
to demonstrate that the cathepsin B is active in the pH5 sodium acetate buffer and
the cathepsin B is able to cleave the AAC in vitro. Additionally, the effect of cathepsin
B on bacterial replication was assessed in a MIC assay, to determine any anti-
bacterial effect at high concentrations. A colorimetric Z-RR-pNA (Sigma) substrate
was used to test the enzymatic activity of cathepsin B from bovine spleen (Sigma).
A concern from previous linker-antibiotic data was that the cathepsin from bovine

spleen may not be active in the cathepsin buffer (L00mM sodium acetate buffer
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(Sigma), 2mM DTT (Sigma), 1mM EDTA (Sigma), pH 5), and therefore would not
cleave the linker-antibiotic samples. To investigate this, the lyophilised cathepsin B
from bovine spleen (Sigma) was prepared in cathepsin buffer (100mM sodium
acetate buffer (Sigma), 2ZmM DTT (Sigma), 1mM EDTA (Sigma), pH 5), then added
at a concentration of one unit to a range of concentrations (30um to 120um) of
colorimetric Z-RR-pNA (Sigma) on a 96 well plate (2.7.2 Cathepsin B activity.). The
colorimetric product (p-nitroaniline) formed from cathepsin cleavage of Z-RR-pNA,
was detected by OD at 405nm in a 96 well incubating micro plate reader (Multiskan

FC (Thermo)), with OD readings every minute for 1 hour at 25°C.
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Figure 48. Cathepsin B activity with a colorimetric Z-RR-pNA substrate.

The activity of cathepsin B in cathepsin buffer (100mM sodium acetate buffer
(Sigma), 2mM DTT (Sigma), 1mM EDTA (Sigma), pH 5) was assessed by cleavage
of Z-RR-pNA. The colorimetric product (p-nitroaniline) formed from cathepsin
cleavage of Z-RR-pNA, was detected by OD at 405nm in a 96 well incubating micro
plate reader (Multiskan FC (Thermo)), with OD readings every minute for 1 hour at
25°C. A - Cathepsin cleavage of Z-RR-pNA colorimetric substrate at 405nm. Data

are the average of replicates (n=3) from separate vials of cathepsin B, and each
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biological replicate is shown as a separate line on the graph. B — The plateau of the
slope for each data was assessed by an F test. There is a significant (P <0.0001)

association between Z-RR-pNA concentration and the OD data plateau.

The activity of cathepsin B from bovine spleen in the pH 5 cathepsin buffer, was
confirmed using the colorimetric Z-RR-pNA (z-arg-arg-p-nitroanalide) substrate. The
product p-nitroaniline, formed from cathepsin cleavage of Z-RR-pNA, was detected
at 405nm. The cathepsin reaction yielded detectable p-nitroaniline, and in a
concentration dependent response over 1 hour. This data shows that the cathepsin

B reagent from bovine spleen is enzymatically active.

The effect of cathepsin B on bacterial replication, was assessed by MIC (2.6.7.
Minimum inhibitory concentration (MIC).). This was to determine if cathepsin B has
any direct anti-microbial activity. A visual observation of bacterial replication inhibition
was used as a determination of an MIC value, together with an OD reading from an
automated incubating plate reader over 24 hours. A serial dilution of cathepsin B was
assessed by optical density, to determine reduction in replication of B. thailandensis.
An overnight Luria broth culture of B. thailandensis E555 was diluted to an
approximate concentration of 1x10® bacteria mL2, using a bacterial OD reading of
0.172 ODsoonm. The bacterial suspension was further diluted to 1x10° cfu mL™* with
dilutions into Luria broth. A 96 well culture plate (Corning™ Costar™) was prepared
with dilutions of cathepsin B (10 units diluted to 0.01 units) within a 100uL volume of
Luria broth per well. To each well, 100uL of the 1x10® cfu mL bacterial suspension
was added, therefore the total volume was 200 pL per well. Control wells consisted
of a positive B. thailandensis E555 only, and a negative control of 200 L Luria broth.
Plates were sealed with an optically clear sterile plate sealer and placed within an
incubating plate reader (Multiskan FC, Thermo), with the incubator set to 37°C with
gentle shaking. Automated OD readings were taken at ODsgs every 15 minutes for
24 hours. The MIC was calculated by a visual examination of the 96 well plate to
determine wells with no bacterial replication, as stated in the Clinical and Laboratory
Standards Institute (CLSI) guidelines (245). Additionally, the OD readings from the
incubating plate reader (Multiskan FC, Thermo) were plotted to display bacterial

replication over 24 hours.
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Figure 49. Effect of cathepsin B on bacterial replication.

The MIC of cathepsin B was assessed by serial dilution of cathepsin B on a micro
titre plate and incubation with B. thailandensis E555. The 96 well plate was incubated
at 37°C for 24 hours to determine the effect of cathepsin B on replication of B.
thailandensis. The MIC was determined by visual inspection of the wells, with no
visible bacterial replication after 24 hours of incubation. Additionally, the bacterial
replication curves were plotted by taking OD readings every 15 minutes for 24 hours.
Controls consist of a positive B. thailandensis E555 only control (Bt control) and a
negative Luria broth only control (L broth control). Data are the average from two

biological experiments.

High levels of cathepsin B (10 units) directly onto the bacteria inhibited replication,
with a delay in replication at 5 units. Although 10 units inhibited replication, and 5
units delayed bacterial replication, the cathepsin that will be used for MIC assays is
diluted multiple times before adding to the bacteria. In AAC cleavage assays, a
maximum cathepsin B concentration that bacteria will be exposed to is 2.5 units. This

data shows that cathepsin levels directly on the bacteria, need to be diluted to an
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equivalent of 2.5 units or below, this is to avoid cathepsin inhibition of replication

during MIC analysis of AACs.

6.3 Generation of a full ciprofloxacin AAC.

Conjugation of finafloxacin to a cathepsin cleavable linker, and as a stub-finafloxacin
molecule, resulted in issues with precipitation. The precipitation was evident in the
stock solution of stub-finafloxacin and at high concentrations in MIC assays. This is
visible in the data as a consistent high OD reading across the MIC assays at 650ug
mL-! of linker-finafloxacin (Figure 47). Precipitation is an issue with MIC assays and
especially when using OD readings, any precipitation will show as a high OD and
could be mistaken as bacterial replication by OD and also visually. The precipitation
in the stock solution will also result in inaccurate concentrations of finafloxacin being
used in experimental assays, therefore future work with finafloxacin will require the
precipitation issue to be resolved prior to further in vitro analysis. A loss of activity
was evident when testing finafloxacin-stub conjugations in MIC assays (Figure 45).
No such precipitation issues or loss of activity was evident with the ciprofloxacin-
linker molecules, therefore it was decided to focus on developing a proof of principle

ciprofloxacin AAC.

6.3.1 Unconjugated ciprofloxacin and mAb 3VIE5 in a RAW 264.7 cell infection
assay.

The aim of this experiment was to determine any benefit of mAb 3VIE5 and
ciprofloxacin together as a combination, without any physical conjugation as an AAC.
A B. thailandensis RAW cell infection assay was used to assess combining both mAb
3VIES and ciprofloxacin, as a non-conjugated therapy (2.2.1. RAW cell infection
assay.). Synergistic effects of antibody and ciprofloxacin has been reported in the
literature for other bacterial diseases, with synergistic effects including reductions in
antibiotic MIC, and improving efficacy in animal challenge studies (350-352). In this
assay, it is expected that mAb 3VIES will opsonise and increase bacterial CFU, the
effect mAb 3VIES will have on the efficacy of ciprofloxacin will be determined over
24 hours. It has previously been demonstrated that ciprofloxacin has a MIC of

approximately 1 uyg mL* directly on B. thailandensis bacterial culture (Figure 45), the
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data generated here will determine the bactericidal concentration of ciprofloxacin on
intracellular B. thailandensis at 4 and 24 hours of incubation. Any synergistic effects
of ciprofloxacin with mAb 3VIE5 will be determined, although no increase in
ciprofloxacin efficacy is expected with mAb 3VIES. This assay will provide the initial
data of the mAb and ciprofloxacin combination in a RAW cell infection assay, prior to

assessing bacterial killing as an AAC in later studies.

An overnight culture of B. thailandensis E555 was diluted to 1x10® CFU mL™* (ODsoo
of 0.172) in L-15 culture media, the bacteria culture was further diluted to 1x10’ CFU
mL-t. The bacteria were opsonised with 1 ug mL* of 3VIE5 for 30 minutes at 37°C
prior to RAW cell infection. The no mAb control consisted of non-opsonised B.
thailandensis. RAW cells at 1x10® cells mL* in L-15 media were infected with the
opsonised or non-opsonised bacteria at an MOI of 5, and incubated for 1 hour at
37°C. Following incubation the cell culture media was removed, and immediately
replaced with L-15 media containing 1mg mL! kanamycin maintenance antibiotic.
Additionally, ciprofloxacin was added to the cell culture media at concentrations
ranging from 0.1 yg mL* to 5 yg mL*, and the RAW cells incubated for 4 and 24
hours at 37°C. RAW cells were lysed by replacing DMEM culture media with distilled
water, until cell lysis occurred (checked by light microscopy). Upon cell lysis the
bacteria were enumerated by serial dilution and culture on L-agar. Agar plates were
incubated for a minimum of 24 hours at 37°C until colonies could be accurately

counted.
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Figure 50. The effect of ciprofloxacin and mAb 3VIES on bacterial CFU.

A range of ciprofloxacin concentrations were assessed in a RAW cell infection assay,
for ability to kill mAb 3VIE5 opsonised and non-opsonised B. thailandensis. The B.
thailandensis E555 bacteria were opsonised with 1 uyg mL* of 3VIE5 for 30 minutes
at 37°C, prior to RAW cell infection. The no mAb control consisted of non-opsonised
B. thailandensis E555. RAW cells were infected with the opsonised or non-opsonised
bacteria at an MOI of 5, and incubated for 1 hour at 37°C. Following incubation the
cell culture media was removed, and immediately replaced with L-15 media
containing 1mg mL? kanamycin maintenance antibiotic and ciprofloxacin ranging
from 0.1 yg mL? to 5 yg mL*. Following incubation at 37°C for 4 or 24 hours,
intracellular bacterial CFU were enumerated by serial dilution and culture on L-agar.
Data points are the mean of all technical replicates (n=4) derived from two separate

biological experiments. Error bars represent SD of all technical replicates.
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Table 2. Three way ANOVA statistical analysis of ciprofloxacin and mAb 3VIE5
combination CFU data.

3 way ANOVA % of total variation| P value

Cipro concentration 58.42 <0.0001 Fkkk
mAD or no mAb 2.883 0.0002 ok
Time 4 vs 24 2171 0.0022 o
Cipro concentration x mAb or no mAb 0.3488 0.0003 ok
Cipro concentration x Time 4 vs 24 34.37 <0.0001 ko
mAD or no mAb x Time 4 vs 24 1.173 <0.0001 ko
Cipro concentration x mAb or no mAb x Time 4 vs 24 0.07091 0.1085 ns

A 3 way ANOVA was performed using GraphPad Prism comparing each variable in
the CFU infection assay. Variables were ciprofloxacin concentration, presence or

absence of mAb 3VIES5, and time (post-infection).

The RAW cell infection assay was used to determine the effect of mAb 3VIE5
together with ciprofloxacin, on intracellular CFU. The data shows that the major
determining factors on intracellular bacterial CFU, are the ciprofloxacin concentration
and the ciprofloxacin concentration over time. The effect of mAb 3VIE5 on CFU is
significant, although no reduction of bacterial CFU is observed. The significance is
due to an increase in CFU by mAb 3VIES opsonising the bacteria, at 4 hours post-
infection the opsonisation effect of mAb 3VIE5 is most apparent. Therefore, mAb
3VIES5 does not affect the concentration of ciprofloxacin at which there is bacterial
killing. This is most apparent at 24 hours post-infection (Figure 50), both mAb 3VIE5S
and the no antibody control, demonstrate bacterial CFU clearance at 1ug mL? of

ciprofloxacin.

In this in vitro cell infection assay, there is no apparent bacterial killing advantage of
a ciprofloxacin and mAb 3VIE5 non-conjugated combination therapy. This data
provides a starting point to determine the beneficial effect of conjugating mAb 3VIES
to ciprofloxacin as an AAC. It has also been determined that in the RAW cell infection

assay, 1 uyg mL* of ciprofloxacin is bactericidal at 24 hours of incubation.
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6.3.2 Amine to amine conjugation to create a cathepsin cleavable AAC.

The mAb 3VIES was conjugated to ciprofloxacin via a cathepsin cleavable linker, this
was achieved by an amine to amine conjugation method developed by Global Access
Diagnostics (Figure 51) (2.8. Generation of AAC products by Global Access
Diagnostics.. The amine group on the AAC linker is initially protected using a Boc
(tert-butyloxycarbonyl) group, this Boc group protects the linker anime during
ciprofloxacin conjugation to the linker. Protection of the amine group is essential, this
ensures that the amine is available for later conjugation to the mAb 3VIES5. This Boc
group is subsequently removed with TFA (trifluoroacetic acid) treatment, thus de-
protecting the amine group for conjugation. A lysine on the antibody displays a
maleimide group via treatment with SMCC (succinimidyl 4-(N-maleimidomethyl)
cyclohexane-1-carboxylate), the linker amine is treated with traut’'s reagent (2-
Iminothiolane) to display a thiol group, allowing conjugation to the maleimide group
of the antibody. The end result is a proof of principle mAb 3VIE5 - ciprofloxacin AAC,
a heterogeneous product with an average DAR of 2. Samples of AAC were prepared
by Global Access Diagnostics and sent to Dstl for in vitro analysis.
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Figure 51. Generation of a cathepsin cleavable AAC by amine to amine
conjugation.

An overview of the amine based conjugation method for development of an AAC,
mAb 3VIES5 was conjugated to ciprofloxacin via a cathepsin cleavable linker. A MC-
val-cit-PAB-OH linker undergoes a reaction with a Boc (tert-butyloxycarbonyl)-
amino-thiol, this provides an amine group to conjugate to an amine on the mAb
lysine. The Boc group protects the amine during ciprofloxacin conjugation to the
linker, this Boc group is later removed by TFA (trifluoroacetic acid) so that the reactive
amine is available for mAb conjugation. Structures provided by Global Access

Diagnostics.
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The ciprofloxacin AAC (generated by Global Access Diagnostics) was labelled with
FITC (fluorescein isothiocyanate), the AAC was added to red fluorescent protein
(RFP) expressing B. thailandensis to visualise binding of the AAC to the bacterial
CPS. An overnight culture of B. thailandensis E555 RFP in L-broth was diluted to an
OD of 0.172, which equates to a concentration of 1x10®8 CFU mL™t. The FITC labelled
AAC was added to the bacteria at a concentration of 10 ug mL™, this high
concentration was selected to ensure that the fluorescence will be visible on the
confocal microscope. The AAC and B. thailandensis were incubated for 30 minutes
at 37°C prior to imaging. Confocal microscopy was used to visualise fluorescence
from the FITC (excitation peak of 490 and emission peak of 525) using a 488nm
excitation laser, and RFP using a 543nm excitation laser (excitation peak of 555 and

emission peak of 584). Images were taken using x63 magnification.
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Figure 52. Confocal imaging of ciprofloxacin AAC labelled with FITC.

Confocal microscopy was used to visualise FITC labelled AAC binding to B.
thailandensis. The FITC labelled AAC was added at 10ug mL™1, to a B. thailandensis
E555 RFP culture of 1x10® CFU mL™. Images were taken after 30 minutes of
incubation at 37°C. Split confocal images were generated of RFP expressing B.
thailandensis and FITC labelled AAC. FITC (excitation peak of 490 and emission
peak of 525) fluorescence was imaged using a 488nm excitation laser, and RFP
fluorescence using a 543nm excitation laser (excitation peak of 555 and emission
peak of 584). Images were taken using x63 magnification. A — RFP expressing strain
of B. thailandensis E555, B — FITC labelled AAC, C — light image of bacteria and
AAC. D — A magnified example of AAC bound to B. thailandensis. Scale bar

represents 5 pm.
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The aim of this experiment was to visualise the binding of the FITC labelled AAC to
the B. thailandensis bacteria. It is expected that the AAC is binding to the capsule
surrounding the B. thailandensis. It was observed that the fluorescent AAC binds as
a halo around the bacteria (Figure 52), this image provided reassurance that the AAC
is binding to the CPS of the bacteria, prior to assessment of the AAC in RAW cell
infection assays. The binding of the FITC labelled AAC to B. thailandensis has not
been quantified in this experiment, generation of further fluorescent AAC molecules
are required. Additional studies with fluorescent AAC molecules are required to
guantify AAC binding to the capsule of B. thailandensis, by analysing fluorescence
intensity of the bound FITC labelled AAC molecule. This experiment confirmed that
the AAC can be successfully labelled with FITC, this will inform future experiments

for tracking the intracellular location of the AAC by confocal microscopy.

Table 3. Details of AAC batches.

Reference Concentration | DAR Date of
mg.mL production
WR1365 1.13 2 09/01/20
WR1382 1 2.7 19/02/20
WR1498 2.82 2 15/07/20
WR1568 2 2 10/11/20
WR1691 15 2.9 01/12/21

Details of amine conjugated AAC, each reference is an AAC batch generated by

Global Access Diagnostics. DAR — drug antibody ratio.

6.3.2 In vitro MIC and MBC testing of ciprofloxacin AAC.

The MIC of the AAC for B. thailandensis was assessed in vitro. The aim of the MIC
and MBC experiments was to determine the activity of intact and cleaved AAC
compared to controls (ciprofloxacin and mAb 3VIES). The activity of the AAC was
determined by inhibition of replication (2.6.7. Minimum inhibitory concentration
(MIC).) and Kkilling (2.6.8. Minimum bactericidal concentration (MBC).) of B.
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thailandensis E555. The MIC of the AAC was compared to a ciprofloxacin control

and a mAb 3VIES5 control, at a range of concentrations.

An overnight Luria broth culture of B. thailandensis E555 was diluted to an
approximate concentration of 1x10® bacteria mL%, using a bacterial OD reading of
0.172 ODsoonm. The bacterial suspension was further diluted to 1x10® cfu mL* with
dilutions into Luria broth. A 96 well culture plate (Corning™ Costar™) was prepared
with dilutions of AAC, ciprofloxacin and mAb 3VIE5 within a 100uL volume of Luria
broth per well. AAC was previously cleaved with 10 units of cathepsin B in cathepsin
assay buffer (100mM sodium acetate buffer (Sigma), 2mM DTT (Sigma), 1mM EDTA
(Sigma), pH 5), once diluted the maximum concentration of cathepsin B in the MIC
assay was equivalent to 1.25 units. To each well, 100puL of the 1x10° cfu mL bacterial
suspension was added, therefore the total volume was 200 pL per well. Control wells
consisted of positive bacterial culture and negative controls consisted of 200 pL of L-
broth. Plates were placed within a static incubator for 24 hours at 37°C. The MIC was
calculated by a visual examination of the 96 well plate to determine wells with no
bacterial replication, as stated in the Clinical and Laboratory Standards Institute
(CLSI) guidelines (245). To determine the MBC, 100ul aliquots were taken from wells
of the MIC assay with no visible bacterial replication. The aliquots were plated onto
Luria agar and incubated at 37°C for a minimum of 24 hours. A concentration of the
AAC, ciprofloxacin and mAb 3VIE5 that killed 99.9% of the bacterial inoculum was

considered the MBC value.
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Table 4. Amine conjugated AAC MIC and MBC data.

WR138 WR14981 WR1568 WR1691
2
MIC MIC MBC MIC MBC MIC MBC

(Mg mL) | (Mg (Mg (Mg (Mg (Vs (Mg
mL) mL) mL) mL) mL) mL)

Intact AAC Nd >250 | 350 Nd Nd Nd Nd Nd
>350 |>250 |[>250 |>187.5|>187.5
Cleaved AAC | 62.5 87.5 350 62.5 250 46.8 Nd
>187.5
Ciprofloxaci | 0.3 0.6 2.5 0.3 2.5 0.15 2.4
n
Antibody 250 Nd Nd Nd Nd Nd Nd

>350 |>350 |[>250 |>250 |>187.5|>187.5
Amine conjugated AAC batches (WR1382, WR14981, WR1568 and WR1691) were
analysed for ability to inhibit replication and kill B. thailandensis E555. The AAC was

tested intact or with prior cleavage by cathepsin B. MIC was determined by eye as
the dilution with no visible bacterial replication after 24 hours incubation at 37°C.
MBC (minimum bactericidal concentration) was determined by plating a bacterial
culture onto L-agar, the MBC is the concentration that resulted in no visible bacterial
replication on L-agar after 24 hours incubation at 37°C. Nd — not detected, MIC and

MBC are greater than the maximum concentration tested.

The MIC was calculated by a visual examination of the 96 well plate to determine
which wells visually had no replication, as stated in the CLSI guidelines (245). A
modification to the CLSI guideline was that Luria broth was used as the bacterial
culture media during all MIC assays, this was for consistency in bacterial culture

methods across all experiments.

The MIC and MBC data shows that the un-cleaved AAC does not inhibit replication
of B. thailandensis. Once cathepsin cleaved, the AAC is then able to inhibit
replication of bacteria in the MIC and MBC assay. This to be expected, since the
ciprofloxacin attached to the antibody has not undergone cleavage from the
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cathepsin B cleavable linker. This is a desirable characteristic of the AAC, by limiting
off target effects of the antibiotic, potentially allowing lower concentrations of

antibiotic to be used as a targeted therapy.

To compare ciprofloxacin control and cleaved AAC, it was calculated that Img mL*
of AAC (DAR of 2) is approximately 4.4 ug mL* of ciprofloxacin, based on molecular
weight of antibody being 150,000 kDa and ciprofloxacin of 331 kDa. This equates to
0.44% ciprofloxacin, which correlates with the MIC data between the ciprofloxacin
control and AAC cleaved. For example, in Table 4 the cleaved AAC MIC is 62.5 ug
which contains 0.275 pug (0.44%) ciprofloxacin, this compares to the ciprofloxacin
control MIC of 0.3 pg. This demonstrates that the AAC has undergone full cleavage
by cathepsin B in the MIC assay, releasing active ciprofloxacin to inhibit bacterial

replication.

6.3.3 In vitro AAC RAW macrophage-like cell infection assay.

The aim of this experiment was to assess the AAC in a RAW cell infection assay, to
determine the Kkilling ability of the AAC against B. thailandensis E555 in vitro. An
additional aim was to investigate differences in bacterial killing when the AAC is
added pre or post-infection of RAW cells (2.2.4. Antibody-antibiotic conjugate

infection assay.).
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Figure 53. Testing of the AAC in a RAW cell infection assay.

A RAW 264.7 cell infection assay was used to assess the AAC for ability to kill
intracellular B. thailandensis. An overnight culture of B. thailandensis E555 (RFP
strain for imaging flow cytometry) was diluted to 1x10®8 CFU mL* (ODeoo of 0.172) in
L-15 culture media (Gibco), the bacteria culture was further diluted to 1x10’ CFU mL-
1, In opsonisation experiments the bacteria were opsonised with 3VIE5 or AAC for
30 minutes at 37°C, prior to RAW cell infection. The control infection consisted of
non-opsonised B. thailandensis. RAW cells at 1x10° cells mL?in L-15 media (Gibco)
were infected with the opsonised or non-opsonised bacteria at an MOI of 5, and
incubated for 1 hour at 37°C. Following incubation the cell culture media was
removed, and immediately replaced with L-15 media containing 1mg mL-! kanamycin
maintenance antibiotic. At this point the AAC and ciprofloxacin were added to the

RAW cells in the post-infection AAC experiments. The RAW cells incubated for up to
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24 hours at 37°C. RAW cells were lysed by replacing the cell culture media with
distilled water, until cell lysis occurred (checked by light microscopy). Upon cell lysis
the bacteria were enumerated by serial dilution and culture on L-agar. Agar plates
were incubated for a minimum of 24 hours at 37°C until colonies could be accurately

counted.

Alternatively, B. thailandensis E555 RFP infected cells to be analysed by imaging
flow cytometry were harvested intact into 4% paraformaldehyde (Alfa Aesar). RAW
cells were harvested into 4% paraformaldehyde by pipetting up and down. Imaging
flow cytometry was performed on the Amnis® ImageStream® X Mark II. The gating
template previously described for RFP and mAb opsonisation experiments was
applied to the imaging flow cytometry analysis of AAC experiments. All lasers used
were set to full power (200 mW for 561nm laser), and x60 objective was used
throughout. RFP excitation (peak of 555nm) was achieved with the 561nm laser and
fluorescence emission (peak of 584nm) detected with channel 4. Additional bright
field imagery of the RAW cell was applied throughout with channel 1. RAW cells were
gated according to being in focus, single cells and containing bacterial GFP

fluorescence.

Stars on the AAC represent ciprofloxacin antibiotic, with a DAR of 2.

241



ek ke

B xwxx dedede e

Bl Control infection

25 P . I Bl 3VIE5 0.1ug
8 44 Bl 3VIE5 1ug
34 @8 AAC 0.1ug
; - 3 AAC 1ug
o Bl Cipro 0.1ng

17 B Cipro 1ug

0_ I — —

1 4 24
Time (hrs)

*kkk

6_ Fkk
*%
__Ll
5_
(=]
= " .
S 4+
-
- 3-
E
82_ r
(&
1_
0- T
c OO D) DO D D D D DD
0 4 = 3 % 3 3 37 3 3=
- T 0O O T OO0 O v T O
um\-lnox—lnc‘o\—
W wvw w = 0
Ed g3 ez
- o > > <<.E-U-G
o [ ] o
=
c
=]
&)

Figure 54. Assessing bacterial killing by the AAC in a RAW cell infection assay.

A RAW cell infection assay was used to assess the ability of the AAC to Kkill
intracellular B. thailandensis. RAW cells were infected with AAC or mAb 3VIES
opsonised B. thailandensis E555 at a MOI of 5. Ciprofloxacin was added to the RAW
cells post-infection in the kanamycin maintenance media, AAC was also added to
the kanamycin maintenance media in post-infection experiments. AAC and
ciprofloxacin killing of B. thailandensis E555 was assessed by RAW cell lysis and

CFU enumeration on L-agar between 1 and 24 hours post-infection. A. AAC (Ref -
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WR1365 DAR 2) and mAb 3VIE5 were both added pre-infection at 0.1 and 1 pug mL"
1, Ciprofloxacin control was added post-infection at 0.1 and 1 ug mL1. Each data
point is the average of two technical replicates from a single experiment (Due to
limited AAC product). All concentrations stated are in 1mL of volume. Error bars
represent SD. **** P <0.0001, *** P 0.0001. Two way ANOVA Dunnett's multiple
comparisons test. B. AAC (Ref — WR1365 DAR 2) and mAb 3VIE5 were both added
pre-infection and post-infection, intracellular bacteria were enumerated after a 24
hour incubation. Each data point is the average of two technical replicates from a
single experiment (Due to limited AAC product). All concentrations stated are in 1mL
of volume. Error bars represent SD. **** P <0.0001, *** P 0.0004, ** P 0.0013. One

way ANOVA Dunnett's multiple comparisons test.

The one hour time point (Figure 54 A) demonstrates the opsonisation ability of the
AAC compared to mAb 3VIE5, both mAb 3VIE5S and AAC increase CFU compared
to the control infection. This clearly shows that the AAC is able to opsonise B.
thailandensis, at a similar level as unconjugated mAb 3VIES. This result is promising
since the action of the AAC relies upon the antibody being functional and opsonising
the bacteria, interacting with FcyR’s to increase uptake of bacteria coated with AAC.
The ciprofloxacin conjugated to the mAb 3VIES (at DAR of 2) is not adversely

effecting this important function.

This assay was continued for 4 and 24 hours post-infection, to determine any anti-
bacterial effects of the AAC (Figure 54 A). At 4 hours post-infection, there is no
significant reduction in CFU for the AAC opsonised bacteria, compared to the mAb
opsonised bacteria. Ciprofloxacin did not reduce CFU at 4 hours post-infection,
ciprofloxacin was added after mAb 3VIES opsonisation, but did not kill bacteria at this
time point. The ciprofloxacin was added post-infection, and therefore there is a delay
while the ciprofloxacin enters the cells, and increases to a level required for
intracellular killing of B. thailandensis. In this assay, the AAC and mAb were not
added post-infection, and therefore any effects are purely from the initial opsonised
B. thailandensis. At 24 hours post-infection, the anti-bacterial effect of ciprofloxacin

can be observed with 1ug of ciprofloxacin clearing bacterial CFU. Interestingly there
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is no reduction in CFU with the AAC at 0.1 and 1 pg. Although the AAC was
opsonising, there is no killing effect observed in this assay.

The AAC was investigated to determine if there is a reduction in bacterial CFU when
the AAC is added both pre and post-infection, and incubated for 24 hours (Figure 54
B). By adding post-infection, in the same method as with the ciprofloxacin control,
this will give a greater chance for the AAC to be taken up into the RAW macrophage-
like cells. The AAC and mAb concentrations were also increased, to a level that was
possible with the quantity of available AAC product supplied from Global Access
Diagnostics. The ciprofloxacin controls significantly reduced the CFU, at
concentrations below 1ug mLt. The AAC did not reduce the bacterial CFU compared
to the control infection, although the CFU was not significantly higher than the control

infection.
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Figure 55. Assessing AAC bacterial killing by Imaging flow cytometry.

A RAW cell infection assay was used to assess the ability of the AAC to Kkill
intracellular B. thailandensis. AAC killing of bacteria was assessed by imaging flow
cytometry of intracellular B. thailandensis RFP (red fluorescent protein). Imaging flow
cytometry was performed on the Amnis® ImageStream® X Mark Il. The gating
template previously described for RFP and mAb opsonisation experiments was
applied to the imaging flow cytometry analysis of AAC experiments. All lasers used
were set to full power (200 mW for 561nm laser), and x60 objective was used
throughout. RFP excitation (peak of 555nm) was achieved with the 561nm laser and
fluorescence emission (peak of 584nm) detected with channel 4. AAC (WR1568 DAR
2) was added to a RAW cell infection assay at 1 and 10ug mL™, both pre-infection
and post-infection. A minimum of 7800 cells were assessed per sample. Data
consists of the mean of technical replicates (n=4) derived from two biological
experiments. *** P <0.0001, ** P 0.0089, * P 0.0465 Two Way ANOVA Sidak's
multiple comparisons test to control infection. Error bars represent SD of all technical

replicates.

Imaging flow cytometry confirms that the AAC is opsonising, as seen by a significant

increase in the percentage of cells infected in the pre-infection groups, compared to
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the control infection (Figure 55). AAC added post-infection did significantly increase
the percentage of cells infected at 2 hours, displaying some opsonisation effect on
the bacteria. No significant killing effect was seen with the AAC at 24 hours in this
assay. The ciprofloxacin control did significantly reduce the percentage of cells
infected at 24 hours.
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Figure 56. Testing increased concentrations of AAC pre and post-infection by
CFU analysis.

A RAW cell infection assay was used to assess the ability of the AAC to Kkill
intracellular B. thailandensis E555. RAW cells were infected with AAC or mAb 3VIES
opsonised B. thailandensis E555 at a MOI of 5. Ciprofloxacin was added to the RAW
cells post-infection in the kanamycin maintenance media, AAC was also added to
the kanamycin maintenance media in post-infection experiments. AAC and
ciprofloxacin killing of B. thailandensis E555 was assessed by RAW cell lysis and
CFU enumeration on L-agar between 1 and 24 hours post-infection. Control infection
consists of non-opsonised B. thailandensis infection of RAW cells. A - AAC
opsonised B. thailandensis pre-infection (AAC ref - WR1568 DAR 2), B - AAC added
post-infection (AAC WR1568 DAR 2). C - AAC opsonised B. thailandensis pre-
infection (AAC WR1691 DAR 2.9), D - AAC added post-infection (AAC WR1691 DAR
2.9). Each data point is the mean of technical replicates (n=3) with each graph
representing a biological experiment. Biological experiments were repeated with
separate batches of AAC (Due to availability of product for each AAC batch). Error
bars represent SD. **** P <0.0001, *** P 0.0005, * P 0.01 (B) * P 0.02 (D), Two Way

ANOVA Dunnett's multiple comparisons test.
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Concentrations of AAC were increased further, to determine killing ability pre and
post-infection by CFU analysis (Figure 56). The AAC is opsonising the bacteria when
added pre-infection, this is seen as a significant increase in CFU at 2 hours (Figure
56 A and C). At 24 hours, there is a significant reduction in bacterial CFU for AAC
treated cells, when compared to the control infection and mAb 3VIES control. The
reduction in bacterial CFU is enhanced when the AAC is added to the cells as a post-
infection therapy (Figure 56 B and D). Especially from 100 pg mL* of AAC, where a
significant bacterial killing effect at 24 hours post-infection is observed. The high
concentration of mAb 3VIE5 also significantly reduced bacterial CFU, when
compared to the infection control at 24 hours post-infection (Figure 56 B and D),
although the AAC reduced the bacterial CFU to a greater extent. The ciprofloxacin
control significantly reduced bacterial CFU at 24 hours post-infection, with complete

clearance seen at a concentration of 1 pg mL™2.

6.4 Pharmacokinetics of mAb 3VIE5.

The pharmacokinetic (PK) properties are important to understand when designing a
therapeutic mAb. The aim of this initial PK experiment is to determine how the mAb
3VIE5 behaves in a murine system. This data will inform future studies, such as B.
pseudomallei protection studies, and PK studies involving mAb 3VIES as part of an

antibody-antibiotic conjugate (AAC) in mice.

6.4.1 ELISA development.

The aim of this experiment was to design an ELISA to detect mAb 3VIES5, with the
ultimate aim to detect mAb 3VIE5 in sera samples from an in vivo PK study. An ELISA
was developed by testing a range of heat killed B. thailandensis E555 concentrations
bound to a 96 well ELISA plate (2.9.1 ELISA.). An overnight culture of B.
thailandensis E555 was enumerated and heat inactivated (80°C for 4 hours), for use
in this ELISA. MAb 3VIE5 was diluted across the plate, in order to determine the
lower limit of quantification (LLOQ) of the ELISA. The LLOQ data for mAb 3VIE5
binding to 1x107 cfu ml* of B. thailandensis E555 was used as a calculation for the
concentration of mADb to deliver to mice, for a mAb 3VIE5 PK study. Murine control
sera (Sigma) was used as a control, to determine the dilution required to eliminate
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any background sera cross reactivity to B. thailandensis E555. It was established
that a dilution of 1:9 or greater, was required to eliminate sera cross reactivity in this
ELISA.

ABTS

Goat anti-mouse
IgG (H+L) HRP

3VIES

| B. thailandensis E555 (heat killed)

96 well Immulon 2 HB

Figure 57. ELISA detection of mAb 3VIES5 in sera.

The detection of mAb 3VIE5 in sera was achieved by designing an immobilised
antigen ELISA. B. thailandensis E555 was heat killed for use as the immobilised
antigen in the ELISA. ELISA microtitre plates (96 well Immulon 2 HB) were coated
with heat inactivated B. thailandensis E555 at a range of concentrations (1x10°to 1x10®
cfu mL1) in 100 puL of 0.05M carbonate-bicarbonate buffer pH 9.6 (Sigma). Plates
were blocked with 200uL of casein blocking buffer (Sigma) prior to addition of mAb
3VIES5 or sera containing mAb 3VIES5. A secondary goat anti-mouse HRP antibody
was used at a 1 in 3000 dilution to detect mAb 3VIE5 bound to the immobilised
antigen. A plate reader (Multiskan FC, Thermo) at 414nm was used to measure the
absorption values following the additon of ABTS ((2,2-azino-di-(3-
ethylbenzthiazoline sulfonic acid)) to the ELISA.

Calibration curves in plasma used 11 points between 170 pg mL* and 10 pg mL™%,
the LLOQ of the ELISA (mean background + 10SD) was calculated as 15.8 ng mi.
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Figure 58. MAb 3VIES ELISA LLOQ.

A dilution of mAb 3VIE5 in the ELISA was used to generate a curve, to enable
interpolation of murine sera samples of mAb 3VIES for PK analysis. The ELISA LLOQ
was calculated as the mean background + 10SD (15.8 ng mL™). The generated curve
has been corrected for the ELISA LLOQ, and the 95% confidence interval is
highlighted in grey. Replicates were performed in triplicate and are displayed as

individual points on the graph.
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6.4.2 Pharmacokinetic analysis of mAb 3VIE5 in BALB/c mice.

The aim of this murine in vivo study was to investigate the PK properties of mAb
3VIE5. A group of 15 BALB/c mice (weight of 19 = 0.97 g (mean * standard
deviation)) were injected with mAb 3VIE5 (2.9.2. Pharmacokinetics of mAbs in vivo.),
at 5 mg kgt in a 50uL volume by IV injection (performed by Dstl experimental animal
house staff). At the specified time points, 3 mice were removed for terminal
anaesthesia and cardiac puncture (performed by Dstl experimental animal house
staff). Time points for cardiac bleeds were 1, 4, 12, 15 and 18 days post mAb
injection. The mAb 3VIE5 dosage and study plan time points were chosen based on
ELISA LLOQ data and PK estimations (appendix A.6.2), based on an antibody half-
life of 120 hours (353) and volume of 72 mL kg (354).

Table 5. PK experimental study plan.

Day Procedure

0 15 BALB/c mice dosed IV with 5 mg kg
' mAb 3VIE5
3 BALB/c TA and CP

4 3 BALB/c TA and CP

12 3 BALB/c TA and CP

15 3 BALB/c TA and CP

18 3 BALB/c TA and CP

A group of 15 BALB/c mice received an IV dose of mAb 3VIES5. At between 1 and 18
days a group of 3 mice were culled, and cardiac punctures performed to provide sera
for detection of mAb 3VIES by ELISA. IV — Intravenous, TA — Terminal anaesthesia,

CP — Cardiac puncture
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Table 6. Descriptive statistics of mAb 3VIES plasma concentrations.

Time N | Mean Minimum | Median Maximum | Geometric mean
(hours) (ugmL?Y) | (ugmLY) | (ugmL?) | (ug mL?) | (Mg mL™)

24 3 146.1 31 40.4 67 43.8

96 31358 26.7 35.7 449 34.9

192 3|7 5.3 5.9 9.9 6.7

360 3128 19 2.9 3.4 2.7

432 3|17 15 1.7 2 1.7

Concentrations of mAb 3VIE5 measured in BALB/c mouse plasma following

intravenous administration of mAb 3VIES. Triplicate groups of mice were culled at

each time point and the blood sera harvested from each mouse. Concentrations of

mAb 3VIE5 in the murine sera were determined by the B. thailandensis E555

immobilised antigen ELISA previously described.
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Figure 59. Pharmacokinetic analysis of mAb 3VIES5 in BALB/c mice.

The concentrations of mAb 3VIE5 in murine sera at specific time points were
determined by ELISA. Data are plotted as both a line graph with logn of 3VIES
concentrations (A) and a curve of 3VIE5 concentrations (B). The PK parameters of

mAb 3VIES5 calculated from the figure parameters.
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Table 7. Pharmacokinetic analysis of mAb 3VIE5 mAb in BALB/c mice.

PK parameter

Dose 5 mg kgt mAb 3VIE5
Co 54.1 ug mL?

\Y 92.4 mL kg?

T 83.5h

AUC 5987 ug hr mL?

C 0.83 mL hr kg?

A summary of the details of the pharmacokinetic analysis of mAb 3VIE5. CO —
maximum concentration of mAb, V — Volume of distribution, T% - Half-life of mAb,

AUC — Area under curve, C — clearance of mAb

The standard curve, generated from the mAb 3VIES5 ELISA, was used to interpolate
sera sample concentrations of mAb 3VIES at each sample time point. From this data,

the pharmacokinetic properties of mAb 3VIES were determined.

The PK properties of mAb 3VIE5 were calculated based on the equation ¢=C0.e™,
where c is concentration of the mAb 3VIES. Using this equation the concentration of
mADb 3VIES5 at any time point in the murine sera can be calculated. The value for CO
(Y intercept) (Figure 59) was determined to be 54.1 pg mL? (logn 3.991), k is the
slope of the line 0.0083 1/h (Figure 59), and t represents time (hours).

The volume (V) that the mAb 3VIES is dosed into is determined by the equation V =
dose (5000 pg kg?) / CO. This calculated to a volume of 92.4 mL kg for the BALB/c

mouse in this experiment.

The half-life (T, ) of mAb 3VIE5 was calculated using the equation TV, = Ln (2) /

k, which calculated as 83.5 hours.

Clearance (C) of the mAb 3VIES5 was calculated based on the equation C = dose /
area under curve (5987 ug hr mL?) (Figure 59), which calculates to a mAb 3VIE5

clearance of 0.83 mL hr kg™.
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This study data has successfully determined the pharmacokinetics of mAb 3VIES5 in
BALB/c mice. It has been calculated that mAb 3VIE5 has a half-life of 3.5 days (83.5

hours) and a clearance rate of 0.83 mL hr kg2.

6.5. Discussion.
In this chapter, a proof of principle AAC has been generated and tested against B.

thailandensis in vitro.

Cathepsin cleavage of the AAC MC-Val-Cit-PAB linker, releases antibiotic with a stub
attached. This stub is part of the linker remaining with the antibiotic post cleavage.
An initial concern was that this stub would impact the efficacy of ciprofloxacin and
finafloxacin in an AAC. Global Access Diagnostics created antibiotic-stub molecules
to represent the antibiotics post AAC cathepsin cleavage. These antibiotic stubs were
analysed by bacterial replication curve experiments, to determine any impacts on
efficacy compared to native antibiotics. The result of the antibiotic MIC experiments
was that the stub did not have an impact on the efficacy of ciprofloxacin. It is likely
that solubility issues with the finafloxacin stub samples resulted in the higher MIC.
Although still functional, the finafloxacin stub MIC was not at the same level as the

control.

Once it was established that the antibiotic stub was active, the next step was to
determine if the antibiotic bound to the MC-Val-Cit-PAB linker can be released by
cathepsin B cleavage. Cathepsin B from bovine spleen was selected, based on a
previous AAC publication using this method to cleave cathepsin cleavable linkers
(165). Linker and antibiotic preparations initially showed no difference in activity
between intact and cathepsin cleaved samples. It was expected that cathepsin
cleavage of the linker would release the antibiotic in an active form. In the linker
finafloxacin samples, there was no evidence of finafloxacin antibacterial activity in
cathepsin cleaved samples. The ciprofloxacin preparations did show some activity,
but no differences could be determined between intact and cleaved samples. For this
reason, together with solubility issues with finafloxacin preparations, it was decided

to focus on development of a ciprofloxacin AAC in this project. The activity of
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cathepsin B from bovine spleen was assessed with a colorimetric Z-RR-pNA
substrate. This experiment confirmed that the cathepsin B was active in vitro,
therefore enzymatically functional and able to cleave an intact AAC molecule with a
MC-Val-Cit-PAB linker.

Cathepsin B is a 30 kDa bilobal protein, an endopeptidase and protease responsible
for protein degradation within lysosomes (355). There are various classes of the
cathepsin proteases in the human body, and present in the majority of tissues. High
levels of cathepsin enzymes are expressed in macrophages (356), the RAW 264.7
macrophage-like cell possess a variety of cathepsin enzymes for cleavage of Val-Cit
linkers (357). Although the AAC generated in this project is cathepsin B cleavable,
there are likely to be other cathepsin proteases present in lysosomes that can
contribute to cleavage of the Val-Cit linker. In a study by Caculitan et al, cathepsin B
knockout cells were used to demonstrate that other cathepsin enzymes (K, L and S)
can compensate for the loss of cathepsin B (357). Cathepsin S in particular was
shown to have a similar level of activity compared to cathepsin B in cleaving a Val-
Cit linker (357). The PAB spacer is an important part of the linker, this allows access
of cathepsin to the cleavage site (358), without the PAB spacer the cathepsin
cleavage site is not accessible and therefore the linker cannot be cleaved.
Cathepsins are not restricted to the low pH environment of the lysosome, it is now
known that cathepsin has diverse roles outside of the lysosome and is implicated in
a variety of diseases (359, 360). Extracellular cathepsin is mostly associated with
disease states, such as cancers and inflammation (360). Release of antibiotic at
extracellular sites of inflammation would reduce the AAC available for intracellular
delivery. Although, if the inflammation is at a site of infection, then release of antibiotic
at this site by the AAC would be beneficial.

In this chapter, mAb 3VIE5 has been successfully conjugated to ciprofloxacin, via a
cathepsin cleavable linker by an amine to amine conjugation method (Global Access
Diagnostics). A lysine on the antibody displays a maleimide group via treatment with
SMCC (succinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate), the linker
amine is treated with traut’s reagent (2-Iminothiolane) to display a thiol group,

allowing conjugation to the maleimide group of the antibody. The DAR varies
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between batches, this is due to the lysine conjugation method which results in the
AAC product being heterogeneous. The DAR varied between 2 and 3 based on mass

spectrometry data (Global Access Diagnostics).

Ideally an ADC should be a homogenous preparation, although this is not always
essential for a therapeutic. Brentuximab vedotin and adotrastuzumab emtansine are
both FDA approved heterogeneous ADC’s, generated by cysteine and lysine
conjugation methods respectively (163, 164, 361). Traditional heterogeneous ADC
conjugation techniques are achieved by conjugation to lysines and hinge cysteines
(362). Conjugation by reduction of hinge cysteines will produce a more homogenous
population of ADCs compared to lysines, this is due to the number of available
binding sites on the antibody producing a lower DAR (362). Conjugation to reduced
cysteines can yield a potential homogeneous DAR of 8 with full reduction, or a
heterogeneous DAR of between 0 and 8 with partial reduction (361, 363). In contrast,
conjugation to lysine residues can be to any of up to 40 different lysine sites, with a
typical heterogeneous DAR of between 0 and 8 (361, 363). The potential problem
with heterogeneous ADCs, is that each ADC will have individual PK and drug release
properties. To overcome this, antibodies can be engineered to contain cysteines
available for conjugation, resulting in a more homogenous approach. This was
achieved by the THIOMAB™ approach used by Genentech in the development of an
AAC for S. aureus (165). The resulting homogeneous ADC is well tolerated and

stable, with a long half-life in circulation (166).

Lehar et al (165) used dithiothreitol (DTT) treatment of the antibody to engineer
cysteines for conjugation via reduction of interchain disulfides, a typical IgG antibody
contains 8 interchain cysteines (338). When designing the AAC it is important to
consider DAR, as high incorporation ratios could interfere with antibody functionality,
and potentially adversely affect the PK of the ADC by reducing half-life in circulation
(361). In the Lehar et al study (165) an incorporation ratio of 1.9 was achieved, it is
thought that a ratio of 2 to 4 is optimum for an AAC (338). The choice of linker
chemistry is crucial and can have major effects on the antibody function, it is
important to protect the antibody Fab and Fc region, for antigen binding and Fc

receptor interactions.
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Technigues other than cysteine and lysine conjugation exist that can generate a
homogeneous ADC product. These include, site directed mutagenesis to incorporate
additional cysteine conjugation sites, glycol-conjugation, unnatural amino acid
incorporation, and the use of peptide tags (361-363). Not all ADC’s have protease
cleavable linkers, FDA approved adotrastuzumab emtansine functions via a non-
cleavable linker, requiring lysosomal degradation of the conjugate to release the
active drug (164, 361). In this project, a proof of concept AAC has been developed.
Future projects should investigate alternative linker chemistry and conjugation sites,

enhancing this initial proof of concept AAC for melioidosis.

The mAb 3VIES was incorporated into the proof of concept AAC. Antibody selection
is crucial for an ADC, the antibody should ideally be humanised to limit anti-species
reactivity in the host. It is also essential for the antibody to be specific for the bacterial
target, to limit off site effects in the host. There is potential to increase the half-life of
conjugated drugs, by selecting an antibody with favourable PK properties. Data from
a recently published S. aureus AAC (165), showed that binding antibiotic to the
antibody increased half-life of the antibiotic from 3-4 hours to 4 days (364). Therefore
the PK properties of ciprofloxacin are likely to be improved when conjugated to mAb
3VIES.

Initially, the AAC was tested in the RAW cell infection assay at lower concentrations
of 0.1 ug mL* and 1 pg mL™?, resulting in no bacterial killing by CFU analysis. The
concentrations were subsequently increased, and analysed by both CFU and
imaging flow cytometry. It was clear that the AAC opsonised the bacteria at all
concentrations tested, the AAC increased intracellular CFU and the percentage of
cells infected. Once the AAC was tested by CFU analysis at higher concentrations,
then bacterial killing was observed. This was especially evident when the AAC was
added post-infection, although some bacterial killing could be seen in pre-infection
groups at 24 hours. Greater concentrations of AAC are required to achieve killing,
due to the low concentration of ciprofloxacin per AAC molecule. Increasing the DAR
should therefore reduce the concentration of AAC required to observe bacterial killing
in vitro. The data in this research project is encouraging and demonstrates that the
AAC concept has potential for a melioidosis therapy. Although the in vitro data does
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not demonstrate killing to the same extent of the ciprofloxacin control, there are
advantages of the AAC approach. One such advantage is that in vivo the antibiotic
on the AAC will be targeted to the intracellular site of infection, this has the potential
to reduce the antibiotic required to treat the infection successfully. The AAC approach
also has the potential to accumulate antibiotic in the intracellular environment. The
higher the DAR of the AAC, the more antibiotic can be delivered to the site of
infection. The in vitro data generated here has demonstrated that the AAC can deliver
antibiotic to the intracellular environment, and kill intracellular B. thailandensis.
Further enhancements are required to the AAC, such as increasing antibiotic loading

to increase antibiotic delivery in vitro.

It is difficult to directly compare the actions of the ADC with the free ciprofloxacin
control. The ADC functions in a targeted method and contains a lower quantity of
ciprofloxacin antibiotic, approximately 0.44% (DAR of 2). The AAC in theory can
target the delivery of ciprofloxacin, and therefore a much lower concentration of
ciprofloxacin should show a killing response. Stimulating the RAW cells with IFN-y
could be a method to increase cathepsin activity within the cell, and then the anti-
bacterial effect of ADC may be observed at lower concentrations. The cathepsin
activity could be monitored with the use of fluorescent labels, with and without IFN-y
stimulation, to determine if the enzymatic activity is present to efficiently cleave the
ADC. To improve the efficacy of AAC’s at lower concentrations, the DAR of the AAC
can be increased to deliver a much higher payload of ciprofloxacin to the intracellular
environment. This is one of the major improvements that should be made to future
AAC development projects, although care must be taken not to adversely affect the

functionality of the antibody.

Analysis of the AAC in RAW cells represents an initial evaluation, prior to testing the
AAC in vivo. Differences in AAC efficacy may be observed when the AAC is
evaluated in future in vivo studies. Ideally, the AAC would be tested in primary
macrophage cells to better represent in vivo conditions. The Genentech S. aureus
AAC (DSTA4637A) showed good translation between efficacy in vitro and in vivo.
The AAC was tested in a variety of primary and cultured cell lines, the AAC

demonstrated potent killing of S. aureus in all cells tested (165). The S. aureus AAC
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displayed efficacy in vivo, with a single dose of AAC given 24 hours post-infection
more effective than an equivalent dose of antibiotic. The cleavability of the S. aureus
AAC was essential for efficacy both in vitro and in vivo, with a non-cleavable version
of the AAC exhibiting no efficacy (165).

When the AAC is tested in vivo, the AAC will come into contact with all the immune
cells and the associated cytokines, compared to in vitro where the AAC is tested on
a cultured layer of RAW macrophage-like cells. Neutrophils are the largest population
of immune cells present in human blood, these short lived cells are produced in the
bone marrow (365). Neutrophils are the predominant cells that are associated with
B. pseudomallei in murine lung infection studies (366). B. pseudomallei aerosol
challenge studies in vivo have shown that the neutrophil response is crucial to
survival, especially during the early stage B. pseudomallei infection (367).
Neutrophils play an important role in engulfing B. pseudomallei, and release of pro-
inflammatory cytokines (367). The immune cells cytokine response is crucial for
controlling infection, the role of IFN-y has been characterised and known to be
essential for control of B. pseudomallei infection, determining if the infection is acute
and lethal, or a chronic infection (368, 369). Stimulation of the J774 macrophage-like
cell line by IFN-y has shown to increase the cells ability to kill intracellular B.
pseudomallei (370), further demonstrating the importance of the IFN-y response in
control of infection. Neutrophil elastase, a protease secreted from neutrophils, has
shown to increase expression of cathepsin B in macrophages (371). IFN-y also
increases cathepsin B expression in macrophages (372). This activation by
neutrophils would be of benefit to the cleavage of the AAC within infected
macrophages, likely increasing the efficacy of the AAC in vivo. The AAC is likely to
opsonise and increase uptake into neutrophils, in addition to macrophages.
Neutrophils contain proteases, including cathepsin G (365), that possibly will cleave
the AAC releasing antibiotic to kill intracellular bacteria. Neutrophils also release
proteases, including cathepsin G (365), which could potentially cleave the AAC at
sites of inflammation, allowing extracellular antibiotic release at these sites of

infection.

Once the infection spreads to tissues, resident macrophages will engulf the AAC
coated B. pseudomallei, delivering antibiotic to the intracellular environment. This is

a benefit, reducing the latent infection in the long lived macrophage cells within
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tissues. There is a balance to be made between increasing uptake of bacteria into
cells and the bacterial killing. A certain level of antibiotic is required to kill the bacteria,
without this there is a risk an AAC could assist uptake of bacteria into the intracellular
environment and promote infection. This is a reason why DAR is important for an
AAC, since an AAC with a high DAR will deliver more antibiotic per antibody to the

intracellular environment.

We have determined the PK properties of the mAb 3VIES5, and this data will inform
future in vivo studies with this mAb. Although, a PK study of the full AAC is required
to know exactly how the AAC behaves in vivo. The antibody conjugate therapy for
melioidosis will likely follow a similar path as the S. aureus PK studies, with PK
studies with the full AAC in mice prior to larger animal studies. In this project, an initial
PK study has been completed with mAb 3VIES5 in BALB/c mice. Properties such as
half-life and clearance of 3VIE5 have been determined, the data shows that 3VIE5
has a half-life of 3.5 days (83.5 hours) in BLAB/c mice. A typical IgG2b monoclonal
antibody in mice has a half-life of approximately 5 days (120 hours) (353). IgG has
the potential for an elimination half-life of up to 21 days (169), depending upon
antibody isotype and target binding. As a comparison, an engineered antibody
recently incorporated into a S. aureus AAC therapeutic (165) displayed a half-life of
approximately 16 days and 5 days, for non-infected and infected mice respectively
(166). A clearance rate for 3VIE5 was determined to be 0.83 mL hr kg?. In
comparison the clearance rate for the S. aureus AAC antibody ranged from 5 to 15
ml day kg?, for non-infected and infected mice respectively (166). The data
generated here will inform future studies such as in vivo murine mAb protection
studies, to determine the therapeutic potential of the mAb given to mice infected with
B. pseudomallei. The PK data such as mAb clearance, will also be used to determine

the effects of antibiotic conjugation on the mAb.

The classic PK properties of an IgG mAb following administration include an initial
rapid distribution phase, followed by long slow elimination phase over weeks (168).
Binding of mAb to the neonatal receptor (FcRn) is beneficial in terms of mAb
recycling, resulting in the characteristic long half-life of mAbs in PK studies. The FcRn

can protect two thirds of the mAb taken up into acidic endosomes in the cell, by
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binding mADb at low pH and releasing mAb extracellularly when the pH raises back to
physiological levels (169, 170). The distribution of mAbs is generally restricted to the
blood, with a typical 5-15% distribution to tissues (168). Clearance of mAb from the
blood is generally by cell uptake and proteolytic degradation, although in some cases
anti-therapeutic antibodies can target the mAb depending upon the mAb
characteristics such as species (168). It has been suggested that a homogeneous
low antibiotic coupling ratio should not have a negative effect on the PK of the mAb
(349). High DAR of an AAC could have negative effects on the PK of the AAC, high
antibiotic loading could lead to immune stimulation, resulting in toxicity and higher
clearance rates (373). Differences in linker chemistry and DAR could affect the PK
of the mAb 3VIES5, and therefore the AAC therapy, further PK studies are essential

once a finalised heterogeneous AAC product has been generated.

Here we have shown that there is potential in the development of an AAC for
melioidosis. A ciprofloxacin AAC has been developed, in collaboration with Global
Access Diagnostics. The AAC has demonstrated efficacy against B. thailandensis in
vitro, in both cell infection assays and bacterial MIC assays. The 3VIE5 mAb has
been well characterised in this project, and specific PK parameters of the mAb
determined. There is scope to engineer and enhance the antibody in future projects,
building upon the initial proof of concept AAC generated and tested in this research
project. Various options exist for improving PK properties of the antibody, and
enhancing antibiotic conjugation to the antibody, all of which should be taken into

account for future development of the AAC.
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6.6. Appendix.
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A.6.1. MALDI mass spectrometry trace for AAC batch WR1691, the shift in the peaks
highlighted by the gold box indicates conjugation of ciprofloxacin-linker to mAb
3VIES. Data provided by Global Access Diagnostics.
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A.6.2. PK estimations based on ELISA LLOQ data and estimation of antibody half-

life. This estimation of PK properties was used to determine the time points used in

the murine PK study plan. This PK estimation spreadsheet was generated by S.

Data was analysed in Microsoft Excel®, Microsoft Office®

Armstrong at Dstl.

professional 2016.
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7. Conclusions and discussion.

7.1 Summary of results.
Monoclonal antibodies are opsonising in a RAW macrophage-like cell infection
assay. The anti-capsule mAb 3VIES5, significantly reduces B. thailandensis

actin tail formation in vitro.

In this research project, a panel of monoclonal antibodies were analysed for
opsonisation of B. thailandensis and B. pseudomallei in a RAW cell infection assay.
Data was generated from CFU enumeration and imaging flow cytometry. Imaging
flow cytometry is a technique that combines the imaging of microscopy and the high
throughput of flow cytometry. This technique has previously been used at Dstl to
analyse infection of macrophages by B. thailandensis (244), and the uptake of
polymersomes by macrophages (240). A sample of cells is processed by a fluidics
system and passes through a flow cell, individual cells are exposed to lasers and
high definition imaging using cameras. Imaging flow cytometry has the potential to
analyse thousands of cells per second, providing a high throughput of single cell
analysis. In comparison, CFU analysis analyses the cell population as a whole.
Imaging flow cytometry therefore provides a greater level of detail, by analysing cell
infection individually. A high level of detail is achievable in the quantification of
Intracellular bacteria, details such as the intracellular location of bacteria and
bacterial phenotypes, can be assessed using imaging flow cytometry (374). In this
study, RAW cells are either fixed in paraformaldehyde or analysed live by imaging
flow cytometry. In comparison, RAW cells are lysed prior to analysis by CFU
enumeration. This enabled the RAW cell infection to be analysed in greater detail by
imaging flow cytometry, providing a percentage of cell infection, together with spot
counting of individual fluorescent bacteria. Imaging flow cytometry struggles to
distinguish between live and dead fluorescent bacteria, whereas CFU analysis only
represents the live culturable bacteria. Therefore, Imaging flow cytometry and CFU

analysis together provide an enhanced method to analyse cell infection.

Both CFU and imaging flow cytometry demonstrated that each mAb opsonised B.

thailandensis and B. pseudomallei. Additionally, the anti-CPS mAbs were opsonising
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at a lower concentration, when compared to the anti-LPS mAb. The anti-CPS mAb

3VIES was selected to take forward for incorporation into an AAC.

The fate of opsonised bacteria was assessed by analysing bacterial actin tail
formation and intracellular bacterial killing, following opsonisation with mAb 3VIES.
B. thailandensis opsonised with mAb 3VIE5 had a significantly reduced actin tall
formation, compared to non-opsonised controls. A significant reduction in bacterial
CFU was observed with mAb 3VIE5 opsonised bacteria, compared to the controls.
Although, the reduction in bacterial CFU data did not correlate with imaging flow
cytometry data. Data indicated there was no significant bacterial association with the
lysosomal maker LAMP-1, following mAb 3VIE5 opsonisation. The mAb 3VIE5S
however, significantly reduces bacterial actin tail formation, this could be a benefit as
a therapeutic. Actin tail formation is required for bacterial intracellular motility, and
therefore an important bacterial virulence factor. The mAb 3VIES could help prevent
spread of the intracellular infection, and have potential synergistic effects with

antibiotics as a combination therapy.

Verapamil shows promise for repurposing as an anti-microbial compound.

In parallel to AAC development, a panel of FDA approved compounds were
investigated for repurposing as host directed and anti-microbial compounds. This
project was an alternative approach, due to the inherent difficulty involved in
developing an AAC. This provided an alternative strand of research, in the event of
the AAC development proving unsuccessful. The panel of compounds were selected
based on previous data in the literature, demonstrating host directed anti-microbial
effects against intracellular pathogens such as M. tuberculosis. The compounds
verapamil, norverapamil, carbamazepine and valproic acid, were all analysed in a B.
thailandensis RAW cell infection assay. All compounds decreased intracellular
bacterial CFU at 24 hours of incubation, with verapamil and norverapamil decreasing
bacterial CFU to a greater extent. Verapamil and norverapamil were selected for
further investigation, based on the extent of bacterial killing observed in the RAW cell

infection assay. The cell is essential to observe bacterial killing, the compounds alone
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do not kill B. thailandensis without the RAW cell being present. Cytotoxicity data was
generated for both compounds at a range of concentrations, with each compound
incubated with RAW cells over 24 hours. Verapamil was less cytotoxic to RAW cells
than norverapamil, therefore verapamil was taken forward as the primary compound
for further investigation. RAW cell infection assays demonstrated that a concentration
of 100uM and greater of verapamil, significantly reduced intracellular bacterial CFU
at 4 and 24 hours post-infection. Additionally, Imaging flow cytometry data mirrored
the CFU data with a concentration of 100puM verapamil or greater, significantly

reducing the percentage of cells infected with B. thailandensis at 24 hours incubation.

Verapamil is a potential autophagy inducing compound, therefore the role of
autophagy in reducing intracellular bacteria was investigated. RAW cells were
incubated with concentrations of verapamil, and subsequently stained with LC3 and
LAMP-1 specific fluorescent mAbs. A RAW cell infection assay was analysed by
imaging flow cytometry, with co-localisation of LC3 and LAMP-1 indicating
autolysosomes within the RAW cell. Imaging flow cytometry was used to analyse
infected RAW cells for an increase in autolysosome formation, when incubated with
or without verapamil dilutions. The data did show a general trend towards an increase
in autolysosome formation with an increased verapamil concentration, although this
trend in the data was not determined to be significant. This was due to large
variations in the autolysosome formation data between experimental replicates,

especially at the higher concentrations of verapamil tested.

The role of kanamycin in combination with verapamil was investigated. Removing
kanamycin from the culture media did significantly increase bacterial CFU at 24 hours
incubation, although it was determined that kanamycin was not solely responsible or
required for verapamil to induce bacterial Killing. Therefore, the reduction in
intracellular CFU observed with verapamil incubation is not dependent on kanamycin

being present.

Verapamil shows promise as a therapeutic compound in this study, as a compound
that could potentially be repurposed as an anti-microbial for melioidosis. There is
significantly more work to be done in determining the mode of action of verapamil.
Additional studies are required to determine a concentration that would be anti-

microbial in vivo, with minimal toxicity, and achievable when administered
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therapeutically. The RAW macrophage-like cell infection assay is a tool that can be
used to screen other FDA approved compounds, to repurpose as an anti-microbial

for melioidosis.

A proof of principle antibody-antibiotic conjugate has been developed for

melioidosis.

A proof of principle AAC has been generated in collaboration with Global Access
Diagnostics. The AAC consists of mAb 3VIE5 conjugated to ciprofloxacin, via a
cathepsin cleavable linker. Initially, ciprofloxacin and finafloxacin were both tested in
MIC assays as cleaved antibiotic-stub molecules, this data revealed that both
antibiotics are active in their cleaved form. The finafloxacin-stub molecule suffered
with suspected precipitation issues, and a reduced MIC compared to the control
finafloxacin, therefore ciprofloxacin was selected for generation of the first proof of

concept AAC.

A cathepsin cleavage assay was used to test batches of AAC, this involved cathepsin
B cleavage of AAC preparations and analysis by MIC assays. Data from MIC and
MBC assays proved that the AAC was cleavable by cathepsin B in vitro. The AAC
displayed no killing activity against B. thailandensis in the intact non-cleaved form.
Cathepsin B cleavage of the AAC released ciprofloxacin, which then demonstrated

antimicrobial activity in MIC and MBC assays.

A RAW cell infection assay was used to assess the ciprofloxacin AAC for ability to
reduce intracellular B. thailandensis. The AAC demonstrated functionality in the RAW
cell infection assay. The AAC was opsonising at 2 hours incubation, with a significant
increase in intracellular CFU, compared to the bacterial control. A concentration of
AAC from 10 pug mL™* significantly reduced bacterial CFU, at 24 hours incubation.
Bacterial killing was observed when the AAC was added both pre and post-infection,
with a greater level of killing with the AAC added post-infection. This in vitro data
provides evidence that the AAC is able to enter the RAW cell, and deliver

ciprofloxacin to kill the intracellular B. thailandensis.
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Pharmacokinetic properties of mAb 3VIE5 have been determined.

The pharmacokinetic properties of mAb 3VIE5 were assessed in BALB/c mice. A
group of mice received intravenous mAb 3VIE5, and groups of mice were
subsequently culled over a period of 18 days. The sera was collected from each
mouse by cardiac puncture and tested by ELISA. An immobilised antigen ELISA was
developed in this study to detect mAb 3VIES in murine sera. The ELISA data
generated was used to determine pharmacokinetics of mAb 3VIES. A half-life of 83.5
hours was determined for 3VIES5 in BALB/c mice and a clearance rate of 0.83 mL hr
kg. This data will inform future murine in vivo studies involving mAb 3VIES5, including
PK assessments of mAb 3VIES as an AAC.

7.2 Conclusions.

Monoclonal antibodies recognising the CPS and LPS of B. pseudomallei, are
opsonising in a RAW macrophage-like cell infection assay. Opsonisation is a criteria
that can be used to select an antibody for incorporation into an AAC. Opsonisation
can be analysed successfully by both CFU enumeration and imaging flow cytometry,
with consistent results across techniques and bacterial strains. A previously unknown
effect of mAb opsonisation has been discovered, with an anti-CPS mAb 3VIE5
significantly reducing B. thailandensis actin tail formation in the RAW cell. Reducing
this important bacterial virulence factor is a benefit for this antibody based therapy,
by potentially reducing bacterial spread between cells and therefore intracellular

disease progression.

An AAC has the potential to be a future therapeutic for melioidosis. An AAC can
specifically target B. pseudomallei bacteria, increasing antibiotic delivery to the
intracellular environment, therefore killing intracellular B. pseudomallei in protected
sites of infection. This approach improves the use of antibiotics by targeting delivery
to the site of infection, this limits off target effects, which is a benefit from an anti-
microbial resistance point of view. The mAb 3VIE5 and the antibiotic ciprofloxacin,
have both been successfully incorporated into an AAC. The AAC is able to opsonise

B. thailandensis and deliver antibiotic to the intracellular site of infection. Within the
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intracellular environment, the cathepsin cleavable linker is cleaved, releasing
antibiotic in an active form to kill intracellular bacteria. This proof of principle in vitro
data represents an initial step in the development of an AAC therapy for melioidosis.
The AAC concept has proved successful in vitro, and leads the way for further

developments to enhance the AAC therapy for melioidosis.

The AAC could be administered as an IV post exposure therapy to improve antibiotic
therapy for melioidosis patients. This could be in combination with current front line
antibiotics, or as a standalone therapy. Most likely is that the AAC will be used in
combination with current IV antibiotics, this is due to the AAC antibiotic only being
active when cleaved in the intracellular environment. The major benefit of the AAC
is the ability to target delivery of antibiotic to the intracellular site of infection, thereby
potentially reducing or eliminating latent B. pseudomallei infections. If the AAC was
used in combination with front line IV antibiotic therapy, then the AAC could be
administered with the sole purpose of eliminating the intracellular bacterial infection
at protected sites. This could speed up the current prolonged antibiotic therapy that
is required to clear the infection, and additionally reduce the risk of treatment failure

and relapse in infection.

The AAC has potential to minimise off target cytotoxic effects, therefore reducing the
risk from side effects of antibiotics in the patient. ADCs are successfully licenced as
cancer therapeutics, whereby highly toxic compounds are conjugated as an ADC to
reduce toxic side effects of the therapy. If toxic antibiotics could be conjugated as an
AAC and limit cytotoxicity in the patient, then this could increase the antibiotics
available for melioidosis therapy. Fluoroquinolones can have rare but significant side
effects in some patients, including tendinopathy and neuropathy (375-377). The AAC
approach in targeting antibiotic delivery, could help in reducing side effects such as
these. Additionally, by including more potentially toxic antibiotics, the AAC approach
could increase the available antibiotic options in cases of antibiotic resistance and

treatment failure.

There is potential in repurposing current FDA approved compounds as anti-microbial
therapies. The RAW cell infection assay has been successfully used as a tool to

screen compounds for anti-bacterial activity in vitro. This led to verapamil being
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assessed in vitro and significantly reducing intracellular B. thailandensis. Although
the mechanism of action of verapamil remains unclear, the reduction in intracellular
bacteria by verapamil was consistent between both CFU and imaging flow cytometry
experimental techniques. Verapamil shows promise for repurposing as a host
directed anti-microbial compound, as observed from the initial screening in the RAW
cell infection assay. Before this compound can be considered a therapeutic for
melioidosis further analysis is required, to determine both the mechanism of action
on the intracellular bacteria and on the cell itself. This project represents a small
scale screen of compounds, performed in parallel to development of an AAC therapy
for melioidosis. The RAW macrophage-like cell infection assay represents a tool that
could be used in future work to screen many more potential anti-microbial
compounds, to identify early stage potential in repurposing drugs as a melioidosis

therapy.

Melioidosis is difficult to treat, the antibiotic therapy is often prolonged and with a risk
of relapse in infection. This is in part due to B. pseudomallei occupying an
intracellular niche, an intracellular site of infection protected from the majority of
antibiotic therapies. Here we have shown that we can successfully target the
intracellular site of infection in vitro, with antibody based antibiotic delivery and also
with repurposed anti-microbial compounds. The AAC has potential to work in synergy
with current front line melioidosis therapies, delivering antibiotic to the intracellular
infection, potentially reducing the overall therapy duration and risk of relapse in
patients. Reducing antibiotic therapy duration and using antibiotics in a targeted way,
supports the effort in reducing the threat caused by anti-microbial resistance.
Although the risk of anti-microbial resistance is generally considered less for
melioidosis than other bacterial diseases, it is still important to be aware of possible
future antibiotic resistance issues that may arise. Researching into alternative
therapeutics for melioidosis, with the aim of refining the current antibiotic regimen,

would be a good start to address the potential threat from antibiotic resistance.
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7.3 Future research.
There are three main areas of future research from this project. Additional in vivo
studies of the mAb 3VIES5, further development of the AAC, and repurposing of

antimicrobial compounds.

A major focus of future work will be on enhancing the AAC. This could include
antibody engineering, linker optimisation and increasing drug delivery. To be a
successful therapeutic, a humanised, chimeric, or a fully human version of mAb
3VIES will need to be developed. This is crucial to minimise anti-species reactions,
such as the generation of human anti-mouse antibodies (HAMA). The HAMA
response can cause severe allergic reactions in the patient, additionally the efficacy
of the therapy will be significantly reduced (378). Humanised and chimeric mAbs help
prevent the HAMA response in patients, whilst maintaining the desirable binding
interactions of the mAb (317). Humanised mAbs retain the complementarity
determining regions (CDRs) of the murine mAb, typically by grafting the CDRs onto
a human antibody framework (317). This approach would retain the original CPS
antigen binding specificity of the mAb 3VIES5. Chimeric antibodies retain the murine
Fab regions and combine these with human Fc regions, this approach would also
retain the antigen binding specificity of mAb 3VIES. The human antibody framework
itself can be engineered, to improve effector functions or select specific antibody
properties. Specific antibody isotypes can be selected for improved Fc receptor
interactions, such as the IgG1 isotype for efficient promotion of antibody dependent

cellular toxicity (378).

The reduction of lysine residues on the antibody as conjugation sites, leads to a
heterogeneous AAC with a variable DAR (373). This heterogeneity has been
observed during this research project in the generation of the proof of concept AAC
for melioidosis. Although this approach is viable, especially for a proof of concept
AAC, future research should prioritise generating a homogenous AAC product for a
melioidosis therapy. A human antibody framework can be engineered to contain
specific conjugation sites for linker-antibiotic binding, such as engineered cysteine
residues (165), this would enable generation of a homogeneous AAC therapy with a
specific DAR. The THIOMAB™ approach (379), used in the development of the S.
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aureus AAC (165), engineered specific cysteine conjugation sites on the antibody for
a specific DAR. A homogeneous AAC is desirable for a successful therapeutic, this
enables well characterised and consistent PK properties, without variation between
AAC batches. A well-defined and stable therapeutic will be required for successful

licensure of a melioidosis AAC therapy in the future.

Future research involving the AAC linker should include enhancing drug delivery to
the intracellular environment. This could be achieved by increasing the DAR of the
AAC to increase efficacy, although there is a balance to be met between increasing
DAR and possible negative effects on antibody function and PK of the AAC therapy.
Increasing DAR is possible by engineering multiple cystine conjugation sites on the
antibody for a homogeneous AAC product, or increasing reductions in antibody lysine
residues for a heterogeneous AAC product. A scaffold type approach could enable
multiple antibiotic molecules to be conjugated per linker, therefore greatly increasing
the drug-antibody ratio for enhanced bacterial killing. A scaffold approach has been
developed for the S. aureus THIOMAB™ AAC, consisting of a recombinant XTEN
polypeptide (380). This approach allows for a higher DAR (up to 18), avoiding the
potential negative effects (poor efficacy and PK) that can occur at high DARs (above
4) with cysteine and lysine conjugation methods (380). In addition, this high DAR
technique allows for generation of a higher potency homogenous AAC, potentially
allowing for a simpler and more cost effective therapy formulation compared to other
AAC formulations (380). Future research involving high DAR AAC, will require
assessment of DAR on antibody function and antibiotic efficacy in vitro, in addition
the effect of higher DAR on the PK of the AAC will need to be assessed in vivo.

The antibody is a crucial component of the AAC and selection of an antibody is based
on various factors. In addition to selecting antibodies based on the Fab region for
target specificity, it is also important to consider the Fc region that regulates serum
half-life through FcRn binding and also governs binding to Fcy receptors (381).
Antibody modifications commonly used to improve effector functions and PK
properties include modification of glycosylation sites, together with modification of
FcRn and FcyR interaction sites (382). Glycosylation of the Fc portion of therapeutic
antibodies is crucial for function, such as binding to FcyRs. Glycoengineering of
therapeutic antibodies is potential route to increase desirable effector functions, such
as binding to activating FcyRs and phagocytosis. This is particularly important when
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the background IgG levels in the body (approximately 15 mg mL) is considered to
occupy the majority of cellular FcyRs (137). Glycosylation is poorly understood, and
together with natural variation in receptor glycobiology, makes therapeutic
engineering to specific FcyRs challenging. There is potential for future personalised
medicines based on individual's receptor glycoforms being identified, and
therapeutics designed specifically to increase or dampen effector functions of

immune cells (137).

Antibody subclass should be considered for future AACs, although subclass can be
switched if deemed necessary. IgGL1 is the most common subclass selected for AAC
development due to the high affinity binding to activating Fcy receptors, the only
subclass of IgG which is generally avoided is 1IgG3 due to the low serum half-life
(381, 383).

Further work investigating conjugation of finafloxacin to the AAC should be
investigated. Finafloxacin has enhanced activity under low pH conditions, and
therefore the antibiotic activity will be enhanced within the intracellular environment.
Initial work has shown that finafloxacin is active as an antibiotic-stub, although further
work is required to overcome potential solubility issues. This should be a focus of
future AAC research, so that a finafloxacin AAC version is available as a comparator

to the ciprofloxacin AAC.

In this study, the pharmacokinetic properties of 3VIE5 were determined in BALB/c
mice. The 3VIE5 mAb has previously been tested in a murine in vivo protection study
at Dstl (113), and demonstrated a level of protection against a B. pseudomallei
challenge. Future studies with this mAb in vivo, should include a B. pseudomallei
protection study whereby 3VIES5 is tested at a range of concentrations, both pre and
post-infection. This will determine the concentration at which the mAb is protective,
and if this protection can be achieved when the mAb is given as a pre or post-
exposure therapy. This will inform future in vivo protection studies, whereby mAb
3VIE5 is compared to an AAC therapy. Future studies should also include PK studies
of the AAC, to determine the effect of AAC conjugation on the PK properties of the
antibody and antibiotic. Additionally, future studies should include the AAC in B.

pseudomallei protection studies, to prove efficacy of the AAC in vivo. Detailed
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characterisation of the in vivo PK and protection studies are crucial for the successful

future licensure of the AAC therapy.

Screening current FDA approved drugs, with the aim to repurpose as host directed
and anti-microbial compounds, has the potential to discover new therapeutics for
melioidosis. Compounds that demonstrate bacterial killing for other intracellular
bacteria, such as M. tuberculosis, should be screened for ability to kill B.
pseudomallei. The cell infection assay is a method that should be used to screen
compounds, and down-select compounds for further analysis. In this research
project, verapamil has demonstrated early potential as an anti-bacterial compound.
Further analysis of verapamil is required, to determine if this compound would be a

suitable therapeutic option for melioidosis.

Various studies in the literature have tested the synergistic effects of verapamil with
anti-tuberculosis drugs, demonstrating an increase in the efficacy of the drugs in
combination with verapamil (219-221, 224, 225, 231, 291). Verapamil has been
shown to have synergistic effects in combination with a tobramycin antibiotic, in
studies with Burkholderia cepacia in vitro (384, 385). Verapamil demonstrates ability
to increase host cell autophagy (227, 292), and reduce intracellular M. tuberculosis
as a standalone drug (207). Despite all the promise of verapamil as a combination

therapy, it is yet to be repurposed as an anti-bacterial therapy.

Verapamil has not been tested against B. thailandensis or B. pseudomallei in any
other previous studies in the literature, and the data in this chapter is the first known
test of verapamil as an anti-bacterial compound against B. thailandensis in vitro. The
synergistic effect of verapamil and antibiotics has not been studied here, potential
synergy with antibiotics in vitro should be examined in future studies with this
compound. This would determine any beneficial effects of verapamil in combination
with melioidosis relevant drugs. Initial in vitro assessment of verapamil in
combination with antibiotics will reveal any potential synergy, this could lead to in
vivo murine protection studies to demonstrate the benefit of the synergy on survival.
If verapamil can increase the efficacy of antibiotics, then this could improve current
antibiotic therapy regimens for melioidosis, and potentially even increase the

repertoire of antibiotics available as therapies.
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The data in this thesis represents a very early stage in vitro assessment of the effect
of verapamil on intracellular B. thailandensis. Without further assessment, it is difficult
to determine the full potential of repurposing verapamil as an anti-bacterial
compound for melioidosis. Future studies should additionally include an extensive
analysis of the mechanism of action, including analysing verapamil induced
autophagy at additional time points and concentrations. There is potential for future
studies investigating verapamil as a standalone anti-bacterial therapy, and

additionally as a combination therapy with antibiotics.
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