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Abstract

Bartonella is a genus of gram-negative alphaproteobacteria that infect mammals, causing both
acute and chronic disease. Bartonella are re-emerging infectious pathogens that cause a variety
of clinical syndromes in humans worldwide, including cat scratch disease, trench fever,
bacillary angiomatosis, and endocarditis. Bartonella spp. are spread by biting arthropods such
as the sand fly, cat flea, and body louse, and have been isolated from almost all mammalian
species tested. Bartonella are a re-emerging concern as the number of confirmed Bartonella
diagnoses are increasing, primarily in immunocompromised groups, homeless populations,
refugee camps, and in veterinary workers. The three primary human disease-causing Bartonella
spp. are B. henselae, B. quintana, and B. bacilliformis. Bartonella are known to subvert the host
immune system and persist within the host, often causing bacteraemia which is difficult to
effectively diagnose and treat. B. quintana infects humans; after introduction to the skin the
bacteriaimplement numerous immune evasion mechanisms to enter the bloodstream and invade
erythrocytes. The mechanisms by which B. quintana modulates and evades the immune system
during early infection are almost entirely unknown. Following exposure to B. quintana, the
bacteria encounter host immune cells but survive, evading these cells and disseminating into
the lymphatic system and eventually bloodstream. This thesis project aimed to dissect the
interactions between B. quintana and the human innate immune system to better understand the
early stages of infection. A gentamicin protection assay was developed to investigate the ability
of THP-1 macrophages, representing human macrophages present in the skin, to internalise B.
quintana. These data revealed THP-1 cells were unable to effectively internalise B. quintana,
although the mechanism responsible was not determined. Subsequent experiments investigated
the role of the B. quintana Type IV secreted effector protein BepAl in the inhibition of
internalisation. Bacterial effector proteins often pathogenically modulate host cell signalling to
benefit the bacteria, i.e., altering the actin cytoskeleton to inhibit phagocytosis or supressing
immune responses. It was hypothesised BepA1l could play a role in inhibiting phagocytosis;
therefore, the host cell target of BepAl was investigated with a yeast two-hybrid system assay.
The human protein Myozap was uncovered as a potential protein that interacts with BepALl.
Myozap isexpressed incardiac and lung tissue as well as epithelial and endothelial cells, where
it modulates Rho-dependent actin signalling, potentially affecting the actin cytoskeleton and
the transcription factor MRTF-A, which influences immune reaction through modulation of
NF-kB. To investigate the functional effects of BepAl activity in host cells, HeLa cells were

transfected with BepAl; cell migration and cytokine secretion were assessed, revealing a



decrease in pro-inflammatory cytokines in BepAl-transfected cells in response to TNF-a
stimulation. These data suggest BepAl may be deployed by B. quintana during infection to
suppress the host immune response and avoid clearance from the site of infection. This research
addressed a major gap in our understanding of B. quintana infections. Improving our
understanding of the interactions between Bartonella and the host immune system is an

essential first step in the development of improved diagnostic techniques and treatments.



Acknowledgements

Firstly, a huge thank you to my supervisor Dr. Joanna MacKichan. It’s hard to describe how
much | appreciate everything you’ve done for me. Your undergraduate lectures cultured my
love for microbiology and imbued me with passion for the field. Thank you deeply for
welcoming me into your lab and finding me a project, the guidance and support during my
research has been invaluable and | really appreciate all your help. Your effort in reviewing
drafts and giving feedback is amazing and it really does show how much you want your students

to succeed. You're the best supervisor out there, thank you so much.

Alvey, these years wouldn’t have been the same without you. Our teamwork and efficiency in
the lab is second to none and your words of comfort when nothing seemed to be working really
did keep me motivated to push on. The famous “everything is fine” quote was often enough,
and our nonsensical form of communication really does demonstrate how language evolves.
Whether it was taking breaks, troubleshooting when things went wrong, celebrating when
things were working, or playing nerd games, | really appreciate your company. Our friendship

is one of the most valuable things I’ve gained during my postgraduate life.

Vimal thank you for all your help in the lab, ELISAs, flow, letting me talk my problems at you.
You give a lot of your time helping plebs like me and it’s appreciated. Your friendship and
entertainment in the lab helped me a lot when faced with writing. Big thank you to Rose, Remy,
and Matt for all your encouragement and help. Thank you to everyone else in the AM office for
making an awesome and friendly environment. Thank you ChemGen for all the help with my

uncooperative yeast, you the real MVP.

Dana, thank you for letting me complain at you all the time, hanging out, being the coolest. Our
joint desire to get swol gets me out of bed in the morning (even ifit’s ata time no human should
roam the earth). Our time together reminds me of a quote from the great philosopher, Arnie
“let’s get serious”; wise words which really drove me to succeed. To my family, particularly
Brianna and Danielle, thank you for all your support and help; you lessened the strain during
difficult times and that’s greatly appreciated. Steven thank you for your friendship, as always,
and for giving me plenty of reasons to keep chirpy. To all my other friends and family who

supported me during my Masters, thank you for everything!



Table of Contents

N Y 1 1 Uo! SO SPUTPRUR R i
ACKNOWIBAGEMENTS ...ttt enes iii
LI 0] (S0 0] 1= g £ TSR PRPRPP v
[ 0 [0 10 ] =SSOSR vi
LIST OF TaDIES ... bbb bbb Vi
LiSt OFf APPENUIX FIGUIES.....ciiiiiiieie ettt ettt e e e e sneenneaneeas Vii
N o] o] £V T= LA (o] 0SSR viii
(03971 0 (=1 g 18 o o [1 o3 £ ] o SO PPR 1
1.1 BartOn@la GENUS .......ocuiiiiiii ettt bbb 1
1.2 Bartonella Infections of NUMANS .........cccooiiiieiiiiece e 2
1.2.1 B. DACHTITOIMIS ...t 2
1.2.2 B. NENSEIAE......eiiiiiiieee et 3
1.2.3 B. QUINTANA....eiieeeitieieeie ettt sttt e et esbeesbeeneesbeebeeneeeneesreeneaneeas 3

L3 LITE CYCIE .ottt ettt et et re e b et neenae e 7
1.4 Immunology & Immune Evasion by Bartonella............ccccooovveieiiciiciecie e, 8
1.5 Bartonella VirulenCe FaCIOrS. ......ccuiiiiiiiecieee et 9
1.6 Role of Bartonella Type 1V secretion system in Virulence ..........cccccceeevvevvcciciiesneenne. 10
1.6.1 BepA HOmMOIOGUE EFFECIONS ......c.viiiiiiieiiesicsiece e 11

1.7 HYPOtheSIS & GOAIS.......ccoeiiieieiicci ettt 12
Chapter 2 METNOTS ...ttt nre 14
2.1 Bacterial and Yeast Strains and Plasmids...........cooovveininiieiinie e 14
2.2 Mammalian Cell CUITUIE .........coiiiiiieieee e 17
2.2.1 AANErent Cell LINES .......ooiiiiiiie e 18
2.2.2 SUSPENSION CEII LINES ..ot 18

2.3 Plasmid and Strain CONSTIUCTION ......c.eviiiiieiiiie e 19
2. 3. L PCR ettt e renre e e et e eens 19
2.3.2 Gel EleCtrOPNOrESIS. ... ccvveveee ettt 20
2.3.3 RESIIICHION DIGEST ...ttt e e ere e 21
2.3 LIGALION. ...ttt bbbttt bbbttt n e 22
2.3.5 Electrocompetent E. COli.....cviiiiiiiiiic et 22
PG N Ol =1 [T (o] oo -1 (o] ISP 23
2.3.7 SeqUENCING DINA ...t et re e e e be e e s neesnee e 23
2.3.8 TOPO ClONING....eiitiiiiieiie ettt et e e s e et e e s e e e beesree e sreeanes 23

2.4 Bartonella Phagocytosis and Intracellular Survival..............ccocoiiiiiiiiiiiiieee, 24
2.4.1 Gentamicin Protection Assay of Adherent PhagoCytes.........ccccovveveiiievieiecviesneenn, 24
2.4.2 Bacterial Uptake Kinetics Of B. QUINTANA..........cooeiiiiriiiiiciee e, 25
2.4.3 Gentamicin Sensitivity of B. QUINTANG ..........c.ccoveiiiieiicce e 25

2.5 Yeast Two-Hybrid Screen for Host Cell Targets of BepAL.......cccoevveveiiececie e, 25
2.5.1 YRAST CUITUIE ...ttt ettt et e et e enee e e nnee e 25



2.5.2 Yeast TWO-HYDIid SYSIEM .....cviiiciiccecc e 26

2.6 Transfection of HeLa Cells With BEPAL .....cvooiiiiiiie e 26
2.7 CO-IMMUNOPIECIPITALION ...ttt bbb 26
2.7.1 WESEEIN BIOTHNG .....ccuviiiieiieeie ettt e 27

2.8 Phenotypic Assays of Transfected CellS ... 28
2.8.1 Cell MIgration ASSAY .........ccuiiiuieiieiiieiieestee st e seeesteesaeasteesrae e sraeebeessaeabeesseeeree e 28
2.8.2 Enzyme-Linked IMmUNOSOrDENt ASSAY ......ecveireerieeieiieieeieeie e sie e se e seee s 28
Chapter 3: Interactions Between Bartonella and Macrophages ........c.ccccevvveveveeriveiinennns 29
200 1L T o [ o OSSPSR 29
3.2 Intracellular Survival of B. henselae in Murine Macrophages.........ccccevvevevieerveieeannns 30
3.3 Intracellular Survival of B. henselae in Human Macrophages...........c.ccoevvveieienennninns 32
3.4 Susceptibility of B. quintana to GENtamICIN .........ccccveiviiiiiece e 36
3.5 Kinetics of THP-1 Phagocytosis of B. QUINTANA. .........cccceveririniiieie e, 37
3.6 DISCUSSION......utitietiete ettt ettt sttt sttt bbbttt b e s bt b e b e st e e st e e bt e ebe e st e et e abeenbe e 41
Chapter 4: BepAl Protein INteraction STUAIES........cccocviririiiriiieie e 45
ot 1o 0o LU To{ £ [0 Yo OSSPSR PP PSPPSR 45
4.2 Plasmid CONSIIUCTION.......c.viieiiieiieite sttt bbb nbenreas 48
4.3 YASt TWO-HYDITA ASSAY ...eouvieiiiiiieitieie sttt sttt st et esbe e be e nneas 51
4.4 DISCUSSTON....c.tititiitieteeseeseete ettt ettt et e b e b e bt bt e e b b s bt e bt bt e b e e bt e st et e nbesbeebeeneaneense e 56
Chapter 5: Functional Assays of BepAl Transfected Cells..........ccccooveviiiiiiicciiciieeen, 60
T80 A 1L (T o [ o OSSPSR 60
5.2 Cell MIGration @SSAY .......cccveiieeiieiieiie et se et ste ettt e st sreesae e e s e e nteaseesreenreenneaneeas 60
5.3 CYLOKING ASSAYS ....vveuveeitesiesiieiieiee ettt sttt ettt bt ettt nb e bbbt e bbb nne 63
5.2 DISCUSSION. ...ttt sttt sttt b et b et e b et e b et e e bt et e e st e se e st e b e bea b e e bt anenne et e nens 66
Chapter 6 Research Motivations, Key Findings, and Future Directions ..............c.c........ 70
6.1 RESEAICH MOTIVALION ..ot 70
CI A =V 127 LTSRS 71
6.3 FULUIE DITECTIONS ....uviiiieiiieitie ettt sttt sttt er e be b e e e e nre e 73
6.4 ConClUING REMAIKS ....ccveiiieie ettt 81
] (] = 6T SPRSTPPRRTR 82
N 0] 0753 o SR -1-



List of Figures

Figure 3-1: Intracellular B. henselae are killed in RAW 267.4 macrophages..........c.cccceevenne. 31
Figure 3-2: Intracellular B. henselae are killed in THP-1 cells.........ccccooviiiiiiiiiiiiiiec, 32
Figure 3-3: Trends in B. henselae killing by RAW 267.4 cells and THP-1S...........ccccvveenneee. 33
Figure 3-4: Trends in B. henselae killing by RAW 267.4 cells and THP-1 cells on a semi-
[OQAITENMIC SCAIE ...t e ee e e s reenaeeneenres 34
Figure 3-5: Presence of B. henselae in THP-1 cell supernatant.............c.ccocooeniiiniencncnnnn. 35
Figure 3-6: B. quintana recovered after exposure gentamiCin ..........cccoeverereninienneeneneneenens 37
Figure 3-7: B. quintana isolated from THP-1 cells, with varying co-incubation times........... 38

Figure 4-1: Bartonella Effector genes are semi-conserved between B. henselae and B. quintana

.................................................................................................................................................. 47
Figure 4-2: BepAl and BepA2 inserts following PCR.........ccccoiiiiiiiic e 49
Figure 4-3: BepAl insert excised from pGBKT7 .......oooiiiiiiiieiiee s 50
Figure 4-4: BepA2 insert screening in PGBKT7 ........oiiiiiiieiieiee e 50
Figure 4-5: Immunoblot of anti-Myozap precipitated proteins; BepAl was not detected in the
HelLa lysate of transfected CEIIS..........cviiiiiiice e 55
Figure 5-1: Wound Repair in HeLa cells Transfected with BepAl over 22 hours .................. 61

Figure 5-2: Cell migration assay showing no significant difference between BepAl transfected
HelLa cells and UntranSfeCed ........coviiiiiiiie s 62
Figure 5-3: IL-6 ELISA displaying a significant difference between BepAl transfected HelLa
CEIIS ANU CONEIOIS. ...ttt bbbt n e e 64
Figure 5-4: IL-8 ELISA displaying a significant difference between BepA-transfected HelLa
CEIIS AN CONLIOIS. ... .ttt e e sre e teeneeaneenne e 65
Figure 5-5: Possible signaling pathways affected by BepAl, resulting in inhibition of cytokine

T cTod €11 ] OSSR 66
List of Tables

Table 1: Strains and PIasmitS. .........coviiiiiiieiesieee e 16
Table 2: Primers Used in CIONING........ccoiiiiiie e 19
Table 3: PCR REAGENTS. .....c.eiiiieieiitisie ittt bbb 20
Table 4: PCR CYCliNG PArAMETETS .......couviiieiieieieite ettt 20
Table 5: Restriction Digest REAGENTS .........ciiiiiiiiii et 21
Table 6: Ligation REAQGENTS. .......ccuiiieirieieie ettt ste e teesbe e e sreesaeenneeneeas 22

Vi



Table 7: Ligation Cycling Parameters .........cccceiiiieiie ittt 22

List of Appendix Figures

Appendix Figure 1: RAW 267.4 cell killing of intracellular B. henselae with a logarithmicy-

KIS ettt ettt ettt R e Rt oAb e oAt eeR e e Rt e A bt eR e e Rt e Rt eR e e R e e eR e e bt eReeeEe e Eeenee Rt e neeenteente e -1-
Appendix Figure 2: B. quintana recovered after gentamicin exposure, includes outlier......- 2 -
Appendix Figure 3: Homology between B. henselae BepA and B. quintana BepAl/2.......... -3-
Appendix Figure 4: bepAl insert int0 PGBKT7 .....cccoiiiiiiiiieiee e -3-
Appendix Figure 5: bepA2 insert in PGBKT7 .....ccoiiiiiiiiiiiese e -4 -
Appendix Figure 6: bepA2 in pGBKT7, Mutated Start Codon...........cccccevvvvviieiieiiie e -4 -
Appendix Figure 7: BepAl auto-activation teSt..........cccveiiiiiiiiiie e -5-
Appendix Figure 8: BEPAL TOXICITY TESt......c.eeveriiriirieriirieiie e -6-

Appendix Figure 9: BLAST match of Y2HS prey sequence — HAS2 antisense RNA1 #1.....- 7 -
Appendix Figure 10: BLAST match of Y2HS prey sequence — HAS2 antisense RNA 1 #2...- 8 -
Appendix Figure 11: BLAST match of Y2HS prey sequence — HAS2 antisense RNA1 #3...- 9 -
Appendix Figure 12: BLAST match of Y2HS prey sequence — HAS2 antisense RNA 1 #4.- 10 -
Appendix Figure 13: BLAST match of Y2HS prey sequence — Myozap protein #1............. -11-
Appendix Figure 14: BLAST match of Y2HS prey sequence — Myozap protein #2............. -12 -

vii



Abbreviations

Bep — Bartonella effector protein

BepAl/2 — BepAl and BepA2 proteins

CBA — Columbia Blood Agar

CFU — Colony Forming Unit

CSD - Cat Scratch Disease

DMSO — Dimethyl sulfoxide

EDTA — Ethylenediaminetetraacetic acid

FCS — Foetal Calf Serum

IL — Interleukin

LPS — Lipopolysaccharide

MOI — Multiplicity of Infection

NF-kB — nuclear factor kappa-light-chain-enhancer of activated B cells
PAMPs — Pathogen-associated molecular patterns
PMA — Phorbol 12-myristate 13-acetate

SDS - sodium dodecyl sulfate

TASS — Type IV Secretion System

TAE — Tris/aceticacid/EDTA

TNF-a — Tumour necrosis factor alpha

Tris — Tris(hydroxymethyl)aminomethane

TSB — Tryptic soy broth

viii



Chapter 1 Introduction

Chapter 1 Introduction

1.1 Bartonella Genus

Emerging and re-emerging infectious diseases place a significant burden on society, having a
tremendous impact on both public health and global economics®. A 2008 study showed that
emerging infectious diseases have risen significantly over the last century®. Approximately 60%
of emerging infectious diseases are attributed to zoonotic pathogens, which are spread by
animals; 53.4% of these new zoonotic diseases were caused by bacteria’. The Bartonella genus
is one of these emerging zoonotic pathogens?; seventeen Bartonella species are known to cause
human disease,® highlighting the importance of improved understanding. Bartonellais a genus
of rod shaped, gram-negative alphaproteobacteria that infect mammals and cause a variety of
clinical syndromes in humans worldwide, both acute and chronic*®. Bartonellaspp. are spread
by biting arthropods such as the sand fly, cat flea, and body louse. Bartonella spp. have been
isolated from almost all mammalian speciestested, including kangaroos and marine mammals,
such as sea otters, indicating the extensive range of Bartonella®’. Each Bartonella species
typically infects a single or a few closely related mammalian species, known as their reservoir
host, but are also capable of causing disease in other mammalian hosts, referred to as incidental
hosts®®. In reservoir host infection the bacteria invade and reside in red blood cells, facilitating
transmission to a new host via an arthropod blood meal. In incidental hosts, although the
infection can be serious, transmission is unlikely as the bacteria do not invade red blood cells.
Zoonotic, incidental Bartonella infections are typically self-limiting in immunocompetent
individuals; however, in rare cases serious chronic illness can result. Bartonella are a re-
emerging concern as the number of diagnoses are increasing. Diagnosis of Bartonella infection
is difficult and treatment strategies are not well developed. Bartonella species infect using a
unique strategy, subverting the host immune response to persist for months or years in the host
bloodstream. Bartonella achieve chronic infection through numerous immune evasion
mechanisms. For example, in reservoir host infection Bartonella spp. invade erythrocytes,
persisting intracellularly, hidden from immune detection. The symptoms of Bartonella
infection, referred to as Bartonellosis, can be non-specific in immunocompetent hosts making
diagnosis difficult®°, As Bartonella has been isolated from a staggering number of mammalian
species, veterinary workers and other professions that have high exposure to mammals are

recognised as a high-risk group for incidental infection.
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Bartonella spp. are grouped into evolutionary lineages, although these lineages are constantly
improved as known and novel Bartonella genomes are sequenced, improving the accuracy of
the Bartonella phylogenetic tree. B. australis, isolated from kangaroos, is the earliest known
diverging species and does not currently fall within a lineage group’. Group A contains B.
bacilliformis*2, among other Bartonella spp, which infects humans as the reservoir host.!!.
Bartonella spp. of Group B infect cattle or deer as their reservoir hosts. Group C is the largest
group, including B. henselae and B. quintana. Bartonella spp. of Group C infect voles, dogs,
rabbits, mice, rats, cats, or humans as their reservoir hosts'?. The three primary human disease
causing Bartonella spp. are B. henselae, B. quintana, and B. bacilliformis. Humans are an
incidental host for B. henselae, but the reservoir host for B. quintana and B. bacilliformis

infections.

1.2 Bartonella Infections of Humans

1.2.1 B. bacilliformis

Humans are the only known reservoir host for B. bacilliformis infection, a disease given many
names: bartonellosis, Carrién's disease, Oroya fever, and verruga peruana®®. In 1885 Daniel
Alcides Carridn determined the chronic disease, which presents as warts, was linked to acute
Oroya fever®*. Unfortunately, he came to this discovery as he had a friend inoculate him with
fluid from the warts; he subsequently contracted the haemolytic disease and died. After
Carridn's death the disease became known as Carrion's disease, recognising the sacrifice of his
experimentation. In 1905 B. bacilliformis was identified as the causative agent of Carridn's
disease by Dr Alberto Barton. This was the first disease-causing Bartonella discovered; Dr
Barton named the disease bartonellosis. Carridn's disease is geologically limited, affecting high
altitude Andean communities of Peru, Ecuador, and Colombia and is characterised by two
distinct clinical syndromes. After an average incubation period of 60 days, Oroya fever, the
acute phase, occurs, characterised by fever, haemolytic anaemia, pallor, myalgia, and
arthralgia'®. B. bacilliformis is the only known Bartonella species to cause red blood cell lysis
in the acute phase of infection, a dangerous symptom resulting in an often-fatal haemolytic
anaemia. The chronic phase, known as Peruvian wart, verruga andicola, or verruga peruana,
occurs weeks to years following infection. Verruga peruana is termed the eruptive phase and
can occur without any history of Oroya fever. Large numbers of pleomorphic nodular lesions
appear over the body, particularly the arms and legs, accompanied by systemic symptoms:
fever, malaise, osteoarticular pain, and headaches*. Verruga peruana has been observed in

ancient mummies of human sacrificial rituals in Peru®®. Diagnosis of Carrién's disease requires
2
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microscopy of infected erythrocytes; once identified the patient is promptly treated with the
antibiotic chloramphenicol®. B. bacilliformis shares several similarities with other Bartonella
spp., such as arthropod vector transmission, red blood cell parasitism, skin lesions, and the
characteristic acute and chronic phases of illness. However, as case fatality rates of Carrién's
disease infection can exceed 80%, predominantly affecting children, B. bacilliformisinfection
is far more severe than infections with other Bartonella species, and is recognised as a neglected

tropical disease®®.

1.2.2 B. henselae

B. henselae is the most common Bartonellaspp. to infect humans®2. Cats are the reservoir host
of B. henselage, and transmission between cats occurs by cat flea (Ctenocephalides felis)¢28,
The majority of B. henselae infections of cats are sub-clinical; however, B. henselae infection
in cats can become chronic, persisting in the bloodstream for months®2°, or even exceeding
one year?'. Atypical symptoms such as endocarditis have been reported but not investigated
thoroughly'®22, B. henselae is transmitted to incidental hosts such as humans or dogs through
cat scratches or bites, resulting in cat scratch disease (CSD). The condition is more common in
children between the ages of five and nine?, likely because they receive more cat scratches.
Although most CSD cases are mild and self-limiting, a subset of cases can become chronic and
far more serious, occurring more frequently in immunocompromised patients and children
under five years?. Serious complications of B. henselae infection include bacillary
angiomatosis, characterised by the presence of pseudo-neoplastic and vasoproliferative lesions®
and peliosis hepatis, where blood-filled cavities develop throughout the liver. B. henselae has
also been associated with chronic asymptomatic bacteraemia in humans, characterised by
isolation of bacteria from the blood. However, these diseases are almost exclusively associated
with an immunocompromised state, such as HIV-infected patients or post-transplant patients

receiving immunosuppressive treatment?,

1.2.3 B. quintana

B. quintana, which causes trench fever, infects humans as the reservoir host and is spread by
the body louse (Pediculus humanus humanus). In addition, B. quintana causes opportunistic
infections in immunocompromised patients, causing serious disease such as bacillary
angiomatosis. Risk factors for B. quintana infection include alcoholism, cold exposure, a

suppressed immune system, and poor hygiene. As a result, B. quintana infection is becoming
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common in homeless and socially disadvantaged populations under the name urban trench

fever.

History

B. quintana was first recorded in 1915 as a widespread pathogen causing serious illness to the
troops of World War I, responsible for the disease termed trench fever?27, It was estimated the
average weekly evacuation of troops from France due to trench fever was 0.6% of British army
strength?®. During World War I more than 1 million soldiers were rendered unfit for duty for
greater than 60 days by trench fever?. The causative agent of trench fever had yet to be
identified. The disease shared similarities with malaria; it was proposed the causative agent may
also be transmitted by a fly or parasite found in the trenches®. In 1918 the body louse was
confirmed as the vector for trench fever when collaborative British and American physicians
demonstrated the ability of the louse to transmit the disease through excreta. B. quintana has
seen numerous name changes since its discovery; during World War | significant resources
were assigned to research the causative agent of trench fever, then known as Rickettsia. It was
quickly recognised the best way to combat trench fever was to eliminate louse exposure. The
burden of trench fever on the war effort was reduced during final years through the use of anti-
louse measures such as the sterilisation of uniforms using steam?®. In addition, regular washing
of uniforms and bedding with hot water was crucial in reducing incidence of trench fever.
Trench fever returned during World War 11, particularly in German troops?, but the use of
lousicides such as DDT by the soldiers reduced the impact of the disease?’. Additionally, World
War Il involved less prolonged crowding of soldiers, resulting in reduced louse contact between
soldiers compared to the conditions of World War 17, In 1961 Rickettsia quintana was
successfully cultured in a laboratory setting and moved to the genus Rochalimaea?’. With the
development of 16S phylogenetic analysis Rochalimaea quintana was discovered to be a
relation of B. bacilliformis® and was once again reclassified under the genus Bartonella®.
Although B. quintana was identified as a formidable human pathogen during World War |, the
bacterium has infected humans for much longer. B. quintana infected soldiers of Napoleon’s
Grand Army ofthe early 1800’s as they retreated from Russia®.. Furthermore, B. quintana DNA
was isolated from dental pulp retrieved from mass graves resulting from the early 1700’s, War
of Spanish Succession® and 4000-year-old dental pulp from France®. This discovery reveals
B. quintana is one of humanity’s most ancient bacterial pathogens, along with tuberculosis .
In the absence of B. quintana affecting large scale troops, medical interest dropped
dramatically®. Trench fever was thought to be an illness of the past; however, rates of B.
quintana infection have surged in recent years in socially disadvantaged populations, renewing

4
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the infection under a new name, urban trench fever®. Epidemics have erupted in homeless
populations and refugee camps. With this re-emergence, research onto B. quintana has once

again become imperative to medicine.

Transmission and Risk Factors

It was established in 1918 that trench fever was transmitted by the human body louse (Pediculus
humanus humanus). Although B. quintana DNA has been detected in the head louse (Pediculus
humanus capitis), this vector is not known to be competent for transmission®=6, Ticks have not
been shown to transmit B. quintana to humans®. The bacteria are not transmitted directly from
the louse, but are prevalent in the louse excreta, deposited at the site of feeding. The bacteria
then enter the body through broken skin, aided by scratching or rubbing®. The bacteriacolonise
the bloodstream and invade erythrocytes in a host-specific manner, then persistintracellularly*?.
Infected red blood cells are taken up by blood-feeding arthropods, such as the human body
louse. The bacteria are released in the gut of the arthropod, replicate, and infect hosts during
subsequent blood meals. The risk factors for B. quintana infection include homelessness, poor
hygiene, alcoholism, prolonged cold temperatures, compromised immune system, and body
louse exposure. While homelessness and poor hygiene are risk factors for body louse exposure,
cold temperatures and a compromised immune system are risk factors for more severe and
persistent infection, once exposed. As the homeless population have the majority of these risk
factors, they are particularly susceptible to louse infestation and B. quintana infection®. Other
socially disadvantaged populations such as those residing in refugee camps or living in
developing areas are at risk resulting in B. quintana epidemics®. Once infected with B.
quintana, underlying health factors common among the homeless likely increase their risk to
develop the more serious diseases associated with infection®. A 2014 study showed the
prevalence of lice within the homeless population was extremely high; 30% of tested
individuals were infested with lice, while 16% of these lice tested positive for B. quintana®.

Infection

Infection of an immunocompetent person by B. quintana typically results in trench fever.
Trench fever, also known as quintana fever, 5-day fever, or Volhynia fever, is characterised by
bacteraemia accompanied by fevers lasting one to three days, and recurring every four to six
days, usually reducing in severity with each subsequent fever3*#. The incubation period of
trench fever varies between 15 and 25 days?. Serious disease phenotypes and complications
are far more likely if the patient is immunocompromised. Severe clinical manifestations of B.

quintana infection occur in immunocompetent patients but occur more frequently when the

5
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patient is immunocompromised*?1é, These include: chronic bacteraemia, infective endocarditis,
bacillary angiomatosis, and lymphadenopathy“. Chronic bacteremia is when B. quintana is
present in the blood for extended durations; in the case of B. quintana this has been observed
for up to 8 years®#% Recent studies suggest the duration of B. quintana associated
bacteraemia is likely up to 78 weeks®. Intermittent bacteraemia has also been observed, with
the bacteriareturning after periods of apparent clearance. Infective endocarditis is characterised
as the colonisation of a prosthetic or native heart valve by microorganisms, most commonly
bacteria*. One-year mortality rate following diagnosis of endocarditis remains at 30%, which
is greater than many cancers*. Diagnosis of infective endocarditis is challenging, both blood
cultures and oesophageal echocardiography are implemented to identify the causative agent®.
When the causative agent cannot be identified by these methods it is referred to as culture -
negative endocarditis; this occurs in 2.5 — 31% of cases®. B. quintana is one of the most
common pathogens responsible for culture-negative endocarditis*®, There are two main
reasons the pathogen causing endocarditis is not identified by culture: first, the patient may be
receiving antibiotic treatment for systemic bacterial infection. Second, the causative
microorganisms have limited proliferation in conventional culture media®. In a study of 819
patients diagnosed with culture negative endocarditis between the years of 2001 — 2009
serology and PCR diagnostic approaches were implemented to identify the microorganisms
responsible in each case. Bartonella spp. were identified in 19.2% of cases®, although
prevalence of B. quintana endocarditis varies around the world due to varying endemicity of
other agents of culture-negative endocarditis. The interactions between Bartonella spp. and the
human host, resulting in infective endocarditis, are largely unexplored. Bacillary angiomatosis
is a proliferative vascular disease affecting the liver, spleen, lymph nodes, bone marrow, and
most commonly the skin®. This isa common phenotype in extremely immunodeficient patients
infected with B. quintana, such as those co-infected with the HIV virus®. B. quintana associated
bacillary angiomatosis is associated with bone lesion and subcutaneous masses. This disease is
life threatening if left untreated. In rare cases B. quintana causes lymphadenopathy, an

expansion of lymph nodes, due to a granulomatous reaction to the bacteria.

Diagnosis and Treatment

B. quintana infection should be considered as a diagnosis if the patient has risk factors, such as
urban homelessness, and if the patient develops non-localising illness of an unknown cause®.
Infection can be presumed through symptomology and contact history with body louse; to
confirm, laboratory identification of B. quintana in the patient tissue, blood, or serum samples
is required. Diagnosis requires specific culture, nucleic acid amplification, or serological
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methods®. Diagnosis through culture is challenging as the bacteria are fastidious and slow-
growing, thus diagnosis takes approximately 21 days. Serology is frequently used in diagnosis;
however, these tests often have low sensitivity and specificity, resulting in high rates of false
positives and negatives. Serological cross-reactions can occur between B. henselae, B.
quintana, and Coxiella burnetii species, whichis problematic as treatments differ between these
infections®. PCR amplification of B. quintana specific targets is another implemented
diagnostic tool. These three techniques can be used in combination for a more confident
diagnosis®. To date, no single treatment strategy is shown to be effective at treating all
Bartonella related clinical syndromes®, although various combination antibiotic treatments
have been shown effective with adherence. Bacteraemia caused by B. quintana is treated with
a combination of gentamicin and doxycycline®. Vasopoliferative lesions are treated with
erythromycin; however, lymphadenopathy does not significantly improve with antibiotic
treatment.

1.3 Life Cycle

The infection cycle for Bartonella begins when the mammalian host is bitten by an infected
blood-feeding arthropod, such as a flea or louse. Once the bacteria enter the dermis of the skin
they encounter immune cells that are fixed within the tissues. It should be noted that most
studies have been conducted with zoonotic Bartonella species, usually in their reservoir host;
it’s not fully known if the life cycle of B. quintana infection in humans occurs the same way.
Some Bartonella are phagocytosed by sentinel innate immune cells such as dendritic cells or
macrophages; the degree to which the bacteria can persist within these innate immune cells is
largely unknown. Kyme et al. demonstrated B. henselae-containing vacuoles within murine
macrophages and human dendritic cells can prevent lysosome fusion®, improving intracellular
survival. Dissemination of B. henselae, allowing the bacteria to establish infection, is dendritic
cell-dependent®. Dendritic cells may intracellularly transport bacteria from the site of infection.
Bartonella enter draining lymph nodes, allowing the bacteria to gain access to the
bloodstream®*%°, Typically, five days post infection, large numbers of bacteria enter the
bloodstream and continue to be released in synchronous waves at intervals of approximately
five days®®°6l, Cessation of this process results from a specific antibody response, shown in
the mouse model infected with B. grahamii®?. During infection of a reservoir host, Bartonella
invades and persists within erythrocytes?®8, resulting in persistent bacteraemia®®, Bartonella
are unable to invade erythrocytes during infection of incidental hosts®. Bartonella multiply
intracellularly within erythrocytes until the number of bacteria reaches a plateau; the number

of bacteria per erythrocyte varies among Bartonella species®. Erythrocyte invasion by
7



Chapter 1 Introduction

Bartonella does not appear to reduce the lifespan or impair the function of the erythrocyte,
which continue to circulate®®. The major exception to this is B. bacilliformis, whichinvades and
eventually lyses erythrocytes, causing a fatal haemolytic anaemia. Bartonella can persist for
months, or even years in the bloodstream, allowing transmission to further biting arthropods.
Bartonella spp. survive using strategies to evade, and possibly actively suppress, the host
immune system. The replicative niche, also known as the blood-seeding niche, refers to the cell
types and locations in the body where Bartonella spp. replicate and persist, both post
inoculation and during chronic infection. This niche has been proposed to be vascular
endothelial cells, whichthe bacteria interact with, and which are involved in several Bartonella-
related pathologies, such as bacillary angiomatosis lesions. Bartonella infections are often
subject to periods of apparent clearance, followed by relapse, indicating that Bartonella are
protected against immune system assault within the replicative niche, then re-seed the
bloodstream'?. This protection has been suggested to result from intracellular persistence,
although bacteria have not been observed inside non-erythrocytic cells in experimental or
natural infections. A careful study using an immunocompromised mouse model suggested that
the bacteria persistin the extracellular space, closely associated with vascular endothelial cells
and the extracellular matrix®. As the majority of Bartonella spp. lack flagella, invasion of
migratory cells such as erythrocytes or migratory immune cells, is beneficial. This allows
passive transport of bacteria to sites where Bartonella can replicate and persist; a likely site is
microvasculature!?. When an uninfected body louse takes a blood meal from an infected host

Bartonella will be ingested and replicate within the body louse gut, continuing the life cycle.

1.4 Immunology & Immune Evasion by Bartonella

The human immune system is a complex network of specialised cells, both adaptive and innate,
that protect the body from foreign invaders. The innate immune system comprises a range of
cells that rapidly destroy foreign micro-organisms. The clear majority of fixed sentinel cells in
the tissues are members of the innate immune system, including macrophages and specialised
dendritic cells called Langerhans cells. When the skin is broken, and bacteria enter the dermis,
they encounter these phagocytes. Phagocytes respond to bacterial antigens through toll-like
receptors (TLRs) bound to the plasma membrane, which recognise pathogen-associated
molecular patterns (PAMPs) associated with bacteria. Typically, PAMP stimulation activates
the Mitogen-activated Protein Kinase (MAPK) signalling cascade promoting pro-inflammatory
signalling, such as cytokine secretion. Macrophages are present in the dermis of the skin, acting
as sentinels ready to engulf and destroy invaders as they enter any breach inthe outer skin layer.

Bartonella typically enter the body though a scratch on the skin where they encounter
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macrophages. Although macrophages are adept at recognising and killing bacteria through
phagocytosis, Bartonellaspp. survive these interactions and spread to the bloodstream, through
mechanisms that remain largely unexplored. One known evasion mechanism of Bartonellais
its unique lipopolysaccharide (LPS). Experimental challenge of human monocytes with B.
quintana demonstrated that its LPS is an antagonist to TLR-4, drastically inhibiting mRNA
expression of pro-inflammatory molecules, including TNF-o, IL-1pB, and IL-6%. The extent of
this inhibitory effect indicated B. quintana LPS may prevent uptake by macrophages, allowing
the bacteria to evade immune cell killing. In addition, reduced pro-inflammatory cytokine
secretion by innate immune cells would impede the immune response against Bartonella. This
suppression of TLR-4 signalling is also likely essential for Bartonella persistence in the
bloodstream, as other gram-negative organisms would cause an overwhelming immune
response and septic shock®. The interactions between phagocytes and Bartonella may be very
species-specific, particularly between reservoir and incidental host infection. Therefore, the
interactions between B. quintana and human macrophages should be characterised to
confidently understand the early stages of infection in the reservoir host. Macrophage activity
isaltered by Bartonella spp. during infection’, although the interactions between B. quintana

and human macrophages remain uncharacterised.

1.5 Bartonella Virulence Factors

Virulence factors are molecules produced by pathogens that contribute to the pathogenicity of
the organism. Bartonella spp. are equipped with a wide range of virulence factors, improving
their ability to colonise, replicate, and persist within a host®. These include secretion systems,
effector proteins, trimeric autotransporter adhesins, and flagella. There are three different type
IV secretion systems (T4SSs) found in Group C Bartonella spp: VirB/D4, Trw, and Vbh!?69,
These secretion systems are expressed in place of the flagella present in the other Bartonella
lineages. B. henselae and B. quintana possess both Trw T4SS and VirB/D4 T4SS. The Trw
TASS forms a pilus-like structure on the cell surface and plays a role in the colonisation of
erythrocytes'?. The Trw T4SS is responsible for the host-restricted adhesion of the bacteria to
erythrocytes of the reservoir host’. Trw T4SS is confined to Bartonella spp. from Group C and
B. australis and is mutually exclusive with the flagella’*'?. A known target of Trw T4SS is
band3, amajor outer membrane protein of erythrocytes™. The well characterised VirB/D4 T4SS
is the most common found in Bartonella spp., is expressed in Group B and C, and secretes
Bartonella effector proteins (Beps) directly into host cells'?. There have been seven Beps
identified in Bartonella spp. named BepA — G, which modify host cells signalling and are

essential for infection!?. B. henselae encodes all seven whereas B. quintana encodes five. B.
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quintana additionally encodes a homologue of the Yersinia YopJ secreted effector protein’?,

known to downregulate the host cell NF-xB and MAPK pathways, disrupting innate immune
function”; however, the role of the B. quintana YopJ homologue protein is still unclear.
Deformin, also known as deformation factor, is a virulence factor secreted by B. bacilliformis
that deforms the erythrocyte membrane creating invaginations and trenches which internalise
bacteria™™. A deformin homologue with reduced activity is expressed in B. henselae™.
Trimeric autotransporter adhesins mediate adhesion to host cells, an important step during
bacterial infection. In B. henselae this adhesion is provided by Bartonella adhesin A (BadA).
BadA mediates autoagglutination, host cell adhesion, binding of components of the
extracellular matrix, and induction of a proangiogenic response by host cells™. B. henselae also
encodes filamentous hemagglutinins (fhaB1-8), proposed to influence adhesion’®’’. B.
quintana encodes a family of variably expressed outer-membrane proteins (Vomps), analogous
to the BadA protein of B. henselae, which mediate adhesion and autoaggregation’®. Vomps
adhere to extracellular matrix components such as fibronectin and collagen™. Interestingly, B.
quintana JK31 increases vascular endothelial growth factor secretion from THP-1 and HelLa
229 cells in a Vomp-dependent manner; however, it does not exhibit increased cell adhesion,
compared to B. quintana Vomp-negative strains®. B. quintana JK31 Vomps do not share the
exact same function as the homologue B. henselae BadA, but instead play a role in angiogenic
reprogramming®. Vomps are closely related to the afimbrial adhesin YadA of Yersinia
enterocolitica, and have been shown to be essential for bloodstream infection in a rhesus
macaque animal model. Flagella are present in Bartonella spp. from Group A and Bl The
flagella enable greater motility and aid invasion; for example, the flagella of B. bacilliformis

contribute to the invasion of erythrocytes by the bacteria®.

1.6 Role of Bartonella Type IV secretion system in Virulence

T4SS are macromolecular protein complexes that inject protein or nucleic acid complexes
directly into host cells. T4SS are present in a range of gram-negative bacteria and evolved from
conjugation machinery*?. The secretion apparatus is membrane bound and forms atranslocation
channel, spanning the inner and outer bacterial membranes and the eukaryotic host cell
membrane®?. The T4SS can transport effector proteins or DNA from the cytoplasm of the
bacteria directly into the host cell cytoplasm!2®, The VirB/D4 T4SS in B. quintana is encoded
by the virB locus, comprised of 10 structural genes and a virD4 gene. In Group C Bartonella
spp., the virB locus is located upstream of the secreted Bep genes, encoding proteins that form
the secretion complex. The virD4 gene is located amidst the Bep genes, encoding the VirD4

protein, which associates with the inner membrane side of the T4SS complex. VirD4 recognises
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the Bartonella intracellular delivery (BID) domains of the Bep proteins and allows their entry
into the channel to be transported®. The BID domain is a 142-amino acid sequence that, in
combination with the positively charged C-tail, acts as a translocation signal, among other
functions, allowing the protein to be transported through the VirB/D4 T4SS®#, Each Bep
contains at least one BID domain; in B. henselae three Beps have more than one BID domain;
however, the BID domain closest to the C-terminus enables the translocation®. This suggests
the other BID domains within the Beps have other activities. Acquisition and evolution of the
different Bartonella T4SS effectors have likely occurred through repeated instances of
horizontal gene transfer, often promoted by gene transfer agents!’. The VirB/D4 T4SS is
essential for intraerythrocytic infection in animal models. It also mediates multiple phenotypes
in endothelial cells, including activation of NF-«kB to promote a pro-inflammatory response,
cytoskeletal rearrangements, apoptosis inhibition, and pathogenic angiogenesis®-%°. Bartonella
spp. of Group C have a pathogenicity island encoding the highly conserved VirB/D4 T4SS and
the Bartonella effector proteins (Beps)®. Interactions between Bartonella spp. and the reservoir
host create a strong selection pressure promoting rapid evolution of the Beps. The Beps are not
highly conserved between Group C species and differ in the number encoded. The Beps share
acommon ancestor and display a modular domain architecture?®, and likely arose from multiple
rounds of duplication, reshuffling, and diversification of domains*2. Bartonella likely acquired
the T4SS and early Bep proteins from several independent events®. Bep proteins have an N-
terminal host interacting domain and a C-terminal bipartite secretion signal containing a BID
domain®?. The system is essential for B. henselae infection; BepG mediates actin cytoskeleton
rearrangements driving the formation of a large vacuole, densely packed with bacteria called
the invasome and is essential for intraerythrocytic infection®. BepE and BepC work in concert;
BepC is required for Bartonella dissemination while BepE protects migratory cells from the
harmful effects caused by BepC®'.

1.6.1 BepA Homologue Effectors

B. henselae BepA is well studied and contains both a BID, allowing passage through the
VirB/D4 T4SS, and a filamentation induced by cAMP (FIC) domain, an enzymatic domain
associated with pathogenic manipulation of host cell signalling®. When BepA is secreted into
host cells it localisesto the inner membrane, binding adenyl cyclase and the a-subunit of a G-
protein coupled adenyl cyclase stimulating receptor, elevating intracellular cAMP®%, BepA
binds adenyl cyclase via its BID domain to perpetuate CAMP production, inhibiting apoptosis
by the upregulation of cAMP-dependent anti-apoptotic signalling proteins®. BepA

demonstrates a unique manner of cAMP production in host cells, in contrast to other microbial
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mechanisms such as ADP ribosylation by cholera toxin®. Additionally, B. henselae BepA has
been shown to have a potent pro-angiogenic effect, contributing to B. henselae’s chronic
persistence within the host and may promote the development of vasopoliferative lesions during
serious B. henselae infection®. The bepA gene homologue in B. quintana differs from that of
B. henselae as it is expressed as two open reading frames, resulting in two proteins, BepAl and
BepA2. The first open reading frame, BepAl, encodes the FIC domain and the second contains
the BID domain with the C-terminus tail®. The functionality or potential cellular targets of

BepAl have not been demonstrated.

FIC enzymatic domains are commonly found in cells, occurring in thousands of different
species, often modulating signalling processes. FIC domains mediate the transfer of an AMP
moiety onto a target protein. They were first characterised in the early 1970°s when Stadtman
et al. identified an E. coli glutamine synthetase that was regulated by an AMPylating
enzyme®2°. More recently the role of FIC domains in bacterial pathogenesis started to come to
light. In 2009 Yarbrough et al. demonstrated the ability of bacterial FIC domains to alter the
function of host cell Rho signalling family members. AMPylation, also known as adenylylation,
is the covalent transfer of an AMP moiety to a target protein side chain, a modification which
has recently become more recognised to influence bacterial pathogenicity and toxicity®.
Physiologically, AMPylation mediates posttranslational regulation of protein function;
however, microbial pathogens have subverted this activity to modulate host cellular function
during infection®. Bacterial toxins containing FIC domains have been demonstrated to interfere
with Rho guanine triphosphatase (GTPase) family function and disrupt microtubule-dependent
vesicle transport®. FIC domains are also often part of toxin/anti-toxin modules in plasmids; for
example, the FIC domain of B. schoenbuchensis VbhT has a toxic effect but is intermolecularly
suppressed by the function of VbhA via tight binding of its ainn Site%”. Additionally, the FIC
domain-containing effector protein Bep2 of B. rochalimae targets the intermediate filament

protein Vimentin®,

1.7 Hypothesis & Goals

Once Bartonellaare introduced into the skin they encounter resident macrophages, but survive
clearance using poorly understood immune evasion or suppression mechanisms. An intriguing
question is whether B. quintana are phagocytosed by resident macrophages and survive within
them, or whether the bacteria evade the immune cells altogether. B. henselae have demonstrated
the ability to persist intracellularly within immune cells, preventing fusion of the lysosome;

perhaps B. quintana persists within macrophages utilising a similar mechanism. B. quintana is
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equipped with five Bep proteins that may modulate host cell signalling to benefit the bacteria.
Perhaps these Bep proteins play a role inthe modulation of host immune cells, allowing evasion
or suppression of immune activity. The interactions between B. quintana and human
phagocytes have not been characterised. We hypothesised that B. quintana would be
internalised by human macrophage cells but persist intracellularly. We further hypothesised
that BepAl and BepA2 would modulate host cell protein functions, affecting cellular signalling.
Our goals were to investigate the interactions between B. quintana and human macrophages
through live cell assays and to identify protein-protein interactions between BepAl1/2 and host
cell proteins to characterise their cellular target(s). Expanding on our findings, we also assessed

the effects of BepAl/2 on host cells using functional assays.
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Chapter 2 Methods

2.1 Bacterial and Yeast Strains and Plasmids

B. henselae and B. quintana were cultured for use in cell infection experiments. E. coli were

used as host organisms for the generation and maintenance of plasmids.

E. coli Strains
Strain Genotype Source or Reference
DH5a F— ®80lacZAM15 A(lacZYA-argF) ThermoFisher Scientific
U169 recAl endAl hsdR17 (rK-,
mK+) phoA supE44 A— thi
1 gyrA96 relAl
Topl0 F—mcrA A(mrr-hsdRMS-mcrBC) ThermoFisher Scientific

®80lacZAMI15

AlacX74 recAl araD139 A(ara leu)
7697 galU galK rpsL

(StrR) endAl nupG

Bartonella Strains

Strain Relevant characteristics Source or Reference
B. henselae Isolated from human blood from an 9
Houston-1 HIV-positive male, Houston, Texas, Source — ESR Culture

USA.

Collection.

B. quintana JK-31

Isolated from a cutaneous bacillary
angiomatosis lesionof a human
patient in San Francisco, California,
USA.

BEI Resources, NIAID, NIH
(NR-31832).
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Yeast Strains

Strain Relevant characteristics Source or Reference
Y187 MATa, trp1-901, leu2-3, 112, ura3- Takara Bio USA
52, his3-200, gal4A, gal80A, LYS2 : :
GAL1UAS-GallTATA His3,
GAL2UAS-Gal2TATA-Ade2 URA3
- MEL1UAS-MellTATA AUR1-C
MEL1
Y2HGold MATa, ura3-52, his3-200, ade2-101, | Takara Bio USA
trp1-901, leu2-3, 112, gal4A, gal80A,
met-, URA3 : : GALLUAS-
GallTATA-LacZ, MEL1
Plasmids
Name Relevant characteristics Source or Reference
pGADT7-T Y2HS control plasmid Takara Bio USA
pGBKT7-53 Y2HS control plasmid Takara Bio USA
pGBT9 Y2HS low copy number cloning Takara Bio USA
plasmid
pGBKT7 Y2HS cloning plasmid Takara Bio USA

pGADT7-RecAB

Y2HS library plasmid

Takara Bio USA

pGBKT7-BepAl

pGBKT7 with BepAl

This study

pCR®2.1-TOPO®

Topo cloning plasmid

ThermoFisher Scientific

Mammalian E. coli Shuttle Vectors

Name

Relevant characteristics

Source or Reference

PCDNA3.1

Mammalian-E. coli shuttle vector for

transfection.

ThermoFisher Scientific

pcDNA3.1-BepAl

pcDNA3.1 with BepAl

This study

PcDNAS.1-GFP-

yopJ-catmut

Unpublished lab stock plasmid,;
pcDNA™3 1/ CT-GFP-TOPO® vector

containing catalytic mutant YopJ.

pcDNA™3. 1/ CT-GFP-
TOPO® sourced from
ThermoFisher Scientific.
Catalytic mutant YopJ
added by Alvey Little.
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Table 1: Strains and Plasmids. This table presents the different bacterial and yeast stains used during
this research. Additionally, plasmids used and created are presented with their relevant characteristics

noted.

Bacteriological Media
All bacteriological media was autoclaved for 15 minutes at 121°C, 15 psi.
Chocolate Agar

The GC agar and haemoglobin solutions were brought to the boil separately then autoclaved.
Solutions were cooled to 45°C — 50°C, then combined in a biosafety cabinet.

500 mL of 7.2% GC Agar Base Solution (OXOID)

500 mL of 2% BBL™ Freeze-dried Haemoglobin Solution (BD)

1% IsoVitaleX Enrichment Medium (BD) added once autoclaved solutions had cooled.
Plates were poured ina biosafety cabinet; 29 mL of liquid chocolate agar was pipetted into each
empty petri dish. Lids were left ajar for 15 minutes allowing condensation to escape while plates
cooled and solidified. Plates were stored inverted at 4°C for up to 7 days for use in B. quintana
culture.
Columbia Blood Agar (CBA)

Sleeves of pre-made CBA plates with 5% sheep blood were purchased from Fort Richard
Laboratories.

LB Agar

LB Agar (Invitrogen) was added to 500 mL ddH.O, as per manufacturer instructions, and
autoclaved. The solution was cooled to 50°C then antibiotics were added, if required:
Kanamycin 50 pg/mL, Ampicillin 50 pg/mL (final concentrations). In a biosafety cabinet, 21
mL agar was pipetted into each 90-mm sterile petri dish (Citotest). The lids were left ajar until
agar had solidified then plates were stored at 4°C for up to one month.

LB Broth

LB broth powder was added to 500 mL ddH.O, as per manufacturer instructions, and
autoclaved. The solution was cooled to 50°C then antibiotics were then added if required:
Kanamycin 50 pg/mL, Ampicillin 50 pg/mL.

2XYT

Difco™ 2xYT Yeast Extract Tryptone Medium (BD) was added to 500 mL ddH-O, as per
manufacturer instructions, and autoclaved.

M199S

Glutamate (final concentration 1 pM) (Gibco, ThermoFisher), sodium pyruvate (Gibco,
ThermoFisher) 1 mL and FBS (final concentration 20%) were added to M199 Earle’s Salt
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Medium (Gibco, ThermoFisher), to a final volume of 100 mL. The solution was then filter
sterilised.
TSB Broth
Trypticase Soy Broth (BD) dissolved in 1 L ddH,O, as per manufacturer instructions, then

autoclaved.

Bartonella

All maintenance of Bartonellawas performed within a AES Environmental — Biological Safety
Cabinet Class Il Hood. B. henselae stocks were kept in -80°C storage until required. To revive
bacteria, a scraping of frozen stock was taken using a sterile inoculation loop and spread over
a CBA plate, then incubated. Stock plates were passaged every 3 — 4 days by scraping ~1/3 of
the plate using a sterile inoculation loop and spreading over a fresh CBA plate, then incubating.
Strains were sub-cultured up to 10 times before returning to frozen stocks. B. henselae was
grown in a humidified incubator at 37°C inside a glass jar with a lit candle to reduce O, and
increase CO,. To freeze B. henselae cultures, approximately 1/3 of a 3 — 4-day old plate was
collected using a sterile inoculation loop and placed into 1 mL bacterial freezing media (80%
TSB broth, 20% 80% glycerol), vortexed briefly, then placed into -80°C storage. B. quintana
stocks were revived and maintained in the same manner as B. henselae, although B. quintana

cultures were grown on chocolate agar media and frozen in 80% M199S with 20% DMSO.

E. coli

To culture, a single colony was resuspended in 5 mL LB broth and grown overnight at 37°C
with shaking at 200 RPM. For long term storage, 600 UL overnight culture was added to 400
pL 80% Glycerol ina 1.5 mm cryo vial (Tarsons), then frozen at -80°C. Plasmids extracted
from E. coli using the Presto™ Mini Plasmid Kit Cat. Nos. PDH300 (Geneaid).

2.2 Mammalian Cell Culture

Tissue Culture Media — RPMI
Cells were cultured with RPMI 1640 media (Gibco, ThermoFisher) (SKU # 11875-093) with 2
mM L-glutamine and 13 puM Phenol Red added. RPMI was supplemented with 10% (final

concentration) heat-inactivated foetal calf serum (FCS) unless stated otherwise.

RAW 267.4 cells and THP-1 cells were cultured for use in live cell experiments. HeLa cells
were cultured for use in plasmid transfection and expression. All mammalian cells were

cultured in RPMI media. RPMI and PBS (Gibco Life Technologies) were warmed to 37°C
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before use unless stated otherwise. Cells were incubated in a cell culture humidified incubator
at 37°C with 5% CO,. Cell counting was performed using a haemocytometer, staining cells with
trypan blue dye (Sigma Aldrich). All cell culture maintenance was performed within a Laminar
Flow Hood using CellStar Cell Culture Flasks. Adherent cells were cultured in treated flasks

with filter caps, whereas suspension cells were cultured in untreated flasks with screw caps.

2.2.1 Adherent Cell Lines

HelLa cells (Sigma Aldrich) and RAW 264.7 cells (ATCC® TIB71™) were maintained and
treated as follows: Cells were passaged every 3 days, or when they reached 90% confluency.
To collect cells, media was removed, and cells washed with PBS. TrypLE Express Enzyme
(ThermoFisher Scientific) was added then the majority aspirated off, leaving a thin film. The
flask was then incubated at 37°C for 10 minutes then washed repeatedly with 37°C RPMI to
resuspend cells. The cell suspension (1/20 volume) was transferred to a new flask with fresh
RPMI and incubated. To defrost cells, the frozen ampoule was warmed in a 37°C water bath
then emptied into a Falcon tube, then 4 mL RPMI was added. The cells were centrifuged and
supernatant containing cryoprotectant was discarded. Cells were resuspended in RPMI and
transferred to a flask for incubation. To freeze cells for long term storage, 2.0x108 cells were
added to 1 mL RPMI with 10% DMSO in a cryo vial. Cells were placed in -80°C within a
CoolCell® LX (Biocision) then transferred to liquid nitrogen for long term storage the following
day.

2.2.2 Suspension Cell Lines

THP-1 cells (ATCC® TIB-202™), purchased from Sigma-Aldrich, were treated as follows:
cellswere revived from long term storage by thawing frozen ampule containing cellsin a 37°C
water bath, then transferring cells to a Falcon tube and slowly adding 4 mL RPMI. Cells were
centrifuged at low speed, then supernatant containing cryoprotectant was decanted. The pellet
was resuspended in 2 mL RPMI (20% FCS), supplemented with 0.05mM B-mercaptoethanol
and 1mM pyruvate, then cells were transferred to a 35mm culture dish and incubated. Media
was changed every 2 — 3 days. Further supplemented RPMI was maintained for the first passage
before returning to 10% FCS. THP-1 cells were sub-cultured every 3 days, maintaining cells
between 5.0x10° cells/mL and 1.0x106 cells/mL. THP-1 cells were sub-cultured 10times before
returning to frozen stocks. THP-1 cells were stimulated with Phorbol 12-myristate 13-acetate
(PMA,; Sigma Aldrich, P1585) resuspended in DMSO, at a final concentration 5 ng/mL to

terminally differentiate the cells into adherent macrophages. THP-1 cells were stimulated for
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48 hours before PMA and media was removed, replaced with fresh RPMI. To freeze THP-1
cells for long term storage, 3.0x10° cells/mL were resuspended in freezing media comprised of
90% FCS and 10% glycerol within a cryo vial. Cells were placed in -80°C within a CoolCell®

and transferred to liquid nitrogen the following day.

2.3 Plasmid and Strain Construction

This section describes the workflow to clone pGBKT7 and pGBT9 with BepAl and BepA2

inserts.
pGBKT7-BepAl

Forward: BepAl_F 5’- GCG CAT ATG CTA AAT TAT AAG GAG GTC GTT
ATG -3’

Reverse: BepAl_R 5’- GCG BGATCC TCA AAC AGA TGT TTC ATA GGC
T-3

pGBKT7-BepA2, pGBT9-BepA2, and pCR®2.1-TOPO®-BepA2

Forward: BepA2_F 5°-GCG GAA TTC ATG AGC CAT ATG AAA AAT ATC
AAA CGC AAT -3’

Reverse: BepA2_R 5°- GCG [GIAIIBE TTA GCA AAC TAT TTT AGC TTG
cCcC -3

pcDNA3.1-BepAl

Forward: 5°-GCG BCIABE GTT ATG GTA AAT TAT AAG GAG

BepA Nhel Kozak F GTC GTT ATG -3’

Reverse: BepAl_R 5’- GCG BEGATCC TCA AAC AGA TGT TTC ATA GGC
T-3°

Table 2: Primers Used in Cloning. Engineered restriction sites are highlighted as follows: Green —
BamHI, Teal — EcoRlI, Yellow — Ndel, Purple — Nhel. The red highlighted area within the BepA2_R
primer was intended to have a BamH1 restriction site (with the sequence GGATCC); however, due to
an error in primer creation the incorrect sequence (GAATCC) was included. The underlined sequence
within the BepA_Nhel Kozak F primer identifies the Kozak sequence, a ribosomal binding site region

essential for transcription within eukaryotic cells.

2.3.1 PCR

Q5® High-Fidelity DNA Polymerase (BioLabs) was used to amplify BepAl and BepAz2 inserts
from B. quintana JK-31 genomic DNA stock, kindly provided by Dr Jane Koehler. PCR assays

were performed using the following standard mix:
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Reagent Quantity
5X Q5® Reaction Buffer (NEB BioLabs) 10 pL

10 mM dNTPs (NEB BiolLabs) 1L
Forward Primer (10 pM) 2.5 L
Reverse Primer (10 uM) 2.5 L
Template DNA 1L
Q5® High-Fidelity DNA Polymerase (NEB | 0.5 puL
BioLabs)

ddH0 32.5puL
Total reaction volume 50 pL

Table 3: PCR Reagents.This table shows the quantities and reagents used for PCR amplification of
inserts during cloning. Q5 High-Fidelity DNA polymerase was used to ensure accurate amplification of

DNA sequences.

Advantage® 2 Polymerase in 10X Advantage® 2 Polymerase Buffer (Takara Bio USA) was used

in circumstances where complete accuracy was not essential.

Temperate Duration Step

98°C 30 seconds Warm up/initial denaturation

98°C 10 seconds Denaturation

60°C 30 seconds Annealing 30 cycles
72°C 30 seconds Extension

72°C 2 minutes Post-cycle extension

4°C 00 Hold until collected

Table 4: PCR cycling parameters.This table shows the PCR cycling parameters used to amply inserts
from the B. quintana genome for use in cloning. The annealing temperature was dropped to 55°C and

the extension duration was increased to 1 minute if initial PCR was unsuccessful.

2.3.2 Gel Electrophoresis

HyAgarose™ (HydraGene) was added to 60 mL TAE Electrophoresis buffer (ThermoFisher),
creating a 1% gel, then microwaved until fully dissolved, swirling when the solution reached
boiling. RedSafe™ Nucleic Acid Staining Solution (iNtRON) was added before pouring the
solution into a ThermoFisher gel mould with comb. The agarose was allowed at least 15 minutes
to cool and solidify before the comb was removed. TAE Electrophoresis buffer was added to
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the fill line, then 5 pL of HyperLadder™ 1kb (Bioline) was added to the first well. Gel Loading
Dye (NEB BiolLabs) was added to each sample then 10 — 20 pL sample was loaded into each
well. The gel was run at 100 volts for 1 hour, then imaged under UV light using a Typhoon
FLA 9500 scanner.

2.3.3 Restriction Digest

Plasmid DNA (125 ng) was digested alongside insert DNA with a 1:5 plasmid to insert ratio;
the amount of insert DNA varied depending on the size of the insert and plasmid.

| performed double restriction digests using the following mixes:

pGBKT7 with BepAl pGBKT7 with BepA2

NEBuffer 3.1 (BioLabs) NEBuffer 3.1 (BioLabs)

DNA DNA

BamH1 (BiolLabs) BamH1 (BiolLabs)

Ndel (BioLabs) Ndel (BioLabs)

Water Water

pGBT9 with BepA2 pcDNA3.1 with BepAl

10X FastDigest Buffer (ThermoFisher)

10X Tango Buffer (ThermoFisher)

DNA

DNA

FastDigest BamHI (ThermoFisher)

BamHI (ThermoFisher)

FastDigest EcoRI (ThermoFisher)

Nhel (ThermoFisher)

Water

Water

Table 5: Restriction Digest Reagents. This table displays the different restriction enzymes and buffers
used for cloning of different plasmid and insert combinations. All restriction digests were performed in
a 20 pL reaction volume and all enzymes had 100% activity in the coupled buffer with no star activity

when incubated for 6 hours or less.

Samples were incubated at 37°C for 6 hours. Digested plasmid was treated with Calf Intestinal
Alkaline Phosphatase (CIAP) (Invitrogen) by adding 1 pL and incubating at 37°C for 5 minutes.
CIAP was heat-inactivated by incubating at 65°C for 15 minutes. Following treatment, plasmid
and insert DNA was combined using the DNA Clean & Concentrator (Zymo research), eluting

the mixture in 8 pL.
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2.3.4 Ligation

To ligate digested insert DNA into digested plasmid DNA into a circular plasmid, insert and
plasmid DNA were purified and concentrated into 8 yL for ligation reaction, as follows per

tube:
Reagent Quantity
10X T4 DNA Ligase Buffer (ThermoFisher) | 1 uL
T4 DNA Ligase (ThermoFisher) 1puL
Plasmid and Insert DNA 8 uL
Total 10 pL

Table 6: Ligation Reagents. This table displays the ligase and buffer used for ligation of inserts and
plasmids during cloning. All digested insert and digested and CIAP treated plasmid DNA was combined

and concentrated into 8 pL for ligation.

The following cycling parameters were used:

Temperature Duration
10°C 30 seconds
30°C 30 seconds

Table 7: Ligation Cycling Parameters.This table shows the cycling parameters for ligation using a

Thermocycler.

Thermocycler was run for 16-20 hours.

2.3.5 Electrocompetent E. coli

To generate electrocompetent E. coli for electroporation with plasmid constructs, a single E.
coli colony was picked and resuspended in 50 mL LB within a flask. The flask was incubated
at 37°C overnight with shaking at 200 RPM. Two separate flasks containing 250 mL LB were
inoculated with 5 mL overnight culture each and incubated at 37°C at 200 RPM until ODeoo
reached 0.3 — 0.4 (approximately 2.5 hours). The flasks were immediately transferred to an ice
bath and incubated for 15 — 30 minutes, with occasional swirling. The culture was transferred
to ice-cold centrifuge bottles and the cells were pelleted by centrifuging for 15 minutes at 1000
X g at 4°C. The cells were washed then centrifuged for 20 minutes at 1000 x g at 4°C to pellet.
The supernatant was decanted, and the pellets resuspended in 125 mL ice-cold 10% glycerol.

The bottles were centrifuged for 20 minutes at 1000 x g at 4°C. The supernatant was carefully
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decanted, and the pellets resuspended in 1 mL ice-cold 10% glycerol. The cells were aliquoted

in 100 pL volumes and placed into -80°C for long-term storage.

2.3.6 Electroporation

Salts were removed from DNA solutions in preparation for electroporation using drop dialysis,
as follows: the DNA solution was placed as a droplet onto a nitrocellulose membrane (MF)
suspended on the surface of ddH,O. After one hour, the drop was pipetted off the filter paper;
care was taken not to submerge the droplet. The entire DNA solution was added to a pre-chilled
centrifuge tube containing 40 pL electrocompetent DHS5a or ToplO cells. The tube was
incubated on ice for one minute before loading the solution into a pre-chilled E. coli Pulser®
Cuvette with a 0.1 cm electrode gap (BIO-RAD). The electroporation cuvette was loaded into
the pre-chilled E. coli Pulser® (BIO-RAD), then shocked with 1.8 kilovolts. One mL 2X YT
media (BD) was immediately added to the electroporation cuvette then the solution was
transferred to a fresh centrifuge tube. The cellswere incubated at 37°C for 1 hour with shaking
at 200 RPM. One hundred pL of the cell suspension was spread over an LB plate containing
the selection antibiotic, as well as with additional 1/10 dilutions and the remaining cell

suspension.

2.3.7 Sequencing DNA

Twenty pL plasmid DNA solution was quantified using a NanoDrop spectrophotometer
(ThermoFisher Scientific) then sent to Macrogen (South Korea) for Sanger sequencing.

Sequence data was analysed using Geneious 9 (Biomatters, New Zealand).

2.3.8 TOPO Cloning

BepA2 was cloned into pCR®2.1-TOPO® (Life Technologies) as described by the
manufacturer’s instructions. To summarise, BepA2 insert was amplified from B. quintana
genome using primers BepA2 F and BepA2 R. To achieve cloning, PCR product was
combined with water, saltsolution, and the TOPO® vector then incubated for 5 minutes at room
temperature. Topl0 E. coli were transformed using the One Shot® chemical transformation
protocol included within the TOPO® TA Cloning® Kit. TOPO cloning reaction was added to
chemically competent Top10 E. coli, then cells were heat shocked and plated on LB agar with
X-gal and ampicillin. Colonies will turn blue in the presence of X-gal if they contain a plasmid

with a functional LacZ gene. The LacZ gene is disrupted because of a successful insert,
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therefore white colonies were selected for screening. pPCR®2.1-TOPO® contains an ampicillin

resistance cassette to select for successful clones. Ten white colonies were screened.

2.4 Bartonella Phagocytosis and Intracellular Survival

2.4.1 Gentamicin Protection Assay of Adherent Phagocytes

The experiments were carried out essentially as described, with variations from this protocol
noted in the Results text.

THP-1 or RAW 267.4 cells were seeded into 24-well plates at 2.5x10° cells per well,in 1 mL
media. Plates were incubated for 24 hours to allow cells to adhere and reach confluence. Once
cellsreached confluence, the media was removed from wells and cells were washed three times
with 1 mL warm PBS. Fresh confluent plates of Bartonella were scraped and resuspended in
RPMI. The concentration of bacteria was estimated by spectrophotometry. Dilutions of the
Bartonella suspension were added to each well with 1 mL fresh RPMI. The initial bacterial
suspension was serially diluted and enumerated on chocolate agar plates. Colonies were later
counted to determine a more accurate multiplicity of infection and uptake efficiency of the
bacteria. Tissue culture plates were co-incubated for 3 hours, allowing for uptake of bacteria by
macrophages._Following the initial incubation period, the cell culture media, along with any
extracellular bacteria, was removed from the wells and discarded. To remove as many adherent
extracellular bacteria as possible, cells were washed three times with 1 mL PBS. All remaining
extracellular bacteria were killed by adding 100 pL of 2500 pg/mL gentamicin (final
concentration 250 pg/mL) and 900 pL RPMI to each well, then incubating for 1 hour. Following
incubation, the media was removed from the wellsand cells were washed three times with 1
mL PBS, removing gentamicin. Wells were then lysed or further incubated before lysing.
Viable intracellular bacteria were harvested from the wellsat various time points by removing
the media, washing the cells three times with 1 mL PBS, then adding 500 pL 1% saponin
(Sigma-Aldrich) in PBS. Plates were placed onto an orbital rocker set to 130 RPM for 10
minutes, then vigorously pipetted to ensure complete lysis of macrophages. One hundred
microliters of lysate were vortexed then pipetted on a CBA plate. Serial dilutions were made
and spread on CBA plates. Plates were incubated until visible colonies formed. Biological
replicates were averaged when calculating the adjusted CFU. Plates with <10 colonies or >300

colonies were recorded but excluded from the final calculations.
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2.4.2 Bacterial Uptake Kinetics of B. quintana

THP-1 cells were stimulated with PMA and seeded into 24-well plates 2.5x10° cells per well,
in 1 mL media. A suspension of B. quintana (ODey 0f 0.002) was prepared and added to the
phagocytes at staggered time points for a target MOI=10. Cells were incubated for various
periods of time, then washed. Gentamicin was added to all wells and incubated for 1 hour. The
gentamicin was removed by multiple PBS washes then all wells were lysed with 1% saponin.
The lysates were serially diluted and plated on chocolate agar to enumerate viable colony

forming units. Colonies were counted after 13 days.

2.4.3 Gentamicin Sensitivity of B. quintana

To determine the optimal time required for extracellular bacterial killing, a suspension of B.
quintana was prepared and diluted to ODggo 0f 0.002. Nine hundred microliters of B. quintana
suspension were added to microcentrifuge tubes along with 100 pL of gentamicin at a
concentration of 2500 pg/mL (final concentration 250 pg/mL). The microcentrifuge tubes were
vortexed and placed in an incubator at 37°C for various amounts of time. The contents of the
microcentrifuge tubes were vortexed and spread onto chocolate agar plates and left for 13 days
before counting. The number of viable bacteria per tube was enumerated through colony
counting from direct bacterial suspension, allowing calculation of the percentage of viable

bacteria before and after gentamicin treatments of varying durations.

2.5 Yeast Two-Hybrid Screen for Host Cell Targets of BepAl

2.5.1 Yeast Culture

Y2HGold and Y187 yeast strains were supplied in the Matchmaker® Gold Yeast Two-Hybrid
System Cat. Nos. 630489 (Takara Bio USA). Yeast were revived from frozen cultures and
plated on YPDA media at 30°C for 3-4 days. Media sachets from the Matchmaker® Gold Yeast
Two-Hybrid System Cat. Nos. 630489 (Takara Bio USA) were assembled as instructed; media
packs were added to 500 mL ddH,O and autoclaved for 15 minutes at 121°C, 15 psi. Due to
deficiency in the supplied media, some plates were supplemented with 0.16 g Adenine Sulfate
(Formedium), per Litre of media. For long term storage, a single fresh colony was scraped from
a plate and resuspended in 300 pL 80% glycerol + 700 pL YPDA broth ina 1.5 mm cryo vial
(Tarsons).
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2.5.2 Yeast Two-Hybrid System

Yeast two-hybrid assay carried out as described by the Matchmaker® Gold Yeast Two-Hybrid
System User Manual Cat. Nos. 630489 (Takara Bio USA). Plasmid containing bait insert was
transformed into haploid, chemically competent yeast. Yeast was prepared as described by the
Yeastmaker™ Yeast Transformation System 2 User Manual Cat. Nos. 630439 (Takara Bio
USA), section VI. A. The yeast cellswere transformed as described by the Yeastmaker™ Yeast
Transformation System 2 User Manual Cat. Nos. 630439 (Takara Bio USA), section VI. B-C.
Haploid yeast containing bait plasmid were mated with haploid yeast containing the Mate and
Plate normalised universal human cDNA library of prey proteins. Diploid yeast containing both
bait and prey proteins were screened on selective media, interacting bait and prey proteins
activating reporters allowing survival. Surviving yeast colonies were recovered, frozen for
long-term storage, and the prey plasmid was recovered for identification of interacting library
protein. Plasmids extracted from yeast as described by the Easy Yeast Plasmid Isolation Kit
User Manual Cat. Nos. 630467 (Takara Bio USA).

2.6 Transfection of HelLa Cells with BepAl

To assess transfection efficiency, pcDNA3.1-GFP-yopJ-catmut (see Table 1: Strains and
Plasmids) was transfected as a positive control as it expresses GFP and is easily visualised and
is approximately the same size as pcDNA3.1-BepAl. Transfection efficiency was assessed by
fluorescence microscopy; maximum expression was observed 48 hours following transfection
with a 3:1 Viafect (Promega) to DNA ratio. When transfecting in 24-well plates the Viafect
solution was prepared by adding 0.5 pg DNA and 1.5 pL Viafect to 18 uL Opti-MEM media,
per well. When transfecting into 6-well plates, Viafect solution was prepared by adding 1.5 pg
DNA and 4.5 pL Viafect to 194 pL Opti-MEM media, per well. Solutions were incubated at
room temperature for 10 minutes before carefully dripping onto wells. Twenty pL of this
solution was added to each well of a 24-well plate, or 200 pL to each well of a 6-well plate.
Untransfected Hela cellswere used as a negative control alongside transfected HeLa cells.

2.7 Co-Immunoprecipitation

HelLa cells were lysed in a non-denaturing lysis buffer with protease inhibitors. Lysates were
vortexed for 2 hours at room temperature then centrifuged for 3 minutes at 10,000 x g.
Supernatants containing protein were transferred to fresh microcentrifuge tubes. The protein
concentration was assessed using a Qubit Protein Assay Kit (ThermoFisher). Ten mg of lysates
from both non-transfected and transiently transfected HelLa cells with pcDNA3.1 with BepAl
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were used. The lysates were added to centrifuge tubes, then brought to 500 pL with non-
denaturing lysis buffer. One pg rabbit anti-MYOZAP antibody (Sigma Aldrich) was added to
the samples, which were incubated for 1 hour at 4°C. Fifty uL homogenised SureBeads™
Protein A Magnetic beads (Bio-Rad) were added before incubating samples overnight at 4°C
with end-over-end rotation to prevent settling. Beads were washed twice by using the magnet
to draw beads to the side of the tube and adding non-denaturing lysis buffer, then resuspending
beads by inverting tubes. Beads were then washed with PBS in the same manner. PBS was
removed, and beads were resuspended in 35 pL Tris-Glycine SDS 2X Sample Buffer (Novex)
before the samples were incubated at 95°C for 5 minutes. The beads were removed by magnet
and the supernatant containing the antibody-protein complex was transferred to a fresh

centrifuge tube.

2.7.1 Western Blotting

Novex™ WedgeWell™ 10-20% Tris-Glycine Gel was fitted into a protein electrophoresis gel
tank. Running buffer was poured into the central tank until the buffer reached the fill line. Five
ulL PageRuler™ Protein Ladder (ThermoFisher), untransfected, and pcDNAS3.1-BepAl
transfected protein samples, prepared during the co-immunoprecipitation, were loaded into
following wells. In addition, HeLa lysate of untransfected and pcDNA3.1-BepAl transiently
transfected cells was loaded as a control. The tank was attached to a BIO-RAD Powerpac 3000
and run at 160 volts for 30 minutes. The protein was transferred from the gel to a Biodyne®
Pre-Cut Modified Nylon Membrane (ThermoFisher) using a transfer block and tank. The gel
and membrane were loaded into a sandwich complex and inserted into a transfer block, then
placed with ice into a tank, filled with transfer buffer. The transfer tank was surrounded in ice
and run overnight at 4°C at 300 mA. The membrane was retrieved and dipped protein side down
in Ponceau Stain then placed in PBS-T on a rocker for 3 minutes. Membrane was placed in
Blocker™ BSA 5% (ThermoFisher) on a rocker for 1 hour at room temperature. The blocker
was removed and the primary antibody, anti-Myc tag (Abcam) was diluted to 1in 1,000 in BSA
5%, added to the membrane, then incubated overnight on the rocker at 4°C. BSA-antibody
mixture was removed, and the membrane washed in PBS-T for 5 minutes, repeating for a total
of 3 washes. PBS-T was removed and the HRP-conjugated secondary antibody (Abcam) was
added at a 1:7000 dilution in BSA 5% and incubated at room temperature for 1 hour, then
washed 3 times in PBS-T, as before. PBS-T was removed and 500 puL of Clarity Max™ Western
ECL Substrate was dripped over the membrane before imaging using an Amersham Imager
600.
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2.8 Phenotypic Assays of Transfected Cells

2.8.1 Cell Migration Assay

A total of 1.0x10* HeLa cells were seeded into each well of a 24-well plate. HeLa cells were
transfected once they reached 80% confluence. Ten wells were transfected with pcDNA3.1 with
BepAl and another 10 wells with pcDNA3.1 with no insert. The remaining 4 wells remained
untransfected. After 48 hours a single vertical scratch was made in each well in a uniform
manner using a sterile pipette tip. The centre of each well was photographed, and the exclusion
zone area created by the scratch was measured. The plate was incubated at 37°C and the same
area in each well was photographed and measured at: 4, 8 ,12, 22, and 28 hours using the image
processing software ImageJ and the macro MRI Wound Healing Tool.

2.8.2 Enzyme-Linked Immunosorbent Assay

Transfected HelLa cells were seeded into 6-well plates at a concentration of 1.0x10° then
incubated at 37°C overnight to allow adherence. Untransfected HelLa cells and HelLa cells
transfected with an empty pcDNA3.1 plasmid were included as controls. The supernatant was
collected, then 1 mL fresh 37°C RPMI with TNF-a (final concentration of 100 ng/mL) was
added. After 24 hours, the supernatant was collected. Quantikine® Human IL-6 and
Quantikine® Human IL-8 ELISA Kits (R&D Systems) were used to assess cytokine levelsin
supernatants. Supernatants were diluted 1/50 to measure cytokine levels within the linear
portion of the provided standard curve. Using an EnSpire Plate Reader, ODss Was measured
and subtracted from ODusp readings to account for imperfections in plate plastic. Excel was
used account for supernatant dilutions and subtract baseline measurements. GraphPad Prism
was used to determine statistical significance via one-way ANOVA.
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Chapter 3: Interactions Between Bartonella and

Macrophages

3.1 Introduction

B. quintana infection begins when an infected body louse feeds on a host. During the blood
meal the louse deposits bacteria in excreta at the site of feeding, which get introduced into the
dermis by scratching or rubbing. In the skin, the bacteria encounter immune cells such as
macrophages, resident within the tissue awaiting foreign invaders. The bacteriaavoid clearance
by innate immune cells, moving into the lymphatic system and eventually the bloodstream,
causing disease. Innate immune cells within the skin are the first line of defence during
introduction of Bartonella; understanding the interactions between the bacteria and host cells
may better explain the survival of Bartonella and subsequent ability to cause disease in the host.
Improved understanding of these interactions may allow for better detection, diagnosis, and
treatment. The interactions between B. quintana and THP-1 cells, a human macrophage-like
cell line, are the focus of this chapter. This is a novel combination representing the interactions
between B. quintana and the macrophages present in the skin of humans. Of the published
studies investigating Bartonella interactions with immune cells, none have characterised the

interactions between B. quintana and the immune cells of its reservoir host.

This chapter aims to answer the following questions: Is B. quintana internalised by THP-1
cells? Can B. quintana persist or replicate within these macrophages? Will B. quintana escape
macrophages after internalisation? To answer these questions, a gentamicin protection assay
was developed, allowing for accurate quantification of viable intracellular bacteria. To
summarise this protocol: bacteria were incubated with host macrophages, allowing bacteria to
become internalised. Extracellular bacteria were killed using the antibiotic gentamicin, which
is not internalised into host cells, then macrophages are lysed and remaining viable intracellular
bacteria are counted. A gentamicin protection assay is well suited to answer these questions as
it can accurately assess bacterial count with no estimation of expected count required. This is
particularly useful in this case as this is a novel bacteria-host cell combination. These
experiments aim to fill the gap in our understanding of the early interactions between B.
quintana and the human innate immune system. Other Bartonellaspp. have been demonstrated
to enter and persist within macrophage cells for up to 24 hours'®,
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To develop the gentamicin protection assay protocol the first step was to reproduce the results
reported by Musso et al. 2001'®, The murine RAW 267.4 macrophage and THP-1 human
monocyte cell lines were used, rather than the J774 mouse macrophage cell line. RAW 267.4
cells are a reliable, well-characterised, fast-growing cell line, making them useful in the
optimisation of the gentamicin protection assay protocol. By then extending our studies to THP-
1 cells, the results better represent B. quintana infection in humans. We carried out pilot
experiments based on those described by Musso et al. with B. henselae and RAW macrophages
to optimise the gentamicin protection assay protocol before expanding to B. quintana and
human cell lines. One weakness of the gentamicin protection assay is it cannot discern the
mechanism in which bacteria enter host cells, only if bacteriaare intracellular. We hypothesised
that B. quintana enter THP-1 macrophages, either via macrophage-mediated phagocytosis or
by another mechanism. Once internalised, we expected B. quintana to persist for at least 24
hours within THP-1 cells, utilising immune evasion mechanisms to survive. Musso et al.
demonstrated B. henselae can enter J774 macrophages within 30 minutes of co-culturing,
reaching a plateau at 160 minutes. They also showed that B. henselae can persistintracellularly
for 8 hours without a significant decrease in viability, before decreasing in viability over the
following 24-hour period!®. A separate study revealed B. henselae survive intracellularly in
this manner by preventing fusion of the lysosome with the phagosome®. Musso et al. identified
the optimal time to co-incubate B. henselae and macrophages was three hours, resulting in the
highest number of viable intracellular bacteria; this incubation time was subsequently used for
our experiments with B. henselae. RAW 267.4 and THP-1 cells were co-incubated with B.
henselae, then treated with gentamicin to kill all extracellular bacteria, leaving viable
intracellular bacteria. Gentamicin was removed, and cells were incubated for varying durations,

before lysing macrophages and enumerating intracellular bacteria on plates.

3.2 Intracellular Survival of B. henselae in Murine Macrophages

The aim of this experiment was to establish the degree to which B. henselae can persist or
replicate intracellularly. The experiment was carried out three times independently; these

replicates were labelled A, B, and C, and are summarised in Figure 3-1.
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Figure 3-1: Intracellular B. henselae are killed in RAW 267.4 macrophages. RAW 267.4 mouse
macrophages were infected with B. henselae for three hours, then extracellular bacteria were killed by
gentamicin treatment. Intracellular bacteria were quantified over the hours following internalization, to
determine the degree to which the bacteria could persist intracellularly. B. henselae was added to the
cells at a multiplicity of infection of 0.2 - 1. B. henselae are effectively killed within RAW 267.4 cells
over a 24-hour period. Each line represents an individual experiment. No statistical analyses were
conducted, due to the low number of biological replicates. Results are presented as a percent of the
number of viable bacteria recovered from cells that were lysed immediately following removal of

gentamicin.

Murine macrophage RAW 267.4 cells killed all intracellular B. henselae within 24 hours in
each of the repeated experiments. B. henselae was killed more rapidly by RAW 267.4
macrophages, relative to killing by J774 cells, as previously demonstrated by Musso et al.
Musso et al. also observed a plateau in numbers of viable B. henselae for the first 8 hours,
suggesting a delay in killing, while under our experimental conditions, B. henselae were killed
without any delay following removal of the gentamicin. The data generated from these three
experiments (labelled A, B, and C) could not be combined as the number of input bacteria
varied significantly, preventing statistical analysis of all three as a singular data set. With a
more accurate bacterial quantification method this factor could be eliminated allowing for more

accurate repeats between experiments.
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3.3 Intracellular Survival of B. henselae in Human Macrophages

While we observed immediate and steady declines in numbers of viable B. henselae in the
presence of murine macrophages, we next aimed to establish if B. henselae remain viable
intracellularly within human THP-1 monocyte cells. Priorto carrying out the assay, THP-1 cells
were terminally differentiated from a suspension monocyte phenotype to an adherent
macrophage-like phenotype that approximates the morphology of immune cells in the dermal
tissue. To this end, THP-1 cells were treated with PMA for 48 hours prior to addition of B.
henselae. The THP-1 cells were challenged with B. henselae at an intended multiplicity of
infection (MOI) of 100. However, the actual MOI from this experiment was 0.28, determined

by colony counts from bacterial dilution plates.
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Figure 3-2: Intracellular B. henselae are killed in THP-1 cells. THP-1 cells were infected with B.
henselae, then extracellular bacteria were Killed by gentamicin treatment. Intracellular bacteria were
quantified over the hours following internalization, to determine the rate at which the bacteria could
persist intracellularly. B. henselae was added to the cells at a multiplicity of infection of 0.28. Viable
intracellular B. henselae are recorded within THP-1cells for >27 hours post gentamicin treatment. The
trend suggests a modest reduction in B. henselae viability within the first 3 hours post gentamicin

treatment.

In contrast with the rapid killing of B. henselae (see Figure 3-1) by murine macrophages, we
observed a slower rate of killing and a longer survival time of intracellular bacteria in human
macrophages (see Figure 3-2). Viable intracellular B. henselae were detected in THP-1 cells
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for up to 27 hours. All the results of the B. henselae intracellular survival experiments are
combined into a single figure (see Figure 3-3) for comparison. The data was also plotted on a
semi-logarithmic graph (see Figure 3-4) to visualise emerging trends.

1501
& —— RAW Cells; Experiment A
§ - RAW Cells: Experiment B
g 100 —e= RAW Cells: Experiment C
@ == THP-1 Cells
o]
(4]
S
S
(<)
g 50-
c
(b}
o
(5}
o
0 1
0 30

Time (hours)

Figure 3-3: Trends in B. henselae killing by RAW 267.4 cells and THP-1s. This is a comparative graph
of Figure 3-1 and Figure 3-2, to highlight the difference in trends. Each line of this figure represents an
individual pilot experiment. Intracellular bacteria were recovered from phagocytes in the hours
following internalization. The trend suggests B. henselae killing by RAW 267.4 cells occurs at a higher
rate over three experiments compared to THP-1 cells; B. henselae viability drops faster in RAW 267.4
cell experiments, compared to the THP-1 cell experiment. However, statistical analysis cannot confirm
this due to low number of biological replicates.
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Figure 3-4: Trends in B. henselae killing by RAW 267.4 cells and THP-1 cells on a semi-logarithmic
scale. This is a comparative graph of Figure 3-1 and Figure 3-2, with a log y axis to highlight the
difference in the rate of intracellular bacteria killing by RAW 267.4 cells and THP-1cells. Intracellular
bacteria were recovered from phagocytes in the hours following internalization. There is a suggestion
of a trend, B. henselae appear to be killed slower by THP-1 cells compared to RAW 267.4 cells. RAW
267.4 cell data is a combination of RAW 267.4 cell experimental repeats (see Appendix Figure 1 for the

individual experiments).

In addition to intracellular survival within THP-1 cells, viable B. henselae was detected in the
extracellular medium of THP-1 cells. Extracellular viable B. henselae cells, following removal
of the gentamicin, were enumerated (see Figure 3-5). Because the gentamicin should have

killed all extracellular cells, these bacteria may have escaped the phagocytes.
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Figure 3-5: Presence of B. henselae in THP-1 cell supernatant. THP-1 cells were infected with B.
henselae, then extracellular bacteria were Killed by gentamicin treatment. Media was sampled for viable
bacteria during the following hours. For the first 19 hours following gentamicin treatment, a consistent
number of viable bacteria were observed in THP-1 cell supernatant. A significant decline in number is

then seen for the following 8 hours.

B. henselae may be able to escape THP-1 cells following gentamicin treatment and removal,
either due to THP-1 cell death or by escape through the THP-1 cellular membrane. Beginning
about 20 hours after gentamicin treatment, the numbers of viable bacteria in media steadily
decline; this may be mediated by phagocytosis by THP-1 cells, nutrient deprivation, or a build-
up of toxic waste products. Alternatively, there may be a small number of bacteria that survive
gentamicin treatment and persistin the media, growing at a similar rate at which bacterial death

Ooccurs.

These experiments do not contain error bars or statistical analysis between groups due to few
biological replicates. Ideally there would be at least biological triplicate for each data point;
however, this was unachievable in these experiments due to a lack of candle jarsand incubator
space to accommodate the agar plates required to enumerate the bacteria. Each time point
required replicates to ensure accurate data and allow for statistical analysis, and dilutions of the
cell lysate to ensure at least one dilution was within a countable range. As these experiments
using B. henselae, B. quintana, RAW 267.4 cells, and THP-1 cells utilised novel combinations,
the expected number of intracellular bacteria could not be estimated. Therefore, many dilutions
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of cell lysate were used for bacterial counts. Future experiments using these cell combinations
could utilise the results from this experiment to estimate the number of intracellular bacteria,
allowing them to plate less dilutions and more biological replicates to allow for statistical

analysis.

A Dbetter approach to investigate Bartonella following a gentamicin protection assay would be
to use microscopy techniques to visualise the bacteria. Live/Dead bacterial stains could be used
to visualise bacteria during the invasion process, identifying viable and non-viable bacteria.
Additionally, intracellular/extracellular staining can be used to visualise intracellular bacteria.
These methods could be used to determine the degree to which B. henselae remain viable once
internalised by phagocytes and determine where the bacteria localise within the host cells. A
similar approach was taken by Flannagan et al. in the study of Staphylococcus aureus to
determine cellular localisation and viability of intracellular bacteria, the degree of persistence,

and escape of the bacteria from phagocytes®.

3.4 Susceptibility of B. quintana to Gentamicin

While B. henselae was shown to be rapidly killed by mouse macrophages, and, to a lesser
extent, by human macrophages, we were interested in looking at the interactions between a
Bartonella species and immune cells from the reservoir host. To this end, we studied the
interactions between B. quintana and human macrophages. Because little published data
describing the interactions between B. quintana and immune cells exist, we first carried out
pilot experiments. An essential step in the gentamicin protection assay is the killing of all
extracellular bacteria by gentamicin treatment. To confirm that B. quintana is sensitive to
gentamicin treatment, bacteria were exposed to gentamicin for varying durations, then viable
bacteria were enumerated on chocolate agar. Results showed the clear majority of B. quintana
are eliminated by 1-hour of gentamicin treatment (99.999%) at a concentration 250 ng/mL
(Figure 3-6). Total elimination of B. quintana was seen by 2 hours (i.e., no viable bacteria

recovered); therefore, a 2-hour treatment duration was used for further experiments.
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Figure 3-6: B. quintana recovered after exposure gentamicin. This figure shows the effective killing of
B. quintana by the antibiotic gentamicin, with 99.999% of bacteria killed after one hour of treatment;
after another hour no viable bacteria could be detected. Bacteria plated after 105 minutes of gentamicin
treatment resulted in 320 colonies, indicating 3200 viable bacteria remained (0.1143% of the total
bacteria before gentamicin treatment). This was unexpectedly high and was possibly due to the
formation of large bacterial aggregates that prevent gentamicin killing. However, viable bacteria were

not detected thereafter. Graph including outlier in appendix (see Appendix Figure 2).

Our next aim was to determine if B. quintana interacted with THP-1 cells similar to B. henselae.
With the exchange of B. henselae for B. quintana we could no longer make the same
assumptions about the gentamicin protection assay protocol, based on results described in
Musso et al'®. Specifically, the optimal co-culture time was not assumed to be three hours but
was first empirically determined. Bacterial uptake kinetics were tested to determine the optimal

co-incubation duration allowing the maximum number of bacteria to become internalized.

3.5 Kinetics of THP-1 Phagocytosis of B. quintana

To effectively investigate the kinetics of THP-1 cell phagocytosis of B. quintana, we tested

varying co-incubation durations before treating the cells with gentamicin.
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Figure 3-7: B. quintana isolated from THP-1 cells, with varying co-incubation times. This figure shows
viable intracellular bacteria recorded following infection of THP-1 cells with B. quintana at an
MOI=0.81, then Kkilling of extracellular bacteria by gentamicin treatment. The y-axis shows the
percentage of the recovered bacteria compared to the number of input bacteria. Little difference was
seen between all co-incubation durations showing minimal internalisation of B. quintana. However, a

spike in recovered bacteria was observed at 3 hours.

We anticipated seeing high numbers of viable intracellular B. quintana, with a plateau reached
at 2 — 4 hours, indicating the ideal co-incubation duration. However, strikingly low numbers of
viable intracellular bacteria were detected at all the tested co-incubation times (Figure 3-7).
This was unexpected, and in contrast to the experiments that showed much higher levels of
viable intracellular B. henselae in THP-1 cells following a 3-hour co-incubation time.

One explanation for the low number of recovered bacteria is the saponin lysis method reduces
viability of B. quintana. Saponin has been demonstrated to not reduce viability of gram-
negative bacterial®; therefore, itisunlikely saponin is the direct cause of low numbers of viable
B. quintana recovered. Perhaps lysis of macrophages reduces B. quintana viability, although
lysing macrophages using saponin and counting intracellular gram-negative bacteriaby plating
lysate has been demonstrated previously without a reduction in bacterial viability’®. To
determine if B. quintana is sensitive to either of these factors the following experiment could

be conducted. One percent saponin or PBS could be added to a known number of viable B.
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quintana and incubated for 15 minutes with rocking, to mimic conditions of macrophage lysis.
Bacterial viability could be measured following exposure to saponin to detect toxicity to the
bacteria. However, since similarly low numbers were not seen for B. henselae, sensitivity to

saponin is unlikely to be the explanation for our results.

Another explanation for the low number of recovered bacteria is that B. quintana inhibits or
delays phagocytosis by THP-1 cells. This could occur through several possible mechanisms.
First, a small number of B. quintana may get internalised by phagocytosis by THP-1 cells, then
inhibit further phagocytosis through the action of Beps, as has been described elsewhere%+195,
Secondly, B. quintana LPS may be inhibiting phagocytic action by THP-1 cells. Similar effects
have been observed in the literature; B. quintana LPS acts as a TLR-4 antagonist, inhibiting
production of proinflammatory cytokines in human peripheral blood mononuclear cells!®. It’s
possible this inhibitory effect is additionally preventing effective phagocytosis of B. quintana
by THP-1 cells. Another important note, Hong et al. demonstrated B. tribocorum is poorly
phagocytosed by reservoir host, rat macrophages, but does not inhibit their phagocytosis of E.
coli®. This demonstrates Bartonella spp. can avoid phagocytosis by macrophages, without
inhibition macrophage phagocytosis. The results of this section are in line with the literature
and display the importance of studying the interactions between Bartonella spp. and their

reservoir host cells.

The largest peak, at three hours, is an intriguing result; it could result from B. quintana driven
inhibition of macrophage phagocytosis, followed by a sudden increase in bacteria uptake at 180
minutes, either by phagocytosis or an alternative invasion mechanism. This peak is possibly an
artefact of the experimental method; though it should also be considered this peak is only 400
recovered viable bacteria of the estimated 94,000 added to the THP-1 cells. Therefore, although
it appears striking when compared with the other data points, it’s still a very low number of

recovered bacteria. This result should be confirmed by repeating the experiment.

After the conclusion of this experiment, we experienced laboratory contamination of our B.
quintana stocks, preventing further optimisation or repetition of these experiments within the
available time. If a similar result was observed in repeated experiments, microscopy could be
used to visualise the interaction between THP-1 cellsand B. quintana. Video microscopy would
be particularly useful to characterise the bacteria-THP-1 interaction. This approach would
determine if B. quintana avoid internalisation or if they are quickly killed following
phagocytosis. A protocol originally developed to identify viable intracellular Neisseria
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gonorrhoeae could be adapted for B. quintana, implementing membrane permeable and
impermeable fluorescence dyes to visualise and distinguish between live and dead B. quintana
and THP-1 cells'®. Additionally, contact time between B. quintana and THP-1 cells could be
improved in future experiments by spinning plates via centrifuge to facilitate bacteria-host cell
contact. As B. quintana are non-motile, this would increase exposure of the bacteriato THP-1

cells, which are adhered to the plate surface.
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3.6 Discussion

Intracellular Survival of B. henselae in Mouse Macrophages

B. henselae internalisation and intracellular persistence in murine macrophages was previously
characterised by Musso et al., making it a useful Bartonella spp. for us to use to optimise the
gentamicin protection assay'®. The experiments carried out by Musso et al. used murine J774
macrophage cells; however, we used murine RAW 267.4 macrophages as they are a readily
available, fast growing, well characterised cell line, making them suitable for pilot experiments.
We investigated interactions between RAW 267.4 cellsand B. henselae and determined, over
three experiments, that RAW 267.4 cells effectively cleared intracellular bacteria. The bacterial
input of each experiment was subject to variation, likely resulting from varied readings from
the spectrophotometer. Despite this experimental variation, similar rates of decline in numbers
of viable intracellular B. henselae were seen inall cases. These experiments showed B. henselae
was internalised by RAW 267.4 cells but rapidly killed; all intracellular bacteria were cleared
by 24 hours. Musso et al. made the following observation when exposing J774 cells to B.
henselae at an MOI=10, “up to 8 h post-infection, the number of viable bacteria inside
nonactivated J774 cells remained almost constant”'®. As both J774 and RAW 267.4 cells are
murine macrophage cell lines, we expected a similar result. However, we found that RAW
267.4 cells were much more effective at killing intracellular B. henselae, with immediate
reduction in numbers of viable intracellular B. henselae observed; by 8 hours, only the
remaining viable intracellular bacteria were 8-25% of the numbers recovered immediately
following gentamicin treatment. The intended multiplicity of infection (MOI) of these
experiments was 10, i.e., macrophages would be infected with bacteria at a 10:1 ratio. The
number of input bacteria was initially estimated using a spectrophotometer at ODgoo; however,
a more accurate quantification of viable bacteria was calculated following each experiment via
viable cell counting of bacterial cell suspension, revealing an actual MOI that varied from 0.2
— 1. The discrepancy between viable cell counts and estimates from the spectrophotometer may
be because B. henselae grows poorly in liquid media and must be harvested from confluent

plates, which may include many dead bacterial cells.

To minimise discrepancies between viable cell counting and absorbance readings, B. henselae
and B. quintana were consistently harvested four days after passaging, when maximum viability
was expected. Future experiments could be optimised by quantifying input bacteria using a
gPCR method to count genome equivalents. This would allow improved quantification of
bacteria before use in the experiment and without the need for absorbance readings. However,

quantification of bacterial cell number by amplification of gDNA can include non-viable
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bacteria as the DNA can remain stable for a short time after bacterial cell death. Alternatively,
a reverse transcriptase qPCR method could be developed to quantify viable bacteria by
amplification of MRNA, which breaks down readily after bacterial cell death.

As expected vs observed MOI differed drastically, a direct comparison between the results
obtained by Musso et al. and the results of these B. henselae and mouse macrophage assays
could not be made. The low MOI used in our experiments could affect the rate at which RAW
267.4 cells killed the bacteria through phagocytosis and subsequent lysosome fusion. B.
henselae has been demonstrated to prevent lysosome fusion with the phagosome in murine
macrophages®; perhaps this activity requires a higher number of intracellular bacteria to be
carried out. Alternatively, there may be differences between RAW 267.4 and J774 murine
macrophages that are responsible for the differential rate of killing. To obtain more illuminating
results a method of quantifying the bacteria to reliably obtain a specific MOl must be achieved,
allowing for repeated experiments under the same conditions. Having enough biological
replicates to perform statistical analysis of the results is also essential. A gPCR quantification
method amplifying a Bartonella-specific marker could be adapted to quantify bacterial genome
equivalents (a proxy for bacterial cell number) both prior to addition of the bacteria to the tissue
culture cells and used to quantify viable bacteria following phagocytosis. One consideration of
gPCR for genome equivalents is gDNA may remain stable for a short time following the death
of a cell; therefore, some genomes would be counted from non-viable bacteria. However, gDNA
would likely break down fast enough for this to not considerably impact quantification. A RT-
gPCR method could be implemented, targeting mRNA, which breaks down much faster
following cell death. The challenge of this method would be the selection of an mMRNA
expressed at a constant level between cells and throughout the experiment; for this reason,
gPCR for genome equivalents would be the more reliable quantification method. A qPCR
guantification method would allow for far more biological replicates, avoiding the logistical
considerations surrounding plating for CFU. With the addition of at least three biological
replicates and three time points within the first eight hours, standard deviations for each data
point could be calculated, along with p values to compare between time points and groups. We
could not conduct these experiments due to contamination of Bartonella stocks and time
limitations. Although our experimental results differed from those reported by Musso et al, the
assay for intracellular survival of B. henselae was next adapted to study the interaction of the

bacteria with a human monocyte/macrophage cell line.
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Intracellular Survival of B. henselae in Human Macrophages

Gentamicin protection assay experiments with B. henselae and murine RAW 267.4 cells
revealed rapid killing of B. henselae. The next question we asked was if B. henselae would have
similar interactions with a human macrophage line, THP-1 cells. The reservoir host of B.
henselae is the cat; therefore, both murine or human macrophages represent cells from
incidental B. henselae hosts. We hypothesised we would observe similar interactions with B.
henselae for both THP-1 and RAW 267.4 cells, with rapid internalisation and killing of B.
henselae. However, we found that THP-1 cells were less effective at clearing intracellular B.
henselae, compared to RAW 267.4 cells. Repeating this experiment with more biological
replicates is required to confirm a statistically significant difference between these two groups.
This is an interesting finding as both THP-1 cells and RAW 267.4 cells are derived from
incidental hosts; however, there was a clear difference in the interaction, as assessed by the rate
of B. henselae killing by both cell lines. Some of these differences could be due to artefacts that
result from using immortalised cell lines. The mechanisms involved in the slower killing of
intracellular B. henselae by THP-1 cells could be further explored. In 2005 Kyme et al.
investigated a mechanism of B. henselae intracellular survival with J774 murine macrophages
that involved bacterial-driven prevention of lysosomal fusion with the phagosome®. Lysosomall
fusion with the phagosome could be investigated in a similar manner with RAW 267.4 cells
and THP-1 cells to compare.

Intracellular Survival of B. quintana in Human Macrophages

The goal of our experiments was to study the interactions between B. quintana and immune
cells from a reservoir host. There were several reasons for this interest. First, B. quintana is a
significant human pathogen but remarkably little is known about its interaction and evasion of
the innate immune response. Second, because humans are the reservoir host for B. quintana,
the bacteria may have evolved evasion mechanisms specifically for human immune cells, as a
result of thousands of years of co-evolution. B. quintana can survive and persist in the
bloodstream for extended periods, suggesting likely uncharacterised mechanisms exist for
subverting monocyte killing. The related pathogen Bartonella vinsonii has been shown to
impair monocyte phagocytic activity against E. coli during chronic experimental infection in
dogs®’; We wanted to know whether B. quintana could survive and replicate in phagocytes, and
employed a human macrophage cell line, THP-1, to answer this question. Before assessing the
degree of intracellular survival, we first investigated bacterial uptake kinetics to determine the
optimal co-incubation time, allowing for the maximum number of internalised bacteria. An

optimal co-incubation time of three hours was reported by Musso et al., for B. henselae and
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J774 cells, but we needed to determine this empirically for B. quintana with human macrophage
cells. However, an unexpected result was observed, as minimal viable B. quintana were
recovered from THP-1 cellsat any time point. This result does not distinguish between bacteria
resisting engulfment by THP-1 cells, versus the bacteria being engulfed but immediately and
efficiently killed, or perhaps a cytotoxic effect on the THP-1 cells, mediated by B. quintana.
One explanation for this observation was that internalisation was inhibited by a B. quintana
factor, such as a trimeric autotransporter adhesin or the Bep homologue proteins, effector
proteins secreted into the cytoplasm of host cells by the Type IV secretion system, though THP-
1 cells have not yet been identified as a target of the Bartonella T4SS. Possible candidates
include the variably-expressed outer membrane proteins (Vomp), B. quintana homologues of
the Yersinia trimeric autotransporter adhesin YadA%®, which inhibits phagocytosis of the
bacteria by leukocytes'®. B. quintana LPS has demonstrated pro-inflammatory cytokine
blocking effects on peripheral blood mononuclear cells®, perhaps there are further unexplored
effects that are affecting phagocytic activity in THP-1 cells. Additionally, Hong et al.
demonstrated B. tribocorum is poorly internalised by human monocytes but does not affect
phagocytic activity of these macrophages®. B. quintana may have a similar effect on THP-1

cells; although further studies are required.

This experiment could only be performed once, due to contamination issues experienced in the
laboratory. To study this question further, it would essential to repeat the experiment, with
additional replicates. Persistence of B. quintana within THP-1 cells could not be assessed due
to the low levels of internalisation of the bacteria. Further researchinto B. quintanaintracellular
persistence could provide useful information as little is known about the interactions between
B. quintanaand immune cells. Hong et al. demonstrated B. tribocorum can persistand possibly
even replicating within macrophages, although internalisation was minimal®. Our original
hypothesis that B. quintana would be internalised and persist for greater than 24 hours was not
correct, though this conclusion is based on only one experiment, and needs to be confirmed.
Poor internalisation of B. quintana by THP-1 cells suggests that macrophages do not typically
harbour the bacteria during chronic infection, although the interactions in vivo may differ
significantly. Though these experiments raised many new questions, logistical complications
prevented further exploration using these assays. Instead, we next focused on a secreted B.

quintana factor that we hypothesised could be playing arole inthe inhibition of phagocytosis.
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Chapter 4: BepAl Protein Interaction Studies

4.1 Introduction

Effector proteins are a diverse group of virulence proteins secreted by pathogenic bacteria that
manipulate host cells, typically by modulating host cell signalling™®. Effector proteins carry
out their function by mimicking or covalently modifying host cell proteinstt. We hypothesised
that a B. quintana effector protein was influencing THP-1 cells, affecting phagocytosis,
following contact with B. quintana, described in Chapter 3. Phagocytosis relieson complex and
dynamic reorganisation of the actin cytoskeleton, engulfing pathogens and debris. Given the
role phagocytosis plays in bacterial killing it comes as no surprise that numerous bacterial
species have evolved mechanisms to modulate phagocytosis, to their benefit. The following are
examples of bacterial species that use secreted effector proteins to modulate phagocytosis, or
affect the actin cytoskeleton, among their other effects. Yersinia pestis inhibits host cell
phagocytosis via a group of secreted effector proteins, known as the Yops, that interfere with
immune cell signalling**?. Vibrio parahaemolyticus secretes an effector that targets the Rho
guanosine triphosphatases (GTPases) family of actin regulators, inhibiting their activity through
a covalent AMPylation modification mediated by a FIC domain't®, A Bartonella rochalimae
Type 1V secreted effector, Bep2, also has a FIC domain, and targets vimentin, an intermediate

filament protein of the cytoskeleton®,

The five Beps encoded by B. quintana are located immediately downstream of the virB locus,
which encodes the structural elements that comprise the VirB/D4 T4SS. BepAl and BepA2 are
effector proteins of B. quintana that are homologous to the B. henselae effector BepA, sharing
70% sequence homology (see Appendix Figure 3). In B. quintana, the BepA homologue gained
a stop and start codon pair within the gene, splitting it into two separate proteins, BepAl,
containing the enzymatic FIC domain, and BepA2, containing the BID domain. The FIC
domain-containing effector protein BepA of B. henselae has been demonstrated to inhibit
apoptosis, although this activity has been shown to be mediated by the BID domain of this
protein®. Additionally, the FIC domain-containing effector protein Bep2 of Bartonella
rochalimae AMPylates the cytoskeletal intermediate filament protein, vimentin®. BepA1l also
contains an enzymatic FIC domain, though the cellular targets are unknown. As FIC domain-
containing effector proteins of related Bartonella spp. have been shown to modulate the host
cell cytoskeleton and interfere with cellular signalling proteins, B. quintana BepAl may have
a similar effect. We hypothesised that BepAl may be affecting host cell phagocytosis through
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actin signalling modification during B. quintana infection. The B. quintana BepA2 effector has
been shown to interact with host cell adenylate cyclase, increasing cellular cAMP levels and
inhibiting apoptosis#; additionally, BepAl and BepA2 may interact together to carry out a

function. Therefore, host cellular target of BepA2 was also investigated.
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Figure 4-1: Bartonella Effector genes are semi-conserved between B. henselae and B. quintana. Schematic of Bartonella Type IV secretion structural and effector
genes. The VirB locus encoding the components of the T4SS is located upstream of the secreted effector Bep genes, with VirD4 located downstream of the BepA
homologue. B. henselae encodes seven secreted effectors, whereas B. quintana encodes five. B. henselae BepA contains a FIC and BID domain, while in B. quintana
the two domains are separated into two proteins, BepAl, containing a FIC domain, and BepA2, containing a BID domain. The data is derived from the genome

sequences of B. henselae str. Houston-1 (NCBI Reference Sequence NC_005956.1) and B. quintana str. Toulouse (NCBI Reference Sequence NC_005955.1). Adapted

from a figure titled “VirB Effector Proteins Across Different Bartonella Species”, created by Alvey Little.
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The host cell target that is AMPylated by the BepAl Fic domain is unknown; therefore, the first
step we decided to take to determine the involvement of BepALl in B. quintana infection was to
identify eukaryotic cellular targets. We decided to use the yeast two-hybrid assay to identify

candidate host cell proteins that interacted with BepALl.

The yeast two-hybrid system is an approach to investigate protein-protein interactions. The
protein of interest, i.e., BepAl, referred to as the bait, is coupled to a GAL4 DNA binding
domain (GAL4-BD) and expressed ina haploid yeast strain. A cDNA library of eukaryotic host
cell proteins, referred to as the prey, was expressed as fusions to a GAL4 activation domain
(GAL4-AD) in another haploid yeast strain. When the two haploid yeast strains were mated
together, the bait protein had the opportunity to interact with prey proteins. In this case, the
associated GAL4-AD and GAL4-BD domains would interact and enable the complex to bind
GAL promoters, expressing reporter genes. The bait plasmid has a selection marker allowing
yeast to grow on tryptophan deficient media, while the prey plasmid has a selection marker
allowing yeast to grow on leucine deficient media. Interacting bait and prey proteins would
subsequently activate four independent reporter genes, under different promoters. These
promoters are unrelated apart from a shared protein binding site recognised by GAL4-BD. The
G1 promoter activates HIS3, the G2 promoter activates ADE?2, and the M1 promoter activates
AUR1-C and MELL. Expression of HIS3 and ADE2 allows yeast to synthesize histidine and
alanine respectively, enabling growth on deficient media. Expression of AUR1-C confers
resistance to aureobasidin-A and MEL1 encodes a-galactosidase, turning yeast colonies blue in
the presence of X-a-Gal. The expression of the reporter genes enables both genetic selection
and screening of colonies for phenotypic differences. All four of these promoters would be
activated following a protein-protein interaction between baitand prey proteins, associating the
GAL4-BD and the GAL4-AD. A normalised universal human cDNA library was screened; the
appearance of blue colonies on selective media enables isolation, sequencing, and identification

of candidate proteins that interact with BepAl.

4.2 Plasmid Construction

To carry out a yeast two hybrid screen, we first had to clone the B. quintana bepAl and bepA2 genes
into plasmids to generate translational fusions of each gene with the GAL4 binding domain (GALA4-

BD). Primers were designed to amplify bepAl and bepA2, with engineered restriction sites BamHI and
Ndel to facilitate cloning into the yeast vector pGBKT7 (see Table 2: Primers Used in Cloning.).
Additionally, primers were designed to ensure the GAL4-BD translational fusions would be in

frame with the bait genes. Inserts were digested and ligated into pGBKT7, then transformed
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into E. coli for replication and storage. Plasmids were then extracted and sequenced to ensure
correct insertion of bait genes as well as confirming the translational fusion of the GAL4-BD
were in frame. These plasmids allow the expression of BepAl or BepA2 within yeast cells. The
bepAl and bepA2 genes were amplified with primers BepAl F & BepAl R and BepA2 F &
BepA2_R, using a high-fidelity DNA polymerase to minimise point mutations, and a
preparation of genomic DNA from B. quintana isolate JK-31 as the template”. The resulting
PCR products were checked on an agarose gel (see Figure 4-2) to confirm a single product of
the correct size was obtained for each reaction. The PCR products were then cloned into the
unique BamHI and Ndel restriction sites of the yeast-E. coli shuttle vector, pGBKT?7.

L BepA2 BepAl
o—

Size
(bp)

1000 .

600 . ey

400 -

Figure 4-2: BepAl and BepAz2 inserts following PCR. L — Hyperladder 1kb. PCR amplification of inserts
for cloning of bepAl and bepA2 into pGBKT?7 for use in the Y2HS. This figure shows amplification of
bepAl and bepA2 genes from B. quintana genome, with Ndel and BamHI restriction sites (see Table 2:
Primers Used in Cloning.) The size of the bepA2 gene is 834 bp and the bepAl gene is 680 bp. Both

reactions resulted in bands of the expected size.

Inserts were cloned into pGBKT7 plasmids with Ndel and BamHI restriction sites. Cloning of
bepAl was successful (see Figure 4-3: BepAl insert excised from pGBKT?7.); however, cloning
of bepA2 did not produce successful clones (see Figure 4-4: BepA2 insert screening in
pGBKT7.). A band at 680 bp was expected when cloning bepAl and a band of 834 bp was

expected when cloning bepA2.
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Figure 4-3: BepAl insert excised from pGBKT7. L — Hyperladder 1kb, 1-5 — screened colonies. In this
figure, BepAl inserts within pGBKT7 were screened via double digest, following cloning. Excised
BepAl can be faintly seen in lanes 2 and 5 (see red arrows). Colonies screened in lanes 1 and 3 did not
contain pGBKT?7. Colony screened in lane 4 did not contain the BepAl insert. See Appendix Figure 4
for sequencing data from plasmids in lanes 2 and 5.
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(bp)
1000 1000

Figure 4-4: BepAz2 insert screening in pGBKT7. In this figure, BepA2 inserts within pGBKT7 were
screened via double digest, following cloning. Colonies screened in lanes 1 and 2 had inserts slightly
larger than the expected size. Lanes 3 — 11 vary in size. Lane 12 showed an empty plasmid. See Appendix
Figure 5 for sequencing data of plasmids in lanes 1 and 2.

Bands of the correctsize were observed in screened colonies following BepAl cloning, sothose
plasmids were sequenced, revealing a successful insertion of bepAl into pGBKT?7, in the
correct orientation and with the GAL4-BD in frame. Bands slightly larger than the expected
size of bepA2 were observed in screening following bepA2 cloning; however, sequencing of
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these plasmids revealed a mutation in the start codon of the bepA2 gene, preventing

transcription (see Appendix Figure 6).

The varying sizes of bepA2 inserts observed during screening of bepA2 clones suggested that
different recombination or plasmid rearrangement events were occurring (see Figure 4-4). A
possible explanation for this observation could be that pGBKT7 was altered by E. coli-driven
mechanisms, removing or modifying the bepA2 sequence while retaining the essential

kanamycin antibiotic resistance cassette. This process would result in varying plasmid sizes.

As cloning bepA2 into pGBKT7 had proven unsuccessful, cloning into alternative vectors was
attempted under the theory that unsuccessful cloning was due to the nature of the vector. A
topoisomerase cloning kit was implemented attempting to clone bepA2 into the plasmid
pCR®2.1-TOPO®; however, this produced no viable clones. If expression of BepA2 was
negatively impacting the Topl10 E. coli cloning strain, resulting in recombination events and a
modified bepA2 gene, we speculated a low copy number plasmid could reduce the disturbance
of bepA2 cloning on the cloning strain. The low copy number plasmid pGBT9, supplied in the
Yeast Two-Hybrid System kit (Takara Bio) was selected for bepA2 cloning. pGBT9 has a copy
number of 15-20 in E. coli, under the lower copy Col E1 origin of replication, compared to
pGBKT7 which has a copy number of ~500 in E. coli, under the pUC origin. However, this
also produced no viable clones.

Upon closer inspection of the primers used to amplify bepA2 from the B. quintana JK31
genome, we discoveredthe BepA2_R primer did not contain a complete BamH | restriction site
(see Table 2: Primers Used in Cloning). Therefore, the digestion using Ndel and BamHI during
cloning only digested one end of the BepA2 insert and ligation to the digested pGBKT7 plasmid
would only ligate one end. The resulting plasmid and insert would be a linear piece of DNA
and may have undergone recombination to circularise. This faulty primer could not be corrected
within the time available. As cloning of bepA2 was unsuccessful, only BepAl was used for the

following experiments.

4.3 Yeast Two-Hybrid Assay

Prior to carrying out the yeast two-hybrid screen, a series of control experiments were carried
out to ensure the protocols were working. As a positive control experiment, the supplied
plasmids pGBKT7-53 (encoding GAL4-BD fused with murine p53) and pGBKT7-T (encoding
GAL4-AD fused with SV40 large T-antigen) were transformed into yeast. As p53 and large T-
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antigen are known to interact in a yeast two-hybrid assay, pGBKT7-53 in Y2HGold yeast and
pGBKT7-T in Y187 yeast were mated, producing diploid yeast containing both plasmids and
with all four reporters activated. This showed a positive interaction, as yeast survived on media
deficient in leucine and tryptophan and containing the antibiotic aureobasidin A. In addition,
yeast colonies turned blue in the presence of X-a-Gal, indicating full expression of reporters. A
negative control wasalso included by mating pGBKT7-Lam, expressing GAL4-BD with lamin,
a protein known not to interact with the large T-antigen, expressed by pGBKT7-T. As expected,
the diploid yeast did not survive on deficient media containing aureobasidin A and no colonies
were recovered. To demonstrate BepAl did not auto-activate the reporter promoters, BepAl
was expressed in the absence of any interacting protein; no reporter activation occurred, and
the yeast did not survive on deficient media containing aureobasidin A (see Appendix Figure
7). To demonstrate that expression of BepAl was non-toxic in haploid Y2HGold Yeast, the
colony sizes of yeast transformed with BepAl were compared to those carrying an empty
plasmid (see Appendix Figure 8). If BepAl was toxic, a notable decrease in colony size would
be expected compared to an empty plasmid; this was not observed.

pGBKT7-BepAl was transformed into Y2HGold haploid strain with a transformation
efficiency of 7.4x10* cfu/ug DNA, then mated with the Y187 haploid strain containing the Mate
& Plate normalised universal human cDNA library (Takara Bio), resulting ina library of diploid
yeast containing the bait protein and the library plasmid PT3718-5 with prey proteins. The
mated, diploid culture was plated onto double drop out (DDO) plates, deficient in both
tryptophan and leucine, selecting for yeast with both the bait and plate plasmids but without
assaying for reporter activation. This was used to determine the number of clones assayed. For
the yeast two-hybrid system to be effective at least 1x10° clones must be assayed. In this case,
4.13x10° colonies were assayed.

Most diploid yeast will not contain interacting bait and prey proteins; therefore, reporters will
not be expressed. Initial selection for diploid yeast expressing two interacting proteins tests for
survival on double drop out media containing X-a-Gal and aurobasidin A (DDO-XA). DDO-
XA media is deficient in both tryptophan and leucine; synthesise of these amino acids is reliant
on the plasmids, pGBKT7 and PT3718-5. Survival of yeast on this media ensures the diploid
yeast contains the two plasmids. Reporter activation results in aureobasidin A resistance and
turns colonies blue in the presence of X-a-Gal. Diploid yeast with non-interacting bait and prey
proteins will not survive on this media. Reporter activation also allows yeast to synthesize
histidine and alanine; for more stringent screening and selection, yeast can be plated on
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quadruple-drop-out media, deficient in tryptophan, leucine, histidine, and alanine,
supplemented with X-a-Gal and aureobasidin A (QDO-XA).

The mated culture was first plated on DDO-XA media to assay for diploid yeast strains
expressing proteins that interact with BepALl. Six colonies grew; however, all six were smaller
than expected (~2 mm, compared to the expected 3-5 mm). The colonies were also white, not
blue, indicating not all reporter genes were expressed, as colonies were not blue in the presence
of X-a-Gal. The yeast colonies grew on media containing aureobasidin-A, suggesting there was
interaction between bait and prey proteins, resulting in activation of the AUR1-C resistance
gene but perhaps the interactions were transient or low affinity and did not trigger activation of
the complete reporter array. Screening these colonies on more stringent QDO-XA plates was

waived as colonies were only weakly growing on DDO-XA media.

To identify genes encoding candidate prey proteins, plasmids were extracted from the six yeast
colonies and transformed into E. coli for amplification, using ampicillin as the selective agent.
Ampicillin resistance is conferred by the prey plasmid, PT3718-5, but not the bait plasmid,
removing the selection pressure to retain the bait plasmid. In the absence of a selection pressure,
the bait plasmid is readily lost. The six prey plasmids were purified and sequenced. Four
plasmids encoded a HAS2 antisense RNA 1 sequence (see Appendix Figure 9-11). The
remaining two encoded the Myozap protein (see Appendix Figure 13-13). There were four
independent hits to HAS2 antisense RNA 1, so further investigation is warranted; however, it
wasn’t immediately evident what protein might be encoded by a gene annotated as an antisense
RNA. For this project, we opted to focus on the potential novel interaction between BepAl and
Myozap. Myozap plays arolein asignalling pathway that connects cell junctions to cytoskeletal
rearrangements via interactions with Rho-GTPase family proteinst?,

To validate the interaction between BepAl and Myozap, we first developed a strategy to
ectopically express BepAl, through transient transfection, in mammalian cells. Myozap has
been described in many tissue types, including epithelial cells, but we know little about its
expression inspecific cell lines. We opted to express BepAl in HeLa cells, whichare epithelial -
like cells, and to use these transfected cells to carry out an immunoprecipitation reaction,
followed by immunoblotting. Myozap is expressed in HeLa cells; If BepAl is also expressed
and the two proteins interact in HelLa cells, BepAl would also be enriched during the

precipitation of Myozap and could be detected in a subsequent immunoblot.
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First BepAl was cloned into the mammalian expression vector pcDNA3.1 with a translational
fusion of a Myc tag, continuous with the BepAl sequence. The mammalian expression vector
allows BepAl to be transfected and expressed at high levels, from a cytomegalovirus promoter,
within Hela cells. The Myc tag allows BepAl to be targeted by an anti-Myc antibody by

immunoblot.

BepAl was amplified from the B. quintana JK-31 genome by PCR with engineered Nhel and
BamHI restriction sites (see Table 2: Primers Used in Cloning). Additionally, as expression
will occur within eukaryotic cells, a Kozak ribosomal binding sequence was included to allow
translation of the transcribed mRNA. The product size was verified by gel electrophoresis then
bepAl was cloned into the unique Nhel and BamHI restriction sites in the multiple cloning
locus of pcDNA3.1. The presence of an insert was then checked by double digest and gel
electrophoresis. Plasmids isolated from four colonies were sequenced to confirm there were no
errors introduced during PCR. The pcDNA3.1 with bepAl plasmid was transiently transfected
into HelLa cells. The cells were incubated for 48 hours to ensure expression of transfected
BepAl had time to occur. A positive transfection control was included, where a pcDNA3.1-
GFP-yopJ-catmut plasmid, containing a catalytic mutant of B. quintana yopJ, was transfected
into HelLa cells. Expression of GFP from this plasmid enabled the visualisation of transfection
efficiency (more than 50% of cells were fluorescent, expressing the inserted gene). Although
the transfection efficiency of HelLa cells transfected with pcDNA3.1-BepAl could not be
directly assessed, it was expected to be comparable to the transfection efficiency of pcDNA3.1-
GFP-yopJ-catmut. Cells were then collected, pelleted, and resuspended in lysis buffer for co-
immunoprecipitation. As controls, HelLa cells, either transfected with an empty pcDNA3.1
plasmid or untransfected, were lysed and immunoprecipitated using a goat anti-Myozap
antibody and magnetic Protein A beads. The immunoprecipitated solution containing Myozap
and any associated proteins was boiled to denature, separating interacting proteins. These
protein solutions were then separated by SDS-PAGE and transferred onto a nitrocellulose
membrane. The membrane was blotted with the primary mouse anti-Myc antibody, then
screened with a secondary HRP-conjugated anti-mouse antibody. The blot was treated with

Enhanced Chemiluminescence (ECL) colour reagent, producing visual bands when imaged.
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Figure 4-5: Immunoblot of anti-Myozap precipitated proteins; BepAl was not detected in the HelLa
lysate of transfected cells. L — SeeBlue Plus2 ladder, 1 — Co-IP: HeLa lysate, transfected with BepAl,
2 — Co-IP: HelLa lysate, untransfected, 3 — HelLa lysate, BepAl transfected, 4 — HelLa lysate,
untransfected. Sizes are in kDa. The Western blot detected the endogenous Myc protein of 50-kDa in
lanes 3 and 4 (HeLa cell lysates, indicated with red arrow), but did not detect the expected 26-kDa Myc-
tagged BepAl in lane 3 (HelLa cell lysate transfected with BepAl), nor did BepAl appear as a band in

lane 1 (co-immunoprecipitation).

The positive control in lane 3 was expected to contain BepAl, appearing as a band at 25 kDa,
as the primary antibody, anti-myc tag, should bind to transfected BepAl, which should be
present in the lysate. Upon further investigation it was noted that the BepAl myc tag was
missing, preventing any binding of the primary antibody and subsequent detection. Therefore,
the presence or absence of BepAl in lanes 1 or 3 could not be determined. A repeat of these
experiments would help validate the interaction between BepAl and Myozap; however, due to

time constraints these experiments could not be conducted.
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4.4 Discussion

Following the results of chapter 3, technical hurdles and contamination issues made carrying
out further experiments using live B. quintana infeasible. Therefore, we turned to alternative
experimental techniques to further our investigation into B. quintana-host cell interactions. We
observed ineffective internalisation of B. quintana by THP-1 macrophages and proposed that
B. quintana inhibits phagocytosis. As bacteria frequently secrete effector proteins to modulate
host cell processes, we hypothesised that BepAl/2 could be responsible for inhibition of
phagocytosis in THP-1 cells, possibly via AMPylation of actin cytoskeletal components.
Additionally, BepAl contains a FIC domain, which has been shown for some bacterial
pathogens to modulate Rho-GTPase function through AMPylation of the switch region,
inhibiting interaction with downstream signalling partners. FIC domains are an enzymatic,
conserved motif appearing in the human protein HYPE and bacterial pathogens®. FIC domain
activity catalyses a reversible AMPylation event where an AMP moiety isadded to a conserved
tyrosine residue®. Some characterised FIC domains have been shown to target Rho-GTPases,
inactivating them. As Rho proteins are essential, their inactivation would be expected to have
a cytotoxic effect; though, some bacteria have adopted FIC domain-containing proteins to
modulate host cell signalling. To give an example of a FIC domain-containing effector protein
deployed by bacterial a pathogen, Vibrio parahemeolyticus deploys VopS, which AMPylates
Rho-GTPases, blocking actin assembly in host cells; although in this case this results in cell
rounding and death'®. Most bacterial toxins containing FIC domains are cytotoxins, killing
host cells by disrupting the essential Rho-GTPase signalling proteins. The non-FIC domain-
containing C3 toxin secreted by Clostridia targets Rho-GTPases disturbing macrophage
functions such as phagocytosis and migration'’. 1t’s possible BepA1/2 is secreted by the Type
IV secretion system of B. quintana following phagocytosis by THP-1 cellsand inhibits further
phagocytosis. This chapter aimed to identify protein-protein interactions between BepA1/2 and
host cell proteins to determine if cell signalling is being altered. The targets of the BepAl
enzymatic FIC domain was unknown; by identifying these interactions the activity BepAl can

be better characterised and understood.

Yeast Two-hybrid Assay

The Bartonellaeffector proteins released by the T4SS are essential for Bartonella to establish
infection, as bacteria without functional T4SS are unable to establish intra-erythrocytic
infection, and bacteraemia does not occur''®, Gaining a clearer understanding of the
mechanisms behind the activity of the secreted Beps may help us understand how B. quintana

causes disease and interacts with the host. Ultimately this improved understanding will facilitate
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development of improved diagnostic screening techniques, disease interventions, and
treatments. BepA2 could not be cloned in E. coli, so only BepAl was screened for protein-
protein interactions. To identify protein-protein interactions a yeast two-hybrid screen (Y2HS)
was used. The Y2HS has been used numerous times in literature to identify targets of bacterial
effector proteins. For example, Kim et al. successfully used the Y2HS to identify the target of
the Pseudomonas syringae effector protein ArvPtoB!. In another example, the Y2HS was
successfully used to identify the host cell target of the Salmonella enterica effector protein
SIrp2,

The Y2HS challenges the bait protein (BepAl) against a library of host cell proteins, referred
to as the prey. This assay resulted in growth of six independent colonies, all of which grew
slowly and did not turn blue. This indicated partial expression of the reporter array and may
indicate a weak or transient interaction between bait and prey proteins. As survival of the
colonies suggested a degree of interaction, the prey plasmids were recovered, sequenced, and a
BLAST search was used to identify the interacting library proteins. We identified two
independent hits against a protein known as Myocardium-enriched zonula occludens-1-
associated protein (Myozap), suggesting a possible interaction with BepAl. Due to the mild
reporter array expression, yeast from Myozap hits did not survive more stringent screening
procedures. There may only be a transient interaction between BepAl and Myozap, which may
not promote total expression of the reporter array, allowing survival. However, since BepAl is
known to act as an enzyme, Myozap could be covalently modified by BepAl AMPylation; this
possibility remains to be tested in the future. The Y2HS is an effective starting point in the
identification of effector protein targets, and these hits will be validated independently and
further characterised. Validation of the interaction between BepAl and Myozap became our
next goal; to achieve this a co-immunoprecipitation was performed to isolate BepAl from

purified Myozap.

Myocardium-enriched zonula occludens-1-associated protein

Myozap, first characterised in 2010 as a 54 kDa cardiac protein, isa component of intercalated
disks, directly binding junction proteins zonula occludens-1 (ZO-1) and desmoplakin. Myozap
is highly expressed in cardiac and lung tissue but was later discovered to be expressed in
epithelial and endothelial cells. Myozap provides a link between the intercalated disc and
cytoskeletal signalling, binding myosin phosphatase-RhoA interacting protein (MRIP), which
binds actin and negatively regulates Rho activity!?’. MRIP binds myosin phosphatase via its
CC2 domain while separately binding RhoA viaits adjacent coiled domain, complexing myosin
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phosphatase and RhoA together, facilitating the inhibitory regulation of RhoA'? 21, Myozap
strongly activates serum response factor (SRF)-dependent transcription in a Rho-dependent
manner!!®. Knockdown of the Myozap ortholog in zebrafish resulted in contractile dysfunction
and cardiomyopathy demonstrating the involvement of Myozap in the pathogenesis of
cardiomyopathy*®. Myocardin-related transcription factor (MRTF)-A is a transcription factor
regulated by actin; actin changes in polymerisation allow MRTF-A to move from the cytosol
to the nucleus and carry out its function. In addition, MRTF-A is a co-factor for the SRF
pathway, which Myozap also activates. MRTF-A and Myozap and have not been demonstrated
to directly interact; however, the signalling network between SRF, actin, and MRTF-A is
modified at multiple points by Myozap. Therefore, although BepAl has not yet been
demonstrated to modulate MRTF-A, disturbing the signalling network controlling its activity
may affect this transcription factor. MRTF-A promotes NF-«xB activation in response to LPS;
silencing of MRTF-A results in inhibition of NF-xB-dependent signalling'?. LPS stimulates
MRTF-A recruitment to pro-inflammatory promoters in an NF-kxB-dependent manner;
Reciprocally, NF-xB nuclear enrichment is MRTF-A dependent. In addition, MRTF-A
modifies histones associated with NF-kB target promoters, allowing expression of NF-kB-
regulated immune genes!?. NF-«B is active in many cells and a critical signalling pathway in
the innate immune response; activation in macrophages stimulates expression of a plethora of
genes which drive immune activity, including cytokine secretion'?. In endothelial cells, NF-
kB promotes expression of intercellular adhesion molecule 1 (ICAM-1), a prevalent cell surface
receptor that attracts immune cells such as neutrophils'?®. In vascular endothelial cells MRTF-
A, paired with NF-xB, plays a role in the regulation of ICAM-1 expression'?. Expression of
ICAM-1 in vascular endothelial cells allows immune cells to adhere and migrate from
capillaries into the tissue during diapedesis to fight infection. The inhibition of ICAM-1
expression in vascular endothelial cells would greatly benefit B. quintana if the bacteria are
persisting in close association with these cells, as it would allow B. quintana to suppress
signalling that would attract neutrophils and other immune cells. As another interesting note,
there is a tentative link between Bartonella and Myozap as cardiomyopathy results both from
Myozap knockdown, demonstrated in the zebrafish model'*®, and has been reported to occur
following Bartonella infection. Such cases, while rare, have been reported in a dog and in
several young elite athletes, who died suddenly from cardiomyopathy and whose tissues were
later found to harbour Bartonella spp.*?"1%, Although speculative, this suggests Bartonella

interactions with host Myozap bear further investigation.
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Validation of Protein-protein Interactions BetweenBepAl and Myozap

To confirm the interaction between BepAl and Myozap was genuine, a co-
immunoprecipitation and Western blot were deployed to confirm the interaction between the
two proteins that was suggested by the yeast two hybrid assay. BepAl was cloned into a
mammalian expression plasmid and transfected into HeLa cells, then a co-immunoprecipitation
was used to isolated Myozap from the HelLa cell lysate. Untransfected Hela cell lysate was
used as a control alongside BepAl transfected HelLa cells. Myozap has not been shown to be
expressed in immune cells; it is much more highly expressed in cardiac, lung, endothelial, and
epithelial tissue. The immunoprecipitated Myozap protein complex was separated by size, then
a Western blot was preformed using a Myc-tag specific antibody to detect any interacting
BepAl protein. The positive control containing whole cell lysates from BepAl-transfected
Hela cells showed no visible band. This indicated that BepAl protein was not detectable using
our experimental method, even in a sample known to contain BepAl. Therefore, there was a
technical problem with the experimental method. The fault was established as the BepAl
protein had no attached Myc tag; therefore, the anti-Myc antibody used to detect the protein
would not bind, resulting in a negative result, even in the positive control. With extra time,
repeating this process with BepAl and ensuring the Myc tag is functional, would be a valuable

step in confirming the validity of the interaction between BepAl and Myozap.
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Chapter 5: Functional Assays of BepAl Transfected
Cells

5.1 Introduction

Myozap was first characterised by Seeger et al. in 2010 as a 54 kDa cardiac protein highly
expressed in heart and lung tissue!™®. In cardiac tissue Myozap is a component of intercalated
disks, directly binding zonula occludens-1 and desmoplakin. Intercalated disks are adherence
structures between cardiac cells that support synchronised contraction by promoting diffusion
of ions between cells via numerous gap junctions'*. Myozap provides a link between the
intercalated disc and cytoskeletal signalling, as it binds myosin phosphatase—RhoA interacting
protein (MRIP), which negatively regulates Rho activity. Myozap is therefore a component of
the Rho-dependent signalling pathway!®. Myozap strongly activates SRF-dependent
transcription via its Ezrin/radixin/moesin (ERM)-like domain in a Rho-dependent mannert®®,
Myozap was subsequently shown to be expressed in a range of epithelial and endothelial cell
tissues; for example, Myozap is a component of adherens junctions between vascular
endothelial cells®®,

This chapter aims to detect any cellular changes in HelLa cells transfected with BepAl. If
BepAl interacts with Myozap through AMPylation-driven inhibition, the cellular effects on
HeLa cells will reflect inhibition of Myozap. We hypothesised BepAl was covalently
modifying Myozap by AMPylation. As RhoA is involved in cytoskeletal rearrangements and
cell migration, a cell motility assay was used to determine if BepAl altered actin cytoskeleton
function in HeLa cells. If Myozap is inhibited by BepAl, cytoskeletal dysregulation may result.
We also hypothesised that Myozap inhibition could affect signalling mediated by SRF and NF-
kB, resulting in changes to HeLa cell pro-inflammatory cytokine secretion. Pro-inflammatory
cytokine secretion of BepAl-transfected Hela cells, compared to untransfected, was assessed
by stimulation of cells with the pro-inflammatory cytokine TNF-a., followed by quantitation of
supernatant IL-6 and IL-8 by ELISA.

5.2 Cell migration assay

To investigate If BepAl affects the actin cytoskeleton, co-ordinating wound repair, we used a
scratch assay to identify differences in cell migration between Hela cells transfected with

BepAl compared to untransfected Hela cells or HelLa cells transfected with the empty
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pcDNA3.1 plasmid. RhoA signalling is known to be required for cell migration'*?, and we

wanted to test whether BepAl could be inhibiting RhoA activity via interactions with Myozap.

HelLa cells were grown to a confluent, adherent monolayer. A part of the monolayer was
removed by gently scratching the cells with a sterile pipette tip; the cells were gently washed
to remove cell debris and photographed at various time intervals to measure the rate of wound
area closure (see Figure 5-1). Under these conditions, the cells migrate in to close the gap to
reform the monolayer. In the first 24 hours, the gap is primarily filled by cell migration, with
proliferation contributing at later time points®®2. The duration required for the wound area to
close can be compared between conditions to indicate any dysfunction of RhoA or cytoskeletal

signalling.

0 Hours 8 Hours 22 Hours
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Figure 5-1: Wound Repair in HeLa cells Transfected with BepAl over 22 hours. The wound area (the
area absent of cells) decreases over time as HeLa cells migrate inwards, filling the space. Wound area
was calculated using the image processing software ImageJ and the area calculating macro MRI Wound
Healing Tool.
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Figure 5-2: Cell migration assay showing no significant difference between BepAl transfected HelLa
cells and untransfected. Ten biological replicates were tested for both pcDNA3.1 with BepAl and
pcDNA3.1 only conditions. Four biological replicates were tested for untransfected cells. Transfection
efficiency of these cells was estimated at above 50% based on transfection of HeLa cells with a similar
sized plasmid which encoded GFP, allowing assessment of transfection efficiency of the protocol by

fluorescent microscopy.

No significant difference in the rate of wound repair was observed between untransfected HelLa
cells, HeLa cells transfected with empty pcDNA3.1 plasmid, or HelLa cells transfected with
BepAl. This suggests there is no dysregulation of the cytoskeleton occurring in HelLa cells
transfected with BepAl that is pronounced enough to significantly affect migration ability.

This experiment lacked a positive control, presenting the wound repair capabilities of cells
incapable of actin rearrangement. Although the inclusion of this control would not have altered
the results of this experiment, in future a latrunculin treatment group could be included, where
actin polymerisation is inhibited. However, the role of RhoA and actin reorganisation in wound
repair has been well established.
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5.3 Cytokine Assays

Myozap has been identified as a potential target of BepAl activity in host cells, and Myozap
can affect pro-inflammatory cytokine secretionthrough SRF and NF-«B signalling modulation.
Therefore, we investigated if BepAl transfected HelLa cells differed from untransfected HelLa
cellsin the concentration of secreted IL-6 and IL-8 cytokines. Both IL-6 and IL-8 are expressed
as danger signals by host cells in response to pathogens and result in leukocyte recruitment to
sites of infection. Inhibition of pro-inflammatory cytokine secretionin BepAl-transfected cells
would indicate an immune suppressive function. B. quintana deploys numerous
Immunosuppressive mechanisms to survive within the host and establish acute and chronic
infection, identifying the origin of these effects is essential in understanding B. quintana

infection.

HelLa cells release very low concentrations of pro-inflammatory cytokines when unstimulated,
so to determine if BepAl inhibits cytokine production, the cells were stimulated to release
cytokines, to reveal any inhibition. Transfected HelLa cells were seeded into 24- well plates and
stimulated with TNF-a, a potent pro-inflammatory signalling molecule that induces pro-
inflammatory cytokine production and secretion through NF-kB stimulation. HelLa cells were
left enough time to respond to the stimulus by producing and secreting pro-inflammatory
cytokines; the following day, IL-6 and IL-8 concentrations in supernatants were quantified by
ELISA.
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Figure 5-3: IL-6 ELISA displaying a significant difference between BepAl transfected HeLa cells and
controls. A statistically significant decrease in IL-6 secretion was observed in BepAl-transfected Hela
cells compared with both controls: untransfected HelLa cells and pcDNA3.1 transfected HelLa cells. An
increase in IL-6 secretion was observed in pcDNA3.1 transfected HeLa cells in response to stimulation,
which was likely areaction to the combination of TNF-a and the presence of dsDNA resulting from the
mammalian plasmid. *p value=0.0308 comparing untransfected group to BepAl transfected group.

**** n value=< 0.0001 comparing pcDNA3.1 transfected group to BepAl transfected group.
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Figure 5-4: I1L-8 ELISA displaying a significant difference between BepA-transfected HelLa cells and
controls. A statistically significant decrease in IL-8 secretion was observed following TNF-a
stimulation in BepAl-transfected Hela cells compared with both controls, untransfected HeLa cells and
pcDNA3.1-transfected Hela cells. As with IL-6 secretion, an increase in IL-8 secretion was observed
in pcDNA3.1 transfected HelLa cells, relative to untransfected HeLa cells, in response to stimulation,
likely resulting from the presence of pcDNA3.1, as double-stranded cytoplasmic DNA can activate
internal cell immune sensors. ****p value=< 0.0001 comparing untransfected group or pcDNA3.1

transfected group to BepAl transfected group.

A reduction in pro-inflammatory cytokines IL-6 and IL-8 was observed between BepAl
transfected Hela cellsand pcDNA3.1 transfected and untransfected HeLa cells (see Figure 5-3
and Figure 5-4). These data suggest the expression of BepAl in Hela cells does cause NF-xB
inhibition, resulting in reduced pro-inflammatory cytokine secretion in response to stimulation.
Although the interaction between Myozap and BepAl has not been verified, a functional
consequence of BepAl activity is identified here, a finding that is compatible with our
hypothesis that BepAl AMPylates Myozap. If the quantification of pro-inflammatory cytokines
was to be repeated, an additional control could be included. It would be useful to include HelLa
cells transfected with a catalytic mutant BepAl, where the FIC domain is non-functional. This
would confirm that the observed NF-«B inhibition is dependent on the enzymatic activity of
BepAl.
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5.4 Discussion

Protein interaction studies suggested that Myozap could be a possible target of BepAl; because
BepAl has a Fic motif, we wondered if Myozap could be covalently modified by BepAl,
perhaps losing certain functions. Based on what is known about the signalling pathways that
Myozap may influence, including RhoA signalling pathways and SRF and NF-kB transcription
factors, we opted to assess cell migration and cytokine secretion from cells transfected with
BepALl and controls. Myozap may control actin dynamics through the binding of MRIP, which
influences Rho signalling and subsequently alters actin rearrangements. Actin alterations may
in turn modulate transcription factors MRTF-A and NF-kB, which control cytokine expression

and secretion.
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Figure 5-5: Possible signaling pathways affected by BepA1l, resulting in inhibition of cytokine secretion.
Arrows indicate stimulation of the target proteins while blunt lines indicate inhibition. We hypothesise
that the B. quintana effector protein BepAl (seen in purple) is inhibiting Myozap by AMPylation via
the FIC domain. Physiologically, Myozap activity is involved in stimulation of transcription factors NF-
kB and MRTEF-A (seen in blue). This activity occurs either through interactions with the transcription
factor SRF (seen in blue) and the cofactor MRTF-A, or by modulation of MRIP, influencing actin
signaling proteins (seen in red). Actin signaling may influence cell motility in addition to regulation of
MRTF-A and NF-xB. Actin changes allow MRTF-A and NF-«kB to enter the nucleus and carry out their
function. Cytokine secretion and ICAM-1 upregulation (seen in green) are functional effects resulting

from this signaling pathway.
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As Myozap influences Rho signalling, which has ties to actin cytoskeletal signalling, cell
migration was tested using a wound repair assay to determine if BepAl modulation of Myozap
had an effect. NF-xB is central in responding to pathogens, upregulating pro-inflammatory
cytokines to recruit leukocytes to the site of infection. Numerous bacterial pathogens have
evolved a wide range of mechanisms to interfere with the NF-xB pathway at every step to
inhibit its effective deployment by the host'*. As Myozap interacts with SRF, which impacts
NF-kB, pro-inflammatory cytokine secretion may be affected. Levels of pro-inflammatory
cytokines IL-6 and IL-8, secreted by HelLa cells stimulated with TNF-o, were assessed via
ELISA.

We hypothesised that proinflammatory cytokines IL-6 and IL-8 would be significantly
decreased in BepAl-transfected cells. In addition, cytoskeletal rearrangements required for

migration would be impaired, reducing wound repair efficiency in BepALl transfected cells.

Effects of BepAl on Migration

The actin cytoskeleton is a frequent target of many bacterial pathogens'®. These pathogens
either directly inject virulence factors into host cells or secrete toxins into the surrounding
environment. Bacterial toxins often target Rho-GTPases, catalysing covalent modifications to
block their signalling capabilities, resulting in alterations to endothelial and epithelial cell
barrier'®, However, injected virulence factors commonly target Rho-GTPases, mimicking
eukaryotic signalling proteins to subvert their function, resulting in modulation of the actin-
driven process such as phagocytosis or cell migration'®. For example, in 2009 McLaughlin et
al. used a cell migration assay in the study of Salmonella typhimurium and demonstrated the
bacteria inhibit cell migration of macrophages and dendritic cells*. They further demonstrated
this effect results from the effector protein Ssel, which inhibits host cell migration by affecting
the host cell migration regulator IQGAP1%¢. Another study published in 2015 by Brothers et
al. determined Serratia marcescens inhibits cell migration of corneal cells in vivo via secreted
LPSY,

The actin cytoskeleton is regulated in part by MRIP, a target of Myozap. As Myozap has been
identified as a possible target of BepAl, transfected cells containing BepAl may have impaired
actin organisation processes, which affect migration. A wound repair assay was deployed to
test this hypothesis. A wound repair assay involves scratching a cell monolayer in a uniform
manner, then recording the amount of migration the cells undergo to fill the gap, in a certain

period. By comparing the BepAl transfected cells with untransfected cells any difference can
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be recorded. No significant difference was observed between the two groups suggesting the
actin cytoskeleton is not greatly impacted by BepAl. This observation may be due to BepAl
not affecting signalling proteins involved in the regulation of actin polymerisation, influencing
cell migration. Alternatively, BepAl may affect these signalling proteins; however, redundancy
systems within the signalling network may prevent significant deviation from normal function.
It’s also possible that even if Myozap is modified by BepAl, the MRIP-binding domain may

not be affected, allowing Myozap to retain some signalling activity (see Figure 5-5).

Effects of BepAl on Cytokine Release

External stimuli, such as LPS, stimulate PAMPs on the surface of certain types of cells, which
activate the MAPK signalling cascade, resulting in NF-kB expression and activity. NF-kB
activation in endothelial or epithelial cells results in expression and secretion of pro-
inflammatory cytokines such as IL-6 and IL-8. IL-6 and IL-8 secretion in turn attracts immune
cells, particularly neutrophils, to the site of infection. To assess if BepAl affected the secretion
of pro-inflammatory cytokines following stimulation, BepAl transfected HelLa cells were
stimulated with TNF-a, a strong pro-inflammatory stimulus. A large increase in cytokine
production was observed in simulated HeLa cells transfected with an empty plasmid; this effect
was blocked in Hela cells transfected with BepAl. This points towards BepAl as a virulence
factor of B. quintana, deployed not to directly suppress immune cells but to inhibit immune cell
recruitment to a site of infection by inhibiting cytokine secretion by epithelial and/or endothelial
cells. Endothelial cells are a likely target for this activity as Bartonella spp. are thought to be
closely associated with the vascular endothelium during infection. A common strategy of
bacterial pathogens is the inhibition of pro-inflammatory cytokines to inhibit appropriate
immune cell recruitment to sites of infection. For example, in 2003 Zhou et al. demonstrated
Yersinia pestis deploys the effector protein YopJ against bronchial epithelial cells to inhibit pro-
inflammatory cytokine secretion, blocking the innate immune response’. B. quintana may be
deploying BepAl in a similar fashion to block an immune response, inhibiting the ability of

endothelial cellsto effectively raise the alarm in the vascular endothelium.

We also observed that HelLa cells transfected with an empty pcDNA3.1 plasmid showed a
significantly increased response in IL-6 and IL-8 secretion following TNF-o stimulation
compared to untransfected controls. This suggests HelLa cells reacted to the transfection
protocol with a pro-inflammatory response. We used the transfection reagent Viafect, which is
a cationic lipid transfection method where dsDNA in introduced into cells. It is possible that

this process mimics viral infection, particularly those caused by DNA viruses that replicate
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outside of the nucleus, e.g., pox viruses. The cells likely sense the double stranded cytoplasmic
DNA via intracellular immune sensors; this signal, combined with TNF-a stimulation, resulted
in much higher levelsof IL-6 and IL-8, compared to untransfected cells. This may explain why
these cells responded with an amplified immune response, increasing pro-inflammatory

cytokine production.

The results of these cytokine production experiments provide evidence that BepAl was
successfully transfected into Hela cells, as there was a functional effect in BepAl-transfected
cells compared to cellstransfected with an empty plasmid. In addition, pcDNA3.1 mammalian
expression plasmid containing BepAl was transfected alongside pcDNA3.1 with GFP as a
positive control and showed good expression levels, at least 50% of cells expressing. Both
plasmids were similar sizes therefore transfection efficiency would not differ significantly
between the two, allowing confidence that pcDNA3.1-BepAl was transfected into HelLa cells
and resulted in BepAl expression.
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Chapter 6 Research Motivations, Key Findings, and

Future Directions

6.1 Research Motivation

My primary motivation for this research was to better understand the interactions between B.
quintana and the human immune system, particularly those occurring during the early stages of
infection. While other Bartonellaspp. such as B. henselae, have been the focus of some modern
research, the pathogenesis mechanisms of B. quintana are difficult to study because reservoir
host infection is limited to humans and Rhesus macaque (Macaca mulatta) monkeys. Therefore,
animal studies are often not possible, or at least very expensive and difficult, in the case of B.
quintana. We studied B. quintana using in vitro methods, including cell lines and ectopic
expression of effector protein function. These methods are complimented with published in
vitro studies of related Bartonella spp. with their reservoir hosts. For example, in 2016 Hong et
al. used B. tribocorumas a model to better understand Bartonella transit from the dermal tissue,
via the lymphatic system, to the bloodstream®. This research also deployed a gentamicin
protection assay to assess internalisation of B. tribocorum by rat peritoneal macrophages. Hong
et al. similarly observed low internalisation of B. tribocorum by macrophages; at an MOI-10, a
mean of 136 CFU were engulfed over the experimental duration® compared to an average of

42 in our experiment.

Bartonella infections differ significantly between species; research into B. quintana infection
in humans is essential to understand its pathology for the development of better diagnostic
screening techniques and treatments. B. quintana is understudied and the impact of B. quintana
infection in our community, particularly in vulnerable populations, is not fully appreciated.
Treatment and diagnosis of B. quintana infection is very difficult and must be improved to
lessen the substantial burden on those affected and the healthcare system. Discerning the
interactions between Bartonella and host cells essential to fully understand the challenges faced
in diagnosis and treatment of the infection.

We directed our focus towards the interactions between B. quintana and human macrophages
to gain a better understanding of B. quintana dissemination from the dermal inoculation site.
This research provides insight into the early stages of B. quintana infection by characterising

previously unexplored interactions between this pathogen and the human immune system. Our
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results revealed that human macrophages take up B. quintana poorly; however, technical
hurdles made further research using live B. quintana impossible in the given time frame. Our
focus then turned to investigation of a specific Bartonella effector protein, BepAl, as a possible
culprit for the apparent lack of phagocytosis by macrophages. We identified a potential target
of BepAl, Myozap, a cell signalling protein expressed in cardiac, endothelial, and epithelial
tissues, but not immune cells. This indicated BepAl was likely not the cause of macrophage
modulation, but the impact of Myozap targeting was studied further to better understand the
role of BepAl during infection. Our data revealed BepAl activity in endothelial cells resulted
inan inhibitory effect of pro-inflammatory cytokine secretion. This suggests BepAl isdeployed
as an indirect immune suppressive virulence factor. Further research could help determine the

full implication of BepAl activity during infection.

6.2 Key Findings

Although Bartonella spp. have been studied for decades, research into B. quintana dropped
drastically after the 1960s as trench fever was no longer seen as a priority. Some researchers
did continue the study of B. quintana past the 1960s; J Vinson worked to fulfil Koch’s
postulates by culturing the bacteria in a laboratory setting and infecting volunteers!®1¥, B,
quintana has re-emerged as a dangerous pathogen infecting socially disadvantaged populations
causing the disease urban trench fever, as well as other clinical syndromes. B. quintana
infections remain difficult to diagnose for multiple reasons, including the effective immune
evasion mechanisms of the bacteria and a poor understanding of where in the body the bacteria
persist during chronic infection. Treatments of B. quintana infection are not particularly
sophisticated, relying on combination antibacterial therapy. This thesis aimed to provide
insights into how B. quintana interacts with the innate immune system during early infection.
This knowledge builds upon previous studies of other Bartonella spp. and extends our collective
understanding of this human pathogen. It is our hope that the key findings of this thesis can
influence diagnosis and treatment of B. quintana infection, either directly or by assisting further

research.

A large hurdle inthe study of B. quintana is the technical considerations of growing the bacteria
under laboratory conditions. Bartonella are fastidious, slow growing bacteria, and this is
particularly the case with B. quintana, which is extremely slow growing and sensitive to
environmental perturbation and contamination. Research into B. quintana activity requires the
culture of the live bacteria for experimentation, as with the macrophage interaction experiments

of this thesis. During this researchwe determined chocolate agar solid media should be prepared
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as fresh as possible for B. quintana growth and should not be used beyond seven days. B.
quintana must be grown in candle jars, preferably with multiple plates to increase humidity
levels in the jars. Finally, B. quintana stocks should be regularly checked for contamination
through colony PCR amplification of 16S sequence for phylogenetic analysis. Cultivation of B.
quintanarequires lengthy culture on rich media and is very susceptible to contamination issues.
It is likely that the difficulties associated with B. quintana culture hamper research efforts for
this species; hopefully the culture condition optimisation required for this thesis can reduce the

burden for subsequent research.

Preliminary macrophage interaction experiments revealed that B. quintana largely resists
phagocytosis by human macrophages. As we hypothesised B. quintana would persist
intracellularly within macrophages, this was an unexpected result. This suggests B. quintana
evades macrophages when contacted in the skin, allowing the bacteria to invade deeper tissues
in the host and establish infection. Specifically, evasion of phagocytes would be particularly
advantageous for the bacteria, which may encounter large numbers of macrophages during their
transit through the lymphatic system. Due to the technical hurdles of culturing B. quintana
combined with contamination issues within the lab, further experimentation with live B.
quintana was not possible. Therefore, we decided to focus on a specific Bartonella effector
protein, BepAl. BepAl contains a FIC domain, which target Rho-GTPases®%, host cell
signalling proteins with ties to the actin cytoskeleton. We hypothesised the effect of BepAl
may be causing inhibited phagocytosis in THP-1 cells.

A yeast two-hybrid system assay was deployed to identify specific protein-protein interactions
between BepAl and host cell proteins. We identified the host cell protein Myozap as a potential
target of BepAl. BepAl contains a FIC domain, an enzymatic domain that catalyses
AMPylation of target residues. We hypothesise that BepAl may AMPylate Myozap,
modulating its signalling ability. Further research could help determine if this is the case.
Myozap expression has been demonstrated in cardiac, epithelial, and endothelial tissues, but
not immune cells. Our data revealed a target of BepALl that is not expressed in immune cells,
but instead is expressed in other host cells, such as endothelial cells. B. quintana is a blood-
borne pathogen that infects the host, seeding the bloodstream; literature often describes
Bartonella spp. interacting with endothelial cells**%'4!, BepAl may inhibit pro-inflammatory
cytokine signalling by endothelial cells to prevent an appropriate response by the immune

system, allowing the bacteria to persist in association with these endothelial cells. This activity
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may be a contributing factor in the development of chronic infection, enabling B. quintana to

survive in the host long periods and to persistas a successful stealth pathogen.

6.3 Future Directions

B. quintana Interactions with Other Innate Immune Cells

Future research into the interactions between B. quintana and immune cells could be expanded
to investigate interactions with other cell types. Host-pathogen interaction studies are not well-
established for the study B. quintana. Little is known about the interactions between B. quintana
and human immune cells. The first step in understanding how Bartonella behaves during early
infection is to investigate these interactions with human cells. The gentamicin protection assay
protocol used for these studies could be adapted to a range of other host cell types. We would
have extended our researchto include many other cells types; however, due to technical hurdles

and time constraints this option was not available.

Neurological symptoms have been reported in patients with Bartonellosis#*14; a future
experiment could investigate microglia cells physiologically resident in the brain, exploring
their interactions with B. quintana and B. henselae. Microglia have been suggested as a possible
reservoir for Bartonella during chronic infection, making them an interesting target for

investigation'#,

Further research into the interactions between Bartonella and dendritic cells would also be
valuable to better understand bacteria-host cell interactions within the dermis of the skin.
Research into BepE has highlighted dendritic cells as an essential player for B. tribocorum
dissemination from dermal tissues into the bloodstream®’; perhaps further investigation could
identify the causative mechanism behind this activity. The mechanisms behind B. quintana
dissemination throughout the body are poorly understood; it’s possible the bacteria are
internalised by dendritic cells and the migration of dendritic cells aids bacterial dissemination.
Investigation into internalisation and intracellular persistence of B. quintana within human

dendritic cells could help answer these questions.

Neutrophils would also be an interesting target for further investigation. Neutrophils are the
most abundant immune cell in the bloodstream, which is the natural habitat of B. quintana. Our
results identified a mechanism of BepAl-driven inhibition of pro-inflammatory cytokines, IL-
6 and IL-8, which are secreted by endothelial and other cells as an effective distress signal

during infection. In large part these cytokines recruit numerous neutrophils to a site of infection;
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neutrophils are typically the first responders that flood the infected area in high numbers. It
would be interesting to see how effective neutrophils are in the clearance of B. quintana, though
the degree to which neutrophils encounter B. quintana during infection is still uncertain. The
ability of neutrophils to internalise and kill B. quintana, through both intra- and extracellular
mechanisms, has not been assessed and is a rich area of future research. Neutrophil-mediated
killing of B. quintana could be assessed in vitro, and the ability of B. quintana to persist within
neutrophils could be determined. Although neutrophils are short lived and are less mobile after
encountering pathogens, compared with dendritic cells, pathogens as diverse as Ehrlichia,
Anaplasma and Neisseria gonorrheae replicate inside neutrophils, delaying neutrophil
apoptosis and extending their lifespan. Further research into the interactions between B.
quintana and innate immune cells willaid in the understanding of the early stages of infection

but also identify numerous questions for further investigation.

B. quintana null mutation Experiments

Site-directed null mutant bacterial strains are routinely used to assess function of a protein of
interest; removing or inactivating the selected protein helps to identify the differences in activity
compared to the wild-type strain, granting insight into the functionality of the protein. For
example, in 2011 Truttmann et al. used a BepA-G null mutant B. henselae strain to study
invasome formation in HUVEC and HeLa cells'®. A similar approach could be used in the
study of BepAl in B. quintana. A T4SS mutant B. quintana strain that lacks a functional
secretion apparatus could be developed to identify B. quintana effects on host cells that are due
to the secreted Beps; in the absence of the T4SS, Beps could not be injected into host cells. A
BepAl mutant strain could be used for numerous experiments in the investigation of BepAl-
dependent cellular modulation. Finally, a BepA2 mutant strain could be used to determine the
degree to which BepAl and BepA2 interact or complex together to carry out function.

An example of an experiment utilising these mutant strains, the wild-type, T4SS mutant, and
BepA2 mutant strains could be used to infect host cells, with BepAl appropriately tagged to
identify translocation. BepAl does not contain a BID domain; therefore, it potentially lacks the
required sequence for recognition by VirB4 and subsequent secretion directly into host cells.
BepAl may complex with BepA2 to pass through the T4SS, pass through without complexing
with BepAz2, or enter host cells through another mechanism. A suitable tagging option would
be a Myc tag for anti-myc antibody targeting; this would allow for western blot screening of
host cells for the presence of BepAl. An attached GFP tag could also be used to assess transfer
of the effector protein by microscopy or florescence cytometry. There would likely be low
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abundance of BepAl within host cells, demanding a sensitive microscopy option for detection,
such as a confocal microscopy. One consideration of these approaches is false positives from
any B. quintana remaining in or around the cells, which would contain BepAl. Numerous
washes and a gentamicin treatment would kill extracellular B. quintana, but confident clearance
of all intracellular bacteria would be more difficult. My results show internalisation of B.
quintana by THP-1 cellsis limited, but nevertheless background signal from the bacteriashould
be considered. Another option would be FRET-based detection, where BepAl is expressed as
a fusion with TEM-1 beta-lactamase which is cleaved upon entry into host cells freeing the
fluorescent FRET dye'®. This approach has been used in the study of Yersinia effector proteins
invivo, to identify host cells that are injected by the Type Il secretion system®, If BepAl can
be translocated in the absence of BepA2 and the T4SS, there may be an alternative mechanism
at work. The likely result of this experiment would be BepAl cannot enter host cells in the
absence of the T4SS or BepA2, which would strongly suggest BepAl and BepA2 complex
together to allow BepAl to pass through the T4SS. If BepAl translocate in the BepA2 mutant
strain, it would suggest BepAl can pass through the T4SS even lacking a BID domain.

Phagocytosis Assay

The data generated during this project demonstrated B. quintana is not effectively internalised
by THP-1 cells; the role of the Bartonella effector protein BepAl was investigated as a possible
cause. It was discovered that BepAl likely interacts with Myozap, which influences the host
actin cytoskeleton. Myozap is not known to be expressed in immune cells. Therefore, our data
did not support the hypothesis that BepAl was responsible for modulation of THP-1 phagocytic
activity, although other Beps may be involved. A T4SS mutant strain could be used to identify
if other Beps effect phagocytic activity of human immune cells; infecting host cells witha T4SS
mutant or the wild type parent strain and comparing numbers of bacteria internalised would
reveal differences in levels of phagocytosis. This experiment could be paired with a
phagocytosis assay, where pHrodo particles are utilised as a measure for phagocytosis and
lysosomal fusion in cells. pHrodo particles are small E. coli fragments with an attached
fluorescent bead that fluoresce under low pH conditions, measured using flow cytometry. As
the particles only fully fluoresce when the lysosome fuses with the phagosome, background
from extracellular pHrodo particles is minimal. pHrodo particles would be added to THP-1 cells
with or without pre-exposure to B. quintana. If the phagocytic activity of THP-1 cells is
inhibited by B. quintana, the cells will internalise fewer fluorescent particles, giving off a
weaker signal. A negative latrunculin control should be included, which almost entirely inhibits
phagocytosis. In addition, a heat-treated B. quintana control could be included, distinguishing
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between actin modulation of phagocytic activity vs a passive effect resulting from macrophage
contact with B. quintana material. Although this experiment would not identify the specific
Beps responsible, if any, it would be a starting point for future research by identifying these

effector proteins as the root of this immune suppressive mechanism.

Conditioned Media Experiment

To determine if BepAl-mediated inhibition of pro-inflammatory cytokine secretion is
physiologically relevant, an experiment could be conducted where Human Umbilical Vein
Endothelial Cells (HUVEC) cellsare exposed to wild-type B. quintana and a BepAl mutant B.
quintana strain. EA hy926 immortalised endothelial-like cells would also be a suitable option
for this experiment and are lower-costand easier to maintain. Given the results reported here,
HUVEC cells exposed to wild-type B. quintana would be expected to secrete a lower
concentration of pro-inflammatory cytokines compared to the BepAl mutant strain, as we have
demonstrated BepAl activity in host cells reduces secretion of these cytokines. Additionally,
investigating cytokine secretion by HUVEC cells exposed to BepAl mutant B. quintana, would
be interesting because it’s comparable to the transfected HelLa cell cytokine quantification of
this thesis but without the dsDNA from transfection stimulating a pro-inflammatory reaction.
Cytokines would be quantified by ELISA to determine the concentration of each cytokine in
the media; however, this concentration may not be physiologically relevant enough to alter
immune cell activity. The acellular supernatant from these cells would be then transferred onto
THP-1 cells, representing human macrophages, or primary human peripheral blood monocyte
cells. If the difference in cytokine concentration is sufficient enough to cause activation
monocyte cells from the media incubated with BepAl mutant B. quintana, but not from wild-
type B. quintana, you could conclude the BepAl-mediated pro-inflammatory cytokine
inhibitory effect is physiologically relevant. This would point towards BepAl as a significant
virulence factor for the establishment of chronic B. quintana infection, allowing the bacteria to
survive for longer periods of time associated with endothelial cells, hidden from the immune
system. Immune cell activation could be measures by flow cytometry, identifying human
leukocyte antigen as a measure of activation as well as CD62L and CD44 as a measure of
migratory state and homing. Conditioned media experiments are common in studies
investigating the physiological consequences of released agents. For example, Nanjundaiah et
al. used conditioned media from Lactobacillus culture on J774 murine macrophages,
discovering released components enhanced beneficial reactive oxygen species and decreased

harmful nitrogen species build-up4.
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Animal Models

Animals models could be implemented to gain a better understanding of B. quintana infection,
although there is a significant cost associated. The mouse model is often used for in vivo study
of pathogens; however, B. quintana does not infect mice, therefore it would not be the best
choice. Rhesus macaques (Macaca mulatta) are naturally infected by B. quintana in the wild,
and have been used as a pre-clinical infection model for the study of human pathogens,
including B. quintana¥’. Experimental infection of Rhesus macaque monkeys could provide
useful insight into Bartonella infection due to similarity to humans, although the disease
progression differs in some respects. Experiments with the macaque model could include
infecting the animal witha BepAl mutant B. quintana strain compared to a wild-type strain and
assessing the differences in disease progression. We hypothesise BepAl is deployed by B.
quintana to aid the bacteriain establishing chronic infection; it would be interesting to see if an
inoculation by a BepAl mutant B. quintana strain results progresses to chronic infection. Blood
samples from animals infected with the wild type or a BepAl mutant would be plated to assess
the level of bacteraemia in infected animals. Alternatively, a competition experiment could be
carried out, with the animal co-infected with both wild type and BepAl mutant; the viable
bacteria recovered from the animal’s blood could be characterised to see if the wild type has a

competitive advantage over the BepAl mutant.

BepAl-Myozap Protein Interaction Validation Studies

Confirming the interaction between BepAl and Myozap is essential to further research efforts
discerning BepAl activity in host cells. Cloning BepAl into a mammalian expression vector
with an attached tagging sequence, such as Myc, would provide a reliable target. A co-
immunoprecipitation experiment, with proposed target, Myozap, precipitated, followed by a
western blot to detecting BepAl would support the validity of the proposed interaction.,

To determine if BepAl AMPylates Myozap via its FIC domain, the following experiment could
be carried out. Myozap could be enriched from BepAl-transfected Hela cell lysates by
immunoprecipitation with an anti-Myozap antibody. Mass spectrometry could be used to detect
the presence or absence of an AMP moiety on the purified Myozap protein from BepAl-
transfected cells, compared to lysates from untransfected cells. In addition, mass spectrometry
analysis could be used to identify the specific AMPylated Myozap residue, providing insight
into the domain and downstream interactions that are interrupted. Not only would this aid in
the validation of the interaction between BepAl and Myozap, but identify the specific
alternation made to Myozap by BepAl, altering its signalling capability. Determining the key
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residue targeted by BepAl may provide some insight into the exact consequences the alteration
has. To confirm this alteration is FIC domain-dependent, a site-directed BepALl catalytic mutant
could be produced, with the critical histidine residue in the conserved FIC domain mutated to
an alanine residue. Immunoprecipitation and mass spectrometry analysis of Myozap could be
repeated with this catalytic mutant to determine if AMPylation still occurs. If AMPylation was
not observed in the presence of the catalytic mutant, it could be concluded that BepAl

AMPylates Myozap specifically at the identified residue ina FIC domain-dependent manner.

BepAl-BepA2 Protein Interaction Studies

The interaction between BepAl and BepA2 remains uncharacterised. While researching the
enzymatic activity of BepAl, the involvement of BepA2 should not be ignored. BepAl does
not contain a BID domain, essential for transportation through the VirB/D4 T4SS into host
cells. BepA2 does contain a BID domain; it’s possible BepAl and BepA2 interact, complexing
together for transportation through the VirB/D4 T4SS. This complexing may alter the function
of either BepAl or BepA2. The first step in answering these questions is to test for interaction
between BepAl and BepA2. A bacterial two-hybrid system could be implemented to screen for
any interactions, in a similar manner as the yeast two-hybrid system was implemented during

this research!®,

During our research, an alternative vector was used to clone BepA2 under the low copy number
Col E1 origin of replication. However, the only colonies recovered had undergone
rearrangements that prevented protein expression. Due to time constraints, further cloning
alternatives could not be trialled. For future cloning, ensuring the correct restriction sites are
used might be enough to retrieve a successful clone. If further attempts to clone BepA2 result
in recombinant events, preventing transcription, a conditional gene expression approach
utilising a tightly regulated promoter would be recommended*. BepA2 could be cloned into
E. coli under an inducible promoter, such as an arabinose-inducible protein, in the absence of
arabinose. The promoter could be activated by the addition of arabinose, expressing BepA2
only when needed. Arabinose-inducible expression systems have become widely used in E. coli
cloning; for example, Carroll et al. utilised an arabinose-inducible promoter in the investigation
of Mycobacterium tuberculosis Rv1991c protein as a potent toxin**. 1t’s also possible BepA2
functions differently in the presence of BepAl, resulting from the two proteins complexing

together.
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HAS2 Antisense-RNA Investigation

Another consideration stemming from the yeast two-hybrid system was the identification of the
HAS2 antisense-RNA as a possible interacting partner of BepAl. Four hits were obtained
identifying this interaction, strengthening its validity as each occurred independently. Due to
time constraints, following up this finding was not possible during this thesis; however, this is
potentially a physiologically relevant interaction that can be further investigated. HAS2 was
identified from a BLAST search of the sequence recovered from the prey library plasmid. The
major consideration in following up this result would be the possibility that this isan incorrectly
annotated protein target, not an anti-sense RNA. If this is a cellular protein, nothing is known
of its normal function, which makes it difficult to form testable hypotheses about the effect its
inactivation would have on the cells. The first step would be to determine if the sequence
produces a functional protein; second, we would investigate whether this protein is AMPylated
by BepAl. A bioinformatics analysis of the predicted amino acid sequence could be performed
using the software such as ProteinPredict, or similar software, to gain more insight into the
structure and function of the protein. The goal is to determine if this sequence could form a
functional protein and, if this is possible, identify it to validate the protein interaction with
BepAl.

NF-kB Localisation Assay

Research into the downstream effects of BepAl activity in host cells is an exciting future
direction. Myozap interacts with SRF and MRIP; investigating changes in expression and
activity of these downstream proteins in the presence of BepAl would strengthen the validity
of the interaction between BepAl and Myozap. In addition, identifying changes in downstream
transcription factor activity would help determine the cellular effects of BepAl in host cells,
driving pathogenesis. The results of this thesis showed a decrease in pro-inflammatory cytokine
secretion in BepAl-transfected HelLa cells compared to untransfected cells. We theorise this
decreased resulted from inhibition of the NF-«xB signalling pathway as a downstream effect of
Myozap targeting by BepAl. Once stimulated, the NF-kB p65 subunit is released from its
complex with the IxB inhibitor, and is translocated into the nucleus, where it acts as a
transcription factor, stimulating expression of pro-inflammatory cytokine genes. To confirm
the hypothesis that NF-«kB is inhibited in the presence of BepAl, a localisationassay could be
utilised to determine whether the NF-xB p65 subunit moves to the nucleus following
stimulation. The observed NF-kB inhibition either occurs by modulation of the Myozap-SRF
pathway or by the Myozap-MRIP pathway leading to Rho-dependent actin modifications which
prevent NF-xB entry into the nucleus. One consideration of this experiment is that the
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interaction between SRF and NF-xB occurs via complex within the nucleus®®. Therefore, it’s
likely that if BepAl-driven NF-xB inhibition occurs through the Myozap-SRF pathway, NF-
kB translocation into the nucleus would not be impacted. If this were the case, typical NF-kB
translocation into the nucleus following stimulation would not dismiss the possibility that
BepAl was still driving NF-«kB inhibition. Nuclear localisation of the transcription factor
MRTF-A would also be of interest as we theorise Myozap modulation alters MRTF-A activity
as well. Additionally, transcription of NF-kB and MRTF-A in the presence of absence of
BepAl, following stimulation, could be assessed utilising RT-gPCR. Downstream NF-«B-
dependent cytokine and SRF-dependent genes could also be assessed. Together these results
would help determine the functional effects of BepAl activity in host cells. These interesting
experiments would further clarify the consequences of BepAl-driven signalling modulation

within host cells, discerning the specific signalling proteins affected.

ICAM-1 Whole Cell ELISA

The results of this thesis suggest BepALl inhibits IL-6 and IL-8 cytokine production by affected
host cell, perhaps this action occurs through modulation of Myozap and by extension NF-xB
and MRTF-A. One effect of MRTF-A and NF-xB activity on endothelial cells is the
upregulation of Intercellular Adhesion Molecule 1 (ICAM-1). ICAM-1 is expressed on
endothelial cells and immune cells. Cytokine stimulation results in high levels of ICAM-1
expression on the cell surface. ICAM-1 plays an important role in leukocyte binding and
facilitates leukocyte endothelial transmigration, allowing leukocytes to be recruited from the
blood to the site of infection. Determining if BepAl results in downregulation of ICAM-1
would be valuable in the effort to uncover its role in pathogenesis. Human Umbilical Vein
Endothelial Cells (HUVEC) could be used in future research regarding ICAM-1, representing
vascular endothelial cells. HUVEC transfected with BepAl could be compared to untransfected
cells using a whole cell ELISA method. Alternatively, HeLa cells could be infected with wild-
type B. quintana or BepAl mutant B. quintana, then ICAM-1 quantified through whole cell
ELISA. If BepAl results in decreased ICAM-1 expression in HeLa cells, the whole cell ELISA
will detect the decreased cell surface ICAM-1, compared to untransfected cells. Decreased
ICAM-1 on endothelial cellswould reduce immune cell adhesion, inhibiting the recruitment of
neutrophils to the site of infection. This would identify another immune suppression mechanism

of B. quintana, to better understand how chronic infection is established.
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6.4 Concluding Remarks

Bartonella cause infectious disease in humans, often in homeless and immune compromised
individuals. Understanding the interactions between Bartonella and host cells is pivotal for the
development and improvement of diagnostic techniques and treatments. The survival of B.
quintana during early stages of infection is dependent on numerous immune evasion and
possibly suppression mechanisms that ultimately allow the bacteria to disseminate and cause
disease. The cellular interactions between B. quintana and the human immune system are
largely unknown, and the survival of B. quintana in the presence of human immune cells is
essential for the bacteria. This research aimed to investigate the interactions between B.
quintana and human macrophages encountered in the skin during the early stages of infection.
We present novel findings; we discovered human macrophages take up B. quintana poorly,
identifying this as apossible immune evasion interaction. We further identified how B. quintana
pathogenically modulates host cell signalling though the Bartonella effector protein, BepAl.
Myozap was identified as a potential host cell target of BepAl, and the downstream cellular
effects of BepAl exposure were explored. This revealed BepAl downregulates the host cell
immune response through inhibition of pro-inflammatory cytokine secretion. While further
experiments are required to validate and expand on these findings, this research advances the
field of Bartonella quintana study, providing much-needed insight into the early stages of
infection and how the pathogen interacts with the immune system. With this enhanced
understanding of how B. quintana establishes chronic infection, further research could develop

new techniques for diagnosis and treatment.
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Appendix Figure 1: RAW 267.4 cell killing of intracellular B. henselae with a logarithmic y-axis. RAW
267.4 cells were infected with B. henselae, then extracellular B. henselae were killed by gentamicin
treatment. Intracellular B. henselae were quantified over the hours following internalization, to
determine the rate at which the bacteria could persist intracellularly. B. henselae killing appears faster
in the two RAW 267.4 cell experiments, compared to infection of THP-1 cells, although statistical

analysis cannot confirm this is significant due to low biological replicates.
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Appendix Figure 2: B. quintana recovered after gentamicin exposure, includes outlier.This figure shows
the effective killing of B. quintana by the antibiotic gentamicin, with 99.999% of bacteria killed after
one hour of treatment; after another hour no viable bacteria could be detected. An outlier can see seen
at 105 minutes of gentamicin treatment which resulted in 320 visible colonies, indicating 3200 viable
bacteria remained (0.1143% of the total bacteria before gentamicin treatment). This was unexpectedly
high and was possibly due to the formation of large bacterial aggregates that prevent gentamicin Killing.

However, viable bacteria were not detected thereafter.
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Appendix Figure 3: Homology between B. henselae BepA and B. quintana BepAl/2. When sequences
of B. quintana BepAl and BepA2 are compared to B. henselae BepA there is a 70% sequence homology.
Breaks in the green bar indicate areas of mismatch in amino acid sequence.
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Appendix Figure 4: bepAl insert into pGBKT7. This figure shows the complete sequence identity (no
breaks in the green bar) between the bepAl from B. quintana JK31 genome and the sequence from
pGBKT?7 following cloning. This indicates there was no errors during PCR of the insert from the B.
quintana genome and the insert was successfully inserted into pGBKT?7. The insert is in frame and will

therefore be translated into a functional BepAl protein with the GAL4-BD translation fusion.
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Appendix Figure 5: bepA2 insert in pGBKT7. This figure shows the incomplete sequence identity
between the bepA2 from B. quintana JK31 genome and the sequence from pGBKT?7 following cloning.
This suggests the insert was altered following cloning, rendering the sequencing non-translatable.
Although most of the recovered sequence matches the BepA2 sequence from the B. quintana JK31
genome, the beginning of the gene differs, with a mutation to the start codon and the addition of two
nucleotides, rendering the gene non-translatable and out of frame. This recovered clone would not
produce a function BepA2 protein with the GAL4-BD translational fusion. Breaks in the green bar

indicate areas of mismatch in amino acid sequence.
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Appendix Figure 6: bepA2 in pGBKT7, Mutated Start Codon. This figure shows a magnified view
showing of the mutated bases in the beginning of the bepA2 gene sequence recovered from pGBKT?7,

following cloning. An alteration of the start codon ATG to AGG, can be seen, noted with the red arrow.
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Additionally, the addition of a T and G nucleotide shift the remaining gene out of frame. Together these

mutations would prevent correct translation of the BepA2 protein with the GAL4-BD translational

fusion. Breaks in the green bar indicate areas of mismatch in amino acid sequence.

Appendix Figure 7: BepAl auto-activation test. The auto-activation test ensures the bait protein (BepAl
in this case) does not activate the Y2HS reporters in the absence of an interacting partner. Y2HGold
containing BepAl grow successfully on single drop out plates (seen on the top two plates). The single
drop out media only acts to maintain the bait plasmid, without the requirement of reporter activation for
survival. Y2HGold containing BepAl does not grow on plates with the antibiotic aureobasidin-A and
X-a-Gal (no colonies can be seen on the bottom two plates). Survival in the presence of aureobasidin-
A results from reporter activation; lack of survival indicates BepAl is not capable of activating the

reporter genes without an interacting partner.
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Appendix Figure 8: BepAl toxicity test. The toxicity test ensures the BepAl does not have a toxic effect

on Y2HGold yeast, impairing growth.Y2HGold containing the empty pGBKT7 vector (seen on the left)
grows equally well as pPGBKT7 with BepAl (seen on the right). Colonies are similar sizes on both plates

indicating the presence of BepAl within Y2HGold yeast does not have atoxic effect, reducing growth.
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Homo sapiens HAS2 antisense RNA 1 (HAS2-AS1), antisense RNA
Sequence ID: NR_002835.2 Length: 2300 Number of Matches: 1

Range 1: 1294 to 2015 GenBank Graphics

Score Expect Identities Gaps Strand
1312 bits(710) 0.0 718/722(99%) 0/722(0%) Plus/Plus

Query 5@ GTACCTTATGGAACCCAMACCTGTTATGTTTTCACCTGTACAAGGCAACAGAGAALA TT 189
Sbjct 1254 GTACCTTATGGAACCCATACCTGTTATGTTTTCACCTGTACAAGGCAACAGAGAALACAT

1353
Query 118  GGTAGTTTTTATTTGAGTAGATGTGACTTAGCAATATGTTGTTGCTGACCTCCATC

| ?TC 169
Sbjct 1354 GGTAGTTTTTACTTGAGTAGATGTGACTTAGCAATATGTTGTTGCTGACCTCCATC

C
[[1]

CCAC 1413
Query 178 ACAAAACATATGTTTATATGTCTGACAGACAAAGTATCCAGAACAAGGATTT { c 229

Sbjct 1414 CACAAMACATATGTTTATA AGACAAAGTATCCAGAACAAGGATTTAGTAC 1473
GAACTTTTGGTAAAGAAACTCTTTACACTCT 289

AACTTTTGGTAAAGAAACTCTTTATACTCT 1533

i
Query 230 CTTCATAATCCTCTGTATATGTGGTTCTA
oy ittt
i

Query 298  TATTAATTAT

|
it

Hoi

Sbjct 1534 TATTAATTATT

|
TAGAAC
T T TTTTTTTTTI?TATGTTﬂTﬂTGTATCﬁATATTTﬂCCACﬁ 349

CLLLELELLLLEELEL LT L]
1

|
TC
it ]
AGAN AAAAAAAGTTTATATGTTATA
i)

G
I [1]
G TATCAATATTTACCACA 1593

Query 358 TAGACATTAAAGC T 489

TAAMAAGT GTCATTTGAAGTAATAATAAA
||||II|||||II||| |||||II||||II|||||II||||II|||||II||||II||
AMAATACTTAAGTCATTTGAAGTAATAATAAA

Sbjct 1594 TTAGACATTAAAGCT

:
I
1
|
TTA 1653
.

TTTTGCGAAAATAGCTATTTTTCAAAACCTAAAG 4689

TTTGCGAAAATAGCTATTTTTCAAAACCTAMAG 1713

AAT ﬂA?

CLLLELLLLLLEEL L LT
TAA

Sbjct 1654 TGCAGTTACATACCAA

GCAAATCTCT

LLLETLLL
TTGCAAATCTCT

CTAGCTGATAGAAGAC 529

TAGCTGATAGAAGAC 1773

L1111
C TAA
it i

|
G

C
I
cC
C
I
GAC

Query 410 TGCAGTT,&CATACCAACII'
!
|

Shjct 1714 T

.
I

i
LT
AGTTTTCC
et

Sbjct 1774 AGCTGGATTC TTTGCTTTT

TGCATTCAATTGTT
|II||||II|||||
GCATTCAATTGTT

TGAAGTATATGaaaa 589
IIIIIIIII 1111

|
GAAGTATATGAAAA 1833

.
I
!
:
[1]]]
!

.
LILLL
GCTGTC
TTTGAT
LLLLL
TTTGAT

Query 598 CATATATAATTG

LLLLITLL
ATATAATTG
T
|

G

I

[
ﬁTG?AﬁGﬂGI?TTTACATﬁGG 649

G

i 1
AAGAGTATTTACACAGGCTTTT 1893
TGGEC
I

22aaTCTGGT GG

_ ULLLLELLL (L1111
Shjct 1834 AAAATCTGGT GGAAATG
T T

|
T
Query 658 TTﬁ? ﬁTT? T AC AAGTTGCAATGTTGTGAAT 789

o0—=3

CALAN TTG?

| NYYRRRRARNRRANANRY
TATTC

| nimnitiiin |
A TACTACATCAAAACTTGATAAGTTGCAATGTTGTGAATTGGE 1953
Query 718 }?

1y
Sbjct 1894 TTAG
%?T ??? TGGCCC CTGAﬁ?T CTGAARAATC, ACATGAAGTAGAT 769

AATAGGA
LI IIIIII|||||IIIIIIII|||||IIIIIIIIII
CTCTGAAGATT TGC TGAAAATCAC TGACATGAAGTAGATTAATAGGA

I
C
C
I
CTA
C
I
cA
C
I
cCT
C
| I
C

I
TGG
C
I
TC
.
I
i
.
I
H
C
I
GGC

Sbjct 1954 2013

Query 778 TA 771

Sbjct 2014 TA 26815

Appendix Figure 9: BLAST match of Y2HS prey sequence — HAS2 antisense RNA 1 #1. This figure
shows the 99% identity between the sequence recovered from a library plasmid during the Y2HS assay
and the HAS2 antisense RNA 1 sequence. This suggests there was an independent interaction between
the BepAl bait protein and the prey protein translated from this sequence, during Y2HS assay.
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Homo sapiens HASZ2 antisense RNA 1 (HAS2-AS1), antisense RNA
Sequence ID: NE_002835.2 Length: 2300 Number of Matches: 1

Range 1: 1294 to 2051 GenBank Graphics

Score Expect Identities Gaps Strand
1375 bits(744) 0.0 753/758(99%) 0/758(0%) Plus/Plus

Query 6@ GTACCTTATGGAACCCAAACCTGTTATGTTTTCACCTGTACAAGGCAACAGAGAALA 119

Sbjct 1254 GTACCTTATGGAACCCATACCTGTTATGTTTTCACCTGTACAAGGCAACAGAGALLAA 1353

Query 128  GGTAG ATTTGAGTAGATGTGACTTAGCAATATGTTGTTGCTGACCTC

C
LT L LLLLLLET LTI LT LT Ié

i ﬂ‘f?ﬁ e
Sbjct 1354 GGTAG ACTTGAGTAGATGTGACTTAGCAATATGTTGTTGCTGACCTCCATC
GAN

1413

Query 188 CACAAMACATATGTTTATATGT

Sbjct 1414 AGCACAAAACATATGTTTATAT

?
CCAC
GACAGACAAAGTATCCA AA? A?ITC 239

C
[LLLELLLLTLLLLLTTT L IIII |
GAAC

LILIL [
TCTGACAGACAAAGTATCCAGAACAAGGATTTAGTAC 1473
GTTCT

| ||

G
Query 248 CTTCAT&&TCCTCTGT&TATGT?

| ﬂGﬂACTTTTGGTﬂﬂAGAAACTCI TﬂCT% TT 299
Sbjct 1474 CTTCATAATCCTCTGTATATG

G

|

I | |
C 66 GAACTTTTGGTAAAGAAACTCTTTATA
e T iy

Sbjct 1534 TATTAATTATTGAGAAC

— L

T??T? TTATATGTTAT&TGTATC&ATA T

i ] 0>
AAAAAAAGTTTATATGTTATATGTATCAATA

!
|
TCT 1533
A

| I

A

:
I
TTATAC
TTTACC
[1]]]]
TTTACC 1593

Query 368 AGACATTAAAGC T 419

0] T
Sbjct 1594 TAGACATTAAAGCTGA

GTCATTTGAAGTAATAATAAA
||||||||||||||||||||||||||||||||||||||||

AMAATACTTAAGTCATTTGAAGTAATAATAAA 1653
Query 420  TGCAGTTACATACCAAC

L]
Sbjct 1654 TGCAGTTACATACCAAC

TTTTGCGAAAATAGCTA

LLLEEEELLLLL
TTTGCGAAAATA

TTCAAMACCTAAAG 479

||||||||||||
CAAAACCTAAAG 1713

]
|
I
.
|
i
iyt

C
LT
TAAC

Query 488  TGAGAAAAGTGGCAGTT

Sbjct 1714 AGAAAAGTG

A
I
A
{ CTGATAGAAGAC 539

.
| 1111
T GCTAT
TGC&AATCTCTT{T?T?I

CATT
| |||| LLEELLLLL] LLETLLL
TGCAAATCTCTTTGCTGTCTAGCTGATAGAAGAC 1773

C
I
C
C
I
C
.
I
!
.

[1]]

GTTT

-

I

il
.
L1111
GCA TCC

pe e ﬁ‘?ﬂ‘f‘f‘mﬂ?ﬁn I

Sbjct 1774 AGCTGGATTCTCCTATTTGCT

cTT TGAAGTATATGaaaa 599
| |||||||||||||||
TGAAGTATA

-
I
H
CT
I
CTA
|
T TGAAAA 1833

|
G T
CATTCAATTGTTGTTTTGA
||||||||||||||||||I
CATT A

:
I
1

17
GCATTCAATTGTTGTTTTG

IIH
H

AAATGGAAGAGTATTTACATAGGCTTTT 659

Query 6@ TTT?{C GETGTCATACACATATATHNATTG |
GAAATGGAAGAGTATTTACACAGRCTTTT 1893

GG
J
Sbjct 1834 AAAATCTGGTGTCATACACATATATAATTGG

Query 66@  TTAGATATTCTTCCTTTATACTACATCAAAACTTGATAAGTTGCAATGTTGTGAATTGGC 719
||||II|||||IIIIIIII|||||IIIIIIII|||||IIIIIIII|||||IIIIIIII||

Sbjct 1894 TTAGATATTCTTCCTTTATACTACATCAAAA AAGTTGCAATGTTGTGAATTGGC 1953

Query 720  CCAGGGCTTGGCCCTCTGAAGAT GACATGAAGTAGATTAATAGGA 779
_ ||||II|||||IIIIIIII|||||IIIIIIII|||||IIIIIIII|||||IIIIIIII||

Sbjct 1954 CCAGGGCTTGGCCCTCTGAAGATTTGCTGAAAATCACTGACATGAAGTAGATTAATAGGA 2013

Query 788  TAALAGGCATATACATTTATTTAATGTGTATACACAGC 817

Sbjct 2014 TAALAGGCATATACATTTATTTAATGTGTATACACAGC 2@51

Appendix Figure 10: BLAST match of Y2HS prey sequence — HAS2 antisense RNA 1 #2. Refer to
Appendix Figure 9 for a description of this figure.
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Homo sapiens HAS2 antisense RNA 1 (HAS2-AS1), antisense RNA
Sequence ID: NR_002835.2 Length: 2300 Number of Matches: 1

Range 1: 1294 to 2093 GenBank Graphics

Score Expect Identities Gaps Strand
1456 bits(788) 0.0 796/800(99%) 0/800(0%) Plus/Plus
ittt
Sbjct 1294 GTACCTTATGGAACCCATACCTGTTATGTTTTCACCTGTACAAGGCAACAGAGAAAACA 1353

Query 119  GGTAGTTTTTATTTGAGTAGATGTGACTTAGCAATATGTTGTTGCTGACCTCCATCCCAC 178

Sbjct 1354 GGTAGTTTTTACTTGAGTAGATGTGACTTAGCAATATGTTGTTGCTGACCTCCATCCCAC 1413
Query 179  AGCACAAAACATATGTTTATATGTCTGACAGACAAAGTATCCAGAACAAGGATTTAGTAC 238

[LI]]
Shjct 1414 AGCACAAAACATATGTTTATATGTCTGACAGACAAAGTATCCAGAACAAGGATTTAGTAC 1473
e |||IIIIIIIIIIIIIIIIIIIIIIII|IIIIIIIII||IIII||||IIIIIIICIIII| o
Sbjct 1474 CTTCATAATCCTCTGTATATGTGGTTCTAGAACTTTTGGTAAAGAAACTCTTTATACTCT 1533

Query 299  TATTAATTATTGAGAAC

| T TTTTTT?TTI?TﬁTGTTﬂTATGTATCﬂATATTTACCﬂCA 358
Sbjct 1534 TATTAATTATTGA
G

a

| LLLELELLLEELE LT LT ]
AAAAAMAGTTTATATGTTATATGTATCAATATTTACCACA 1593
A

Query 359  TTAGACATTAAA

Sbjct 1594 TTAGACATTAAAGC

C
LT
GAACC
CTGACTTAAAMAGTTAAAATACTTAAGTCATTTGAAGTAATAATAAA 418
|| I |||||II||||II|||||II||||II|||||II||||II||
TACTTAAGTCATTTGAAGTAATAA 1653

|
C
(ISIII
TGAC

Query 419  TGCAGTTACATACCAAC

Sbjct 1654 TGCAGTTACATACCAA

AATAACAT CGAAAATAGCT. A78

|||||II||||II|||||II||||II|||||II||||II||
TAACATTTTGCGAAAATAGCTATTTTTCAAAA 1713

:
I
1
:
I
HA
.
I

GCAAATCTCTTTGCTGTCTAGCTGATAGAAGAC 538

LULELELLLEEELLLEELT L] ]
CAAATCTCTTTGCTGTCTAGCTGATAGAAGAC 1773

1]
duery. 479 | |II| I |II|GCI(III it
Sbjct 1714 AGAALAAGTG TCCATTTTTG
uery: 533 AAITS T IIII T

Sbjct 1774 AGCTGGATTCT

CTTTT

]
TTTT

T
TCAATTGTTGT

{TTTGATTG&AGTATAT aaaa 598

i
|
i
i
|
1l
i ]
TTT TTTGATTGAAGTATATGAAAN 1833

.
I
!
G
I
G

G C
I I
G C

|
C
Query 599 TTTI%ITTI? T T TG ?I|?ﬁGTATTTACATAGGCTTTT 658
TCTGGT

TATAATTGGGAAA
||||II||||II||||| LLLLLLLLLL TELLL
ATAATTGGGAAATGGAAGAGTATTTACACAGGCTTTT 1893

i |||I
Sbjct 1834 AAAA ACACAT

CTT?

AAAACTTGATAAGTTGCAATGTTGTGAATTGGC 718

Query 659 TTAGATﬁTTCT TTTT |
CAAAACTTGATAAGTTGCAATGTTGTGAATTG

|
Sbjct 1894 TTAGATATTCT

A
|
A
AT,
[TITL]
ATACTACA

-
|1 I
TTT T 1953

Query 719  CCAGGGCTTGG

Sbjct 1954 CCAGGGCTTGGL

[
6C
cc
|
cC
TC
[
GTCAT,
TC
[
TCC
cc
|
cC

|
GC
TTCT AﬁGﬂTTI?TTGAAAﬁTCACTG&C&TGAﬁGTAGATTﬁﬂT GTT 778

G
{I;IIIIII LULEEELLLLEEELLLEEETLLL LT L] ]

1]
TCTGAAGATTTGCTGAAMATCACTGACATGAAGTAGATTAATAGGA 2813

Query 779  TAAAAGGCATATACATTTATTTAATGTGTATACACAGCGGCCTTTAGAATGAAGACCCAA 838

Sbjct 2014 TAAAAGGCATATACATTTATTTAATGTGTATACACAGCGGCCTTTAGAATGAAGAC 2873
wem ||||||I‘II’IIII‘T‘II‘IIII -
Sbjct 2e74 ACAGAAGARATTGTCT 2893

Appendix Figure 11: BLAST match of Y2HS prey sequence — HAS2 antisense RNA 1 #3. Refer to
Appendix Figure 9 for a description of this figure.
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Homo sapiens HASZ antisense RNA 1 (HAS2-AS51), antisense RNA
Sequence ID: NR_002835.2 Length: 2300 Number of Matches: 1

Range 1: 1294 to 1943 GenBank Graphics

Score Expect Identities Gaps Strand
1179 bits(638) 0.0 646/650(99% ) 0/650(0%) Plus/Plus
e iyt
Sbjct 12%4 ACCTTATGGAACCCATACCTGTTATGTTTTCACCTGTACAAGGCAACAGAGAMAAACAT 1353
e it ik ittt Rt st g
Shjct 1354 GGTAGTTTTTACTTGAGTAGATGTGACTTAGCAATATGTTGTTGCTGACCTCCATCCCAC 1413
Query 164 CACAAAACATATGTTTATATGTCTGACAG AAGTATCCAGAACAAGGATTTAGTAC 223
) IIIIII|||||IIIIIIII||||| IIIIIIII|||||IIIIIIII|||||IIIIIIIIII

Sbjct 1414 CACAAAACATATGTTTATATGTCTGACAGACAAAGTATCCAGAACAAGGATTTAGTAC 1473
ey iyttt oty Mt iyt iyt e
Sbjct 1474 CTTCATAATCCTCTGTATATGTGGTTCTAGAACT TTTGGTAAAGAAACTCTTTATAC

Query 284 TﬂTTﬂATTﬂTTGﬂGﬂAC?{?TTTT??TTTTTATATGTT&T&TGTATCﬂATﬂTTTﬂC? CA 343

1
.
} CT 1533
A
LLLLELEEELLEEEL ] | LELLULLELLEE LT LT i

|
CA 1593

Sbjct 1534 TATTAATTATTGAGAACCTCAAAAARAGTTTATATGTTATATGTATCAATATTTACC
Query 344 GACATTAAAGCT 403

_ IIIIII|||||IIIIIIII|||||IIIIIIII|||||IIIIIIII|||||IIIIIIIIII
Sbjct 1594 TTAGACATTAAAGCT TGAAGTAATAA 1653
eyttt omiti it
Sbjct 1654 TGCAGTTACATACCAACTTAATAACATTTTGCGAAAATAGCTATTTTTCAAAACC 1713

Query 464  TGAGAARAGTGGCAGTTTTCCATTTTTGCARATCTCTTTGCTGTCTAGCTGATAGAAGAC 523

Sbjct 1714 AGAARAGTGGCAGTTTTCCATTTTTGCARATCTCTTTGCTGTCTAGCTGATAGAAGAC 1773
Query 524  AGCTGGATTCTCCTATTTGCTTTTGCATTCAATTGTTGTTTTGATTGAAGTATATGaaaa 583
e 0. WHLHC P RR I e
Query 584 a22aTCTGGTGTCATACACATATATAATTGGGARATGGAAGAGTATTTACATAGGCTTTT 643
ooyttt ettt it e

Query 644  TTAGATATTCTTCCTTTATACTACATCAAAACTTGATAAGTTGCAATGTT 693

Sbjct 1854 TTAGATATTCTTCCTTTATACTACATC AAGTTGQLAATGTT 13943

Appendix Figure 12: BLAST match of Y2HS prey sequence — HAS2 antisense RNA 1 #4. Refer to
Appendix Figure 9 for a description of this figure.
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Homo sapiens myocardial zonula adherens protein (MYZAP), transcript variant 1, mRNA
Sequence ID: NM_001018100.4 Length: 2408 Number of Matches: 1

Range 1: 992 to 1749 GenBank Graphics

Score Expect Identities Gaps Strand
1400 bits(758) 0.0 758/758(100%) 0/758(0%) Plus/Plus

Query 54  AGCAGAGATCAGCCTAGAGGAGAAAGACCAGAGGATCGGGGAGCTGGACAGGCTGATTGA 113
||||||||||||||||| ||||||||||||||||||||||||||||||||||||||||

II|
Sbjct 992  AGCAGAGATCAGCCTAGAGGAGAAAGACCAGAGGATCGGGGAGCTGGACAGGCTGATTGA 1851

Query 114 GCGCATGGAAAAGGAACGTCATCAACTGCAACTTCAACTCCTAGAACATGAAACAGAAA 173
e 1052 UMM v
Query 174 GTCTGGGGAGT TAACTGATTCTGACAAGGAAAGGTATCAGCAGTTGGAGGAGGCATCAGC 233
o 1112 DS RE SRR o
Query 234 CAGCCTCCGTGAGCGGATCAGACACCTAGATGACATGGTGCATTGCCAGCAGAAGAAAGT 293
e 1172 LA oo
Query 294 AAGCAGATGGTCGAGGAGATTGAA AAAGAALMAAGT CAGAAACAGCTC 353
oy ittt iyt i
Query 354  AATACTGCAGCTTTTAGAAAAGATATCTTTCTTAGAAGGAGAGAATAATGAACTACAAAG 413
w1 IR O o,
Query 414 GGTTGGACTATTTAACAGAAACCCAGGCCAAGACCGAAGTGRARACCAGAGAGATAGG 473

Sbjct 1352 CAGGTTGGACTATTTAACAGAAACCCAGGUCAAGACCGAAGTGGARACCAGAGAGATAGG 1411

Query 474  AGTGGGCTGTGATCTTCTACCCAGCCAAACAGGCAGGACTCGTGAAATTGTGATGCCTTC 533
CLLELLEELECEECELEEELE LR ELL LT LEL LT

Sbjct 1412 AGTGGECTGTGATCTTCTACCCAGCCAAACAGGCAGGACTCGTGARATTGTGATGCCTTC 1471

Query 534 TAGGAACTACACCCCATACACAAGAGTCCTGGAGTTAACCATGAAGAAAACTCTGACTTA 593
o ottt iitio] i it
Query 594 GGCACTCAGAGGCATACACTTTTTACAGATGGACAAAAGCTCTGRAACCCTGTGGCTTCA  B53
oy ittt oyttt i
Query 654 ATCCTTTGGGAAGGGTGACTGTTGTTTCCCCTACACACAGTGTAAGCCGGAATGGGAAT 713
o 1502 WHCHHCLCCEHEN SO e

Query 714  CGCTGAGGCTCTGATCCACTTCTAAGACAGGAAGGAAAGTGAAGGCAGAGTGAGCAGGTA 773
IIIIII|||||IIIIIIII|||||IIIIIIII|||||IIIIIIII|||||IIIIIIIIII

Sbjct 1652 CGCTGAGGCTCTGATCCACTTCTAAGACAG AAGLGCAGAGTGAGCAGGTA 1711

adam ittt inymin e

Sbjct 1712 AGAGAGGGATATACAAGGTCACATTTCAGACACCCACT 1749
Appendix Figure 13: BLAST match of Y2HS prey sequence — Myozap protein #1. This figure shows the
100% identity between the sequence recovered from a library plasmid during the Y2HS assay and the
Myozap protein. This suggests there was an independent interaction between the BepAl bait protein

and the prey Myozap protein, during Y2HS assay.
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Appendix

Homo sapiens myocardial zonula adherens protein (MYZAP), transcript variant 1, mRNA
Sequence ID: NM_001018100.4 Length: 2408 Number of Matches: 1

Range 1: 992 to 1676 GenBank Graphics

Score Expect Identities Gaps Strand
1266 bits(685) 0.0 685/685(100%) 0/685(0%) Plus/Plus
Query 77 AGCAGAGATCAGCCTAGAGGAGAAAGACCAGAGGATCGGGGAGCTGGACAGGCTGATTGA 136
cosee oo MMM R H NG, o
Query 137 GCGCATGEAAMAGGAACGTCATCAACTGCAACTTCAACTCCTAGAACATGAAACAGAAN 196
sorer 1052 UL R

Query 187  GTCTGGGGAGTTAACTGATTCTGACAAGGAAAGGTATCAGCAGTTGGAGGAGGCATCAGC 256

Sbjct 1112 GTCTGGGGAGTTAACTGATTCTGACAAGGAAAGGTATCAGCAGTTGGAGGAGGCATCAGC 1171
Query 257  CAGCCTCCGTGAGCGGATCAGACACCTAGATGACATGGTGCATTGCCAGCAGAAGAAA 316

Sbjct 1172 CAGCCTCCGTGAGCGGATCAGACACCTAGATGACATGGTGCATTGLCAGCAGAAGAAN 1251

Query 317  CAAGCAGATGGTCGAGGAGATTGAATCATTAAAGAAAAAGTTGCAACAGAAACAGCTCTT 376
||||IIIIIIIII||||IIIIIIIII||||IIIIIIIIIé|IIII|||||IIIIIIII||

Sbjct 1232 CAAGCAGATGGTCGAGGAGATTGAATCA AACAGAAACAGCTCTT 1291

Query 377  AATACTGCAGCTTTTAGAAAAGATATCTTTCTTAGAAGGAGAGAATAATGAACTACAAAG 436
_ ||||IIIIIIIII||||IIIIIIIII||||IIIIIIIII||IIII|||||IIIIIIII||

Sbjct 1292 AATACTGCAGCTTTTAGAAAAGATATCTTTCTTAGAAGGAGAGAATAATGAACTACAAAG 1351

ittt

Sbjct 1352 CAGGTTGGACTATTTAACAGAAACCCAGGCCAAGACCGAAGTGGAAACCAGAGAGATAGG 1411

Query 437  AGTGGGCTGTGATCTTCTACCCAGCCARACAGGCAGGACTCGTGAAATTGTGATGCCTTC 556

Sbjct 1412 AGTGGGCTGTGATCTTCTACCCAGCCARAACAGGCAGGACTCGTGARATTGTGATGCCTTC 1471
Query 557  TAGGAACTACACCCCATACACAAGAGTCCTGGAGTTAACCATGAAGAAAACTCTGACTTA 616

Sbjct 1472 TAGGAACTACACCCCATACACAAGAGTCCTGGAGTTAACCATGAAGAAAACTCTGACTTA 1531
Query 617  GGCACTCAGAGGCATACACTTTTTACAGA GGAACCCTGTGGCTTCA 676

_ ||||IIIIIIIII||||IIIIIIIII||||IIIIIIIII||IIII|||||IIIIIIII||
Sbjct 1532 GGCACTCAGAGGCATACACTTTTTACAGATGGACAAAAGCTCTGGAACCCTGTGGCTTCA 1591

Query 677  AATCCTTTGGGAAGGGTGACTGTTGTTTCCCCTACACACAGTGTAAGCCGGAATGGGAAT 7306

|11
Sbjct 1592 AATCCTTTGGGAAGGGTGACTGTTGTTTCCCCTACACACAGTGTAAGCCGGAATG 1651
e it
Sbjct 1652 CGCTGAGGCTCTGATCCACTTCTAA 1676

Appendix Figure 14: BLAST match of Y2HS prey sequence — Myozap protein #2. Refer to Appendix

Figure 13 for a description of this figure.
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